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  Pref ace   

 These past few years have witnessed a revolution in our understanding of microglial 
cells, since their roles in the healthy central nervous system have just started to be 
revealed. These resident macrophages were shown to actively contribute to main-
taining health, in cooperation with neurons, glial cells, and other types of immune 
cells, throughout the life-span, prompting reinterpretation of their long known 
involvement with diseases. 

 To share with the broader scientifi c community the recent discoveries on some of 
the most relevant topics in microglia research, from a diverse perspective, we pro-
pose a collection of 19 chapters from 52 specialists, working in 11 countries 
(Australia, Canada, Chile, China, France, Germany, Japan, Spain, Switzerland, the 
UK, and the USA) across 5 continents (Asia, Australia, Europe, North America, 
South America), and presently at the graduate, postdoctoral, assistant, associate, or 
full professor stages of their career. 

 To set microglia on the stage, we begin by explaining briefl y who they are and 
what they do: their origin, history, physiology, and immune functions, the recent 
development of noninvasive methodologies to study microglia, and the ongoing 
controversy about their neurotoxic versus neuroprotective implication in disease. 

 In the fi rst section, we describe in more detail their physiological roles in the 
maturation, function, and plasticity of the central nervous system, across normal 
development, adolescence, adulthood, and aging. Doing so, we also address their 
crucial involvement in neuropathic pain and drug addiction. 

 In the second section, we discuss their implication in pathologies impacting on 
the quality of life: neurodevelopmental and neuropsychiatric disorders, AIDS, and 
multiple sclerosis; and their contribution to leading causes of death: ischemia and 
stroke, neurodegenerative diseases, as well as trauma and injury. 

 The chapters strictly discriminate between experimental data, hypotheses, and 
speculations, so that the open questions are presented clearly to newcomers in this 
young and vibrating fi eld. Outdated terminologies such as “resting” and “activated” 
microglial cells are replaced by a more thorough description of their actual pheno-
type, comprising concerted changes in morphology, gene expression, and functions. 
The distinction between in vivo and in vitro data is also emphasized throughout the 
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book, considering the importance of studying microglia in their normally prevailing 
behavior, without inadvertently causing their reactive transformation during experi-
mental procedures. Contextual differences between central nervous system regions 
and stages of the lifespan are also covered, whenever data is available. 

 As a result of this book, hopefully engaging the scientifi c community in a lively 
discussion about microglial involvement in many more contexts of health and dis-
ease, we can envision an explosion of discoveries that will translate into the devel-
opment of better targeted and more effi cient therapies in the near future. 

 We are particularly grateful to our editors at Springer, Simina Calin and Gina 
Kahn, all the collaborators, our institutions and lab members, and most of all, our 
families for supporting this grand endeavor.  

  Québec, QC, Canada     Marie-Ève     Tremblay   
 Zamudio, Bizkaia, Spain     Amanda     Sierra    

Preface
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    Chapter 1   
 Introduction 

             Amanda     Sierra       and     Marie-Ève     Tremblay     

    Abstract     Microglia are taking a central role in the Neuroscience arena nowadays, 
following a series of recent discoveries challenging their traditional portrayal as 
simple “brain macrophages”. Indeed, microglia have unique properties compared 
with other cells of the immune system, including their origin from the embryonic 
yolk sac, their capacity for self-renewal, and the extreme motility of their processes 
which closely interact with all the neighboring elements of the nervous parenchyma. 
In parallel, we have just begun to unravel novel roles for microglia during normal 
physiological conditions that are impacting our understanding of their crucial par-
ticipation in pathological situations. Throughout the chapters of this book, some of 
the most intriguing open questions in microglial research today are transversally 
discussed. How is microglial population homeostasis maintained? Are there hetero-
geneous subpopulations of microglia? Can microglia respond to neuronal activity, 
and alter it? Do microglia interact with other types of immune cells? Are microglia 
benefi cial or detrimental in diseases of the central nervous system? Are there novel 
tools to specifi cally manipulate microglia in a non-invasive manner? We do not have 
the answers yet for most of these questions, but in the next few years their investiga-
tion will will undoubtly continue to shape the future of Neuroscience in unexpected 
manners.  

        A.   Sierra ,  Ph.D.      (*) 
     Achucarro Basque Center for Neuroscience ,  University of the Basque Country EHU/UPV, 
Ikerbasque Foundation ,   Bizkaia Science and Technology Park, Building 205 ,  Zamudio , 
 Bizkaia   48116 ,  Spain   
 e-mail: a.sierra@ikerbasque.org   
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  Axe Neurosciences, Centre de Recherche du CHU de Qué bec, and Department 
of Molecular Medicine ,  Université Laval ,   Québec ,  QC ,  Canada   
 e-mail: tremblay.marie-eve@crchudequebec.ulaval.ca  
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activity   •   Central nervous system   •   Diseases    •   Experimental tools  

        Microglia have been traditionally perceived simply as brain macrophages  controlling 
a mostly detrimental infl ammatory response and have been for ages confi ned to the 
darkest and most pejorative corner of morphological, observational descriptions. 
With the recent development of non-invasive tools to visualize microglial dynamics 
and manipulate their gene expression, without inducing their pathological transfor-
mation in response to experimental procedures, microglia have taken the center 
stage in neuroscience. High impact papers have just started pouring in, discovering 
new roles for microglial cells in various contexts of health and disease. At the core 
of this turmoil has been the realization that microglia are not, indeed, like other 
macrophages. 

 Microglia do share many characteristics with circulating monocytes and macro-
phages residing in other tissues, including the expression of surface markers, recep-
tors for pathogen and danger-associated molecules, intracellular signalling pathways 
involved with innate immunity, and above all, the capacity to phagocytose cellular 
debris and release various types of pro-infl ammatory mediators. In fact, this similar-
ity has hindered the understanding of microglia, and for a long time, macrophage 
behaviors were simply extrapolated to microglia. However, microglia have a 
 distinctive origin, coming from primitive precursors in the yolk sac that invade the 
developing brain during early embryonic stages, whereas most hematopoietic lin-
eages are generated later in the embryonic fetal liver. Furthermore, monocytes and 
macrophages are continuously replaced throughout adulthood, from bone 
 marrow- derived precursors, whereas microglia are a long-lived population that self-
renews in the healthy central nervous system (CNS) parenchyma, at least when the 
blood–brain barrier remains intact. Microglia also display unique properties that 
render them exquisitely adapted to their CNS environment, most notably the 
extreme dynamism of their processes, which interact intimately with all the other 
parenchymal elements, including neuronal bodies, processes, and synapses, astro-
cytes, neural progenitors, oligodendrocytes, and blood vessels, during normal phys-
iological conditions. 

 The recent discoveries have opened many functional possibilities for microglia, 
beyond merely passive immune surveillance, but have also raised many more 
questions about their homeostasis and heterogeneity, regulation by neuronal activity, 
interactions with the other types of CNS and immune cells, and their active versus 
passive contributions to diseases, as well as serious concerns regarding the specifi city 
of the tools commonly used for studying microglia. 

  Microglial homeostasis . Upon invasion of the CNS during embryonic develop-
ment, microglial cells are well known to differentiate, migrate, and occupy nonover-
lapping territories, but the molecular signals recruited to establish and maintain 
their territorial organisation are still undetermined. Little is known also regarding 

A. Sierra and M.-È. Tremblay



5

their homeostasis, at the cellular and population levels, including proliferation, 
migration, lifespan, and dynamic changes in phenotype and organisation, within 
different contexts of health and disease. Additionally, how the CNS copes with 
infl ammatory barbarians from the periphery which reach the parenchyma upon dis-
ruption of the blood–brain barrier is not yet understood. 

  Microglial heterogeneity . Microglia are viewed as a single cell category, but 
 different subsets most likely coexist, with each one being tightly adapted to the 
regional needs of the CNS, across the various stages of the lifespan and contexts of 
health and disease, in terms of structure and function, extracellular signalling, neu-
rotransmitters and neuromodulators, blood–brain barrier permeability, energetic 
constraints, etc. Similarly, during pathological states, several ‘activated’ microglial 
phenotypes were recently described, comprising qualitative and quantitative differ-
ences in a wide range of microglial properties. Throughout the book, a strong effort 
is put into systematically describing the contextual particularities of microglia, such 
as CNS region, stage of the lifespan, and state of health, and their actual phenotype 
at all the levels: morphological, transcriptional, and functional. 

  Response to neuronal activity . Microglia express a plethora of receptors for neu-
rotransmitters and neuromodulators in vitro, but whether these receptors are also 
present and serving any purpose in the healthy CNS is still undetermined. 
Furthermore, we have just started to unravel to which extent microglial functions 
such as surveillance, interactions with synapses, phagocytosis, and secretion of 
cytokines, extracellular matrix proteins, and growth factors, etc. depend on the 
 levels of neuronal activity and sensory experience. This bidirectional communica-
tion between neurons and microglia will hold the key to ultimately understand 
microglial contribution to normal CNS development and function, as much as their 
consequences on essential cognitive processes, such as information processing, 
learning, memory, and decision making. 

  Interactions with the other CNS and immune cells . An outstanding question in most 
pathologies concerns the relative contribution of microglia versus their close cous-
ins from the periphery, monocytes and macrophages, and the other resident cells 
which can also contribute to the production of pro-infl ammatory mediators, such as 
astrocytes, endothelial cells, perivascular, and meningeal macrophages, as well as 
parenchymal mast cells. Furthermore, microglia may engage in some forms of 
crosstalk with lymphocytes, but it remains to be determined whether this interaction 
is physical and related to antigen presentation. 

  Microglial contribution to diseases . Our understanding of microglial implication in 
pathological conditions is now being revisited in light of their emerging roles in the 
healthy brain. A game-changer concept is that microglia might actually contribute 
to the disease pathogenesis by becoming dysfunctional or deregulated, rather than 
simply “responding” to the pathological damage. The chicken-or-the-egg kind of 
question about which particular cell type initiates the disease is complicated by the 
potential feedback processes through which diseased neurons affect microglia, and 
vice versa, creating an ever-growing vicious circle of pathological damage. Beyond 

1 Introduction
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the prevention of infl ammatory responses, novel therapeutic approaches might be 
specifi cally targeted at curing the diseased microglia. 

  Tools for studying microglia . Some of the pharmacological manipulations widely 
claimed to inhibit microglial ‘activation’, including the antibiotics minocycline and 
doxycycline, are far from being specifi c for these cells, and in fact broadly target 
infl ammatory responses. Other strategies commonly used to study microglial func-
tion involve the use of several transgenic-based or liposome-based methods to 
deplete microglia, but in this case, the bystander effects of replacing healthy 
 microglia by corpses must be seriously considered when interpreting the results. 
Finally, the hot star CX3CR1 transgenic mice, which include the GFP and newcom-
ers Cre and CreER mice, have proven to be incredibly valuable for our understand-
ing of the fractalkine receptor, which in the healthy brain is only expressed by 
microglia. Nonetheless, the CX3CR1 locus is replaced by different transgenic con-
structs, and even the heterozygous mice were recently revealed to have several alter-
ations at the functional and behavioural levels. Undoubtedly, the fi eld will strongly 
benefi t from the development of novel, cell-type specifi c tools to visualise and 
manipulate microglia in a non-invasive manner. 

 Some of these open questions that will certainly shape our future understanding 
of the roles of microglia in health and disease, in synergy with the other types of 
CNS and immune cells, are discussed transversally across the chapters of this book.   

A. Sierra and M.-È. Tremblay
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    Chapter 2   
 Historical Context 

             Payam     Rezaie      and     Uwe-Karsten     Hanisch     

    Abstract     The term ‘microglia’ was fi rst introduced into the scientifi c literature 
almost a century ago. The various eras of microglia research have not only been 
defi ned by the number of reports subsequently generated but, more critically, by the 
concepts that have shaped our present-day views and understanding of microglia. 
Key methods, technologies, and models as well as seminal discoveries made possible 
through their deployment have enabled breakthroughs, and now pave the way for 
lines of investigation that could not have been anticipated even a decade ago. Advances 
in our understanding of microglial origin, forms, and functions have relied funda-
mentally on parallel developments in immunology. As  the   ‘neuro- immune’ cells of 
the brain, microglia are now under the spotlight in various disciplines. This chapter 
surveys the gradual processes and precipitous events that helped form ideas concern-
ing the developmental origin of microglia and their roles in health and disease. It 
covers fi rst the dawning phase during which the early pioneers of microglia research 
discovered cellular entities and already assigned functions to them. Following a 
recess period, the 1960s brought a renaissance of active interest, with a development 
of tools and models—and fundamental notions on microglial contributions to central 
nervous system pathologies. These seminal efforts laid the fundament for the awak-
ening of a sweeping research era beginning with 1980s and being spurred on by a 
blast of immunological discoveries. Finally, the chapter stresses the advancement of 
molecular, genetic as well as imaging approaches to the study of microglia with the 
turn of the millennium, enabling insights into virtually all facets of microglial physi-
ology. Moving forward it is clear that the future holds substantial promise for further 
discoveries. The next epoch in the history of microglia research has just begun.  

  Keywords     Microglia   •   Developmental origin   •   Roles   •   Physiology   •   Pathology   • 
  Methods   •   Technologies   •   Models  

        P.   Rezaie,   Ph.D.      (*)
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      Bullet Points  

•      This chapter surveys the historical context that surrounds microglial cells, includ-
ing their discovery, developmental origin, and functional roles in health and 
disease.  

•   We describe the concepts that have shaped our present-day views and under-
standing of microglia.  

•   We also present the key methods, technologies, and models that made possible 
the seminal discoveries across the various eras of microglia research.  

•   Lastly, we discuss the recent advancement of molecular, genetic, and imaging 
approaches, holding substantial promise for further discoveries.     

2.1     Introduction 

 What relevance does the historical context have to today’s research on microglia? 
With the pace of research and scientifi c discovery moving so rapidly in the present 
day, it is perhaps inevitable that those who are new to the fi eld would focus on the 
latest outputs and deem work that has been published beyond the last few years as 
already ‘dated’. Those with more than a passing interest in the neurosciences, how-
ever, fi nd greater appreciation and deeper insight through a realisation of the con-
cepts, the controversies, and breakthroughs that have shaped today’s understanding 
of microglia. Indeed, it is remarkable to note the extent to which today’s research is 
still directed at questions raised almost a century ago, and the evidence, in some 
areas, that merely confi rms those pioneering observations (Rezaie and Male  2002a ). 
Among the non-neural elements that constitute the nervous system, these enigmatic 
cells—the microglia—have arguably one of the most widely debated and conten-
tious of historical perspectives (Rezaie and Male  2002a ). In this chapter, we will 
examine the early history in more detail, beginning with pioneers of the late nine-
teenth and early twentieth centuries, and their contributions. We will thereafter jour-
ney through the renaissance and modern eras of research arriving at the new 
millennium. Throughout, we will consider major concepts and technical break-
throughs that have shaped present-day understanding of the biology (origin, form, 
function) of microglia and their responses to central nervous system (CNS) injury 
and disease. Figure  2.1  provides an overview of the history of research on microglia, 
from the pioneers, major discoveries, technical developments, and fundamental 
concepts across one and half centuries (up to 2013).
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  Fig. 2.1    Historical overview of research on microglia. Pioneers who contributed to the early dis-
coveries are indicated with their biographic dates. Some major discoveries, technical develop-
ments, and fundamental concepts are shown below the timeline. The graphs ( inset ) illustrate the 
growth in research on microglia, according to the number of publications per year, carrying the 
term ‘microglia’ in the abstract and/or title (based on PubMed entries). The steady increase of 
microglia-related work is also refl ected when normalised for the total record (number of microglial 
publications per 1000 total entries). The box lists the 10 most cited original contributions (by the 
topic microglia, based on the Web of Science)       
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2.2        The ‘Dawn’ and ‘Early’ Phases of Microglia Research 

 The discovery of ‘Nervenkitt’ (‘ neuroglia ’, literally translated as ‘nervous tissue 
glue’) by Rudolf Virchow in the mid-nineteenth century heralded a new era for the 
study of the nervous system (for historical reviews see: Ferrer  1973 ; Theele and 
Streit  1993 ; Barron  1995 ; Rezaie and Male  2002a ). Virchow was among the fi rst to 
recognise phagocytes fi lled with fatty substances in the CNS under pathological 
conditions (1851–1867). He referred to these cells as ‘ Schaumzelle ’ (foam cells). 
Gluge, before him (in 1841), had identifi ed mesodermal phagocytic cells within 
injured brains as ‘ Entzündungskugeln ’ (infl ammatory corpuscles). Wilhelm His 
(1888–1890) observed that mesodermal elements invade the developing human 
fetal spinal cord from the pia mater, towards the end of the second month of embry-
onic life, and distribute equally in white and grey areas. Between 1875 and 1900, 
Lachi, Duval, Gadow, Eichhorst, Schwalb, Friedman, Ranvier, Renaut, Lowe, and 
others (cited by Cajal  1925 ; del Río-Hortega  1920a ,  1921a ,  1932    ) were of the opin-
ion that neuroglia in the white matter were mesoderm-derived. W. Lloyd Andriezen, 
however, proposed that protoplasmic neuroglia in the grey matter to be of mesoblas-
tic origin, whereas the fi brous cells found in the white matter were considered ecto-
dermal (Andriezen  1893 ). Cajal adopted this classifi cation (protoplasmic and 
fi brous neuroglia) and referred to these cells as ‘astrocytes’, but he insisted that both 
populations were ectodermal in origin (Cajal  1913 ; see also Somjen  1988 ). 

 The principle of phagocytosis was fi rst described by Ilja Metchnikoff in the late 
nineteenth century, already in the context of cell-based immunity and owing him in 
part the Nobel prize in 1908, shared with Paul Ehrlich. Even though phagocytes, 
namely macrophages, exhibit a much broader spectrum of activities, the importance 
of cells with the ability of clearing infectious agents and tissue debris in develop-
ment, homeostasis, and defence was thus recognised as well as anticipated quite 
early. 

 Phagocytic cells found in damaged brains were on the whole considered to be 
mesodermal in origin, based on morphological and structural similarities with leu-
kocytes. Franz Nissl suggested that glial cells in the brain adopt similar functions to 
macrophages in other tissues. He introduced the term “Stäbchenzellen” (rod cells) 
in 1899, associated with various stages of neurodegeneration, and related their func-
tions to leukocytes in other tissues. In 1903, he proposed that phagocytes in the CNS 
originated from adventitial connective tissue of intracerebral vessels and mesen-
chyme, referring to these cells in 1904 as “ Gitterzellen ” (compound granular cor-
puscles). He considered them to be derived from mesoderm and not from blood 
cells (see Rezaie and Male  2002a ). Like his contemporary Andriezen ( 1893 ), 
Bevan-Lewis ( 1899 ,  1906 ) was of the opinion that neuroglia were of different types, 
but unlike Andriezen (who had in fact been describing protoplasmic and fi brous 
astrocytes), Bevan-Lewis proposed a phagocytic ‘scavenging’ function for neuro-
glia in ‘ clearing out of fatigue products ’ within the CNS (Bevan-Lewis  1906 ). 
Marinesco, before him, had reported dying neurons being removed by glial cells 
through phagocytosis. Forster, Marchand, and Pick later concluded that phagocytes 

P. Rezaie and U.-K. Hanisch



11

could originate from neuroglia, and in 1910, Merzbacher was to include the term 
“ Abräumzelle ” (scavenger cell) in this group (see Rezaie and Male  2002a ). 

 A signifi cant breakthrough came from a somewhat unexpected and relatively 
inconspicuous source around the turn of twentieth century. Through developing a 
new technique to stain cellular elements within the CNS (a modifi cation of the 
Golgi method using platinous oxide) (Robertson  1899 ), the Scottish pathologist 
William Ford Robertson who had been studying the neuroglia in some depth 
(Robertson  1897 ,  1898 ) showed that ‘neuroglia’ were not in fact a homogeneous 
grouping of cells, but were actually composed of different sets of elements. In 1899, 
using this new ‘platinum method’, the 32-year old pathologist to the Scottish 
Asylums described a novel group of cells in the canine and human CNS, referring 
to these as ‘mesoglia’. He considered them to be derived from mesodermal elements 
(based on their staning properties), with morphologies that were quite distinct from 
other neuroglia (Robertson  1899 ,  1900a ,  b ). Robertson later stated that the 
 ‘mesoglia’ were able to act as phagocytes in certain pathological conditions (Robertson 
 1900a ,  b , see also Rezaie and Male  2002a ). With the public announcement of his 
fi ndings, Robertson became the fi rst to demonstrate that the neuroglia were in fact 
composed of different cellular elements. John Turner was among the fi rst to investi-
gate Robertson’s mesoglia. He was able to verify these cells in tissue sections 
stained with methylene blue dye (Turner  1905 ). 

 It was around this time that Santiago Ramón y Cajal, the founding father of the 
Spanish School of Histology and Histopathology in Madrid (awarded the Nobel 
prize in 1906, joint with Camillo Golgi, for his contributions to the ‘neuron doc-
trine’) started to take a serious interest in the neuroglia. One of his young and tal-
ented students (and later colleague whom he held in great esteem), Nicolás 
Achúcarro, had studied with Emil Kraepelin and Alois Alzheimer in Munich and 
developed a keen interest in the neuroglia. Between 1908 and 1910, Achúcarro 
embarked on a series of investigations into these cells, focusing specifi cally on 
astrocytes and on  Stäbchenzellen  fi rst reported by Nissl in 1898 in cerebral palsy. 
He began by employing modifi cations of the reduced silver nitrate method used by 
Cajal and others and went on to develop a more selective tannin and ammoniacal 
silver nitrate method to describe  Stäbchenzellen  (microglia ‘rod’ cells; see Graeber 
and Mehraein  1994 ). Achúcarro considered  Stäbchenzellen  to ‘adapt to degenerat-
ing pyramidal neurons’ and noted that their peculiar elongated confi guration con-
formed to the structure of the nervous tissue, aligning with the dendrites (Achúcarro 
 1908 ). He studied experimental wounds and local infl ammation within the hippo-
campus, showing morphological transformation of these ‘rod’ cells and their phago-
cytic activity, with high lipid content in the vicinity of necrotic foci. Achúcarro 
proposed that  Stäbchenzellen  were phagocytic cells of mesodermal origin (special-
ised leukocytes) that adapted mechanically to the form and direction of neuronal 
processes and were capable of engulfi ng the decay products of neurons in infl am-
matory processes. He considered these cells to belong to the category of phagocytic 
‘ Abräumzellen ’ (Achúcarro  1908 ,  1909 ,  1910 ). 

 In 1911, Achúcarro presented his new technique (the method of tannin and 
ammoniacal silver) to the Spanish Society of Biology (Achúcarro  1911 ). Achúcarro 
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used this method in a number of investigations on the cerebral cortex in ‘general 
paralysis’ (syphilitic encephalopathy) and to describe changes in neuroglia in senile 
dementia. Cajal referred to Achúcarro’s work, as well as his own gold-sublimate 
method for neuroglia, extensively in his subsequent publications on the neuroglia 
(Cajal  1913 ,  1920a ,  b ,  1925 ). 1911–1913 was a period of intense focus on neuroglia 
research (see Garcia-Segura  2002 ; García-Marín et al.  2007 ). Using formol ura-
nium nitrate and gold chloride sublimate methods, Santiago Ramón y Cajal 
described what he termed a ‘new class of cells that appeared to lack processes’ in 
1913 (Cajal  1913 ). He referred to these ‘adendritic’, ‘apolar’, and ‘dwarf’ cells as 
the ‘third element’ within the CNS, distinguishing them from neurons and astro-
cytes (see García- Marín et al.  2007 ). Cajal described these cells within the white 
matter, and also occurring as perineuronal and perivascular satellites, considering 
them to be mesodermal in  origin. He believed that the cells identifi ed in the central 
white matter were analogous to Schwann cells in the peripheral nervous system 
(Cajal  1913 ). At the time, he was not aware of Robertson’s earlier work and only 
chanced across this later through a publication by Cerletti (lacking illustrative 
detail), which he considered in more detail in his 1920 and 1925 papers on the sub-
ject (Cajal  1920a ,  1925    ). Achúcarro’s successes were tragically cut short, as the fi rst 
symptoms of a fatal illness began to take hold of him just 3 years following this 
appointment, forcing him to abandon his research activities. Initially considered to 
be tuberculosis (a disease that had affl icted his brother), Achúcarro recognised the 
symptoms as a form of Hodgkin’s disease, which he self-diagnosed. Achúcarro’s 
death at the age of 37, on 23 April 1918, came as a tremendous blow to Ramón y 
Cajal (see Cajal et al.  1968 ; Bustamante  1982 ; Andres-Barquin  2002 ). 

 Pío del Río-Hortega is probably the most prominent fi gure of the ‘Spanish 
School’ after Cajal (Gonzalez  1971 ; Andres-Barquin  2002 ). A pupil and later friend 
of Achúcarro, del Río-Hortega, had studied Medicine at the University of Valladolid, 
obtaining his license in 1905 and his doctorate in histology from the University of 
Madrid in 1909. Del Río-Hortega applied to work with Cajal, and after a brief spell 
with Tello (Jorge Francisco Tello-Muñoz), whose work at this time focused on 
regeneration of the nervous system—see Garcia-Segura  2002 ), in the newly estab-
lished Laboratorio de Investigaciones Biológicas (Andres-Barquin  2002 ), joined 
Achúcarro’s laboratory in the Museum of Natural History. This was later merged 
with Cajal’s Institute and named the ‘Laboratorio de Histopatología (Histologia 
Normal y Patológica) de la Junta para Ampliación de Estudios’. Here began his 
independent training, learning silver impregnation techniques and developing an 
interest in neuroglia. In 1916, his curiosity spurred by Cajal’s ‘third element’, del 
Río-Hortega began to seek more stable variations of Cajal and Achúcarro’s meth-
ods. Del Río-Hortega’s diligence in pursuit of the third element led to his fi rst pub-
lications on neuroglia in 1916 and 1917. He had also begun to doubt the accuracy of 
Cajal’s concept that the ‘third element’ was composed solely of “corpuscles without 
processes” (see Cannon  1949 , p. 239). Following closely in Achúcarro’s footsteps, 
del Río-Hortega developed a new modifi cation of Achúcarro’s ammoniacal silver 
method (Achúcarro  1911 ), using silver carbonate (del Río-Hortega  1918 ), and iden-
tifi ed distinct elements, initially the ‘microglia’, and what he called ‘interfascicular 
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cells’ (del Río-Hortega  1919a ,  b ,  1920a ) which, after further modifi cations, he was 
able to defi ne as ‘oligodendroglia’ (del Río-Hortega  1921b ). He proposed that these 
cells were distinct populations; that the oligodendroglia belonged to the class of 
‘neuroglia’ cells; and that microglia represented the true ‘third element’ on account 
of their mesodermal (as opposed to ectodermal) origin. He also alluded to the fact 
that Cajal had been unable to see the full extent of the morphology (fi ne cellular 
processes) of these cells in his ‘third element’ paper of 1913, due to the limitations 
of the technique he had used. Although Cajal eventually came to accept the exis-
tence of microglia as a separate class of cell (Cajal  1920a ,  1925 ), he was not con-
vinced regarding the oligodendroglia. Furthermore, Cajal considered Robertson’s 
mesoglia and del Río-Hortega’s microglia to be one and the same (Cajal  1920a ,  b ). 
This contention was at the centre of a dispute that developed between Cajal and 
Hortega and led to tensions in their professional relationship. 

 Achúcarro, by this time, had become gravely ill (Jelliffe  1919 ). Consequently, 
del Río-Hortega’s technical breakthrough and exemplary work were marred by the 
tragic illness and subsequent death of Nicolás Achúcarro in 1918. Del Río-Hortega 
succeeded Achúcarro in directing the Histopathology Laboratory and was later also 
appointed Histopathologist at the Provincial Hospital of Madrid. Going against 
Cajal’s advice, del Río-Hortega proceeded to present his work to the Society of 
Biology. He published his work on microglia in four parts under the heading of ‘the 
third element of the nervous system’ (del Río-Hortega  1919a ,  b ; see Fig.  2.2 ). Not 
only did this echo Cajal’s own 1913 publication, but the work deigned to ‘criticise 
and correct’ it. Publishing his work without Cajal’s approval had placed del Río- 
Hortega in a delicate position and tensions continued to grow (del Río-Hortega 
 1986 ), forcing his departure from the laboratory of Cajal in October 1919, and 
transfer to the Students’ Residence (La Residencia de Estudiantes) located on the 
outskirts of Madrid in 1920, where he established a new laboratory.

   Del Río-Hortega’s follow-up paper on microglia (del Río-Hortega  1920a ) related 
microglia with the different morphological forms of phagocytic cells found in the 
CNS and made the direct ‘connection’ with  Stäbchenzellen . Cajal published a cri-
tique in the same journal volume (dated 15 December 1920), attributing del Río- 
Hortega’s discovery to Robertson who, according to Cajal, had named these 
elements ‘mesoglia’ two decades prior to their ‘rediscovery’ as microglia by Hortega 
(Cajal  1920a ). In a second (companion) paper directly following his critique, Cajal 
published his own method to detect mesoglia/microglia and their derivatives, using 
“a simple modifi cation of the method of Bielschowsky” (Cajal  1920b , p. 136). He 
referred to mesoglia/microglia as the “cells of Robertson and of del Río”. In his 
paper, Cajal compared the mesoglia of Robertson and microglia of del Río-Hortega 
to the interstitial corpuscles that Achúcarro had described earlier in 1910, referring 
also to the method he had published in 1911 (another variation of the Bielschowsky 
method) (Achúcarro  1910 ,  1911 ). Perhaps the problem also stemmed from incon-
sistencies and confusion surrounding published methods (and their citation), which 
were based on numerous modifi cations of existing methods, as well as a lack of 
clarity regarding the ‘ownership’ of these methods (see also Penfi eld  1924a , p. 437). 
For example, del Río-Hortega, having been inspired by Cajal and Achúcarro’s 
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approaches, had undertaken a number of trials using the Bielschowsky ammoniacal 
silver method (the reagent used by Achúcarro), and by substituting carbonate for 
nitrate (Cajal had used a reduced silver nitrate method), had obtained fi ner micelles 
that were capable of impregnating neuroglia and revealing these cells in much 
greater detail (see Ortíz Picón  1971 ). Del Río-Hortega published this method in 
February 1918, and in November of that year presented his initial fi ndings to the 
Spanish Society of Biology “On the true signifi cance of neuroglial ‘ameboid’ cells”. 

  Fig. 2.2    Original microglia drawings from Pío del Río Hortega. Reprinted with permission from 
Memorias de la Real Sociedad Española de Historia Natural (del Río-Hortega  1921a ) [In Spanish]. 
Original fi gure legends are transcribed. ( 1 ) Vertical section of the 4-day old rabbit brain protuber-
ance. ( A ) blood vessel; ( B ,  F ) perivascular microglia with tuberosities and pseudopods; ( C ) rami-
fi ed microglia; ( D ) cell with branches that follow the direction of the nervous fi bres; ( E ) vascular 
satellites. ( 2 ) Cerebella microglia in the 4-day-old rabbit. ( A ) fourth ventricle; ( B ) medullary 
velum; ( C ) cerebellar folium; ( D ) microglia migrating through the white matter; ( E ) microglial cell 
reaching the grey substance. ( 3 ) Cerebral circumvolution of the 1-day-old rabbit. ( A)  molecular 
layer; ( B ,  C ), cortical layers; ( D ) white matter, from which microglia ascend to the inferior and 
medial layers of the cortex; ( E ) ependyma. ( 4 ) Simple ramifi ed forms of the cerebral white sub-
stance in the 9-day-old rabbit. ( A ) hairy microglia; ( B ,  C ,  D ) mono- and tripolar cells, with penni-
form appendices; ( E ,  F ,  G ) multipolar cells with dendritic tufts       
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This paper noted the appearance of ameboid cells in infl ammatory and destructive 
processes. It provided evidence that astrocytes did not participate in the formation 
of rod cells, or granuloadipose corpuscles (Ortíz Picón  1971 ). In fact, del Río- 
Hortega published a number of variants of his method (see for example del 
 Río- Hortega  1919c ), which he reviewed shortly before his death, in a four-part pub-
lication entitled “The method of silver carbonate. General review of the technique 
and its application in Normal and Pathological Histology”. This collection was 
 published in the Archives of Normal and Pathological Histology, Buenos Aires 
(   del Río-Hortega  1943a ,  b ,  1944a ,  b    ). 

 In his 1921 paper on the histogenesis, normal development, exodus, and distribu-
tion of microglia (del Río-Hortega  1921a ; see Fig.  2.2 ), del Río-Hortega provided a 
full translation (in Spanish) of Robertson’s works (Robertson  1898 ,  1900b ), empha-
sising that what Robertson had described as ‘mesoglia’ in fact corresponded to the 
type of neuroglia del Río-Hortega had himself described in some detail and had 
referred to as ‘oligodendroglia’ (see del Río-Hortega  1921b ). In the footnote on the 
last page, he invited Cajal to examine the original preparations for himself (del Río- 
Hortega  1921a ). It appears from this tail note that del Río-Hortega had secured 
some of Robertson’s original samples (see also Ortíz Picón  1983 ). It is unlikely that 
Cajal ever took del Río-Hortega up on this offer, but Wilder Penfi eld who visited his 
laboratory 3 years later did review “an original preparation of Robertson” and 
referred to this in his 1924 paper (Penfi eld  1924a , p. 433). Del Río-Hortega renamed 
the new laboratory in La Residencia de Estudiantes the ‘Laboratory of Normal and 
Pathological Histology’ to provide greater scope to the work that was undertaken 
there (Palmero and del Río-Hortega  2004 ). 

 The impact of the work conducted in that laboratory was extraordinary, attracting 
international scientists to learn the new methods for detecting the neuroglia. Among 
those who visited del Río-Hortega was Wilder Penfi eld. Having closely followed 
the protocols of the Spanish School, including del Río-Hortega’s published meth-
ods, Penfi eld had been attempting to stain microglia and oligodendroglia in brain 
tissue sections between 1921 and 1923. He wanted, in particular, to investigate these 
cells in epilepsy. He had started this work at Columbia College of Physicians and 
Surgeons, and continued with his attempts by looking at brain tissue scars later at 
the Presbyterian Hospital Laboratories in New York (Gill and Binder  2007 ), con-
vinced that glial cells were central to understanding the causes of epilepsy, as well 
as tissue repair processes. For that purpose, Penfi eld had already made numerous 
attempts using Cajal’s and del Río-Hortega’s published methods for the neuroglia, 
but these had been disappointing and he had been unable to interpret the results. In 
his eagerness to set off, Penfi eld had dashed a letter to del Río-Hortega and set sail 
for Madrid before having received a reply. This fi nally arrived, forwarded by tele-
gram from New York, while Penfi eld was halfway across the Atlantic Ocean. It was 
a single word ‘venga’ (come) (Penfi eld  1977 ). He arrived in April 1924 and remained 
in the lab until July. For independent accounts of Penfi eld’s stay at La Residencia de 
Estudiantes, see Obrador ( 1975 ), García-Albea ( 2004 ), and Gill and Binder ( 2007 ). 

 In his 1924 paper, Penfi eld noted that the method of Robertson “was specifi c 
when successful but it was so capricious” and that it had not been possible to 
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 reproduce the descriptions provided by the Scottish pathologist. Likewise, del 
 Río- Hortega’s method had also given variable results in different hands, typically 
staining one or the other cell type more prominently—rather than providing uni-
form and selective labelling. Penfi eld went on to devise further modifi cations 
(   Penfi eld  1924a ,  b ,  1925 ) and a more ‘reliable’ method for combined staining of 
these distinct classes of cells, which he published in 1928. This was itself a further 
modifi cation of Globus’s method, trialled at length for consistency of staining by 
Penfi eld’s assistant, Fulstow, over a period of 1 year whilst working within Penfi eld’s 
laboratory in New York (Penfi eld  1928 ). Penfi eld confi rmed del Río-Hortega’s fi nd-
ings and disseminated these across Europe, North America, and Canada. During his 
visit to La Residencia in 1924, he submitted two infl uential papers: the fi rst pub-
lished in Brain (1924), the other in the fi rst edition of the American Journal of 
Pathology (1925), in which he confi rmed the existence of microglia, and after a 
further modifi cation of del Río-Hortega’s stain, the oligodendroglia. In his 1924 
paper ‘Oligodendroglia and its relation to classical neuroglia’, he agreed with del 
Río-Hortega’s initial assumptions that the apolar and adendritic cellular elements 
described by Cajal in 1913 were microglia and oligodendrocytes which appeared to 
be devoid of cellular processes because of the limitations of the technique employed, 
i.e. an imperfect technique producing incomplete staining of the cells. He also 
pointed out that microglia represented a small proportion of perineuronal and peri-
vascular satellite cells (Penfi eld  1924a ), although perivascular cells and parenchy-
mal microglia were not yet recognised as distinct populations at this time (see 
Graeber and Streit  1990b ; Streit and Graeber  1993 ). Penfi eld also believed that 
Robertson’s mesoglial cells corresponded to del Río-Hortega’s oligodendrocytes 
(Penfi eld  1924a ). The paper he submitted to the American Journal of Pathology 
(1925) on phagocytosis of microglia in gliomas was also published in French in 
Cajal’s own laboratory journal the previous year (Penfi eld  1924b ). In this paper 
Penfi eld provides a rather general summary of del Río-Hortega’s earlier work along 
with his own (in human material and in cats, rabbits, and mice). He referred also to 
the work by Collado who had been studying microglia in cases of rabies, and to 
Metz and Spatz ( 1924 ) who had confi rmed the morphological characteristics of 
these cells, among other investigators (Penfi eld  1925 ). He further described del Río- 
Hortega’s ‘fountains’ of microglia within the developing nervous system, areas 
where these cells were encountered in greatest densities and thought to be centres 
for their genesis. Moreover, he stressed the migratory and phagocytic activities of 
microglia following experimental injury, before looking at two cases of brain 
tumours that he termed ‘gliomas’– the fi rst study of its kind. He proposed that 
microglia acted as scavenger cells to clear away the products of degeneration in the 
area surrounding the glioma and performed ‘dendrophagocytosis’ within the tumour 
itself. His impression was that microglia transported the ingested substances to the 
outer surface of blood vessels and discharged these into the vessel lumen or perivas-
cular space, based on the assumption that “ the presence of scavenger cells about 
vessels indicates transfer and delivery of ingested substance rather than new forma-
tion of these cells …” (Penfi eld  1925 ). During his visit, he moved from normal his-
tology to neuropathology, examining these glial cells in experimentally induced 
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tissue injury, specifi cally in response to the formation of scars (del Río-Hortega and 
Penfi eld  1927 ). The 1927 paper ‘Cerebral cicatrix—the reaction of neuroglia 
and microglia to brain wounds’ described morphological changes (in microglia and 
astocytes) that accompanied scar formation in response to puncture wounds induced 
in rabbit brains, and more extensive wounds generated in canine cerebral hemi-
spheres after craniotomy, followed over a period of several months (del Río-Hortega 
and Penfi eld  1927 ). The paper describes stages in glial scar formation clearly, with 
initial microglial activation and phagocytosis, later reorganisation of astrocytes sur-
rounding the wound, and the laying down of connective tissue over time (del Río- 
Hortega and Penfi eld  1927 ). 

 Cajal however, while coming to accept microglia as a distinct class of cells, was 
not convinced that interfascicular glia or ‘oligodendroglia’ were a component of his 
‘third element’, but that adendritic cells, including perivascular and satellite cells 
and dwarf cells of the white matter, were the ‘real third element’ (Cajal  1920a ). 
More than two decades later, some authors still clung to the idea that microglia and 
oligodendroglia did not represent the complete picture, and that Cajal’s ‘adendritic’ 
cells should be classed separately as ‘adendroglia’ (Andrew and Ashworth  1945 ). In 
turn, Cajal had considered that perhaps some of the mesoglia cells described by 
Robertson were in fact incompletely stained microglia (Cajal  1925 ). Having read 
the infl uential work of the German neurohistologists Metz and Spatz ( 1924 ), and 
that of Penfi eld ( 1924a ,  b ), who had independently reproduced del Río-Hortega’s 
fi ndings and confi rmed his theories using his silver carbonate method, as well as 
other investigators at the time (e.g. see for example Gans  1923 ; Bailey and Hiller 
 1924 ; Rezza  1925 ), Cajal later publically acknowledged microglia as a distinct 
entity, in his extended treatise on the neuroglia, published in 1925. This work was 
also published in French in order to reach a wider audience (Cajal  1925 ). Through 
his ‘offi cial recognition’, Cajal had given del Río-Hortega merit for the discovery of 
‘normal’ microglia, and Robertson the credit for discovery of the cells del Río- 
Hortega referred to as oligodendroglia. Returning to the Presbyterian Hospital in 
New York in September 1924, Penfi eld inaugurated the Laboratory of Neurocytology 
and met his research associate William Cone, who subsequently wrote a paper on 
‘Acute Pathological Changes in Neuroglia and Microglia’ published in 1928. 
Penfi eld was to infl uence a number of other colleagues and associates who worked 
with him in New York and later on at the Montreal Neurological Institute, instilling 
in them his own enthusiasm and keen interest in pursuing research into the microg-
lia (and oligodendroglia). Among these were Dorothy Russell, John Kershman, and 
Webb Haymaker who had worked with Alpers in Pennsylvania, and Carmichael at 
the London National Hospital. It was around this time that Penfi eld founded the idea 
to write a textbook on the general principles of neuropathology (without describing 
specifi c diseases); he was looking for a ‘mechanistic description of disease patho-
physiology’ (Gill and Binder  2007 ). He wrote to 27 eminent investigators around 
the world, del Río-Hortega among them, and managed to secure their contribution 
to his three-volume collection: ‘Cytology and Cellular Pathology of the Nervous 
System’ (see Penfi eld  1932 ). 

2 Historical Context



18

 Dorothy Russell’s contribution to research on microglia was made through 
 investigating the functions of these cells by means of intravital dyes (trypan blue) 
administered intraperitoneally and examining cellular responses to aseptic cerebral 
puncture wounds in rabbits (Russell  1929 ). Russell showed that trypan blue could 
be taken up by all transitional forms of microglia from typical (normal) forms to 
 Gitterzellen  (compound granular corpuscles) and by ameboid or spindle-shaped 
cells lying in the adventitia of cerebral vessels. She proposed that such intravital 
staining was related to phagocytic function. She also identifi ed these cells with the 
rest of the reticulo-endothelial system, which supported Hortega’s contention that 
microglia was a mesodermal element. There was no evidence for uptake of dye by 
the neuroglia (Russell  1929 ). 

 In Germany, Creutzfeldt and Metz ( 1926 ), following up on the earlier work by 
Metz and Spatz ( 1924 ), charted the involvement of microglia (‘Hortegazellen’) in 
acute as well as chronic degenerative processes, progressive paralysis, in tubercu-
lous meningitis, in presenile dementia, and the specifi c association of these cells 
with senile plaques (Creutzfeldt and Metz  1926 ; see also Timmer  1925  for an early 
discussion on the relationship between microglia and senile plaques). By 1930, the 
concepts of microglia and of oligdendroglia were fi rmly established, as can be read 
in the Society Transactions of the 11th Annual International Neurologic Assembly, 
held in Paris (Winkler et al.  1931 ). The mesodermal nature of microglia, however, 
was not universally accepted. Others (e.g. Polderman  1926 ; Schaffer  1926 ; Pruijs 
 1927 ), while accepting that microglia were a class apart from astrocytes (the 
 ‘macroglia’), questioned whether these cells could in fact be derived from the neu-
ropeithelium (see Winkler et al.  1931 ). 

 Meanwhile, a series of infl uential studies were emerging from North American 
laboratories. Key among these were papers by William Cone (Penfi eld’s coworker 
from The Department of Surgery and Pathology at the Presbyterian Hospital 
in New York), Bernard Alpers from Philadelphia (and the Laboratorio de Histologia 
Normal y Patologica, Madrid), and Carl Rand and Cyril Courville from the 
Neurological Service and Neuropathological Laboratory of the Los Angeles County 
General Hospital. Cone described acute changes in neuroglia and the transformation 
of microglia (rod cells and compound granular corpuscles) in routine human autopsy 
material (poliomyelitis and cerebrospinal meningitis), including responses to 
10-day-old surgical needle tracks (ventricular punctures) (Cone  1928 ). Alpers, who 
had studied with del Río-Hortega, described reactions of cells within the CNS to 
experimental intoxication with urea in rabbits (Alpers  1930 ). He described profound 
changes within the cerebral white matter affecting fi brous and perivascular astro-
cytes (transforming to ‘ameboid cells’ with degeneration of vascular end-feet), with 
only minor changes affecting the microglia—typically fusiform or nodular swell-
ings scattered at intervals along microglial processes in more severe cases. These 
changes varied with the degree of toxicity (Alpers  1930 ). Rand and Courville under-
took a detailed histological examination of cellular changes in the human brain in 24 
cases of fatal head injury (with survival ranging from a few hours to several 
months following injury). They used Penfi eld’s ‘combined method’ for detecting 
microglia and oligodendroglia in tissue fi xed with formaldehyde (Penfi eld  1928 ). 
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These authors reported that changes in the microglia depend directly on the severity 
of the contusion, its age, and proximity of individual cells to the point of greatest 
injury. They noted that the degree and timing of morphological changes in the 
microglia depended on the severity of the injury. Transitional forms could be found 
within the fi rst 24 h following injury and fully developed compound granular cor-
puscles (foamy macrophages) around 4 days’ survival time, with the development of 
vacuoles and swelling within these cells corresponding to their phagocytic activity 
(Rand and Courville  1932 ). They did not agree with the views of Penfi eld and Cone 
that rod cells were a typical ‘stage’ in the transformation between normal microglia 
and formation of compound granular corpuscles (rod cells were only noted in one 
case with ‘dementia paralytica’) (Rand and Courville  1932 ). They concluded that 
microglia react to local destruction and disintegration of tissue and persist as com-
pound granular corpuscles as long as the products of disintegration were present. 

 Del Río-Hortega published the fi rst of two defi nitive synopses on microglia in 
the English language, in 1932, in Penfi eld’s ‘Cytology and Cellular Pathology of the 
Nervous system’ (del Río-Hortega  1932 ). The second publication was in The 
Lancet, in 1939, while he was at Oxford (del Río-Hortega  1939 ). In a four-part 
publication, he provided a thorough review of his silver carbonate method and its 
various modifi cations (del Río-Hortega  1943a ,  b ,  1944a ,  b ). Del Río-Hortega died 
in Buenos Aires, from a malignant cancer in 1945. His work, however, continued to 
live on through researchers whom he had infl uenced and inspired and was integrated 
within systematic investigations which took place later on. 

 The earliest accounts of microglia in tissue culture were provided by Marinesco 
and Minea (Winkler et al.  1931 , pp. 663–664), Wells and Carmichael ( 1930 ) as well 
as Costero ( 1930a ,  b ,  c ,  1931 ). Of these, the most defi nitive studies were those 
reported by Isaac Costero, who was the fi rst to culture human microglia and to record 
their activities using time-lapse cinemicroscopy. AQ Wells and Edward Arnold 
Carmichael’s work published in 1930 formed part of a long-standing collaboration 
between the Strangeways Research Laboratory in Cambridge and St Bartholomew’s 
Hospital in London (see Wilson  2005 ). Carmichael, who had already started 
researching microglia and published a paper in 1929 looking at the microglial 
response to intracerebral injection of blood in rabbits (Carmichael  1929 ), joined up 
with Wells to examine cultured cells derived from the embryonic fowl nervous sys-
tem (pons and medulla) and the retina in solid and fl uid media, using the ‘coverslip 
technique’ that had been established at the time, along with standard ‘static’ staining 
and photographic methods (Wells and Carmichael  1930 ). Wells and Carmichael 
showed that cells ‘resembling normal microglia’ derived from nervous system tis-
sues displayed selective affi nity for silver impregnation methods, took up vital dyes 
(trypan blue), and were similar in their properties to ‘wandering cells’ or ‘histio-
cytes’ (i.e. macrophages; see Maximow  1928 ) cultured from periosteum and limb 
buds that belonged to the reticulo-endothelial system. On this basis, they considered 
that microglia also belonged to this system and were therefore of mesoblastic origin 
(Wells and Carmichael  1930 ). They described ‘remarkable activity’ in these cells: 
“ Protopasmic protrusions were constantly thrown out and then withdrawn. 
Mitochondria and cell granules were in constant violent movement. Highly refractile 
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fat droplets were present in varying amounts .” (Wells and Carmichael  1930 ). Webb 
Haymaker later adapted del Rio-Hortega’s silver impregnation technique to the 
staining of tissue cultures, in a paper read at the meeting of the International 
Association of Medical Museums, New York, April 1935, and published in the sci-
entifi c apparatus and laboratory methods section of Science (Haymaker and Sánchez-
Pérez  1935 ; see also von Mihálik  1935 ). Costero, having spent a number of years 
studying under del Río-Hortega (1922–1931), had developed quite a deep interest in 
microglia, writing his own paper in support of del  Rio- Hortega’s fi ndings concerning 
the ‘third element’ when he was just 22 years old (Costero  1925 ). A scholarship in 
1929 enabled him to travel to Germany, to the Paul Ehrlich Institute in Frankfurt, 
where he trained in tissue culture techniques  (1929–1930) under Drs Caspari and 
Vollmar (Palmero  2005 ). There, he made the fi rst cinefi lm in the world documenting 
the experimental behaviour of microglia isolated in culture, using time-lapse cinemi-
crography (Fernández-Guardiola  1997 ). This material formed the basis of Costero’s 
fi rst manuscript demonstrating the experimental behaviour of microglia under nor-
mal and pathological conditions (Costero  1930a ), accepted for publication by Dr. 
Wilhelm Kolle, Director of the Paul Ehrlich Institute (Fernández-Guardiola  1997 ). 
Costero became the fi rst to thoroughly investigate the  dynamic  nature of these enig-
matic cells ‘live’ under cell culture conditions. His cinefi lm was apparently shown 
by del Río-Hortega on his visits to various universities and institutions around 
Europe to much acclaim and played an important part in establishing del Río-
Hortega’s concepts concerning the microglia (Fernández- Guardiola  1997 ). Costero 
returned to Spain, where he wrote two further papers on the cultivation and study of 
microglia ‘in vitro’ (Costero  1930b ,  c ). Costero’s fi ndings at this time are particu-
larly noteworthy, since they refl ect a conscious anticipation of the motile behaviour 
of microglia that was to be reported 75 years later using in vivo imaging techniques 
in transgenic mice with fl uorescent protein-expressing microglia (Davalos et al. 
 2005 ; Nimmerjahn et al.  2005 ). 

 Del Río-Hortega referred to Costero’s work in his treatise on microglia, pub-
lished in the second volume of Penfi eld's ‘Cytology and Cellular Pathology of the 
Nervous System’ in 1932: “ Recent investigations by Costero (  1930a  ,   b  ,   c  ) clearly 
demonstrate the existence of ameboid movements and the capacity of migration of 
the microglia. This investigator has succeeded in obtaining cultures of microglia 
in vitro and he shows that the motile elements seen by other investigators in explants 
of nervous tissue are microgliocytes. In cultures ,  the microgliocytes show shapes 
ranging from the globose types characteristic of the fat granule cells to the bipolar 
and branched forms. The former occur near the cultivated tissue ,  while the bipolar 
and branched cells are found in the plasma. The observations of Costero on the 
activity of the microglia are conclusive since all stages ,  from the moment the micro-
gliocytes enter into motion and send off prolongations with pseudopodia  ( lateral 
spines )  to phagocytosis of erythrocytes ,  tissue detritus and carmine granules ,  are 
present in the cultures. In explants of nervous tissue and in pure cultures of microg-
lia we fi nd a strong argument in favour of its inclusion among the elements of the 
reticulo - endothelial system .” (del Río-Hortega  1932 , p. 518). 
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 The concept that microglia belonged to the ‘reticulo-endothelial system’ (of 
Aschoff  1924 ), later renamed the ‘mononuclear phagocyte system’ (see Rezaie and 
Male  2002a ), was established by the 1940s. Del Río-Hortega had referred to his 
own work and that of his students Jiménez de Asúa (del Río-Hortega and Jiménez 
de Asúa  1921 ; Jiménez de Asúa  1927 ) and Isaac Costero ( 1930a ,  b ,  1931 ) who 
made signifi cant advances to his own studies on two fronts: (1), the concept that 
microglia belonged to the reticulo-endothelial system proposed by Aschoff (Jiménez 
de Asúa  1927 ; Aschoff  1924 ; Russell  1929 ; Visintini  1931 ; Belezky  1931 ,  1932 ; 
Bolsi  1936 ; and others); and (2) the morphological characteristics, motile behav-
iour, and phagocytic functions of microglia cultivated in vitro (Costero  1930a ,  b , 
 1931 ). Henry Dunning and his colleagues Lewis Stevenson and Jacob Furth gave a 
clear account of the evidence supporting Jiménez de Asúa’s proposal. These were 
based on properties (similarities in morphology, uptake of colloidal dyes, behaviour 
and functions in vitro) that microglia shared with mononuclear phagocytes resident 
within other tissues, for example the liver, spleen and kidney (which were called 
‘histiocytes’ at the time; see Maximow  1928 ; Dunning and Stevenson  1934 ; Dunning 
and Furth  1935 ). These investigators also referred to a study carried out by Lebowich 
( 1934 ), who observed that microglia were capable of phagocytosing  bacteria. Von 
Mihálik had concluded that there were no differences between macrophages cul-
tured from the brain, liver, and subcutaneous tissue (von Mihálik  1935 ). Further 
studies on the ontogeny of microglia and their relationship with the reticulo- 
endothelial system were carried out by Belezky ( 1931 ,  1932 ), von Sántha ( 1932 ), 
Juba ( 1933 ,  1934 ), von Sántha and Juba ( 1933 ), and by Dougherty ( 1944 ) (see also 
Cardona  1937 ). 

 John Kershman, Assistant Professor of Neurology at McGill University, was 
among the fi rst to chart the development and differentiation of microglia within the 
human fetal nervous system, signifi cantly extending the initial studies presented by 
Rydberg ( 1932 ), von Sántha ( 1932 ), and Juba ( 1933 ), in his exemplary study pub-
lished in 1939 (Kershman  1939 ). The detail and accuracy of the descriptions pro-
vided make this one of the key landmark papers on microglia. Penfi eld’s infl uence 
is acknowledged by Kershman therein. He separately confi rmed observations in 
mammals by a number of previous researchers, showing that microglia appear 
within the human brain, with the fi rst evidence of vascularisation (Kershman  1939 ). 

 From 1941 to 1960, only 14 articles appear listed on NCBI PubMed (using 
‘microglia’ as the search term entered under ‘all fi elds’). These are studies by 
Vazquez-Lopez ( 1942 ) on microglia in the neurohypophysis, Kurobane ( 1950 ) on 
microglia in gliomas, Meo ( 1950 ) on cerebral changes in leukemia, Costero ( 1951 , 
 1952 ) on microglia in rheumatism, Mazzi ( 1952 ) who looked at the brain in teleosts, 
Herrera ( 1953 ) who examined microglial genesis, Imamura ( 1954 ) focusing on 
gliomas, Field ( 1955 ) who focused on the development of microglia and the infl u-
ence of cortisone, Pickering and Vogel ( 1956 ) examining demyelinating lesions, 
Jufe ( 1957 ) on rabies, Koenig ( 1958 ) addressing nucleic acid and protein turnover, 
Wolman ( 1958 ) who examined the mechanism of selective impregnation, and 
Tsypkin ( 1959 ) examining microglia in senile dementia and their role in the struc-
tural genesis of senile plaques. There are other articles that are not currently listed 
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on PubMed, for example Dougherty ( 1944 ) and Bullo ( 1945 ). So it is clear that the 
above list does not represent the complete picture, but it does provide an indication 
of the relative paucity of research on microglia that followed the death of del Río- 
Hortega in 1945, and for more than a decade after the end of the second world war. 
Glees’ publication in 1953 provides a good point of reference on the neuroglia up to 
that period (Glees  1953 ). 

 We end this section with the words of del Río-Hortega. Summing up two decades 
of work on microglia in a lecture delivered at Oxford University in 1938, del Río- 
Hortega provided a concise account of the state of knowledge with respect to the 
origins, forms, and functions of the microglia up to that period. This was published 
in The Lancet the following year (del Río-Hortega  1939 ). In his conclusion he 
noted: “ Nerve tissue contains a type of cell with properties corresponding to those 
of the reticulo - endothelial system. The chief function of these cells  ( the microglia )  is 
the phagocytosis of waste products ,  and ,  if need be ,  of red blood - cells …..  Even 
when they are in apparent rest ,  microglial cells remain capable of migration ,  and 
under pathological conditions they are mobilised to undertake phagocytic activity. 
Phagocytosis in nerve centres is a specifi c function of microglia ;  despite opinions to 
the contrary ,  neither the astrocytes nor the oligodendrocytes take part in it. 
Microglia cells take up the products of disintegration of the nerve tissue ,  digesting 
and elaborating them ,  and making them fi nally disappear. These ideas have been 
developed in my papers from 1919 to 1921 ,  and though they have been discussed in 
many subsequent papers by other workers ,  almost nothing new has been added to 
our knowledge of this subject. Today these ideas are widely accepted .” (del Río- 
Hortega  1939 , p. 1026). 

 At the time this statement was made, it was perhaps unlikely to envisage that it 
would be decades before research on microglia would ‘take off’ once again. Yet the 
modern era is indebted to these pioneering achievements, and progress has been 
made through building on these earlier discoveries.  

2.3     The ‘Renaissance’ Period 

 Much of the credit for the revival of interest in microglia and our present-day 
 knowledge can be attributed to Georg Kreutzberg who was studying the mechanisms 
of axonal regeneration in the 1960s (Kreutzberg  1963 ,  1967 ,  1968 ,  1972 ,  1996 ; 
Kreutzberg and Barron  1978 ), and those whom he inspired and infl uenced, including 
Manuel Graeber, Wolfgang Streit, Helmut Kettenmann, and Richard Banati, among 
others. Kreutzberg began investigating the facial nerve transection model through a 
series of light and electron microscopic and autoradiographic studies (see Moran 
and Graeber  2004  for a review on this model). He observed that excision of the facial 
nerve (distal to the facial motor nucleus within the brainstem) produced characteris-
tic responses in astrocytes and microglia associated with motor neuronal cell bodies, 
which enabled the peripheral nerve to regenerate (Blinzinger and Kreutzberg  1968 ; 
see also the work of Cammermeyer  1965a ,  b ). Blinzinger and Kreutzberg fi rst 
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described the phenomenon of ‘synaptic stripping’ (Blinzinger and Kreutzberg  1968 ), 
whereby microglia in the facial motor nucleus initially displaced synapses from trau-
matised neuronal somata, followed by ensheathment of these cell bodies by astro-
cytes, preventing further synaptic input, allowing the injured neurons to conserve 
energy, recuperate, and the peripheral nerve to regenerate over time. Until then, it 
had been generally assumed that the sole function of microglia was to carry out 
phagocytosis and ‘clearance’ (e.g. of red blood corpuscles, dead cells, or pathogens 
like bacteria), and the expectation was that these cells would simply engulf, assimi-
late, and thus remove the damaged neuronal cell bodies. The novel fi ndings therefore 
came both as a surprise and a revelation—this was the fi rst evidence for a ‘neuropro-
tective’ function of microglia; their involvement in neuronal regeneration. While the 
discovery of synaptic stripping was just one of the seminal contributions of this 
school, it was a fundamental addition to the known spectrum of microglia functions. 
Synaptic ‘nursing’ and ‘pruning’ are essential elements of a portfolio which criti-
cally involves microglia in processes of CNS development, maintenance, and recov-
ery (Kettenmann et al.  2013 ) (for further reading, see Chap.   9    ). 

 Later (in the 1980s and 1990s), Kreutzberg and his colleagues showed, using this 
model, that the microglial response within the CNS was tailored to the extent of 
consequent ‘damage’ infl icted to the neuron (Kreutzberg and Barron  1978 ; Graeber 
and Streit  1990a ; Graeber et al.  1988 ,  1993 ,  1998 ; Streit et al.  1989 ; Haas et al. 
 1993 ). Two key insights were gleaned from these studies: (1), the blood–brain bar-
rier within the brainstem nucleus remained intact in this model, so that both  ‘synaptic 
stripping’ and phagocytosis were functions carried out by microglia alone, without 
recruitment of mononuclear phagocytes from the periphery, and (2), microglia were 
shown to be capable of proliferating following axotomy, and therefore had the 
capacity to ‘self-renew’ their population without recruitment of progenitors from 
the blood (Graeber et al.  1988 ,  1993 ,  1998 ; Graeber  1993 ; Haas et al.  1993 ; Moran 
and Graeber  2004 ; Ajami et al.  2007 ). More recently, it has been argued that ‘syn-
aptic stripping’ cannot be extended more generally to models of chronic neurode-
generation, and that degeneration of synapses and envelopment of a degenerating 
terminal are neuron autonomous events in which microglial involvement is merely 
‘guilt by association’ (Perry and O’Connor  2010 ). Nevertheless, there is growing 
evidence that microglia are indeed able to remove synaptic terminals, and in this 
respect contribute to remodelling and plasticity of the nervous system in develop-
ment, with implications for neurodevelopmental disorders, even including autism 
and Rett syndrome (Boggio et al.  2010 ; Tremblay et al.  2010 ; Paolicelli et al.  2011 ; 
Paolicelli and Gross  2011 ; Derecki et al.  2012 ; Hughes  2012 ; Schafer et al.  2012 ).  

2.4     The Period of ‘Awakening’ 

 The 1980s saw an ‘awakening’ in the understanding of microglial ‘immune’ func-
tions, the processes of neuroinfl ammation, and the concept of ‘innate immunity’ 
inspiring large-scale research on microglia in vitro and in vivo, with a particular 
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focus on Alzheimer’s disease. Neuroglial cells moved into the spotlight, and 
immunological concepts and approaches fuelled research in the neurosciences. It 
was at this time also that the myeloid nature of microglia gained broader attention, 
supported and infl uenced by immunological work on mononuclear phagocytes, 
and a distinction between perivascular macrophages and perivascular microglia 
was clarifi ed. 

 The morphological transformation and phagocytic function of microglia, and 
their role in glial scar formation (in response to stab injury, for example) had already 
gained widespread recognition following del Rio-Hortega’s publication in Penfi eld’s 
‘Cytology and Cellular Pathology of the Nervous System’ (reprinted by Hafner in 
 1965 ) (del Río-Hortega  1932 ), and in his Lancet paper (del Río-Hortega  1939 ). 
However, evidence for the concept of microglia as ‘immunocompetent’ cells that 
were capable, like their macrophage counterparts within other tissues, of presenting 
antigen to T lymphocytes (through expression of Major Histocompatibility Complex 
(MHC) class II antigen), of secreting pro- and anti-infl ammatory cytokines, as 
well as cytotoxic factors, of signalling to cerebral endothelium, and initiating an 
immune response within the CNS, was fi rst drawn together in the 1980s by Streit, 
Graeber, and Kreutzberg (Streit et al.  1988 ). These authors went on to propose that 
microglia represent ‘networks’ of immune surveillance within the CNS (Graeber 
and Streit  1990a ; Gehrmann et al.  1993 ,  1995 ). In 1996, Kreutzberg coined the term 
 ‘pathological sensor’ to describe the inherent activity of the microglia, as occurring 
in a ‘heightened’ or ‘alert’ state, monitoring the environment, and ready to initiate a 
rapid response to insult or injury. The article is still one of the most cited in the fi eld. 
The view of microglia as the ‘innate immune system’ of the CNS later led to the 
concept of ‘neuroinfl ammation’ (Streit et al.  2004a ; Mrak  2009 ) in which microglia 
were the key cellular mediators in acute and chronic infl ammatory responses associ-
ated with infectious (e.g. human immunodefi ciency virus (HIV)) and chronic neuro-
degenerative diseases such as multiple sclerosis, Alzheimer’s disease, and prion 
diseases (see McGeer and McGeer  2011  for a history of innate immunity in neuro-
degenerative disorders). Microglia were found to play roles in both innate (or ‘cell- 
mediated’) and adaptive immunity within the CNS. 

 The dichotomy in the nature of microglial functions (neurotoxicity versus neuro-
protection) is now well-recognised (Czeh et al.  2011 ; Zhang et al.  2011 ), and refer-
ence to microglia functioning in this regard as ‘a double-edged sword’ and a 
‘pathological sensor’ can be traced back to Georg Kreutzberg (Kreutzberg  1995 , 
 1996 ). The concept of ‘neuroinfl ammation’, however, is being re-examined in the 
light of the continuum of microglial activation and multi-faceted responses in both 
healthy and pathological states (Hanisch and Kettenmann  2007 ; Graeber  2010 ; 
Graeber et al.  2011 ). 

 A separate focus of work that began during this period was a revival in research 
into the origin and cell lineage of microglia. Eng Ang Ling and co-workers, pursu-
ing the autoradiographic work of Imamoto and Leblond ( 1978 ) and that of Kitamura 
( 1969 ,  1973 ), were particularly interested in defi ning the origins of microglia, which 
had remained contentious for decades (Fujita and Kitamura  1975 ; Ling  1976a ,  b ; 
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Boya et al.  1979 ; Fujita et al.  1981 ). Ling and colleagues described two forms of 
microglia in the neonatal and postnatal rodent brain—ameboid cells within white 
matter tracts, with special reference to the corpus callosum, and ramifi ed cells in the 
gray matter (Ling and Tan  1974 ; Ling  1979 ; Leong and Ling  1992 ). They observed 
that ameboid cells were taking up carbon particles injected intravenously, and that a 
subpopulation of these cells could transform into the resident (ramifi ed) microglial 
population in adult animals (Ling  1979 ; Kaur et al.  1985 ; Wu et al.  1992 ). The lit-
erature on the origin of microglia, namely their relationship with the mononuclear 
phagocyte system and the initial view that microglia were derived from circulating 
blood monocytes, is summarised in the review by Kaur et al. published in  2001  (for 
related reviews, see also Ling and Wong  1993 ; Theele and Streit  1993 ; Cuadros and 
Navascués  1998 ,  2001 ; Rezaie  2003 ,  2007 ; Rezaie et al.  1999 ; Rezaie and Male 
 2002a ,  b ). 

 Bone marrow (BM) reconstitution experiments by Hickey and Kimura in the late 
1980s, and later by a number of other investigators, showed that donor BM-derived 
stem cells transferred to irradiated hosts (rodents) could subsequently be traced as 
‘microglia’ within the brain parenchyma (Hickey and Kimura  1988 ; Lassmann 
et al.  1993 ; Lassmann and Hickey  1993 ; Flügel et al.  2001 ; Priller et al.  2001 ; 
Simard and Rivest  2004 ). Likewise gender-mismatched BM-transplant recipients 
were found to have a small number of donor-derived cells located within the human 
brain, mainly around vasculature (perivascular positions), at postmortem (Unger 
et al.  1993 ). However, the fact that BM-derived elements primarily took up resi-
dence within the brain at perivascular positions and were largely absent in the 
parenchyma proper (Hickey and Kimura  1988 ; Unger et al.  1993 ) was intriguing. 
Observations that these cells were able to differentiate into ‘microglia-like cells’ 
with immunological properties resurfaced questions concerning the relationship 
between perivascular macrophages and parenchymal microglia that had been posed 
two decades earlier (see Kitamura and Hattori  1972 ). Manuel Graeber, Wolfgang 
Streit and colleagues re-examined this relationship, offered clarifi cation for differ-
ences between perivascular cells (perivascular macrophages) and perivascular 
microglia, and demonstrated that perivascular cells were preferentially located 
within the basement membrane (glia limitans) surrounding cerebral vessels (Graeber 
et al.  1992 ; Graeber and Streit  1990b ; Streit and Graeber  1993 ). While perivascular 
cells appeared to be repopulated by BM-derived progenitors, with a fairly consistent 
high turnover, and served as immunoregulatory ‘go-betweens’ connecting the ner-
vous system and the peripheral immune system (Williams et al.  2001 ), microglia in 
contrast were capable of self-renewal with little need for recruitment from the BM, 
under non- pathological conditions (see Ajami et al.  2007 ; Mildner et al.  2007 ). In 
fact, a criticism levied against irradiation experiments was that the consequent dam-
age to (opening of) the blood–brain barrier and additional impact on CNS cells, 
facilitated ‘engraftment’ of donor BM progenitors, whereas an intact ‘healthy’ bar-
rier and unchallenged tissue would restrict this (see Ajami et al.  2007 ; Mildner et al. 
 2007 ; Ginhoux et al.  2010 ).  
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2.5     The Turn of the Twenty-fi rst Century 
and the New Millennium 

 Around the turn of the century, genetic models in combination with imaging 
 techniques offered new options and precipitated research activity on a massive scale, 
focusing on responses, reactive phenotype diversity, origin, turnover and replenish-
ment, and interactions with both resident CNS and infi ltrating immune cells. 
Microglia were no longer considered solely as ‘destructive’ phagocytes. The fi rst 
house-keeping functions were revealed, ending the concept of a ‘resting’ or ‘dormant’ 
cell. Contributions to normal development (e.g. synaptic ‘pruning’/remodeling) as 
well as to neurological diseases were further unraveled, venturing into neuropsychi-
atric disorders (Bilbo and Schwarz 2009; Chen et al. 2010). Neuron–glial interac-
tions, the roles of microglia in autoimmunity, chronic pain, in brain tumours and 
aging were demonstrated. Regional specifi cations of microglia throughout the CNS 
and long-term outcomes of microglial challenges began to be examined. 

 Dana Giulian and colleagues were among the fi rst to culture microglia from 
rodent brains. They investigated the properties of these cells during the mid-1980s 
(Giulian  1987 ; Giulian and Baker  1985 ,  1986 ; Giulian and Ingeman  1988 ; Giulian 
et al.  1988 ). Studies soon focused on the cultivation and characterisation of adult 
and fetal human microglia (Hayes et al.  1988 ; Grenier et al.  1989 ; Lee et al.  1992 ; 
Williams et al.  1992 ; Lauro et al.  1995 ). Cell cultures paved the way for extensive 
characterisation of microglial morphology and phenotype (Grenier et al.  1989 ; 
Rieske et al.  1989 ; Sedgwick et al.  1991 ; Giulian et al.  1995 ), identifi cation of their 
secretory profi les, cellular responses, and interactions with other CNS cell types 
(e.g. Giulian  1987 ; Suzumura et al.  1987 ; Bocchini et al.  1988 ; Raivich et al.  1993 ; 
Sawada et al.  1993 ; Hanisch  2002 ; Pocock and Kettenmann  2007 ). This led to a 
greater understanding of the neurotoxic and neurotrophic repertoire of these cells 
(   Banati et al.  1993 ; Banati and Graeber  1994 ; Nakajima and Kohsaka  1993a , 
Nakajima and Kohsaka  1993b ,  1998 ,  2001 ,  2004 ; Giulian et al.  1994 ; Hanisch 
 2002 ), among these their expression of growth factors and mitogen receptors 
(Raivich et al.  1993 ), neurotransmitter receptors (Pocock and Kettenmann  2007 ), 
and cytokine and receptor profi les (Hanisch  2002 ). Microglia were found to ramify 
in response to a number of factors, most prominently trophic factors released by 
astrocytes in cocultures (Suzumura et al.  1990 ,  1991 ). The proteomic and genomic 
expression patterns of microglia have been profi led (Duke et al.  2004 ; Moran et al. 
 2004 ; Glanzer et al.  2007 ; Parakalan et al.  2012 ; Veremeyko et al.  2012 ) and their 
electrophysiological properties examined (Kettenmann et al.  1993 ; Draheim et al. 
 1999 ; Prinz et al.  1999 ), including those of the ramifi ed variety maintained in vitro 
(Eder et al.  1999 ) and in tissue slices (Boucsein et al.  2000 ). Helmut Kettenmann 
and colleagues fi rst drew attention to the fact that cultured microglia possess a dis-
tinct pattern of membrane ion channels (including an inward- rectifying potassium 
channel) that distinguished these cells from other mononuclear phagocytes, includ-
ing peritoneal macrophages, a unique property that was shared with a small sub-
population of progenitors located within the bone marrow (Kettenmann et al.  1990 ; 
Banati et al.  1991 ; Kettenmann  1994 ). 
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 Attention soon turned towards deciphering the motile nature of these cells, much 
as it had done earlier with Costero’s studies (   Costero  1930a ,  b ,  1931 ). This time, 
however, with more sophisticated (light, confocal, and time-lapse) microscopic 
imaging techniques. Microglial cell dynamics and morphological ‘plasticity’ were 
investigated in slice cultures (Hailer et al.  1996 ; Dailey and Waite  1999 ; Stence 
et al.  2001 ; Grossmann et al.  2002 ; Petersen and Dailey  2004 ; Kurpius et al.  2006 ; 
Grinberg et al.  2011 ), in isolated cells as well as co-cultures (Ward et al.  1991 ; 
Glenn et al.  1992 ; Rezaie et al.  2002 ; Ohsawa and Kohsaka  2011 ), and ‘real-time’ 
microglial activation could now be examined (e.g. see Rangroo Thrane et al.  2012 ). 
A number of studies also began to examine the behaviour of ramifi ed cells (Ward 
et al.  1991 ; Booth and Thomas  1991 ; Kloss et al.  1997 ; Eder et al.  1999 ; Rosenstiel 
et al.  2001 ; Rezaie et al.  2002 ). The morphological plasticity of microglia was dem-
onstrated even in their fully ramifi ed forms and, with the later confi rmation of these 
fi ndings in vivo (Davalos et al.  2005 ; Nimmerjahn et al.  2005 ), it was clear that 
microglia were highly dynamic cells capable of motility, constantly on the move 
even at ‘rest’. In this respect, microglia could no longer be regarded as ‘resting’ in 
their ramifi ed forms in the normal, healthy brain (see Rezaie  2007 ). These observa-
tions impacted also long-held defi nitions of the ‘activation’ of these cells (Hanisch 
and Kettenmann  2007 ), which were in fact not ‘step-wise’ but occurring along a 
dynamic ‘continuum’, and offered further support for their rapid morphological and 
phenotypic response to insult or injury. These features—dynamic cell motility and 
plasticity—remain unique to this cell type within the CNS. 

 Areas that had until recently remained relatively less well-explored included the 
functional role(s) played by microglia in the normal, healthy adult brain, and during 
development. It was clear that the functional status of microglia depended on their 
immediate environment (Neumann  2001 ). Signalling from, and direct contact with, 
neurons and astrocytes are essential to their maintenance within the healthy nervous 
system (e.g. see Biber et al.  2007 ). Neuronal fractalkine (Harrison et al.  1998 ; 
Maciejewski-Lenoir et al.  1999 ) and CD200 as well as their corresponding recep-
tors present on microglia (Hoek et al.  2000 ), and normal electrical activity of neu-
rons, were discovered to maintain microglia in their ‘resting’ states—the number of 
ligand-receptor pairs and conditions with activity control still being incomplete 
(Kettenmann et al.  2011 ,  2013 ;    Hanisch  2013a ,  b ,  c ) (for further reading, see Chaps. 
  3     and   9    ). Diffusible factors (including the trophic factors MCSF (macrophage 
 colony stimulating factor) and GMCSF (granulocyte-macrophage colony stimulat-
ing factor)), released from astrocytes, and direct contact with these cells were like-
wise found to be important for maintaining microglia in their ramifi ed (presumed 
‘non- activated’) states (Suzumura et al.  1990 ,  1991 ; Liu et al.  1994 ; Sievers et al. 
 1994 ; Fujita et al.  1996 ; Tanaka and Maeda  1996 ; Eder et al.  1999 ; Schilling et al. 
 2001 ; see Rezaie and Male  2002b  for review). Discussion of potential roles of these 
cells in the healthy brain, including in development, was the subject of a recent 
symposium (Tremblay et al.  2011 ). 

 The normal ‘housekeeping’ activities of microglia in the healthy nervous system 
(see Kettenmann 2007; Raivich  2005 ), with roles in surveillance (policing/patrol-
ling) and phagocytosis (scavenging/clearance), are now fi rmly established 
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(Nimmerjahn et al.  2005 ; Davalos et al.  2005 ). Key insight into their function in 
maintaining a healthy nervous system was derived through their expression of func-
tional TREM-2 (triggering receptor expressed on myeloid cells-2) (Schmid et al. 
 2002 ), required for the regular clearance of ‘debris’ within the nervous system 
(including apoptotic neurons) without inducing an infl ammatory response, via a pro-
cess termed ‘controlled phagocytosis’ (Neumann and Takahashi 2007; Takahashi 
et al.  2005 ,  2007 ). More recent evidence supports the existence of subsets of microg-
lial cells, with distinct phenotypes (and potential immunological diversity), whose 
functions may be more diverse than originally thought, and further specialised to 
support the brain regions they subserve (de Haas et al.  2008 ; Olah et al.  2011 ,  2012 ; 
Scheffel et al.  2012 ; Hanisch  2013b ,  c ). For in-depth reviews on our progressive 
understanding of the physiological functions of microglial cells, see Färber and 
Kettenmann ( 2005 ), Kettenmann ( 2006 ), Hanisch and Kettenmann ( 2007 ), Ransohoff 
and Perry ( 2009 ), and Kettenmann et al. ( 2011 ) (for further reading, see Chap.   3    ). 

 Views on the origins and lineage of fetal and adult mononuclear phagocytes 
were also changing at the turn of the twenty-fi rst century, with emerging concepts 
for differences in lineage, form, and functions between fetal and adult macro-
phages (see Chan et al.  2007 ). Tissue-resident mononuclear phagocytes in particu-
lar were now considered to belong to the fetal macrophage lineage which 
developed independent of monocyte-derived macrophages (Shepard and Zon 
 2000 ). A number of studies had shown that microglia were already present during 
embryonic and fetal stages in the rodent and human CNS (see    Dalmau et al.  2003 ; 
Rezaie et al.  1997 ,  1999 ; Rezaie  2003 ; Chan et al.  2007 ), which precluded the BM 
as the main source of microglial progenitors. The yolk sac was proposed as the 
‘developmental’ source of microglial progenitors (Alliot et al.  1999 ; see Chan 
et al.  2007 ), later confi rmed by Miriam Merad’s group using fate-mapping experi-
ments (Ginhoux et al.  2010 ). The fact that microglia were specifi cally of myeloid 
lineage had already been indicated, given their expression of PU.1 (Walton et al. 
 2000 ), a transcription factor essential for the development of all myeloid cells 
including monocyte-derived macrophages (Greaves and Gordon  2002 ; see Chan 
et al.  2007 ). Frederic Geissmann’s group (Geissmann et al.  2010 ; Gomez 
Perdiguero et al.  2013 ; Schulz et al.  2012 ) confi rmed that microglia, Langerhans 
cells of the skin and Kupffer cells of the liver develop from Myb-independent, 
FLT3-independent, but PU.1-dependent precursors that express CSF-1 receptors. 
Wang et al. ( 2012 ) proposed interleukin 34 (IL- 34) as the tissue-restricted ligand 
of CSF-1 receptors, required for the development of both Langerhans cells and of 
microglia. Most recently, additional factors and steps for microgliogenesis have 
been added, confi rming PU.1 and introducing also interferon regulatory factor 8 
(Irf8) (Kierdorf et al.  2013 ). For recent, relevant reviews on the origin and lineage 
of microglia see Saijo and Glass ( 2011 ), Greter and Merad ( 2013 ), and Ginhoux 
et al. ( 2013 ).  
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2.6     The Technical Bases 

 Del Rio-Hortega’s ammoniacal silver method and the ‘improved’ methods of 
Penfi eld ( 1928 ), Penfi eld and Cone ( 1937 ), and others (e.g. McCarter  1940 ; Fain 
 1963 ; Gallyas  1963 ; Naoumenko and Feigin  1963 ; Malik  1964 ) were still being 
used, albeit selectively within histopathology laboratories in Europe and elsewhere 
around the world in the 1950s, 1960s, and 1970s, to detect microglia and to examine 
their responses in various pathological conditions. The techniques proved to be too 
capricious for routine use, however, with varying results obtained in different 
 laboratories (and even in the same labs, on different samples). Electron microscopy 
was in its heyday during the 1960s and 1970s, as a tool to investigate the cellular 
cytoarchitecture of the brain, and a number of investigators turned their attention 
to examining the ultrastructural morphology of microglia in more detail (e.g. 
Blinzinger and Hager  1962 ; Yasuzumi et al.  1964 ; Hager  1968 ; Mori and Leblond 
 1969 ; Blakemore  1975 ; Boya  1975 ). There had been some who questioned the exis-
tence of these cells, given diffi culties in identifying them (see Vaughn and Peters 
 1968 ; Kitamura  1969 ; Cammermeyer  1970 ). Cammermeyer ( 1970 ) reviewed this 
debate in greater depth and provided a good coverage of the state of knowledge (and 
controversies) during this period. 

 Silver impregnation methods (Gallyas  1963 ; Naoumenko and Feigin  1963 ) and 
morphological studies were replaced by histochemical methods (Mladenov and 
Gerebtzoff  1967 ; Kraśnicka and Renhawek  1969 ,  1970 ; Ibrahim et al.  1974 ) as a 
new tool for investigating mononuclear phagocytes (including lysosomal enzymes 
found in macrophages) and microglia (see Rezaie and Male  2002a ). Enzyme histo-
chemical methods, however, much like the prior silver impregnation techniques, 
also proved to lack specifi city for microglia. They were technically demanding 
procedures, requiring tissues to be prepared in a specifi c way, combined with 
skilled training and a ‘good eye’ to be able to reliably discriminate cells (Esiri and 
Booss  1984 ). 

 Histochemical staining with plant lectins introduced in the late 1970s and 1980s 
(Streit and Kreutzberg 1987) was soon replaced by the use of antibodies and immu-
nohistochemical methods to detect surface and intracellular antigens. These enabled 
the cellular phenotype and distribution of microglia and other populations of mono-
nuclear phagocytes associated with the CNS (e.g. perivascular cells, supraependy-
mal macrophages, and Kolmer cells) to be examined for the fi rst time by Hugh 
Perry, Siamon Gordon, and others (Oehmichen et al.  1979 ; Hume et al.  1983 ; Perry 
et al.  1985 ; Perry and Gordon  1988 ; Imamura et al.  1990 ; Lawson et al.  1990 ,  1992 ). 
Factors that modulated the microglial phenotype could be examined (Perry  1994 ). 
Complex immunophenotypic characterisation was proposed as a way to differenti-
ate between so-called ‘resting’ and ‘activated’ cells, based on constitutive ‘high’ or 
‘low’ levels of expression of CD45 and CD11b/c antigens by microglia (Sedgwick 
et al.  1991 ; Ford et al.  1995 ). Subsets of activated microglia continue to be selec-
tively discriminated by their cellular phenotype, e.g. differential expression of MHC 
class II, CD68, CD11b/c and CD45 using light microscopy and more sophisticated 
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fl uorescence and confocal microscopic imaging techniques. A more reliable method 
for  detecting all forms of microglia  in situ  and in vitro was developed in Shinichi 
Kohsaka’s lab by Imai and colleagues raising a polyclonal antibody against a novel 
protein called ‘Iba1’ (ionised calcium adapter-binding molecule-1) (Imai et al. 
 1996 ; Ito et al.  1998 ). Iba1 is encoded by a gene located within a segment of the 
MHC class III region, between the Bat2 and tumour necrosis factor (TNF) alpha 
genes (Imai et al.  1996 ), and expressed by mononuclear phagocytes, including 
microglia. Immunohistochemistry with Iba1 antibody detected all morphological 
and functional forms of microglia in both rodent and human preparations allowing 
direct comparisons to be made in translational studies, and between species (Ito 
et al.  1998 ; Hirasawa et al.  2005 ). Although a considerable step forward, this tool 
still does not allow recently recruited/infi ltrating macrophages to be discriminated 
from CNS-resident microglia (see Kettenmann et al.  2011  for an overview of meth-
ods for microglia detection). 

 Over the last two decades advances in imaging techniques (light, fl uorescence, 
confocal, time-lapse, and electron microscopy), combined with immunoassays (e.g. 
ELISA and Elispot), electrophysiological methods, proteomic and molecular tech-
niques (e.g. 2D gel electrophoresis, in situ hybridisation, RT-PCR, Western blot-
ting), laser capture microdissection, and gene profi ling methods, have rapidly 
become powerful ‘everyday’ tools to examine the physiological functions of 
microglia under varied conditions, from living cells (single isolated cells, microglial 
cocultures, slice culture preparations) to histological preparations (frozen and fi xed 
tissue sections) obtained at postmortem. Each and every study has had its limita-
tions, the greatest of which has always been the unanswered query: To what extent 
can the multitude of observations and experimental fi ndings in vitro, ex-vivo, and in 
situ (in tissue slices for example) be extrapolated to microglial functions in vivo? 
This has been the ultimate drive—understanding microglial functioning within the 
intact CNS environment, and perhaps the most exciting period in the history of 
these cells lies ahead of us, but there have already been fundamental advances on 
several fronts over the last decade; each allowing us a glimpse of the ‘real world’ of 
the microglia (inside the living and intact nervous system). 

 The fi rst is in a clinical setting: imaging ‘activated’ microglia using positron 
emission tomographic (PET) scanning of the human brain—a methodological 
breakthrough developed by Richard Banati and coworkers, which relies on intrave-
nous injection of a radiolabelled ligand (PK11195) that selectively binds to periph-
eral benzodiazepine-binding sites, found on all mononuclear phagocytes, including 
microglia (Banati et al.  1997 ), and subsequent PET imaging of the brain to visual-
ise the bound ligand (Banati  2002 ,  2003 ; Banati et al.  2000 ). Using this procedure, 
the in vivo imaging of microglia was fi rst demonstrated, and quantitated, in patients 
with multiple sclerosis (in which microglial activation is associated with lesions or 
‘plaques’ located within the white matter), as a measure of disease severity (Banati 
et al.  2000 ). Microglial activation has subsequently been visualised in a number of 
neurodegenerative conditions (Cagnin et al.  2001 ,  2002 ,  2007 ). Although the 
 selectivity and specifi city of the technique have been questioned (peripheral 
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 benzodiazepine receptor/18KDa translocator protein ligands may not bind 
 exclusively to microglia, but may additionally detect activated astrocytes—see 
Lavisse et al.  2012 ), use of the radioactive ligand may modify microglial functions 
and induce bystander effects on microglial activity (see Choi et al.  2011 ), and resi-
dent ‘non- activated’ microglia which have limited (or lack such) binding sites can-
not be detected using this method, it is still a signifi cant step forward in being able 
not only to identify, but to pinpoint and quantitate activated microglial involvement 
in situ in pathological disease progression. Newer and more selective ligands are 
being developed (see for example, Imaizumi et al.  2008 ; Politis et al.  2012 ). These 
imaging techniques have important value not only for charting the clinical progres-
sion and anatomical localisation of disease (which could act as an aid to diagnosis), 
but also in determining the clinical effi cacy and/or responses to drug treatments 
aimed at slowing down or arresting disease progression, including those that target 
and modify microglial functions directly (Aldskogius  2001 ; Skaper  2011 ; Harry 
and Kraft  2012 ). 

 The second is within an experimental domain: ‘real-time’ in vivo imaging of 
microglia in transgenic and knock-in mice engineered to express fl uorescent mono-
nuclear phagocytes (for example, by tagging a fl uorophore such as enhanced Green 
Fluorescent Protein (e-GFP) to the fractalkine receptor gene or Iba1 gene), and 
 two- photon fl uorescence microscopy (Davalos et al.  2005 ; Nimmerjahn  2012 ; 
Nimmerjahn et al.  2005 ) (for further reading, see Chap.   4    ). The combination of 
genetic engineering and fl uorescence microscopy has allowed microglia within the 
upper 100–200 μm of the mouse cerebral cortex (cortical layers 1, 2 and upper layer 
3) to be visualised in vivo and in 3D, through an ‘optical window’ or thinned skull, 
and therefore in their intact and undisturbed environment, for the fi rst time 
(Nimmerjahn et al.  2005 ). These studies have confi rmed the resting motility of 
microglia and charted and confi rmed the characteristic microglial responses to local 
brain injury in vivo (chemotaxis, morphological transformation, phagocytosis), 
including localised responses to laser-induced damage to cerebral microvessels 
(Davalos et al.  2005 ). This combined technology (genetic engineering and in vivo 
imaging) promises to offer further insights into the behaviour of microglia, the 
dynamic interaction between microglia and synapses being one such contemporary 
focus, in the developing and aged brain, and in a variety of disease models. For 
example, crossing mice that express green fl uorescent protein tagged to the fractal-
kine receptor (CX3CR1-GFP mice) with Thy1-YFP mice (expressing yellow fl uo-
rescent protein in neurons) has already enabled a more discrete visualisation of 
microglia interactions with dendritic spines directly in vivo (see Tremblay  2011 ; 
Tremblay et al.  2010 ). With new animal models becoming available for conditional 
targeting of microglia, more and more sophisticated options are available for visu-
alisation, tracing, and manipulation of these cells (Goldmann et al.  2013 ; Yona et al. 
 2013 ). The combined application of modern technologies and genetic approaches is 
now a signifi cant driver pushing research forward (Prinz et al.  2011 ).  
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2.7     Looking to the Future 

 Where will the fi eld move from here? While much has been learned concerning the 
form and functions of microglia from cell culture and tissue slice work, the physiol-
ogy of these cells (their cellular interactions with neurons, macroglia, and endothe-
lium) in their natural environment in vivo still needs to be investigated. Understanding 
the versatility of these cells and dynamic control over their phenotype in health and 
in disease, facilitating their phagocytic capabilities to clear senile plaques in 
Alzheimer’s disease and modulating their reactive functions in other instances (for 
example in brain tumour progression and in chronic pain), their roles in develop-
ment, potential for engraftment, conditional gene expression, and as therapeutic and 
pharmacological targets within the CNS, all remain to be explored. Looking back 
over more than a century of work (see Fig.  2.1 ), it is clear that these are exciting 
times to be involved in research on microglia. The next epoch in the history of 
microglia research has just begun.     
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    Chapter 3   
 Microglial Physiology 

             Jyoti     J.     Watters       and     Jennifer     M.     Pocock     

    Abstract     In this chapter, we will review what is known about factors regulating 
microglial activities in the healthy CNS. Although microglia are considered to be 
quiescent or resting in the uninjured brain, they are not inactive but rather more in a 
surveillant mode. Indeed microglia perform many critical activities throughout all 
stages of life, including monitoring the health and function of neuronal synapses, 
and eliminating neuronal debris from normal synaptic remodeling and plasticity 
processes, as well as providing growth factors to maintain neuronal health. These 
microglial activities have been largely neglected because they are not obvious until 
an insult is present, and because appropriate in vivo experimental tools have only 
recently become available. As a result, comparatively little is known about routine, 
housekeeping functions of microglia in the healthy CNS, nor how basic microglial 
activities are shifted due to alterations in the normal CNS. Most information on 
microglial activities comes from in vitro studies, but in vivo results are becoming 
more available. Emphasis will be on physiologic processes such as development, 
aging, puberty, and learning that induce changes in microglial activities; pathologi-
cal events are discussed at length in other chapters. In particular, we will focus on 
the modulation of microglial activities by hormones, peptides, neurotransmitters, 
and nucleotides, molecules whose abundance in the CNS vary with standard neural 
activities over the course of life. We will also highlight the critical regulation of 
microglial housekeeping activities by cross talk with neighboring neurons via 
CD200, CD300, and fractalkine interactions.  
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      Bullet Points  

•      Much information is available on factors that regulate microglial infl ammatory 
activities in vitro and in vivo.  

•   Little is understood about the routine housekeeping activities of microglia in the 
healthy CNS, nor about the factors that control them in vivo.  

•   Neurotransmitters and hormones can modulate microglial infl ammatory factor 
production in vitro, but few studies have investigated these aspects in vivo.  

•   Microglia, especially their infl ammatory activities, infl uence physiological pro-
cesses including neurogenesis, aging, puberty, and learning, but little is known 
about how these processes infl uence microglia.  

•   If microglia are to be effective therapeutic targets to treat CNS disorders, a bet-
ter understanding of their essential activities in the healthy CNS and how they 
are regulated by normal physiological processes and endogenous molecules is 
needed.     

3.1     Introduction 

 Microglia play an important role in the healthy brain including synapse monitoring/
pruning, proliferation, migration, and phagocytosis, and many of these activities 
will be detailed in other chapters. Microglia are considered to be “resting or quies-
cent” in the healthy central nervous system (CNS), and this term implies that they 
are inactive or passive. However, in vivo imaging studies demonstrate that resting 
microglia perform constant surveillance activities (Davalos et al.  2005 ; Nimmerjahn 
et al.  2005 ), physically monitoring all aspects of the CNS several times/day 
(Kettenmann et al.  2011 ). There are approximately 6,500 microglia per cubic 
 millimeter of CNS tissue, and their processes maintain nonoverlapping regions of 
surveillance (Nimmerjahn et al.  2005 ; Beggs et al.  2012 ). Since the role of microg-
lia in the injured CNS remains the best-studied aspect of microglia, the mechanisms 
involved in preventing microglial process overlap and regulating other microglial 
activities in the healthy, uninjured CNS remain poorly understood. The purpose of 
this chapter is therefore not only to generally review what is known about endoge-
nous molecules that regulate microglial activities, but also to identify areas about 
which there is little information available. We will focus on what is known about the 
regulation of microglial activities by endogenous molecules whose levels naturally 
vary throughout the life of an organism. We will begin with how microglial activi-
ties are modulated by endogenous factors and then how these activities change with 
physiological processes. Molecules that regulate microglial activities include fac-
tors whose levels appear, change, or disappear in the CNS over the course of an 
animal’s life (aging) or during normal physiological functions such as stress, pain, 
the estrous cycle, puberty, and learning. Because most studies in this regard have 
been performed in the context of an infl ammatory stimulus or injury, most of what 
is known about the effects of hormones and neurotransmitters on microglial 
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activities is related to modulating their infl ammatory activities. However, we will 
point out information related to other, non-infl ammatory activities of microglia 
when available. Each class of molecule, and its effects on microglial activities, will 
be discussed in its own section below. 

 Microglia express a plethora of neurotransmitter receptors both in vivo and 
in vitro and full reviews of this are published elsewhere with particular reference to 
the role of these receptors in neurodegeneration (Pocock and Kettenmann  2007 ; 
Kettenmann et al.  2011 ; Lee  2013 ). Recent evidence suggests that microglia can 
become activated in response to excessive neuronal activity during neurochemical 
or electrically induced seizures (Hung et al.  2010 ). Microglial neurotransmitter 
receptors can act as molecular switches to control microglial responses (Kettenmann 
et al.  2011 ) via changes in intracellular calcium signals (Seifert et al.  2011 ). It is 
likely that the repertoire of microglial neurotransmitter receptors expressed and 
responsive on a given cell is infl uenced by that cell’s immediate surroundings and 
state of activation. Thus, microglia present in a brain region rich in dopaminergic 
neurotransmission such as the striatum may possess more of a propensity to express 
dopamine (DA) receptors and respond to DA neurotransmitters than, perhaps, a 
microglial cell in the hippocampus. In addition, the regular infl uence of local neu-
rotransmitters may act to suppress microglial reactivity and promote ramifi cation, 
while microglial reactivity may be promoted by high levels of neuronal activity. 
Given the evolutionary benign nature of microglia, it is to be supposed that the 
expression and activation of neurotransmitter receptors on microglia is benefi cial 
[Pocock and Kettenmann ( 2007 ) for review]. While increasing evidence implicates 
the activity of microglia in neurodegenerative and chronic neurological conditions 
to be otherwise, the current review will limit the discussion to what microglial neu-
rotransmitter receptors might do for “normal” and benign microglial function. 
Furthermore, we will also discuss how neurotransmitter receptors might be used to 
target microglia to promote regenerative “alternative” activation profi les. 

 In the healthy CNS, microglia produce very low levels of infl ammatory cyto-
kines (at the protein level), although they have considerable mRNA levels for sev-
eral infl ammatory cytokines such as tumor necrosis factor (TNF)-α. Eukaryotic 
cytokine mRNAs are typically short-lived, but mRNA half-lives vary widely among 
eukaryotes (Seko et al.  2006 ) and perhaps even among cell types depending upon 
the expression levels of requisite RNA-binding proteins (Schott and Stoecklin 
 2010 ). While cytokine mRNA stability has not been well-studied in microglia, these 
and other CNS cell types may maintain low levels of cytokine mRNAs to enable the 
rapid translation and secretion of cytokine proteins when an appropriate stimulus is 
experienced. In this regard, some cytokines, such as TNFα, are actually produced 
more highly by cells other than microglia in the healthy CNS (Nikodemova and 
Watters  2012 ), although this may change in the presence of an infl ammatory stimu-
lus such as lipopolysaccharide (LPS), where microglial production would likely 
dominate. However, it should be mentioned that several cytokines typically thought 
of as infl ammatory molecules have dual functions in the CNS. Cytokines such as 
TNFα and interleukin (IL)-1β play roles in neuronal plasticity in the hippocampus 
for example (Pickering and O’Connor  2007 ), and basal levels of these molecules in 
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the healthy CNS may therefore be involved in normal CNS functions instead of 
 mediating infl ammatory reactions. The neuroprotective activities of cytokines and 
the mechanisms involved in these benefi cial activities have been reviewed in detail 
elsewhere (Pickering and O’Connor  2007 ; Spulber et al.  2009 ). 

 In contrast to infl ammatory cytokines, in the healthy CNS, microglia produce 
neurotrophic proteins in the basal, unactivated state including insulin-like growth 
factor (IGF)-1 (Lalancette-Hébert et al.  2007 ; Suh et al.  2013 ) and brain-derived 
neurotrophic factor (BDNF) (Dougherty et al.  2000 ). Interestingly, following expo-
sure to an injection injury, but not LPS, microglial production of vascular endothe-
lial growth factor (VEGF) mRNA strongly increases (Nikodemova and Watters 
 2011 ), suggesting differential production of infl ammatory and trophic molecules, 
and stimulus-specifi c production of neurotrophic factors. Although the purpose of 
this type of neurotrophin production/regulation by microglia is not yet known, it is 
reasonable to posit that neurotrophic factors produced by microglia perform the 
same types of neurosupportive/neuroprotective functions that are well-described for 
these molecules when produced by other cell types. However, specifi c studies inves-
tigating this have not yet been performed. Increased microglial production of BDNF 
in response to neuronal damage in vitro has also been reported (Lai and Todd  2008 ), 
suggesting that the microglial response to a potentially injurious insult may be to 
upregulate their release of neurotrophins to provide support to neurons. It remains 
unclear whether a single microglial cell is capable of producing neurotrophic fac-
tors at the same time as infl ammatory factors.  

3.2     Regulation of Microglia by Endogenous Molecules 

3.2.1     Gonadal Hormones 

 Gonadal hormones (estrogens, progestins, androgens) are sex steroids that are made 
by the gonads (ovaries and testes) and adrenal glands. They can also be locally pro-
duced in tissues such as the CNS from precursor hormones. In addition to fl uctua-
tions over the monthly estrous cycle in females, circulating hormone levels also 
decrease with age in both males and females. In females, ovarian steroid hormone 
production eventually ceases and reproductive competence is lost (menopause). 
Gonadal hormones play critical roles in reproduction and in virtually every organ in 
the body via interactions with receptors that include members of the ligand- activated 
transcription factor family (i.e., nuclear receptors). In healthy microglia in vivo, 
estrogen receptor (ER)α and not ERβ are detectably expressed (Sierra et al.  2007 ; 
Crain et al.  2009 ), although ERβ is upregulated in microglia following ischemic 
injury (Takahashi et al.  2004 ). Glucocorticoid and mineralocorticoid receptors (GR 
and MR, respectively) are expressed in microglia isolated from adult brains, but 
androgen and progesterone receptors were undetectable (Sierra et al.  2008 ). These 
hormones are generally considered to be anti-infl ammatory, but most studies have 
been done with estrogens and/or estrogen receptor ligands in some kind of injury or 
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disease model. These areas have been comprehensively reviewed previously 
(DonCarlos et al.  2006 ; Pozzi et al.  2006 ; Vegeto et al.  2008 ; Crain and Watters 
 2010 ) and will not be the focus here. The effect of estrogens and progestins on the 
benefi cial activities of microglia is less well understood than their effects on infl am-
matory parameters. 

 To the best of our knowledge, there have been no studies investigating the effects 
of estrogens (or any gonadal steroid) on neurotrophic factor production or release in 
microglia. However, a recent review article suggests the hypothesis that estrogen 
may regulate microglial production of IGF-1 (Sohrabji and Williams  2013 ), 
although this has not been directly tested. Progestins, like estrogens, are also anti- 
infl ammatory to microglia in the context of an injury (Grossman et al.  2004 ; Pettus 
et al.  2005 ; Muller and Kerschbaum  2006 ; Wright et al.  2007 ), although their effects 
are not as well-studied as those of estrogens. It remains controversial whether the 
combination of estrogen and progesterone is benefi cial to reducing cognitive decline 
during aging and in Alzheimer’s disease (AD) (Henderson  2013 ; Lobo  2013 ), but 
studies on microglia in this context have been largely limited to considerations 
regarding decreasing their infl ammatory activities. 

 The effects of androgens have also not been as thoroughly studied as those of 
estrogen in microglia. However, in general, they are anti-infl ammatory after injury 
(García-Ovejero et al.  2002 ; Tomas-Camardiel et al.  2002 ). The ability of microglia 
to produce estrogens from androgen precursors has been shown in vitro (Jellinck 
et al.  2005 ,  2006 ,  2007 ; Gottfried-Blackmore et al.  2008 ), and in vivo, microglia 
express the requisite estrogen synthetic enzymes (Gottfried-Blackmore et al.  2008 ), 
suggesting that microglia may be a local source of estrogen in the CNS. Neurosteroids 
such as allopregenolone (derived from progesterone) are reported to reduce microg-
lial activation (Chen et al.  2011 ), reduce amyloid burden in AD, and delay onset of 
seizures in a model of epilepsy (Biagini et al.  2009 ; Chen et al.  2011 ). However, 
again, little work has been done assessing the effects of these steroids, or any other, 
on microglial activities other than their infl ammatory ones. It should also be men-
tioned that microglial expression of estrogen, progesterone, and androgen receptors 
is considerably less than glucocorticoid receptors, and most anti-infl ammatory 
activities of these hormones have been studied in CNS tissue homogenates in which 
all cell types are present. Thus, it is possible that the anti-infl ammatory effects of 
gonadal hormones may be mediated by other cell types in which these receptors are 
more plentiful (such as neurons and astrocytes).  

3.2.2     Adrenal Hormones 

 The adrenal gland releases glucocorticoid and mineralocorticoid hormones (often in 
response to stress) that control important metabolic and immune processes, as well 
as salt and water balance. Adrenal hormone levels can vary over the course of an 
animal’s daily experiences, and like gonadal hormones, they exert many of their 
effects by interactions with the nuclear receptor family members GR and MR. 
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In otherwise healthy animals, stress hormone levels can fl uctuate rapidly in response 
to an acute stressor or stay elevated in situations of chronic stress. Glucocorticoids 
are the prototype of anti-infl ammatory drugs, and like their effects on other cells of 
the immune system, they are also inhibitory to microglia. Microglia express both 
GR and MR in vivo, although GR is the most prevalent (Sierra et al.  2008 ). The 
anti-infl ammatory effects of glucocorticoids have been recently reviewed 
(Bellavance and Rivest  2012 ) so they will not be addressed in detail here. Of note in 
microglia, GR and MR activation exert differential effects on neuroinfl ammatory 
gene regulation in vitro (Chantong et al.  2012 ). The MR is recruited at low doses of 
11-dehydrocorticosterone which activates NFκB, and the GR is engaged at high 
doses and represses NFκB. Interestingly, 11-β hydroxysteroid dehydrogenase type 
1 (the enzyme that converts 11-dehydrocorticosterone to the active metabolites cor-
ticosterone and cortisol) is also increased by both MR and GR activation in a 
microglial cell line (BV2) (Chantong et al.  2012 ). These data indicate a positive 
regulatory loop by adrenal hormones that would serve to exert biphasic effects on 
infl ammatory gene expression. Whether this is also true in microglia in vivo is not 
yet known. Although microglial GR levels in vivo are downregulated by infl amma-
tory challenge (Sierra et al.  2008 ), acutely, glucocorticoids have been shown to 
“prime” the infl ammatory response of microglia to subsequent infl ammatory stim-
uli (Frank et al.  2010 ,  2012 ), suggesting that stress may augment microglial 
responses to neuroinfl ammatory stimuli or neurodegenerative processes. However, 
in situations of chronic stress, when glucocorticoid levels are elevated for sustained 
periods, microglial GR levels decrease (Park et al.  2011 ), perhaps as a protective 
mechanism to prevent the exaggerated infl ammatory responses observed with acute 
stress hormone exposure.  

3.2.3     Hypothalamic-Acting Hormones 

 Corticotropin-releasing hormone (CRH) is a hormone produced by the hypothala-
mus that acts on the anterior pituitary gland to induce adrenocorticotropic hormone 
(ACTH) release that subsequently acts on the adrenal gland to promote corticoste-
roid release. Leptin is an adipokine produced by fat tissue that circulates in the 
blood and acts in the hypothalamus to inhibit appetite. Both CRH and leptin levels 
vary with animal activity. CRH is increased during times of stress and leptin is 
released during weight gain, two natural physiologic processes occurring in the 
absence of injury. Microglia are responsive to CRH in vitro via expression of the 
receptor CRH-R1, but not CRH-R2 (Wang et al.  2002 ). In vivo, microglia express 
both receptors, although CRH-R1 appears to be the dominant receptor signaling to 
cyclic AMP (cAMP) accumulation in primary microglial cultures (Stevens et al. 
 2003 ). CRH induces microglial proliferation and infl ammatory mediator production 
in vitro (Wang et al.  2003c ; Yang et al.  2005 ), and this corresponds to exacerbated 
neuronal damage following injury in vivo and in vitro (Stevens et al.  2003 ; Huitinga 
et al.  2004 ; Wang et al.  2004 ). Leptin plays a central role in feeding behavior by 
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suppressing appetite. High fat diets promote hypothalamic infl ammation thought to 
involve microglial production of pro-infl ammatory cytokines including IL-6 and 
IL-1β (Pinteaux et al.  2007 ; Tang et al.  2007 ; Lafrance et al.  2010 ). Neonatal rats 
that are overnourished during development have higher numbers of activated 
microglia and higher IL-6 levels (Tapia-González et al.  2011 ). Hypothalamic neu-
roinfl ammation is believed to be due to long chain saturated fatty acid activation of 
Toll-like receptor 4 (TLR4) in the hypothalamus (Milanski et al.  2009 ). TLR4 is a 
key pattern recognition receptor whose activation promotes production of infl am-
matory molecules from microglia. Because most TLR4 in the CNS is expressed by 
microglia, the infl ammatory effects of saturated fatty acids may be mediated by 
microglia (Milanski et al.  2009 ). Interestingly however, centrally administered 
leptin also has the ability to exert neuroprotective effects in injuries such as spinal 
cord injury where it increases neuroprotective gene expression and decreases 
microglial reactivity (Fernandez-Martos et al.  2012 ). Leptin also appears to be pro-
tective in a model of ischemia/stroke where leptin levels increase in microglia in the 
penumbra region (Valerio et al.  2009 ). Leptin increases levels of the anti-apoptotic 
protein Bcl-xl via an NFκB-dependent pathway in neurons in vitro (Valerio et al. 
 2009 ). Thus, leptin upregulation by microglia during stroke may be neuroprotective 
due its effects on preventing neuronal apoptosis.  

3.2.4     Neuropeptides 

 Substance P (SP) is a peptide neurotransmitter that is important in transmitting pain 
signals. SP activates microglia in culture, induces their production of reactive 
 oxygen species (Block et al.  2006 ), and augments their production of prostaglandins 
in the presence of bacteria (Rasley et al.  2004 ). However, following a spinal cord 
injury in vivo, SP is neuroprotective and promotes an M2-like reparative phenotype 
as assessed by their decreased production of the pro-infl ammatory molecules iNOS 
and TNFα, increased production of the anti-infl ammatory IL-10, and increased axo-
nal growth through the lesioned spinal cord (Jiang et al.  2012 ,  2013 ). Whether the 
effects of SP are pro-infl ammatory or neuroprotective may depend on the injury, as 
an antagonist of the SP receptor (NK1) was also effective at reducing infl ammation 
and microglial activation in a model of Parkinson’s disease (PD) (Thornton and 
Vink  2012 ). 

 Vasoactive intestinal peptide (VIP) and pituitary adenylyl cyclase-activating 
peptide (PACAP) are up-regulated in immune cells after injury and/or infl amma-
tion. They exert anti-infl ammatory effects in vivo via high-affi nity receptors 
expressed on microglia and peripheral infl ammatory cells. PACAP is a pituitary 
hormone and neurotransmitter that is highly related to VIP. Both PACAP and VIP 
have potent neuroprotective and anti-apoptotic effects in the CNS (Fernandez- 
Martin et al.  2006 ; Kojro et al.  2006 ; Shioda et al.  2006 ; Kulkarni et al.  2011 ; 
Nakamachi et al.  2011 ; Szabadfi  et al.  2012 ). The anti-infl ammatory and 
 neuroprotective effects of these related peptides have been recently reviewed 
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(White et al.  2010 ; Waschek  2013 ). Although VIP and PACAP inhibit microglial 
production and release of infl ammatory mediators such as TNFα, little is known 
about the activities of these peptides in the absence of CNS injury. How the levels 
of these peptides vary with age, puberty, or over the estrous cycle in the CNS and 
how these alterations might infl uence microglial activities in the healthy or injured 
CNS are also poorly understood.  

3.2.5     5-Hydroxytryptamine (5HT) 

 5HT acts as an anti-infl ammatory signal on peripheral immune cells by infl uencing 
cytokine and chemokine secretion, migration, and T-cell priming capacity of den-
dritic cells in vitro and in vivo (Müller et al.  2009 ). To date, a number of subclasses 
of 5HT receptors have been identifi ed (5HT 1 , 5HT 2 , 5HT 3 , 5HT 4 , 5HT 5 , 5HT 6  and 
5HT 7 ) as well as splice variants of each receptor [reviewed in Filip and Bader 
( 2009 )], and of these, a limited few have been shown to be expressed on microglia. 
The 5HT 7  receptor has been shown to be expressed on a human microglial cell line, 
MC-3 (Mahé et al.  2005 ). Two splice variants of the 5HT 7  receptor (5HT 7  (a/b)) 
were detected by RT-PCR and subsequently both 5-HT and the specifi c 5HT 7  
 agonist, 5-carboxamidotryptamine (5-CT), were found to evoke concentration- 
dependent stimulation of cAMP accumulation in these cells. Following incubation 
with 5-CT, mRNA for the cytokine interleukin-6 (IL-6) was rapidly increased, in a 
manner sensitive to the 5HT 7  receptor antagonist SB-269970. Although these data 
indicate that functional 5HT 7  receptors are present in human microglial MC-3 cells, 
the actual secretion of IL-6 in response to 5-HT has not been confi rmed, as stimula-
tion of 5HT 7  receptors might promote microglial priming. 5HT receptor antagonists 
may therefore promote a quiescent microglial phenotype. 

 Recent evidence suggests that 5HT may also act in concert with ATP signaling 
in murine microglia to enhance the chemotactic response of ATP, although no inher-
ent ability of 5HT alone to promote chemotaxis has been reported (Krabbe et al. 
 2012 ). Furthermore, 5HT may decrease the phagocytic activity of microglia in early 
postnatal mice, as assessed by the uptake of microspheres, in areas of the brain in 
which amoeboid microglia are dominant and are actively migrating into the brain 
(corpus callosum). However, 5HT was unable to modify phagocytosis of micro-
spheres in ramifi ed microglia of adult mice in vivo or in vitro, suggesting that 5HT 
signaling through the particular subset of microglial 5HT receptors responsible here 
(5HT 2b ) may be silenced with maturation (Krabbe et al.  2012 ). One function of such 
signaling may be to recruit microglia to developing synapses where they are known 
to play a direct role in the process of “synapse stripping” of inappropriately formed 
redundant synapses (Tremblay et al.  2010 ). It is possible therefore, although this 
remains to be proven, that the high concentrations of 5HT present and possibly 
released from these early synapses as well as from other non-synaptic sites may 
disappear during synapse maturation, promoting the silence of this particular 
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microglial signaling cascade in the mature brain. In vitro, murine microglial 5HT 2b  
stimulation does not infl uence LPS-evoked IL-6 secretion (or LPS-evoked TNFα, 
nitric oxide (NO), or macrophage infl ammatory protein (MIP)-1α production 
(Krabbe et al.  2012 ). Together, these data suggest that different 5HT receptors on 
microglia have distinct functions that may be activated at different developmental 
stages. The continued silence of specifi c 5HT receptors may only remain so if 
abnormal brain environments do not develop. Thus, the acute or chronic opening of 
the blood–brain barrier may allow suffi ciently elevated brain concentrations of 5HT 
to reactivate the microglial 5HT 2b  receptor.  

3.2.6     Dopamine (DA) 

 Functional expression of dopamine receptors has been described in mouse and rat 
microglial cultures and brain slices using patch clamping assays (Färber et al.  2005 ). 
D1- and D2-like dopamine receptors were identifi ed and found to trigger the inhibi-
tion of the constitutive potassium inward rectifi er and activated potassium outward 
currents in a sub-population of microglia. Chronic dopamine receptor stimulation 
enhanced migratory activity and attenuated LPS-induced NO release in a manner 
similar to adrenergic receptor stimulation. Further, DA can modulate cytokine 
secretion in mouse peripheral and tissue-located immune cells, enhancing LPS- 
evoked cytokine secretion of TNFα, interferon (IFN)-γ or IL-10 in a highly tissue- 
specifi c manner (Matalka et al.  2011 ). These effects appeared to be mediated by DA 
receptors, although the exact subtype remains to be determined, i.e., D2/D3/D4. 

 Coculture of human elderly microglia with the differentiated dopaminergic neu-
ronal cell line SH-SY 5 Y resulted in elevated neuronal toxicity which was signifi -
cantly enhanced in the presence of DA (Mastroeni et al.  2009 ). DA induces 
microglial chemotaxis, an effect that was inhibited by spiperone, a DA receptor 
antagonist with higher affi nity for D2-like receptors (Färber et al.  2005 ). Cultured 
human elderly microglia express mRNAs and protein for D1–D4 but not D5 recep-
tors. In situ PD brain microglia in substantia nigra and striatum tissue were also 
immunoreactive for D1–D4 but not D5 receptors (Mastroeni et al.  2009 ), and 
microglia are also thought to phagocytose degenerating DA neurons in rodent mod-
els (Cho et al.  2003 ). Together, these observations suggest that specifi c microglial 
DA receptor activation may play a role in the selective vulnerability of DA neurons 
in PD by chemotactically targeting DA neurons resulting in their phagocytosis. 
However, direct chemotactic effects of DA have not been demonstrated in vivo. The 
apparent disparities in microglial expression of the different receptors for DA may 
point to species differences, age-dependent, or disease-susceptible changes in the 
repertoire of microglial DA receptors expressed. Further studies are needed to 
defi ne the functional role of DA receptors in microglia.  
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3.2.7     Norepinephrine (NE) 

 Microglia express α1, α2, as well as β2 adrenergic receptors (AR) that are 
Gi/Gq-coupled and Gs-coupled, respectively (Kohm and Sanders  2001 ; Mori et al. 
 2002 ). Patch-clamp analyses have revealed that both DA and NE can directly modu-
late membrane currents in primary neonatal microglial cells which could suppress 
cytokine release and infl ammatory activation of microglia (Färber et al.  2005 ). 
Murine microglia (N9 cell line and primary cells) express β2AR, but not β1AR or 
β3AR (but see (Mori et al.  2002 ) for rat primary microglia which do express β1AR 
and are also immunosuppressive). β2 agonists inhibit microglial proliferation by 
enhancing intracellular cAMP (Fujita et al.  1998 ). In primary rat-cultured microg-
lia, βAR agonists and α1AR agonists (e.g., phenylephrine) suppress IL-6 and TNFα 
expression and release, as well as NO production (Mori et al.  2002 ). Microglial 
gene expression of a range of infl ammatory mediators (including TNFα, COX-2, 
IFNγ, CCL-2, IL-1β, and IL-8) and the secretion of chemokines and cytokines such 
as TNFα are suppressed by NE (McNamee et al.  2010 ), and by the non-selective 
beta-adrenergic agonist, isoproterenol, via increased cAMP accumulation (Heneka 
et al.  2010 ). The anti-infl ammatory role of NE in infl ammatory and neurodegenera-
tive disease with regard to microglial–neuronal interactions has been reviewed 
 further elsewhere (Carnevale et al.  2007 ). The induction of a neuroprotective pheno-
type in microglia in vitro and in vivo by NE is further supported by the fi nding that 
NE can regulate the expression of cytokine receptors such as IL-1 receptor antago-
nist (IL-1ra) and the release of a range of chemokines and cytokines (McNamee 
et al.  2010 ). In general, NE promotes a neuroprotective phenotype, although a 
recent study reports that β2AR stimulation increases microglial NADPH oxidase 
(nicotinamide adenine dinucleotide phosphate-oxidase; a membrane-bound enzyme 
complex that produces superoxide) activity and DA-induced neurotoxicity in rat 
primary mesencephalic neuronal-glial cultures (Qian et al.  2009 ). Furthermore, 
treatment with the βAR agonist propranolol following surgical injury enhances 
microglial pro-infl ammatory cytokine production (Wang et al.  2003b ). These dispa-
rate effects suggest that the context of microglial AR stimulation is important. The 
exact repertoire and function of NE receptors expressed on rodent as well as human 
microglia remain to be fully elucidated. 

 In vivo studies have demonstrated that NE defi ciency enhances the deposition of 
amyloid-beta (Aβ) plaques in mouse models of AD, leading to the suggestion that 
NE signaling to microglia promotes phagocytosis (Kalinin et al.  2007 ; Heneka et al. 
 2010 ). In addition, the number of microglia recruited to Aβ plaques is reduced by 
NE depletion, suggesting that recruitment of microglia is disrupted in the absence 
of NE (Heneka et al.  2010 ). NE directly promotes Aβ 1–42 (Aβ 1–42 ) phagocytosis by 
murine microglia in vitro and downregulates Aβ 1–42 -induced cytokine and chemo-
kine production (Kalinin et al.  2007 ; Heneka et al.  2010 ), suggesting that NE can 
switch microglia from an M1 infl ammatory, to an M2 neuroprotective phenotype. 
β2AR activation with NE or isoproterenol enhances the expression of the Aβ recep-
tor mFPR2 in vivo and in vitro, the mouse homologue of the human formyl peptide 
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receptor FPR2 (Kong et al.  2010 ). In addition, NE or isoproterenol induced the 
expression of the Aβ-degrading enzyme and enhanced the capacity of microglia to 
phagocytose and degrade Aβ 1–42  through mFPR2. Mechanistic studies indicate that 
isoproterenol induces mFPR2 expression in microglia, suggesting that NE acts as a 
link between neurons and microglia to orchestrate the host response to Aβ (Kong 
et al.  2010 ).  

3.2.8     GABA and Glycine 

 Mouse microglia in vivo and in vitro express functional GABA B  receptors (metabo-
tropic receptors linked via G proteins to potassium channels) (and subunits 1 and 2) 
whose activation triggers an outwardly rectifying K +  current and intracellular Ca 2+  
transients resulting in reduced interleukin secretion (Kuhn et al.  2004 ). Mouse 
microglia also express GABA A  receptors (ligand gated ionotropic receptors) which 
modulate microglial functions such as motility and volume sampling (Fontainhas 
et al.  2011 ; Kettenmann et al.  2011 ) and may also promote an anti-infl ammatory 
phenotype possibly by modulating Cl –  fl uxes (Lee  2013 ). GABA A  but not GABA B  
receptor activation on cultured rat microglia can induce NADPH oxidase activity 
and intracellular superoxide generation (Mead et al.  2012 ) which modulates down- 
stream intracellular signaling cascades to promote a neuroprotective microglial phe-
notype. Human microglia express GABA A  and GABA B  receptors (Lee et al.  2011 ) 
which, upon activation with either a GABA A  receptor agonist (muscimol), or a 
GABA B  receptor agonist (baclofen), attenuate lipopolysaccharide (LPS)/interferon 
γ-mediated activation and neurotoxicity. Overall, the activation of GABA receptors 
on microglia appears to promote a protective phenotype. 

 Like GABA, glycine also has inhibitory effects on macrophages by reducing 
agonist-stimulated Ca 2+  signals and attenuating the generation of reactive oxygen 
species, the production of pro-infl ammatory cytokines, phagocytic activity, and cell 
proliferation [for review, see Zhong et al. ( 2003 ), Schilling and Eder ( 2004 )]. 
Nevertheless, data for the expression of glycine receptors and L-type Ca 2+  channels 
in microglia are so far unconvincing. Glycine alone can also enhance microglial 
intracellular calcium transients induced by 100 μM ATP or by 500 nM thapsigargin 
(Van den Eynden et al.  2011 ). However, since these responses are unaffected by the 
glycine receptor antagonist strychnine, and they are not mimicked by glycine recep-
tor agonists such as taurine or β-alanine, glycine receptors per se may not be 
involved. Instead, these effects of glycine were found to be mediated by sodium- 
coupled neutral amino acid (glycine) transporters (Van den Eynden et al.  2011 ). 
Evidence in neuropathic pain suggests these transporters may be downregulated on 
microglia, thereby increasing extracellular glycine concentrations which then 
potentiate NMDA receptor activation (Cavaliere et al.  2007 ). Thus to date, there is 
little evidence of glycine receptor expression by microglia under physiological con-
ditions, although this may not be true in pathological conditions.  
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3.2.9     Acetylcholine (ACh) 

 Overall, cholinergic pathways in the brain confer anti-infl ammatory properties to 
microglia by acting at α7 nicotinic receptors (α7nAChRs) (Wang et al.  2003a ; 
Giunta et al.  2004 ; Carnevale et al.  2007 ). Decreased cholinergic input to microglia 
in neurodegeneration is implicated in fuelling neuroinfl ammation by relieving this 
block on microglia (Carnevale et al.  2007 ; Kawamata and Shimohama  2011 ). 
Cultured rodent microglia express mRNA and protein for α7nAChR and activation 
of these receptors selectively upregulates COX-2 and prostaglandin E2 (Shytle et al. 
 2004 ), and suppresses LPS-evoked TNFα secretion (De Simone et al.  2005 ; 
Thomsen and Mikkelsen  2012 ). This is proposed to occur by modulating upstream 
phosphorylation of several signalling pathways including p44/42 and p38 mitogen- 
activated protein kinases (De Simone et al.  2005 ), JAK2/STAT3 (Kawamata and 
Shimohama  2011 ) and PLCC/InsP 3 /Ca 2+  signalling (Suzuki et al.  2006 ). Rhesus 
monkey retinal microglia express α6 and β4 nAChR subunits (Liu et al.  2009 ) and 
human embryonic-cultured microglia express mRNA for α3, α5, α7, and β4 sub-
units (Rock et al.  2008 ). Human-cultured microglia may also express functional 
muscarinic ACh receptors (mAChR) due to the induction of an intracellular calcium 
response by carbachol, which could be blocked by atropine (Whittemore et al.  1993 ; 
Zhang et al.  1998 ). To date, little else is known about mAChR function in microglia, 
and this remains a somewhat neglected area.  

3.2.10     Excitatory Amino Acids 

 The role of microglial glutamate receptors in neurodegeneration has been reviewed 
previously (Pocock and Kettenmann  2007 ; Noda and Beppu  2013 ). In vitro, activa-
tion of the ionotropic glutamate receptors (AMPA and KA) on microglia is thought 
to promote a pro-infl ammatory microglial phenotype (Lee  2013 ). Rat microglia 
have been shown to express mRNA for the AMPA receptor subunits GluR1, GluR2, 
GluR3, and GluR4 which function to evoke cationic currents that are inhibited by 
CNQX (6-cyano-7-nitroquinoxaline-2,3-dione), a competitive AMPA/kainate 
receptor antagonist, and which may modulate TNFα secretion (Hagino et al.  2004 ; 
Noda and Beppu  2013 ). In addition, activation of AMPA receptors by glutamate can 
promote membrane ruffl ing and chemotaxis by regulating the cytoskeleton (Liu 
et al.  2009 ) (also see review (Lee  2013 )). Expression data for KA receptor subunits 
(GluR5, GluR6, GluR7, KA1, and KA2) and NMDA receptor subunits (NR1, 
NR2A, NR2B, and NR3) on microglia in the healthy CNS is currently lacking. 
However, application of KA to rat microglia induces Ca 2+  currents (Noda and Beppu 
 2013 ) and promotes TNFα secretion from primary cultured rat microglia (Zhu et al. 
 2010 ). Increased KA receptor expression (GluA6 mRNA) has been reported in a 
proliferating rodent microglial cell line (GMIR1) (Yamada et al.  2006 ), suggesting 
cell cycle-dependent regulation of KA receptors. Functional studies suggest that 
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NMDA receptor activity on microglia might be pro-infl ammatory because the 
NMDA receptor antagonist MK-801 prevented microglial reaction in rat hippocam-
pus after forebrain ischemia (Streit et al.  1992 ; Hirayama and Kuriyama  2001 ). 
Further studies are needed to consolidate these fi ndings. 

 Microglia also express the Group I metabotropic glutamate receptors mGluR5, 
but to date, not mGluR1 (Biber et al.  1999 ), which mediates intracellular signalling 
via PLC/IP3/Ca 2  + /PKC (Conn and Pin  1997 ). In vitro, mGluR5 activation down-
regulates microglial infl ammatory activities in the presence of stimuli such as LPS 
or fi brinogen (Farso et al.  2009 ; Piers et al.  2011 ). Cultured microglia also express 
mRNA and protein for the Group II receptors, mGluRs 2 and 3, and activation of 
these receptors is negatively coupled to adenylate cyclase (Taylor et al.  2002 ). In 
particular, in vitro activation of mGluR2 promotes a neuroinfl ammatory and neuro-
toxic microglial phenotype mediated by TNF-α secretion and microglial-derived 
FAS ligand shedding (Taylor et al.  2002 ,  2005 ). A similar neurotoxic profi le was 
observed in vivo (Kaushal and Schlichter  2008 ). Primary microglial cultures express 
mRNA and protein for Group III receptors mGluRs 4, 5, and 8, but not 7. These 
receptors are also coupled to adenylate cyclase activation, and their activation pro-
motes a neuroprotective microglial phenotype (Taylor et al.  2003 ), which might be 
due to modulation of microglial stress pathways preventing the activation of Group 
II mGluRs, or by regulating NADPH oxidase-coupled signaling cascades (Mead 
et al.  2012 ). 

 Microglia can also release glutamate via several mechanisms: reversal of the X  c  −   
transporter in exchange for cysteine (Kingham et al.  1999 ; Barger and Basile  2001 ), 
a bafi lomycin-sensitive pathway (Kingham et al.  1999 ) or by glutamate-permeable 
volume-regulated anion channels (VRACs) (Harrigan et al.  2008 ). Basal expression 
of glutamate transporters on microglia appears to be very low. However, expression 
can be enhanced upon microglial activation, as the glutamate transporters GLT1/
EAAT-2 (SLC1A2) and GLAST/EAAT-1 are upregulated following brain injuries 
and in neurodegenerative diseases (Kanai and Hediger  2004 ; Kettenmann et al. 
 2011 ), suggesting a benefi cial role for microglia in reducing excitotoxicity.  

3.2.11     Nucleotides 

 Nucleotides (adenine- and uracil-containing di- and tri-phosphates) are released in 
the brain by several normal physiologic mechanisms (Dubyak and el-Moatassim 
 1993 ; Lazarowski et al.  1997 ; Lutz and Kabler  1997 ) including co-release with 
other neurotransmitters from neurons (Dunant and Ballmer-Hofer  1997 ; Bodin and 
Burnstock  2001 ; Kasai et al.  2001 ; Matsuka et al.  2001 ; Poelchen et al.  2001 ) and 
release from nearby cells such as astrocytes, through membrane channels or gap 
junctions (Cantiello  1997 ; Bodin and Burnstock  2001 ). There are 19 known recep-
tors for nucleotides [thoroughly reviewed elsewhere (Burnstock  2007 )]. In brief, 
receptors for nucleosides and monophosphate containing nucleotides (e.g., ade-
nosine and AMP) interact with P 1  receptors (also called adenosine receptors), 
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whereas di- and triphosphate containing nucleotides (e.g., ADP and ATP) interact 
with receptors of the P 2  family. The G protein-coupled P 1  receptor family includes 
the A 1 , A 2a , A 2b , and A 3  receptors (Burnstock  2007 ). The P 2  receptor family is sub-
divided based upon agonist specifi city and putative transmembrane topologies into 
two classes: P 2 Y (hetero-trimeric G-protein-coupled) and P2X (ionotropic) recep-
tors. P 2 Y receptors include P 2 Y 1 , P 2 Y 2 , P 2 Y 4 , P 2 Y 6 , P 2 Y 11 , P 2 Y 12 , P 2 Y 13 , and P 2 Y 14 , 
and adenine, cytosine, and uridine containing nucleotides are ligands (Burnstock 
and Knight  2004 ). P 2 X receptors are designated P 2 X 1 -P 2 X 7  and all are activated by 
ATP (Abbracchio and Burnstock  1998 ). Phosphate groups are removed from 
nucleotides by the actions of four families of ectonucleotidases, extracellular 
enzymes that have complex enzymatic substrate specifi cities, cellular localiza-
tions, and regulation [(reviewed in Kukulski et al. ( 2011 )]. While ATP is a ligand 
for most known P 2  receptors, ADP tends to prefer certain P 2 Y receptors. UTP pre-
fers P 2 Y receptor subtypes, although it does have some affi nity for P 2 X 5  receptors 
(Burnstock and Knight  2004 ). 

 Of the 15 P 2  receptor for nucleotides, microglia express most (but not all) of 
them although their levels vary with age, sex, and whether or not detection is being 
performed in primary microglial cultures or in vivo (Crain et al.  2009 ). Nucleotides 
are an important regulator of both infl ammatory and anti-infl ammatory microglial 
cell functions in vitro, including promoting plasminogen (Inoue et al.  1998 ), TNFα 
(Hide et al.  2000 ), IL-1β (Ferrari et al.  1997b ; Sanz and Di Virgilio  2000 ), IL-6 
(Friedle et al.  2011 ), TGF-β (Wang et al.  2003a ), CC-chemokine ligand (CCL)3 
(Kataoka et al.  2009 ), and CCL2 (Morioka et al.  2013 ) production. Nucleotides also 
have cytotoxic (Ferrari et al.  1996 ,  1997a ) and chemotactic (Honda et al.  2001 ) 
effects in vitro. While many of these effects are attributed to the actions of P 2 X 
receptors, certain P 2 Y receptors also infl uence these endpoints (Honda et al.  2001 ; 
Boucsein et al.  2003 ; Brautigam et al.  2005 ; Morioka et al.  2013 ). However, P 2  
receptor activation is not always pro-infl ammatory as it can reduce the effects of 
other infl ammatory stimuli like LPS (Boucsein et al.  2003 ; Brautigam et al.  2005 ; 
Apolloni et al.  2013 ) and also promote the production of anti-infl ammatory cyto-
kines such as IL-10 (Seo et al.  2004 ,  2008 ). Although the effects of nucleotides on 
trophic factors produced by microglia have not been well described, P 2  receptor 
activation controls microglial transcription and release of BDNF in vitro and in vivo 
(Lai and Todd  2008 ; Ulmann et al.  2008 ; Trang et al.  2009 ), suggesting that the 
effects of nucleotides in microglia are not only restricted to modulation of their 
infl ammatory activities. Together, these results suggest that activation of P 2 X recep-
tors may have both infl ammatory and anti-infl ammatory activities in microglia. 

 Whereas microglial P 2 X 4  is best studied in the development of tactile allodynia 
and neuropathic pain (Tsuda et al.  2003 ; Trang et al.  2011 ; North and Jarvis  2013 ), 
P 2 X 4 , along with P 2 Y 1  and P 2 Y 12 , also contribute to ATP-dependent chemotaxis of 
microglia within the CNS (Haynes et al.  2006 ; Ohsawa et al.  2007 ,  2010 ; De Simone 
et al.  2010 ). The receptors mediating exogenously administered ATP-induced 
microglial motility in vivo (Davalos et al.  2005 ) are not yet clear, but likely do not 
involve the actions of P 2 Y 1  or P 2 Y 12  receptors, as ATP only weakly agonizes them. 
However, P 1  receptors may play a role as A 2a  receptors regulate microglial process 
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retraction (Orr et al.  2009 ) and A 3a  receptors control process extension (Ohsawa 
et al.  2012 ). UTP/UDP activation of P 2 Y 6  receptors also controls microglial phago-
cytosis in vitro and in vivo (Koizumi et al.  2007 ). Thus, nucleotides, acting through 
multiple P 1  and P 2  receptor subtypes, control many critical microglial functions.  

3.2.12     Fractalkine 

 Fractalkine–CX 3 CR 1  interactions attenuate microglial reactivity. CX 3 CR 1  is a 
microglial receptor activated by the neuronal chemokine CX 3 CL 1  (fractalkine), 
which controls key functions of microglial cells. For example, neutralizing fractal-
kine antibodies exacerbate neuroinfl ammation following central delivery of LPS 
(Zujovic et al.  2001 ). In cultured microglia, fractalkine treatment attenuates LPS- 
induced production of the infl ammatory cytokines TNFα, IL-6, and IL-1β (Zujovic 
et al.  2000 ; Mizuno et al.  2003 ). CX 3 CR 1  defi ciency increases microglial IL-1β 
expression and subsequent neurotoxicity following repeated peripheral LPS injec-
tions (Cardona et al.  2006 ) suggesting that fractalkine–CX 3 CR 1  interactions func-
tion to repress microglial infl ammatory activities. The enhanced expression of 
fractalkine by developing neurons also acts as a microglial chemoattractant and 
indicates that microglia may be recruited to developing synapses to aid in synapse 
maturation (Hoshiko et al.  2012 ). However, fractalkine–CX 3 CR 1  interactions can 
also have detrimental effects in the CNS. CX 3 CR 1  activation induces p38 MAPK 
phosphorylation in microglia, which is a critical mediator of spinal neuronal–
microglial communication in chronic pain (Staniland et al.  2010 ). Fractalkine–
CX 3 CR 1  interactions are implicated in pathological pain and in particular, 
hypersensitivity associated with neuropathic pain in the spinal dorsal horn (Scholz 
and Woolf  2007 ; Milligan et al.  2008 ; Ren and Dubner  2008 ; Staniland et al.  2010 ). 
Microglial CX 3 CR 1  levels are chronically downregulated in the aging brain (Wynne 
et al.  2010 ), which may contribute to their exaggerated infl ammatory responses. 
Thus, whereas fractalkine–CX 3 CR 1  interactions promote benefi cial microglial 
activities in the developing brain and contribute to microglial quiescence in the 
healthy adult brain, they may also be detrimental in chronic pathology (such as 
pain) and in the aging brain.  

3.2.13     CD200 and CD300 Interactions 

 In addition to fractalkine–CX 3 CR 1  interactions that maintain microglia in a surveil-
lance and quiescent state, specifi c ligand–receptor pairs, for example via CD200–
CD200R interactions, also contribute (Lynch  2013 ). CD200 is expressed on a 
number of cell types including neurons, while its receptor, CD200R, is expressed on 
myeloid cells, including microglia where it functions to suppress infl ammatory 
responses in these cells in vivo (Denieffe et al.  2013 ). It has recently been suggested 
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that the expression of CD200R on human macrophages is indicative of an M2, or 
alternatively activated phenotype, which is neuroprotective (Jaguin et al.  2013 ). 

 CD300 molecules are glycoproteins that comprise a family of transmembrane 
and soluble receptors that are important regulators of mammalian immune cell 
functions including differentiation, viability, cytokine and chemokine secretion, 
phagocytosis, and chemotaxis. CD300 is also known as “triggering receptor 
expressed on myeloid cells” (TREM) and TREM-like (TREML) receptors (Cannon 
et al.  2012 ). These receptors can inhibit (CD300a, CD300f) or trigger (CD300b, 
CD300e) microglial and monocyte cell functions (Clark et al.  2009 ; Simhadri et al. 
 2013 ), although some have as yet unknown functions in this regard (CD300c, 
CD300d). The overall function of these molecules may be determined by their abil-
ity to form homo- and heterodimeric signaling complexes (Martínez-Barriocanal 
et al.  2010 ). While specifi c ligands for most of the CD300 family members remain 
elusive, recent data indicate TREM and TREML families can recognize lipids, such 
as extracellular ceramide, phosphatidylserine, and phosphatidyl-ethanolamine that 
become fl ipped and exposed on the outer leafl et of the plasma membrane of apop-
totic and activated immune cells (Cannon et al.  2012 ; Borrego  2013 ). CD300c is 
expressed on the cell surface of monocytes following in vitro differentiation, and on 
macrophages and dendritic cells (Simhadri et al.  2013 ). CD300c expression can be 
dynamically regulated by the TLR ligands LPS and fl agellin, and activation of 
CD300c can potentiate LPS-stimulated production of infl ammatory cytokines on 
human monocytes (Simhadri et al.  2013 ). Although it has not yet been specifi cally 
evaluated in microglia, CD300c may also be an activating receptor regulating 
microglial pro-infl ammatory activities. In contrast, CD300a (also called TREM2) is 
an inhibitory receptor which binds to non-MHC class I ligands. Phosphatidylserine 
(PS) is a ligand for CD300a, and interactions between CD300a and PS expressed on 
apoptotic cells inhibit the uptake of apoptotic cells by phagocytic cells (Lankry 
et al.  2013 ). The activation of TREM2 promotes phagocytosis by microglia and 
inhibits their infl ammatory responses (Hsieh et al.  2009 ). Recent data implicate 
mutations in TREM2 (which is expressed on microglia), as a risk factor for the 
development of late onset AD (Forabosco et al.  2013 ; Guerreiro et al.  2013 ), consis-
tent with the notion that impaired microglial phagocytosis of Aβ may contribute to 
AD (Sierra et al.  2013 ).   

3.3     Regulation of Microglia by Normal Physiological 
Processes 

3.3.1     Neurogenesis and Learning 

 Neurogenesis occurs throughout life in the mammalian brain, particularly in the 
hippocampal dentate gyrus subgranular zone (SGZ) and the sub-ventricular zone 
(SVZ) (Lois and Alvarez-Buylla  1993 ; Abrous et al.  2005 ). Since the role of microg-
lia in neurogenesis is extensively covered in Chap.   10    , we will simply mention here 
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that microglial infl ammatory activities have been correlated with impaired 
 neurogenesis in the SGZ (Ekdahl et al.  2003 ; Ekdahl  2012 ). However, more recently, 
microglial neuroprotective activities have been associated with increased neurogen-
esis through release of anti-infl ammatory cytokines and growth factors (Aarum 
et al.  2003 ; Morgan et al.  2004 ; Battista et al.  2006 ; Butovsky et al.  2006 ; Ziv et al. 
 2006 ; Vukovic et al.  2012 ). It is necessary to point out that most microglial studies 
to date have been mostly correlative; direct causative or mechanistic studies have 
not been performed in vivo. However, an important role for surveillant/ramifi ed 
microglia was recently identifi ed in neurogenesis (Sierra et al.  2010 ). Surveillant 
microglia were shown to phagocytose the debris from newly created non-surviving 
neurons that undergo apoptosis, and this phagocytic process did not correlate with 
an increase in microglial markers indicative of activation to the pro-infl ammatory 
phenotype (Sierra et al.  2010 ). Interestingly, although the rate of neurogenesis 
decreases in the aging CNS (Kuhn et al.  1996 ), and unactivated microglia become 
more pro-infl ammatory with age (Sierra et al.  2007 ; Crain et al.  2013 ), the ability of 
aged microglia to phagocytose apoptotic neurons did not change (Sierra et al.  2010 ), 
suggesting that this microglial property is unaffected by age. These novel data 
underscore the importance of normal, healthy microglial contributions to proper 
CNS function and neurogenesis, even in the aging brain, and distinguish between 
their infl ammatory and surveillant activities. 

 The vast majority of the literature in the realm of learning focuses on how 
microglial activities, predominantly their infl ammatory activities, interfere with 
various types of learning and memory. Hence, scant information is available 
regarding how healthy, unactivated microglia infl uence learning (also see Chaps.   9     
and   10     for further information). However, two recent reports have begun to shed 
light on how normal microglial activities contribute to learning (Rogers et al.  2011 ; 
Parkhurst Christopher et al.  2013 ). Microglia are maintained in the surveillant state 
in the healthy CNS due to the infl uence of several neuronal signals. One such 
 signal, fractalkine (CX 3 CL1), is produced by healthy neurons and acts on CX 3 CR 1  
receptors which are expressed on microglia in the CNS (Harrison et al.  1998 ). In 
the presence of fractalkine, microglial production of inducible nitric oxide syn-
thase (iNOS), IL-1β, TNFα, and IL-6 is kept to a minimum (Cardona et al.  2006 ). 
However, when neurons are damaged, tonic fractalkine levels decrease, sustained 
CX 3 CR 1  activation is interrupted, and microglia are permitted to synthesize 
 pro-infl ammatory molecules (Cardona et al.  2006 ). Therefore, chronic fractalkine–
CX 3 CR 1  interactions regulate normal microglial activities. In mice in which 
fractalkine–CX 3 CR1 signaling has been disrupted, not only was neural progenitor 
cell proliferation and survival decreased (Bachstetter et al.  2011 ), but motor learn-
ing, cognitive function, and synaptic plasticity were also impaired (Rogers et al. 
 2011 ), suggesting that basal microglial activities contribute to effective learning 
and normal neurogenesis. Further, in CX 3 CR1-defi cient mice, environmental 
enrichment failed to augment synaptic plasticity (Maggi et al.  2011 ), indicating 
that microglial activities are also necessary for experience-dependent learning. 
Recently, it was shown that mice in which microglia had been depleted had defi cits 
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in many learning tasks and  motor- dependent synapse formation, an effect that was 
recapitulated in mice  possessing microglial-specifi c deletion of BDNF (Parkhurst 
Christopher et al.  2013 ). Further, these studies demonstrated that the absence of 
microglial BDNF altered synaptic protein levels, synaptic structure, and mouse 
learning. Signifi cantly, these results show the importance of a non-infl ammatory 
microglial molecule in learning and memory. Additional studies like these, focused 
on the role of non-infl ammatory microglial activities on learning, as well as the 
converse set of  studies—how learning infl uences microglial activities, are needed. 
To the best of our knowledge, there have been no studies where animals have been 
subjected to different learning paradigms and any microglial activity evaluated 
thereafter.  

3.3.2     Estrous Cycle 

 Ovarian hormone levels and synaptic density vary over the estrous cycle. Estradiol 
levels peak at ovulation, just prior to onset of the luteal phase, during which time 
progesterone levels dominate until the onset of menses when progesterone levels 
fall (Staley and Scharfman  2005 ). Neuronal synapse density is highest when serum 
estrogen levels are highest (during proestrus) (Woolley and McEwen  1992 ), and the 
effects of estrogen on synapse density are counteracted by progesterone (Woolley 
and McEwen  1993 ), suggesting that both hormones work together to regulate syn-
apses. In in vitro wounding in a dish coculture studies, the antagonistic effect of 
progesterone on neurite outgrowth was shown to require microglia, as the effects of 
progesterone were lost in the absence of microglia (Wong et al.  2009 ). Microglial 
molecules also vary over the estrous cycle. For example, phosphorylated levels of 
the BDNF receptor TrkB (indicating functional activation of the receptor) increase 
in hippocampal microglia during proestrus compared to males (Spencer-Segal et al. 
 2011 ), suggesting an important role for microglia in the healthy hippocampus. 
Microglial production of ApoE also varies throughout the estrus cycle, with levels 
being highest in proestrus (Stone et al.  1997 ). Interestingly, estrogen was not able to 
increase ApoE levels in microglial cultures in vitro, suggesting that the CNS milieu 
is important for this effect. ApoE in the CNS is thought to be important in scaveng-
ing cholesterol from cellular debris to facilitate axonal regeneration and remyelin-
ation (Mahley  1988 ). Cholesterol is enriched in plasma membranes, growth cones, 
and synapses, and it is an essential membrane component that in the CNS is typi-
cally synthesized locally by neurons themselves and astrocytes (Fünfschilling et al. 
 2012 ). Thus, microglial activities contributing to modulation of synapse density, 
cholesterol scavenging and responses to neuronal trophic factors such as BDNF 
vary during the estrus cycle, in concert with coordinated changes in serum estrogen 
and progesterone levels.  
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3.3.3     Puberty 

 Puberty, the time when adolescents become reproductively competent, involves 
hypothalamic gonadotropin-releasing hormone (GnRH) stimulation of the anterior 
pituitary gland gonadotrophs to produce luteinizing hormone (LH), necessary for 
triggering ovulation in females and testicular androgen production in males. 
Microglia play a role in normal ovulation and estrogen feedback to the hypothala-
mus for LH release (Cohen et al.  1999 ) in females, although little is known about 
the converse—how puberty affects microglia. Osteopetrotic (Op) mice have a muta-
tion in the macrophage colony-stimulating factor ( M - CSF  or  CSF - 1 ) gene, and as a 
result, they have reduced macrophage numbers in many tissues including the CNS 
(Wegiel et al.  1998 ; Kondo et al.  2007 ; Kondo and Duncan  2009 ). Op females have 
extended estrus cycles and poor ovulation rates, and both sexes have reduced 
 fertility. Puberty is also signifi cantly delayed in Op females compared to littermate 
controls, and males have low circulating LH and testosterone levels. Importantly, 
these endpoints are normalized by administration of a GnRH agonist (Cohen et al. 
 2002 ), suggesting that Op mice have a defect at the level of the hypothalamus. 
Because microglia are the primary cell type expressing receptors for M-CSF in the 
hypothalamus, microglia likely infl uence hypothalamic GnRH neuron function. 
Further studies are necessary to identify the specifi cs of this interaction.  

3.3.4     Aging 

 Microglial infl ammatory activities have been proposed to be dysregulated with age 
(Franceschi et al.  2000 ; Dilger and Johnson  2008 ), an effect that is thought to con-
tribute to or increase the propensity for neurodegeneration in aged animals (Mrak 
and Griffi n  2005 ). With age, microglial infl ammatory activities in vivo increase 
while their capacity to migrate and phagocytose Aβ decreases (Harry  2013 ). The 
increased pro-infl ammatory nature of aged microglia is supported by increased 
expression of immune activation markers such as MHC class II, LCA, CD4, and 
ED1 in aged rat microglia (≥24 months) (Perry et al.  1993 ) and in postmortem 
human brain (Sheng et al.  1998 ). Basal microglial expression of cytokines also 
increases in vivo with age (Sierra et al.  2007 ; Crain et al.  2013 ), and in microglial 
cultures from the aged brain (Ye and Johnson  1999 ; Njie et al.  2012 ). Increased 
basal cytokine levels likely contribute to exacerbated neuronal damage and microg-
lial responses to stimulation or injury (Sugama et al.  2003 ; Godbout et al.  2005 ; 
Sandhir et al.  2008 ; Wasserman et al.  2008 ). Aged microglia in the retina are slower 
to initiate an infl ammatory response to injury or ATP, and their responses are pro-
longed, as they fail to appropriately inactivate (Damani et al.  2011 ), indicating that 
aging dysregulates the onset and resolution of microglial activities (see Chap.   13    ). 
Concurrent reductions in benefi cial, neurosupportive microglial activities as a func-
tion of age are also observed in microglial dynamic behavior and ramifi cation in the 
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retina (Damani et al.  2011 ). Reductions in microglial surveillant properties may 
therefore not only infl uence the regulation of synapses (Wake et al.  2009 ; Schafer 
Dorothy et al.  2012 ) and neuronal activity (Li et al.  2012 ), but also their neuropro-
tective functions (Vinet et al.  2012 ). 

 Microglial support activities are also critical in the CNS, and they are hypothe-
sized to decrease with age (Streit and Xue  2009 ). In support of this idea is a recent 
study reporting lower basal levels of BDNF release and glutamate uptake in microg-
lial cultures from aged animals compared to young adults (Lai et al.  2013 ) even 
though infl ammatory activities increase with age (Godbout et al.  2005 ; Sierra et al. 
 2007 ; Crain et al.  2009 ). Interestingly, however, a recent sequencing of the microg-
lial transcriptome from brains of young (5 months-old) and aged (24 months-old) 
adult mice shows that the genes that were most upregulated in aged microglia 
belonged to pathways considered to be neuroprotective, whereas genes in pathways 
considered to be neurotoxic were downregulated (Hickman et al.  2013 ). Moreover 
in aged microglia, genes indicative of the M2 alternatively activated phenotype 
were upregulated as were genes encoding receptors that sense bacterial and fungal 
ligands, whereas receptors involved in sensing endogenous ligands from apoptotic 
neurons etc. were downregulated (Hickman et al.  2013 ). These results suggest that 
microglia may not be pro-infl ammatory in the aged, healthy brain, but rather that 
their responses to pathogen challenge may be exaggerated in the geriatric CNS 
compared to the young adult. Whereas this conclusion is consistent with most aging 
studies that use an infl ammatory stimulus to assess the activities of aged microglia, 
there may also be CNS region-specifi c effects of aging on microglial activities. 
Thus, microglia in the retina may behave differently from the whole brain microglia 
assessed in the study by Hickman and colleagues. 

 Young adult microglia produce many factors that are benefi cial to neuron health 
and survival including neurotrophins such as BDNF and glial-derived neurotrophic 
factor (GDNF) (Beggs et al.  2012 ; Wang et al.  2013 ), IGF-1 (Kaur et al.  2006 ; 
Lalancette-Hébert et al.  2007 ), and VEGF (Nikodemova and Watters  2011 ; Crain 
et al.  2013 ). Basal IGF-1 levels appear to be upregulated in microglia following 
injury in vivo (Lalancette-Hébert et al.  2007 ) or activation in vitro (Kaur et al. 
 2006 ). Interestingly, the effects of IGF-1 appear to be biphasic. The absence of 
microglial IGF-1 exacerbates ischemic injury in the adult (Lalancette-Hébert et al. 
 2007 ), but delivery of IGF-1 to the developing brain in the presence of an acute 
infl ammatory stimulus like LPS was severely detrimental (Pang et al.  2010 ). 
Importantly, how microglial production of these trophic molecules changes in the 
aging CNS in vivo is not yet known. However, a recent report indicates that the 
neurotrophic factors IGF-1 and fractalkine may also become dysregulated in aged 
microglia since there are increased levels of microRNAs in the aged CNS that func-
tion to reduce the translation of these trophic factors (Fenn et al.  2013 ). 

 In vitro, microglia produce BDNF and GDNF in response to conditioned medium 
from damaged neurons that sustained a hypoxic injury (Lai and Todd  2008 ). 
Although the severity of neuronal damage did not affect microglial production of 
these trophic molecules (they produced them regardless of magnitude of neuron 
injury), it did infl uence their production of infl ammatory molecules. Only 
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 conditioned medium from mildly injured neurons promoted microglial production 
of infl ammatory molecules. Interestingly, microglia exposed to conditioned medium 
from moderately injured neurons attenuated hypoxia-induced neuronal death in 
cocultures, suggesting neuroprotective activities of microglia. Whereas the role of 
BDNF release from microglia is well-established in mediating pain in the spinal 
dorsal horn (Trang et al.  2011 ) (also see Chap.   11    ), the physiological effects of 
BDNF or microglial TrkB receptor activation on the immune activities of microglia 
are not yet clear. However, in macrophages in vitro, BDNF treatment increases 
phagocytic activity and promotes IL-1β synthesis and release (Asami et al.  2006 ), 
suggesting similar effects may also be observed in microglia. To our knowledge, 
this has not been tested. In contrast, GDNF attenuates microglial infl ammatory 
activities in vitro (Rocha et al.  2012 ), and centrally delivered VEGF in vivo reduces 
microglial activation and neuroinfl ammation in focal cerebral ischemia (Herz et al. 
 2012 ). Together, these data suggest that aging interferes with both normal infl am-
matory and neurotrophic factor responses in microglia, both aspects of which likely 
contribute to the hyper-reactivity of microglia in the aged CNS.   

3.4     Conclusions/Summary 

 In this chapter, we have discussed the major classes of endogenous molecules regu-
lating microglial activities. As described above, most studies of regulation in this 
regard focus on the infl ammatory activities of microglia, typically during pathology. 
As a result, comparatively little is known about normal, housekeeping functions of 
microglia in the healthy CNS, nor how basic microglial activities are shifted due to 
alterations in the healthy CNS. These microglial activities have been largely 
neglected because they are not obvious until an insult is present, and because appro-
priate in vivo experimental tools have only recently become available. More studies 
are needed to understand how the healthy/benefi cial activities of microglia are regu-
lated by the local CNS milieu. In vitro studies in cell lines (immortalized most often 
with an oncogene) or primary microglia derived from neonatal animals are fre-
quently used and have provided important insights, but interpretation of results from 
these studies comes with several caveats. 

 We have discussed many normal physiological processes (e.g., learning, neuro-
genesis, puberty, aging) and classes of molecules whose availability varies over the 
course of normal activity (e.g., neurotransmitters, peptides, hormones). Even 
though microglia have a multitude of important activities aside from their infl am-
matory actions, little remains understood about how these activities are impacted 
upon by these normal physiologic processes. Moreover, the studies that do address 
normal CNS physiology tend to focus on how microglia infl uence those processes 
(neurogenesis, puberty, etc.) and not the converse—how those processes infl uence 
microglia. This is likely due to the diffi culty of performing these types of experi-
ments and the paucity of microglial endpoints to study, but these are important 
questions that remain virtually untackled to date. If we are to target these cells for 
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therapeutic benefi t to control what goes awry during pathology, we must better 
understand their normal, healthy activities. Because microglia play a role in virtu-
ally all CNS functions and disorders, results from these studies will impact all 
aspects of neuroscience.     
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to stay in a dormant/resting state, activated only in the event of an insult to the brain. 
This view changed dramatically with the development of modern imaging tech-
niques that allowed the study of microglial behavior in the intact brain over time to 
reveal the dynamic nature of their responses. In vivo imaging studies using 
 two- photon microscopy revealed a previously unknown function for microglia: they 
continuously screen the intact brain parenchyma with their fi ne processes on a tim-
escale of minutes. By doing so, they contact neuronal cell bodies, axons, dendrites, 
and dendritic spines and are believed to play a central role in sculpting neuronal 
networks during development, adulthood, and the normal aging process. Following 
acute trauma, or in neurodegenerative or neuroinfl ammatory diseases, microglial 
responses range from protective to harmful, underscoring the need to better under-
stand their diverse roles in different pathological conditions. In this chapter we will 
introduce two-photon microscopy and compare the in vivo and in vitro imaging 
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      Bullet Points  

•      This chapter highlights how in vivo imaging has revolutionized our understand-
ing of microglial biology in the healthy and diseased central nervous system.  

•   We provide a brief introduction to available imaging technologies, methods, and 
mouse models used to study microglia in vivo, with a focus on two-photon 
microscopy.  

•   We compare fi ndings from in vitro and in vivo imaging experiments and discuss 
how different experimental conditions have generated distinct and often confl ict-
ing conclusions regarding microglial functions.     

4.1     Introduction 

 Microglia are the resident immune cells of the brain and spinal cord. They were fi rst 
identifi ed by Nissl and Robertson at the end of the nineteenth century. In 1932, Pio 
del Rio Hortega called them “microglia” for the fi rst time and introduced some 
basic characteristics of the cells that are still valid today ((Kaur et al.  2001 ; 
Kettenmann et al.  2011 ), and for more information about the discovery of microglia, 
please see Chap.   2    ). For many decades after the identifi cation and fi rst description 
of microglia, their importance for central nervous system (CNS) physiology was 
still largely underappreciated. Moreover, their developmental origin remained an 
area of active debate until recently, almost 90 years after their discovery. We now 
know that microglia colonize the brain from the yolk-sac at the early stages of 
embryonic development and, unlike all other glial cells in the brain, are of mesoder-
mal origin (Chan et al.  2007 ; Ginhoux et al.  2010 ; Kierdorf et al.  2013 ). Once they 
enter the CNS, microglia populate every part of the brain and spinal cord, and they 
remain present throughout life. In addition, their developmental links with myeloid 
progenitors and the monocytic lineage, as well as their ability to perform most of the 
typical immune cell functions (e.g., phagocytosis of dead cells, secretion of pro- 
infl ammatory cytokines and chemokines, and antigen presentation), has established 
their classifi cation as the resident immune cells of the CNS (see Chap.   5     for more 
information). 

 The classic immunological functions of microglia have been thoroughly 
described in several disease, injury, and infection paradigms (Kreutzberg  1996 ; 
Ransohoff and Brown  2012 ; Aguzzi et al.  2013 ). Interestingly, microglia have been 
directly associated with a robust morphological transformation, defi ned as their 
“activated state”. For many decades, however, microglia were essentially assumed 
to be inactive in the absence of a challenge, with minimal or no involvement in 
physiological brain functions. The role of microglia in physiological conditions was 
signifi cantly re-evaluated with the development of in vivo imaging approaches, 
which allowed the study of microglia in the intact brain for the fi rst time. In fact, 
in vivo imaging studies with subcellular resolution became possible with the advent 
of two-photon microscopy (Denk et al.  1990 ), a major technological advance that 
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proved instrumental for revealing previously unknown functions for microglia in 
both the physiological and pathological CNS. While other in vivo imaging modali-
ties like positron emission tomography (PET) and whole animal luminescent or 
fl uorescent imaging allow monitoring of large areas of microglial activation 
throughout the brain, the spatial resolution of these techniques remains relatively 
low. In contrast, imaging individual microglial processes with two-photon micros-
copy uncovered the constant physical surveillance function of microglia, under-
scored their signifi cance for the architecture and function of the brain, and thereby 
opened new avenues of exploration into the cellular neuroscience behind these 
dynamic behaviors. These new endeavors generated the need for new animal mod-
els for endogenous labeling of microglia with fl uorescent proteins, as well as new 
in vivo imaging methods to allow access to previously unexplored areas of the CNS, 
such as the spinal cord. Microglia are also involved in pathological processes asso-
ciated with essentially every CNS disease. Investigators are now taking advantage 
of these newly developed imaging resources and approaches to perform longitudi-
nal in vivo imaging studies in various animal disease models, unveiling additional 
roles and distinct functions for microglia in neurodegenerative and neuroinfl amma-
tory diseases. In this chapter we will fi rst make a brief and simplifi ed introduction 
to available technologies, imaging methods, and mouse models that have made the 
in vivo imaging studies of microglia possible, with a particular focus on two-photon 
microscopy. We will then highlight some of the early attempts to image microglia in 
culture or in slice preparations and briefl y discuss their advantages and limitations. 
Finally, we will discuss some of the key fi ndings that were uncovered by in vivo 
imaging studies of microglia, underscoring how these fi ndings challenged long- 
standing preconceptions about them and helped redefi ne our understanding of their 
role in both the physiological and pathological CNS.  

4.2     In Vivo Imaging of Microglia: Technologies, Methods, 
and Mouse Models 

 Several in vivo imaging techniques such as magnetic resonance imaging (MRI), 
ultrasound imaging, PET, and whole animal luminescence or fl uorescence micros-
copy allow the observation of biological phenomena in living organisms. Among 
these modalities, in vivo imaging specifi cally of microglial cells in the mammalian 
CNS has been performed with luminescence imaging, PET, and multi-photon or 
two-photon laser scanning microscopy. For example, luminescence imaging has 
allowed to study microglial activation in a model of transient ischemia using a trans-
genic mouse line with expression of both luciferase and green fl uorescent protein 
(GFP) under the promoter of the toll-like receptor 2 (TLR2) (Lalancette-Hebert 
et al.  2009 ). This receptor, though not specifi c for microglia, is upregulated in these 
cells following certain brain insults. Bioluminescence imaging using a charged cou-
pled device (CCD) camera showed TLR-2 upregulation indicative of microglial 
activation that was interestingly evident in the olfactory bulb a few hours before it 
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was detected over the site of infarction (Lalancette-Hebert et al.  2009 ). Microglial 
activation in different brain regions can also be detected using PET imaging and the 
radioligand [11C]PK11195 (Venneti et al.  2013 ). [11C]PK11195 binds to the trans-
locator protein (TSPO) which has been shown to be upregulated in activated microg-
lia upon brain injury and neurodegenerative conditions. However, this ligand is not 
specifi c for microglia, as it detects to a smaller degree also activated astrocytes. 
Moreover, [11C]PK11195 cannot be used to image microglia under physiological 
conditions (Venneti et al.  2013 ). New tracers are therefore needed to specifi cally 
image microglia in physiological and pathological conditions, using non-invasive 
modalities like PET and MRI imaging. Developing better microglia- specifi c tracers 
for these imaging modalities would be an invaluable resource for in vivo studies of 
microglial responses across large brain regions, not only in animal models but also 
in human patients. On the other hand, though PET and MRI are the most widely 
used clinically applicable imaging modalities, they can still only accomplish a rela-
tively limited spatial resolution. 

 Among all available in vivo imaging modalities, two-photon microscopy can 
accomplish the highest spatial resolution. It is therefore typically used to track indi-
vidual cells or even cellular compartments such as dendritic spines and microglial 
processes, as they partake in complex biological processes in real time, within their 
natural microenvironment, in both health and disease. This is accomplished by the 
use of specialized lasers that emit low-energy infrared light that penetrates below 
the surface of living organs, such as the brain, with minimal photobleaching and 
photodamage (Helmchen and Denk  2005 ; Svoboda and Yasuda  2006 ). 

4.2.1     Two-Photon Laser Scanning Microscopy: Introduction 
to the Technique 

 Fluorescence microscopy is largely based upon the ability of specifi c molecules 
called fl uorophores to absorb and then emit light. In single-photon fl uorescence 
microscopy, one photon delivers enough energy to excite an electron of a fl uoro-
phore to a higher energy state (Fig.  4.1a ). Part of this absorbed energy is released 
by light emission that occurs when the excited electron returns to its basal state as 
the fl uorophore relaxes. In 1931, Maria Göppert-Mayer fi rst described the principle 
of multi-photon excitation (Göppert-Mayer  1931 ), such that if two or more photons 
arrive at a fl uorophore simultaneously, their energies could be combined in a sum 
that, if suffi cient, would excite an electron to its higher energy state, after which it 
can relax to its ground state and emit light, namely produce fl uorescence (Fig.  4.1a ). 
Sixty years later, Winfried Denk invented the fi rst microscope equipped with a 
Titan-Sapphire laser, which experimentally accomplished two-photon excitation 
(Denk et al.  1990 ). The space and time requirements for two-photon excitation are 
very strict, as two photons must arrive at the same molecule within 10 −18  s. To meet 
this time requirement, Titan-Sapphire lasers have undergone extensive 
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development over the past two decades to pulse light with a repetition rate of 
70–100 MHz and a pulse width of 70–100 fs (10 −15  s). Additionally, to accomplish 
a high enough  abundance of photons for two-photon excitation it is necessary to 
concentrate the laser light in space, namely increase the density of photons avail-
able to excite a fl uorophore molecule. High numerical aperture (NA) objective 
lenses contribute to this end. In recent years, most major microscope manufacturers 
have constructed high NA (>0.95) objective lenses, with magnifi cations ranging 

  Fig. 4.1    Two photon in vivo imaging of the central nervous system. ( a ) Jablonski diagrams illus-
trating single versus two-photon excitation of a green fl uorophore.  Left panel : For single photon 
excitation, coherent laser light of higher energy and shorter wavelength (e.g.,  blue  488 nm) than 
the emission wavelength ( green  530 nm) is used.  Right panel : For two-photon excitation pulsed 
infrared laser light of lower energy and longer wavelength (e.g.,  red  920 nm) than the emission 
wavelength of the fl uorophore ( green  530 nm) is used. Two photons have to spatio-temporally 
coincide to combine their energy and elevate the electron to a higher energy state within 10 −18  s. 
( b ) Exemplary light paths of a confocal and a two-photon microscope. All fl uorophores of the 
specimen within the light-cone of the objective are excited with coherent laser light in a confocal 
microscope. The pinhole in front of the photomultiplier detector (PMT) prevents out of focus light 
from reaching the PMT. Two-photon excitation occurs only at the focal point, preventing out of 
focus excitation of the fl uorophore. Hence, no pinhole is necessary and all emitted photons reach 
the PMT. ( c ) The two widely used surgery techniques chronic window or “open skull” and “thinned 
skull”. A circular coverslip is glued with dental acrylic as skull replacement ( left panel ). For 
thinned skull the bone stays intact and is thinned to about 50 μm ( right panel ). ( d ) Two options for 
two-photon in vivo imaging of the spinal cord. After performing a laminectomy on a single verte-
bra the vertebral column is stabilized by two external holders ( left panel ). For a chronic window, 
two metal bars laterally stabilize the vertebral column after the laminectomy. A glass coverslip is 
held in position by a placeholder ( right panel )       

 

4 Lessons from In Vivo Imaging



86

from ×16 to ×60 and working distances of up to 8 mm. These are typically 
 water-immersion lenses that have been optimized for infrared light and manufac-
tured specifi cally for use with two-photon microscopy of living tissues or organs 
immersed in physiological solutions.

   In single photon excitation, like that used in conventional confocal microscopy, 
specimens are illuminated with coherent laser light, leading to fl uorescence genera-
tion throughout the depth of the specimen (Fig.  4.1b ). To accomplish suffi cient 
spatial resolution, the abundance of fl uorescence generated from the tissue above 
and below the focal plane is prevented from reaching the light detector by the use of 
mechanical aperture regulators called pinholes. In contrast, the strict time and space 
requirements for successful two-photon excitation result in fl uorescence generation 
only at the focal plane of the lens that is used to focus the excitation beam within the 
specimen (Fig.  4.1b ). As a result, two-photon excitation only happens at the focal 
point, making pinholes redundant. This is also important, because less tissue is 
exposed to high amounts of energy, thereby reducing the amount of photobleaching 
and photodamage of the imaged tissue. Conversely, the use of pinholes in confocal 
microscopy results in slightly better resolution along the  z -axis, which is a slight 
disadvantage of two-photon microscopes. Nonetheless, two-photon microscopes 
have numerous advantages over confocal microscopy. For example, since there is no 
out-of-focus light generated, two-photon microscopes are designed to collect all 
fl uorescence-generated photons, which translates into enhanced detection sensitiv-
ity (Fig.  4.1b ). Furthermore, the long-wavelength infrared light generated by two- 
photon lasers is scattered less by biological tissue, resulting in better depth of 
penetration than any other light microscopy approach. Collectively, these features 
suggest that two-photon microscopy is the most appropriate and advantageous tech-
nique for imaging microglia in animal models in vivo, especially at the single cell 
level, in both physiology and disease. 

 Even as such, since it still requires light penetration for both fl uorescence genera-
tion and detection, light scattering within living tissues is the main limiting factor 
for two-photon microscopy, with a penetration limit of ~1 mm below an organ’s 
surface. One way to overcome this limitation and image deeper into living tissues is 
to use fi ber optics. Fiberscopes with small diameters of 1–2 mm may be inserted in 
living organs at depths of more than a millimeter, as needed (Flusberg et al.  2005 ). 
The technique of microendoscopy for in vivo imaging of deep brain structures such 
as the hippocampus was greatly advanced by Mark Schnitzer’s laboratory that fab-
ricated grin-lenses, suitable for two-photon microscopy (Barretto et al.  2011 ). The 
same group also built a miniaturized fl uorescence microendoscope that can be 
implanted in the brain and thus allow in vivo imaging in freely moving animals, 
with single cell resolution (Flusberg et al.  2008 ; Ziv et al.  2013 ). Imaging in head- 
fi xed mice has also been exploited as an approach to study cellular responses in 
awake animals, using two-photon microscopy (Dombeck et al.  2007 ; Lovett-Barron 
et al.  2014 ). Though most of these approaches have been used to study neuronal 
activity in vivo, expanding them to studies of microglia in deeper brain structures, 
and in animals free from the possible effects of anesthesia, remain interesting direc-
tions for the future.  
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4.2.2     In Vivo Imaging Methods for the Mouse Brain 
and Spinal Cord 

 The breakthrough of two-photon microscopy generated a need for developing new 
methods to apply this major technological advance to imaging cells in living organ-
isms. In the past two decades, many laboratory animal species have been used for 
in vivo imaging, including  Drosophila  fl ies, zebrafi sh,  Caenorhabditis elegans  
( C. elegans ) worms, mice, rats, cats, and primates. Microglia, for example, have 
been imaged in vivo mostly in mice, both in the brain and, more recently, in the 
spinal cord. Proper exposure and immobilization of the imaged tissues are essential 
for acquiring motion-artifact free, high-resolution images. As a result, several 
approaches have been exploited for stabilizing the skull and the vertebral column 
while having optical access to image the cerebral cortex and the spinal cord, respec-
tively (Fig.  4.1c, d ; Holtmaat et al.  2005 ; Davalos et al.  2008 ). 

 Two main approaches have been used for in vivo imaging of the mouse cortex: 
the thinned skull and the chronic cranial window (Fig.  4.1c ; Xu et al.  2007 ; Holtmaat 
et al.  2009 ). After skin removal and exposure of the skull, a high-speed dental drill 
is typically used to remove the upper layers of bone. Subsequently, the skull is very 
carefully thinned with a surgical blade to a thickness of 20–50 μm (Grutzendler 
et al.  2002 ), allowing suffi cient light to get through for imaging up to a depth of 
~300 μm. For the chronic cranial window, a circular part of the skull is removed 
using a dental drill. A glass coverslip with optimal optical characteristics replaces 
the removed skull, allowing imaging up to a depth of 600–700 μm in the cerebral 
cortex. Each approach has advantages and disadvantages that should be carefully 
considered depending on the experimental aims. The thinned skull procedure has 
the advantage of keeping the skull intact and the pial surface injury and infl amma-
tion to a minimum (Xu et al.  2007 ). This may be particularly important for studying 
acute microglial behavior in the brain as microglia quickly respond to tissue damage 
as will be discussed later in this chapter. On the other hand, depth penetration and 
the ability to repeatedly reimage through the same thinned window are limited. 
Since the thinned part of the bone regrows, the skull-thinning procedure must be 
repeated every time the same cortical area or individual cells need to be reimaged, 
over time-periods ranging from days to weeks or months. With every attempt to 
 re- thin the bone, the possibility of causing pial damage and infl ammation becomes 
greater, making it diffi cult to image through the same thinned window more than 
three to four times in total. Alternatively, the complete removal of a bone fl ap to 
generate a chronic cranial window enables unrestricted repetitive and deep imaging 
up to a period of a year or even longer, after an initial healing period that limits the 
applicability of this method for acute studies. This is usually a 2- to 3-week period, 
which is required for the increased amount of infl ammation that this technique 
introduces to subside and allows for useful imaging data collection thereafter. To 
overcome these limitations, a combination of both techniques was recently described 
using a polished and reinforced thinned skull (PoRTS) or thinned-skull cortical win-
dow (TSCW) (Drew et al.  2010 ; Marker et al.  2010 ). This approach requires placing 
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a coverslip on top of a thinned and polished area of the skull and, though more 
technically demanding, can signifi cantly improve the accessibility and durability of 
thinned skull preparations for long-term imaging of the intact mouse brain. 

 In contrast to the skull, the spinal cord lies within the fl exible structure of the 
vertebral column, close to the lungs and the heart. This location makes stabilization 
a major challenge for in vivo imaging of the spinal cord. The fi rst attempt to image 
the spinal cord in vivo on a regular microscope stage required an elaborate 
 experimental setup with several serial laminectomies, a perfusion system, and ani-
mal intubation that allowed breathing to be stopped for each image acquisition 
(Kerschensteiner et al.  2005 ; Misgeld et al.  2007 ). This approach also required 
extensive image post-processing to align frames that had shifted position during 
animal breathing intervals. This method was appropriate for imaging and realigning 
single axons in the spinal cord, but was limiting for use with more dense cellular 
populations, such as microglia. These limitations were overcome in a more recent 
method that accomplished stable in vivo imaging of a spinal cord segment using a 
spinal stabilization device to immobilize the vertebral column (Davalos et al.  2008 ; 
Davalos and Akassoglou  2012 ). In this method, after the paravertebral muscles are 
separated from the vertebral column, a laminectomy is carried out on a single verte-
bra. The spinal column, head, and tail base of the animal are then clamped in a way 
that provides space underneath the body for breathing movements (Fig.  4.1d ; 
Davalos et al.  2008 ; Davalos and Akassoglou  2012 ). Since the exposed spinal cord 
is not sealed with a coverslip during this procedure, repetitive imaging in the spinal 
cord requires suturing and reopening the musculature over the exposed spinal cord 
window. This allows for only a limited number of reimaging attempts, as scar tissue 
can form over time. Recently, however, an implantable window was developed, 
which is placed over the exposed spinal cord segment with a coverslip that—at least 
to some degree—limits tissue regrowth (Fig.  4.1d ; Farrar et al.  2012 ). This approach 
allows for repetitive and unrestricted access to the spinal cord over extended periods 
of time.  

4.2.3     Mouse Models to Study Microglia by In Vivo Imaging 

 In vivo imaging has been facilitated tremendously by the availability of transgenic 
animals that express fl uorescent proteins in specifi c cell types (Tsien  1998 ; Feng 
et al.  2000 ). This technology made possible the direct observation and in vivo track-
ing of many cell types—including microglia—under physiological and pathological 
conditions (Helmchen and Denk  2005 ; Germain et al.  2006 ; Misgeld and 
Kerschensteiner  2006 ; Svoboda and Yasuda  2006 ; Ishii and Ishii  2011 ; Kawakami 
et al.  2012 ). Using fl uorescent proteins to image microglia has proven diffi cult, as 
microglia are derived from the monocytic lineage and, therefore, share a large num-
ber of markers with peripheral cells of the same origin. Additionally, a unique 
microglial promoter has yet to be identifi ed, so there currently is not a transgenic or 
knockout mouse line available that can accomplish specifi c and exclusive genetic 
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manipulation, including fl uorescent protein expression, only in microglia. 
Nevertheless, since microglia are the only monocytes normally residing in the brain 
and spinal cord, there are a few mouse lines that have been used as fl uorescent 
reporters of microglia. 

 The fi rst and most widely used mouse line for in vivo imaging of microglia is the 
CX3CR1-GFP line that was generated by Steffen Jung in Dan Littman’s laboratory 
(Jung et al.  2000 ). In this line, the coding sequence for the enhanced GFP is knocked 
into the  Cx3cr1  locus, partially replacing the  Cx3cr1  exon. Therefore, in homozy-
gosity, this results in GFP expression and a loss of function of the  CX3CR1  protein. 
The  Cx3cr1  gene is expressed by myeloid precursors in the bone-marrow, circulat-
ing monocytes in the blood and dendritic cells throughout the body, but only by 
microglia in the physiological CNS. While homozygote mice are viable and have 
bright expression of GFP, they are typically used for studying the effects of  Cx3cr1  
deletion. Heterozygote mice that bear one copy of both the  Cx3cr1  and the GFP 
gene were recently shown to have altered synaptic transmission, learning, and mem-
ory (Maggi et al.  2011 ; Rogers et al.  2011 ). Nevertheless, as a reporter line, the 
heterozygous CX3CR1- GFP mice have proven an invaluable tool for in vivo imag-
ing studies of microglia in the CNS. 

 Two additional mouse lines that further exploit the  Cx3cr1  locus and may also be 
used as reporters for microglia were recently generated by two different groups. 
They are the CX3CR1-Cre and CX3CR1-CreER mouse lines (Parkhurst et al.  2013 ; 
Yona et al.  2013 ), in which the coding sequence for the Cre-recombinase is intro-
duced into the  Cx3cr1  locus. The tamoxifen-inducible CX3CR1-CreER line offers 
the advantage of driving the Cre-recombinase expression in mice through the 
administration of tamoxifen. When these mice are bred to a reporter mouse line 
expressing fl oxed forms of a fl uorescent protein, such as the Rosa26-YFP or others, 
the expression of that fl uorescent protein is turned on specifi cally in CX3CR1- 
expressing cells. Additionally, using these mouse lines conditional targeted deletion 
of fl oxed genes in microglia can be carried out. 

 An additional microglial reporter line is the one expressing GFP under the  Iba1  
promoter (Iba1-GFP) (Hirasawa et al.  2005 ). These mice were generated via pro-
nucleus injection and carry a transgene that consists of the 5′ non-coding region 
upstream of the promoter of the ionized calcium-binding adapter molecule 1 (Iba1), 
exon 1 and the beginning of exon 2. The coding sequence of  Gfp  replaces most of 
the exon 2 sequence, but all interferon-γ response elements (IRE) are preserved and 
the genomic  Iba - 1  locus also remains functional in this transgenic mouse line. Iba1- 
GFP mice exhibit GFP expression also outside the brain (e.g., macrophages, liver, 
and foreleg) and are not used as commonly as the CX3CR1-GFP mice. 

 Another transgenic mouse line uses the c-fms promoter, also named macrophage 
colony-stimulating factor receptor (M-CSFR or CSF-1R) or CD115, for GFP 
expression in monocytes and macrophages (Sasmono et al.  2003 ; Geissmann et al. 
 2010 ). M-CSFR-GFP mice express GFP in microglia and other mononuclear cells. 
Similar to Iba-1-GFP mice the transgene is randomly introduced into the genome 
leaving the  M - csfr  gene intact. They have been used to study microglia in the aging 
and prion-infected brain, as well as to study the role of microglia for neurogenesis 
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(Sierra et al.  2007 ,  2010 ; Ebert et al.  2009 ; Erblich et al.  2011 ; Gomez-Nicola et al. 
 2013 ). However, whether the expression of GFP is suffi cient for two-photon in vivo 
imaging remains to be determined. 

 CD11b-DTR transgenic mice may also be used as a microglial reporter. In these 
mice the diphteria toxin receptor is expressed under the CD11b promoter together 
with GFP (Duffi eld et al.  2005 ). This line has GFP expression in all CD11b- 
expressing leukocytes, which include monocytes, neutrophils, natural killer cells, 
granulocytes, microglia and macrophages, a signifi cant percentage of bone marrow 
cells, and a small percentage of spleen cells. This mouse was recently used to study 
neurotoxicity of microglia during development (Ueno et al.  2013 ). Interestingly, the 
depletion of all CD11b-positive cells, which is accomplished by administration of 
diphteria toxin, was found to be transient in this mouse model, implicating that the 
expression of GFP may have a similar time-sensitive expression pattern. Whether 
the amount of GFP expression is suffi cient for two-photon in vivo imaging also 
remains an open question. 

 In summary, there are several reporter mouse lines that can be used to study dif-
ferent aspects of microglial function using in vivo two-photon microscopy. 
Heterozygous CX3CR1-GFP mice provide the best model to visualize microglial 
morphology, to date. In the future, the generation of a mouse reporter line that spe-
cifi cally and exclusively labels only microglia and not peripheral cells of the mono-
cytic lineage will be instrumental for deciphering the specifi c roles of CNS-resident 
microglia in physiology, as well as in neurological disease.   

4.3     Histological, In Vitro, and Ex Vivo Studies of Microglia 

4.3.1     Histological Studies of Microglia 

 Prior to the development of the technological and genetic tools that made in vivo 
imaging possible, studies were performed either in fi xed tissue using classic histo-
logical staining or immunohistochemical techniques, or by in vitro imaging of cul-
tured cells or ex vivo preparations of CNS tissues. Since the invention of the light 
microscope, scientists have been compelled to describe the morphological and 
structural characteristics of cells and tissues and use this information to propose 
potential functions and cell–cell relationships in different organs. Using a modifi ed 
silver carbonate impregnation technique to label cells in situ allowed Pio del Rio 
Hortega to draw microglial cells in their highly ramifi ed morphology as commonly 
seen in the physiological brain. These drawings were impressively accurate repre-
sentations of the cellular morphology of microglia in an unchallenged setting. Using 
his advanced staining technique, Pio del Rio Hortega managed to conduct and pub-
lish a number of studies between 1919 and 1927 which put him in a position to 
describe and propose some of the fundamental principles of microglial biology that 
remain unchallenged to date (Kettenmann et al.  2011 ). Interestingly, several studies 
of the same era also proposed that some brain glial cells were of mesodermal origin 
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and infi ltrated the brain at an early developmental stage (Kettenmann et al.  2011 ). 
This concept was only recently confi rmed for microglia using elegant genetic fate 
mapping approaches (Chan et al.  2007 ; Ginhoux et al.  2010 ; Kierdorf et al.  2013 ) 
and for reviews see (Prinz et al.  2011 ; Saijo and Glass  2011 ). 

 In more recent decades, immunohistochemical studies of healthy and diseased 
tissue have identifi ed several morphological phenotypes of microglia, which were 
further characterized as distinct functional states of the cells. The amoeboid microg-
lia which are fi rst seen upon infi ltration and differentiation of pial macrophages and 
peripheral monocyte progenitors during the early developmental stages were shown 
to be the precursor form of adult microglia (Kaur et al.  2001 ; Zusso et al.  2012 ). 
In the adult CNS, under physiological conditions, microglia bear long processes 
with many fi ner branches that have given them the name “ramifi ed” microglia 
(Fig.  4.2a, c ; Kettenmann et al.  2011 ). Ramifi ed microglia are ubiquitously deployed 
throughout the CNS, in a mostly regular manner, where they each cover their own 
territory (Lawson et al.  1990 ). Interestingly, their distribution varies considerably 
among different brain regions. For example, they are denser in the hippocampus, 
basal ganglia, and the substantia nigra than in fi ber tracts, the cerebellum, and much 
of the brainstem. Additionally, they appear to be denser in gray rather than white 
matter (Lawson et al.  1990 ). Unlike ramifi ed microglia, the reactive or activated 
microglia have enlarged, mostly rounded cell bodies and a few short or no processes 
(Fig.  4.2b, d ; Kreutzberg  1996 ). Activated microglia are typically found around 
sites of traumatic injury and in most pathological CNS conditions. Some of these 
distinct microglial phenotypes have been shown to interconvert in vitro, in response 
to stimulation with cytokines, growth factors, astrocyte condition media, or other 
stimulating agents like lipopolysaccharide (LPS) and adenosine triphosphate (ATP) 
(Suzumura et al.  1991 ; Stence et al.  2001 ), implying the dynamic capacity of these 
cells to adapt to changes in their environment.

4.3.2        Studies of Microglia in Cell Culture Conditions In Vitro 

 Beyond the morphological characterization of cells in situ, however, histological 
analyses can only allow speculative assessments of cellular functions and cell–cell 
relationships. In order to confi rm or analyze the specifi c function of a particular cell 
type, experimental observation and manipulation of living cells is required. The 
development and continuous improvement of cell culture conditions over the past 
few decades has allowed numerous studies of living cells in vitro, both in immortal-
ized cell lines and in primary cultures. Although the isolation of primary microglia 
was already described in 1930, microglia-derived immortalized cell lines have only 
been established in the last three decades (Rodhe  2013 ). 

 Microglial cells in culture express several of the typical markers of the  monocytic 
lineage like CD11b, CD68, FcR (Fragment crystallizable region Receptor), major 
histocompatibility complex (MHC) class I and II, and many others (Duke et al. 
 2004 ; Rodhe  2013 ). Studying microglial cells in culture has demonstrated some of 
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  Fig. 4.2    Imaging of microglia in fi xed tissue, in vitro, in brain slice cultures, and in the intact brain 
in vivo revealed different aspects of microglial biology. ( a ) Ramifi ed microglial cell from a 
64-year-old human brain and ( b ) activated microglia with a “bushy appearance” from a 41-year- 
old human brain, stained with the monoclonal antibody LN-3. Adapted from (Streit  2013 ) and 
reprinted with permission from Oxford University Press ( c ,  d ) Confocal microscopy images of 
hippocampal brain slices from a postnatal day 7 rat, stained with FITC-isolectin B4 (IB4), which 
labels both microglia and blood vessels. Highly ramifi ed microglial cells ( solid arrows ), as well as 
blood vessels ( open arrows ), are seen when the slice was fi xed, stained, and imaged immediately 
after preparation ( c ), whereas microglia appear rounded or amoeboid when the slice was fi rst left 
in culture for 1 day ( d ); notice that the blood vessels have also begun to collapse at this point in 
culture. Adapted from (Dailey and Waite  1999 ) and reprinted with permission from Elsevier. ( e ) 
Live-cell imaging of IB4-labeled microglia in culture shows robust changes in shape and move-
ment among different amoeboid cells, over a 30 min time-lapse. Adapted from (Dailey et al.  2006 ) 
and reprinted with permission from Springer. ( f ) Ex vivo confocal imaging of microglia in a post-
natal day 5 mouse brain slice demonstrates the process of process retraction as cells in the slice get 
activated. The fi rst time-point in the time-lapse (0 min) was collected within 45 min of sacrifi cing 
the animal; while half of the cell’s processes are already retracted another 32 min later, all pro-
cesses are absorbed in the cell body ( arrow ) within 1–2 h from the time of sacrifi ce (not shown). 
Adapted from (Stence et al.  2001 ) and reprinted with permission from Wiley and Sons. ( g – i ) In 
vivo imaging of GFP-expressing microglia in the cortex of an adult CX3CR1 GFP/+  mouse. ( g ) Time- 
lapse imaging of the same microglial branches demonstrated rapid extension and retraction of fi ne 
microglial processes over seconds.  Circles  and  rounded box  indicate four representative processes 
that change in length and shape over time. ( h ) Time-lapse in vivo imaging of microglial responses 
to a localized ablation (bright sphere, ~15 μm in diameter, in the  center ) delivered using the two- 
photon laser inside the mouse cortex. Nearby microglial processes responded immediately with 
bulbous termini and started extending within just a few minutes toward the ablation until they 
formed a spherical containment around it (not shown); at the same time, the same cells retracted 
those processes that lay in directions opposite to the site of injury. ( i ) Microglial response to local 
injection of adenosine triphosphate (ATP) at the 30 min time point after insertion of the injecting 
glass electrode ( white lines ) through a craniotomy. Whereas a control microelectrode containing 
artifi cial cerebrospinal fl uid (ACSF) and rhodamine-dextran caused little or no microglial response 
( left ), similar electrodes containing 10 mM ATP induced rapid extension of microglial processes 
towards the tip of the electrode ( right ). Panels g-i adapted from (Davalos et al.  2005 )       
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their classic known abilities, such as their membrane ruffl ing upon stimulation, 
 chemotactic migration towards a concentration gradient, activation and secretion of 
cytokines in the culture medium following stimulation, and phagocytic behaviors 
(Smith et al.  1998 ; Hide et al.  2000 ; Honda et al.  2001 ; Shigemoto- Mogami et al. 
 2001 ; Wollmer et al.  2001 ; Xiang et al.  2006 ; Ohsawa et al.  2007 ; Jeon et al.  2012 ). 
In vitro studies have the advantage that they can be performed under well-defi ned 
conditions, allowing the experimental manipulation of cells by transfection of exog-
enous genes and addition of stimulatory or inhibitory agents. As a result, in vitro 
cell culture studies have elucidated both cellular and molecular properties and capa-
bilities of microglia under specifi c experimental conditions. However, as is the case 
with all cell types, both immortalized and primary microglial cultures have signifi -
cant limitations with respect to the artifi cial environment that cells grow in, their 
viability, and their relevance to cells in their physiological environment.  

4.3.3     Ex Vivo Studies of Microglia in Acute or Organotypic 
Slice Cultures 

 To overcome some of the in vitro limitations, microglia have been studied in their 
endogenous microenvironment, mostly within acutely extracted tissue from brain 
slices. In the fi eld of neuroscience, brain slice preparations have been used in elec-
trophysiological, morphological, biochemical, and pharmacological studies of 
brain structures. For example, imaging studies performed in brain slices have 
expanded our understanding of dendritic calcium dynamics and the biochemical 
signals regulated by neuronal activity (Svoboda et al.  1997 ; Nagerl et al.  2004 ; 
Lohmann et al.  2005 ; Yasuda et al.  2006 ; Muller et al.  2012 ). Brain slice prepara-
tions provide precise control of experimental conditions, such as temperature, pH, 
oxygen, carbon dioxide (CO 2 ), and ionic and drug concentrations, while maintain-
ing cells in the context of the tissue that surrounds them. As such, these preparations 
have facilitated the examination of electrophysiological properties and metabolic 
parameters of intact neuronal and glial cells, which can easily be located, identifi ed, 
and accessed within a brain slice. A technical advantage of brain slices over in vivo 
studies is that they can be performed without contamination from anesthetics, mus-
cle relaxants, or intrinsic regulatory substances (Wang and Kass  1997 ). They also 
offer great stability for imaging purposes and electrophysiological recordings due 
to the lack of movement artifacts that are generated from the heartbeat and respira-
tion pulsations. 

 On the other hand, brain slices also have inherent limitations. Although the archi-
tecture and connectivity of the spared tissue can be maintained and kept functional 
within a distance from the edges of a slice and for a certain period of time, brain 
slices lack inputs and outputs from distant connections that have been severed. In 
addition, both acute and organotypic brain slices have a limited lifespan, with the 
fi rst being viable for a few hours and the latter for a few days to weeks, depending 
on the preparation and the goal of the study (Lossi et al.  2009 ). Moreover, since 
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blood circulation through the vascular system cannot be maintained, even evolved 
artifi cial bathing media that have improved the viability of slices lack blood-derived 
factors and the physiological signaling that occurs between vascular, neuronal, and 
glial cells. The effects of decapitation ischemia produced by the loss of blood  supply 
and the stress that the tissue undergoes until bathed in media are not well under-
stood, and probably signifi cantly underestimated (Mayevsky  1978 ). Most 
importantly for microglial studies, slicing an acutely extracted brain delivers exten-
sive tissue injury, especially at the top and bottom surfaces of the slice. Although 
this may not appear to affect neuronal and other glial cell populations that may 
continue to function “physiologically” as long as they are located further away from 
the slice surfaces, the same is not true for microglia. Microglia have myeloid origins 
and are, thus, immune cells programmed to respond to tissue damage in the brain or 
the spinal cord (Thomas  1992 ; Kreutzberg  1996 ; Gonzalez-Scarano and Baltuch 
 1999 ; Raivich et al.  1999 ). As tissue injury is an unavoidable effect of the prepara-
tion procedure, brain slicing causes microglia to become activated and undergo a 
series of changes in their cellular morphology, behavior, and gene expression pro-
fi le, the degree of which depends on the severity of the incurred injury (Fig.  4.2c, d ; 
Davis et al.  1994 ; Stence et al.  2001 ; Petersen and Dailey  2004 ). Some of the most 
commonly observed functions of activated microglia include cell proliferation, 
migration, phagocytosis, and up-regulation of typical immunological markers and 
antigen-presenting cell capabilities (Kreutzberg  1996 ; Aloisi  2001 ; Carson  2002 ). 
Several of these functions were fi rst observed and described before the advent of 
two-photon microscopy, by ex vivo imaging studies performed in brain slices using 
white light or fl uorescence microscopy (see below).   

4.4     Imaging Studies of Microglial Morphology 
and Activation In Vitro or Ex Vivo 

 The ability of microglia to perform highly active movements has been evident since 
the earliest imaging studies were performed in dissociated cell cultures (Fig.  4.2e ; 
Booth and Thomas  1991 ; Ward et al.  1991 ; Haapaniemi et al.  1995 ; Tomita et al. 
 1996 ; Takeda et al.  1998 ). Imaging microglia by time-lapse confocal microscopy in 
acutely extracted mouse brain slices led to a detailed description of the morphologi-
cal transformation that they undergo from their presumed sessile ramifi ed pheno-
type in the unperturbed brain (Stoll and Jander  1999 ) to that of fully activated cells 
that migrate to sites of injury, typically towards the surfaces of the slices (Czapiga 
and Colton  1999 ; Stence et al.  2001 ). This transformation included almost complete 
withdrawal of microglial “resting” processes before activated microglia were able 
to migrate, proliferate, and phagocytose dead or injured cells and cellular debris 
(Fig.  4.2f ; Stence et al.  2001 ). Interestingly, under acute slicing conditions, preexist-
ing ramifi ed branches were found to be incapable of extension and only underwent 
a slow retraction, sometimes until complete withdrawal, while new “reactive” pro-
cesses had to form for activated microglia to phagocytose injured cells or debris 

D. Davalos and M. Fuhrmann



95

(Stence et al.  2001 ). Similarly, different microglial motility behaviors were described 
in mouse brain slices towards recently deceased versus preexisting dead cells 
(Petersen and Dailey  2004 ). 

 In another confocal time-lapse video microscopy study, microglial migratory 
patterns were studied in acute mouse brain slices in which a stab wound injury was 
delivered 1–7 days prior to slice preparation. As a result, microglia in the injured 
hemisphere had suffi cient time to become activated by the injury in vivo, and their 
motility patterns were compared to those of cells in the contralateral, uninjured 
hemisphere (Carbonell et al.  2005 ). Microglia activated by the stab wound injury 
exhibited increased migratory activity for 1–4 h after acute brain slice preparation 
from mice sacrifi ced 1 and 3 days after injury. These motility patterns were not 
directed but instead appeared autologous and non-biased and were hence character-
ized as a “random walk” (Carbonell et al.  2005 ). The behavior of microglia in 
organotypic slice cultures was shown to vary signifi cantly over time and with the 
preparation methods, as discussed above, but also between animal species and 
medium contents (Czapiga and Colton  1999 ). 

 The analysis of “snapshots” of biological events by classic histological 
approaches could hinder the full appreciation of the sequence or causality between 
ongoing cellular processes, responses to stimuli, and transient cell–cell interactions 
(Davalos and Akassoglou  2008 ). Although some of these phenomena can be studied 
ex vivo, the preparation and conditioning of slice cultures inherently activates 
microglia, the fi rst responders to brain injury (Dailey and Waite  1999 ). Therefore, 
careful consideration of the physiological relevance of observed microglial 
responses in slice studies is required, as many of the cells are exposed and hence 
react to the massive tissue injury in their vicinity. In contrast, imaging microglia in 
their intact environment represents a reliable approach to investigate their interac-
tions with the surrounding tissue, in the absence of underlying injury signals.  

4.5     Redefi ning the Role of Microglia by Imaging 
Them In Vivo for the First Time 

4.5.1     Baseline Process Dynamics 

 For many decades, the highly branched microglia in the unperturbed adult brain 
were considered to be largely inactive. As a result, ramifi ed microglia were charac-
terized as “resting”, underscoring the limited functional role that was attributed to 
the cells under normal conditions compared to their activated state (Streit et al. 
 1988 ; Davis et al.  1994 ; Stoll and Jander  1999 ). The concept of “resting” microglia 
in the physiological brain was challenged by the fi rst in vivo imaging studies of 
microglia in the mouse cortex, published in 2005. By performing  transcranial two-
photon imaging in CX3CR1 GFP/+  mice, Davalos et al. and Nimmerjahn et al. showed 
that the higher order processes of ramifi ed microglia demonstrate a highly motile 
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behavior, while their cell bodies and main processes remain relatively stationary 
(Fig.  4.2g ; Davalos et al.  2005 ; Nimmerjahn et al.  2005 ). These real-time recordings 
of the continuous cycles of small extensions and retractions of the fi ner microglial 
processes were the fi rst in vivo demonstration of the tissue surveillance function of 
microglia in the unperturbed mammalian brain, in real time. Moreover, this was a 
completely unexpected result that generated extensive interest in the physiological 
signifi cance of microglia and is currently being investigated by many groups 
globally.  

4.5.2     Rapid Response to Focal Brain Injury 

 The fi rst imaging study of microglial behavior in a living organism was performed 
in the leech, examining their responses to massive nerve injury. By labeling only 
cell nuclei and using ultraviolet illumination for fl uorescence video microscopy, 
invertebrate microglia were found capable of rapidly migrating along axonal tracks 
towards nerve lesions from distances often further than 200 μm away (McGlade- 
McCulloh et al.  1989 ). These migratory responses were similar to those described 
in mouse brain slices that were discussed above and seem to be typical for microglia 
challenged with massive neuronal injury. The ability of microglia to rapidly contain 
localized damage in their vicinity was also fi rst described by in vivo two-photon 
microscopy in CX3CR1 GFP/+  mice. 

 By taking advantage of the focal properties of the two-photon laser, Davalos 
et al. and Nimmerjahn et al. introduced small focal injuries in the mouse cortex, 
delivered either to the brain parenchyma or on cortical blood vessels. In both cases, 
neighboring microglia exhibited very rapid responses by extending their processes 
directly towards the sites of injury and physically containing them (Davalos et al. 
 2005 ; Nimmerjahn et al.  2005 ). Microglial processes showed enlarged bulbous ter-
mini within seconds and began extending within only a few minutes (Fig.  4.2h ). 
Interestingly, when challenged with two injuries very close to each other, individual 
microglial processes of even the same cell can differentially respond by extending 
towards the nearest injury site (Davalos et al.  2005 ). These studies showed that 
acute microglial responses to localized injury delivered in the living brain were 
signifi cantly different from those previously described in ex vivo setups, thereby 
challenging the concept that a “reactive transformation” was required for microglia 
to respond to traumatic injuries. Injuries that can be contained locally do not neces-
sarily require process retraction, migration, and proliferation of microglia, as 
described in brain slice experiments. Also, preexisting processes of the ramifi ed 
microglia are capable of morphological activation within seconds after they are 
challenged and can individually respond to nearby damage without delay (Davalos 
and Akassoglou  2008 ). In line with these observations, it was recently shown in situ 
that microglial phagocytosis of apoptotic neurons in the physiological brain is fast 
and effi cient, can be performed by ramifi ed cell processes, and does not require 
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 pre- activation of the cells by an infl ammatory or a traumatic challenge (Sierra et al. 
 2010 ). Finally, microglial process extension was always directed towards the sites 
of injury (Davalos et al.  2005 ; Nimmerjahn et al.  2005 ). Cell body migration was 
not observed over the fi rst 10 h after laser-induced injury (Davalos et al.  2005 ), but 
likely occurs over longer periods, since an increase in microglial numbers was 
reported after reimaging in vivo the same sites 1–3 days after injury (Kim and 
Dustin  2006 ), unlike what was previously shown ex vivo following stab wound 
injury in mice (Carbonell et al.  2005 ).  

4.5.3     Discrepancies Between In Vitro and In Vivo Imaging 
Studies of Microglial Behavior 

 Though similar approaches might have proven more reliable for studying other cell 
types, attempting to predict microglial behavior in the intact CNS based on what 
had previously been described either in culture or in brain slices proved largely 
unsuccessful. The confl icting fi ndings likely represent the different cellular and 
molecular properties that microglial cells have to acquire under artifi cial conditions 
in vitro, compared to those in the intact CNS. Interestingly, dissimilarities in the 
fi ndings from in vitro and in vivo studies of microglial biology are not only limited 
to imaging studies of cell morphology and behavior. Gene expression profi les in 
cultured microglia differ signifi cantly among cells that were extracted using differ-
ent isolation methods, and often more so if compared to microglia in vivo. A com-
prehensive and comparative transcriptional profi ling following LPS stimulation of 
microglia in vitro and in vivo was done for 480 infl ammation-related genes and 
analyzed by custom-spotted microarray analysis (Lund et al.  2006 ). The outcome of 
these studies was correlated with data from a proteomics analysis and genome span-
ning Affymetrix chips to evaluate differences between methodologies and to obtain 
additional information on the regulation of non-infl ammatory genes and proteins 
(Lund et al.  2006 ). This thorough comparison of the effects of the most commonly 
used activating molecule for microglia showed that although most infl ammatory 
genes induced in vitro were also upregulated in vivo, several discrepancies were 
identifi ed between the two experimental settings. These differences may offer the 
molecular basis of the observed functional and behavioral differences for microglia 
in vivo and are likely due to regulatory factors and compensatory mechanisms pres-
ent in the CNS but not in a dish. Nevertheless, the identifi cation of such discrepan-
cies and limitations does not discredit the observations made in vitro or ex vivo, but 
highlights the importance of fully acknowledging the applicability and limitations 
of each experimental design. Accurate interpretation of the results acquired under 
specifi c experimental conditions is imperative for placing study fi ndings in the 
appropriate context, especially for cells as responsive to changes in their microenvi-
ronment as microglia.   
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4.6     Regulation of Microglial Process Dynamics In Vivo 

 The surprising features of the observed microglial behaviors in vivo created the 
need to study their molecular properties and signaling mechanisms in their natural 
habitat inside the living brain (Davalos and Akassoglou  2008 ). Among the fi rst 
questions asked were about the mechanisms that regulate microglial tissue surveil-
lance, and about the nature of the molecules involved in attracting microglial pro-
cesses towards sites of damage. Several molecules have been shown to activate 
microglia, induce morphological changes, and attract them in a concentration 
gradient- dependent manner in vitro. However, most studies have addressed these 
issues on a time scale of several hours to days, in accordance with typical immuno-
logical response paradigms. The constant motility of microglial processes in unper-
turbed conditions implies a mechanism that is acutely regulated within the 
physiological brain. Moreover, the rapid directional convergence of microglial pro-
cesses towards a localized injury implies the presence of a gradient of one or more 
highly diffusible and abundant molecules that can mediate this phenomenon. 

4.6.1     Regulation of Rapid Microglial Responses 
to Localized Injury 

 Davalos et al. demonstrated that extracellular ATP is suffi cient for mediating rapid 
microglial responses by directly injecting ATP in the living cortex and imaging 
microglial responses in vivo (Fig.  4.2i ). Using several pharmacological inhibitors 
applied directly on the exposed cortex, they showed that ATP signaling through P2Y 
receptors is essential for mediating microglial responses to local ATP application, as 
well as to focal brain injury (Davalos et al.  2005 ). This result was genetically con-
fi rmed by another in vivo imaging study that used microglia lacking the P2Y12 
receptor and showed that they are incapable of responding to laser-induced injury 
in vivo (Haynes et al.  2006 ). Indeed, ATP is a highly diffusible small molecule that 
is also highly concentrated intracellularly, but not present in the cerebrospinal fl uid, 
making ATP a good candidate for explaining the rapid microglial process responses 
as they were imaged in real time in vivo, following tissue damage. 

 Since these responses required process extension lasting for 30–60 min until the 
injury was contained, how could a single blast of ATP from the injured cells sustain 
microglial responses to the site of injury? One possibility is that the surrounding 
tissue plays a role in preserving and regenerating the signals that fuel the observed 
microglial response to damage. Indeed, pharmacologically blocking ATP release 
from astrocytes in vivo was suffi cient to arrest microglial process extension to laser 
injury, implying a role for astrocytes in mediating the rapid and widespread microg-
lial response to focal brain injury (Davalos et al.  2005 ). The ability of ATP to act as 
a chemoattractant of microglia in vitro had previously been recognized (Honda 
et al.  2001 ), and there is extensive literature describing the activating effects of 
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purinergic signaling on microglial cell lines, primary cells, and microglia in brain 
slices (Hide et al.  2000 ; Honda et al.  2001 ; Shigemoto-Mogami et al.  2001 ; Xiang 
et al.  2006 ; Ohsawa et al.  2007 ; Inoue  2008 ; Koizumi et al.  2013 ). However, the 
study of this phenomenon inside the intact brain, where all cellular constituents are 
present, allowed the identifi cation of this intriguing cell–cell interaction between 
astrocytes and microglia and revealed their orchestrated responses to brain injury 
(Davalos et al.  2005 ). Follow-up studies done in acute brain slices were able to 
recapitulate aspects of the rapid microglial responses to ATP and characterize some 
of the molecular downstream players involved in them. For example, the generation 
of outward potassium currents, the phosphoinositide 3-kinase (PI3K) pathway 
(Wu et al.  2007 ), and the activation of integrin-β1 (Ohsawa et al.  2010 ) were shown 
to be involved in the directional process extension by microglia in brain tissue. The 
role of ATP signaling in microglia is discussed in further detail in Chap.   3    . 

 A similar mechanism of ATP-dependent rapid microglial responses to focal laser 
injury was also described in white matter by in vivo imaging in the dorsal mouse 
spinal cord (Lee et al.  2008 ). This study revealed that the nitric oxide (NO) pathway 
is also involved in regulating rapid microglial responses to injury. Using a combina-
tion of local inhibition or activation experiments for both the NO and ATP path-
ways, Dibaj et al. demonstrated that blocking the NO pathway arrests microglial 
responses, which can be triggered by donors and downstream compounds of the NO 
pathway. Interestingly, though the ATP effect on microglia was found to be indepen-
dent of the NO pathway, a substantial purinergic infl uence on the NO-mediated 
microglial attraction was evident (Lee et al.  2008 ). The involvement of the NO 
 pathway in mediating microglial migration to neuronal injury had previously been 
demonstrated in the leech nerve cord, in an elegant study combining a similar array 
of pharmacological treatments and low-light fl uorescence video microscopy to 
track individual Hoechst-stained microglia as they migrated to a crush site (Chen 
et al.  2000 ). Finally, volume-sensitive chloride channels were shown to be required 
for the rapid process outgrowth of microglia in response to laser-induced damage in 
brain slices (Hines et al.  2009 ). The same study showed that the microglial contain-
ment of injury sites prevented lesion expansion at least in the acute brain slice set-
ting, suggesting a benefi cial role for this rapid and localized microglial response 
following brain injury (Hines et al.  2009 ).  

4.6.2     Regulation of Microglial Baseline Process Motility 

 The striking observation that microglial processes are so dynamic, even under phys-
iological conditions, has attracted a lot of attention since it was fi rst described by 
performing in vivo imaging in the mouse cortex. Similar baseline motility observa-
tions were made in vivo in the developing zebrafi sh embryo (Peri and Nusslein-
Volhard  2008 ), as well as in mouse spinal cord and retinal explants under 
physiological conditions (Davalos et al.  2008 ; Lee et al.  2008 ). This implies a func-
tion of fundamental signifi cance for all anatomical sites of the CNS. What is the 
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biological signifi cance of the “baseline motility” pattern of microglial processes? 
Are they simply performing surveillance of the extracellular space to ensure struc-
tural integrity of their immediate neighbors, or are they participating in physiologi-
cal brain functions? What are the molecular signals and downstream mechanisms 
that mediate these small extension and retraction events? Do these events play dif-
ferent roles in the developing, adult, and diseased CNS? Such questions became the 
subject of several studies in postnatal development, adult neuronal plasticity, and 
neuronal circuit function and dysfunction. While several of these matters are dis-
cussed in depth in separate  chapters of this book, we will highlight some of the 
fi ndings that emerged from in vivo imaging studies. 

 One hypothesis is that microglial processes extend rapidly in response to neuro-
nal synaptic activity in their vicinity. This is certainly a reasonable assumption, 
since microglial baseline process dynamics are very transient, similar to events 
occurring in nearby synaptic clefts. However, reducing neuronal activity with tetro-
dotoxin (TTX, a sodium channel blocker) had no signifi cant effect on baseline 
microglial dynamics in vivo, while enhancing synaptic activity with a γ-aminobutyric 
acid (GABA)-receptor inhibitor had a slightly stimulating effect at increasing their 
sampled area (Nimmerjahn et al.  2005 ). In both cases, the velocity of microglial 
process changes was also unaffected, suggesting that microglial tissue surveillance 
may not be directly modulated by neuronal activity in their vicinity. This fi nding 
was in agreement with a study in acute hippocampal slices where simultaneous 
electrophysiological recordings and time-lapse confocal microscopy showed that 
glutamate, GABA, or long-term potentiation did not induce chemotaxis in microg-
lia (Wu and Zhuo  2008 ). 

 Interestingly, sensory deprivation by binocular enucleation in mice induced a 
reduction of neuronal activity, which was followed by a prominent retraction of 
microglial processes in the visual cortex over a few hours (Wake et al.  2009 ). This 
study performed the fi rst in vivo imaging analysis of the interaction between microg-
lia and axonal boutons or dendritic spines, the sites of synaptic connections between 
neuronal cells. By crossing the Iba1–GFP mice with a Thy1-driven neuronal reporter 
line (the GFP-expressing M-line (Feng et al.  2000 )), Wake et al. detailed the fre-
quency and duration of direct contacts between microglial processes and pre- and 
post-synaptic neuronal structures. They found a clear reduction in the number of 
contacts with pre-synaptic axon terminals following a reduction of neuronal activ-
ity, implying that at least part of  the microglial baseline surveillance activity is 
directed toward synapses, and may depend on their functional status (Wake et al. 
 2009 ). Interestingly, following an ischemic challenge, microglial processes made 
prolonged contacts with axon terminals that lasted for >60 min (versus ~5 min in 
normal conditions), and sometimes resulted in the disappearance of the neuronal 
structures (Wake et al.  2009 ). 

 The possibility that microglia may be involved with the removal of neuronal 
processes was explored in another elegant study that used in vivo two-photon 
microscopy in combination with immunocytochemical electron microscopy (EM) 
and serial section EM followed by tedious three-dimensional (3D) reconstruction 
analyses. Tremblay et al. crossed CX3CR1-GFP with the Thy1-YFP H-line 
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(Feng et al.  2000 ) to label microglial and neuronal processes with different 
 fl uorescent proteins and record their interactions over time, in the presence or 
absence of sensory experience in the visual cortex of juvenile mice (Tremblay et al. 
 2010 ). In normal conditions, microglial processes interacted mostly with small and 
transient dendritic spines, which were typically lost over 2 days. Following light 
deprivation, however, microglial processes became less motile and shifted their 
preference towards larger dendritic spines that persistently shrank (Tremblay et al. 
 2010 ). The EM analysis confi rmed the extensive envelopment of synaptic elements 
and the presence of phagocytic structures sometimes with ultrastructural features of 
axon terminals and dendritic spines inside of microglial processes, particularly 
under conditions of sensory deprivation, in the juvenile mouse cortex (Tremblay 
et al.  2010 ). Interestingly, similar inclusions were also observed in the aged brain 
(Tremblay et al.  2012 ). Overall, these fi ndings imply a role for microglia in synaptic 
stripping throughout life. 

 Microglia are indeed essential for sculpting the developing mammalian brain, by 
contributing to the elimination of newborn cells, neurons, and synapses, both in the 
early postnatal days and in adulthood (Marin-Teva et al.  2004 ; Sierra et al.  2010 ; 
Paolicelli et al.  2011 ). In accordance with the in vivo observations, another elegant 
set of studies in the developing retino-geniculate system has demonstrated in situ 
that sculpting of this network requires microglial engulfment and remodeling of 
synaptic connections in a complement C1q and C3/C3R-dependent manner (Stevens 
et al.  2007 ; Schafer et al.  2012 ). Interestingly, the initiation of the complement pro-
tein expression seems to be regulated by transforming growth factor β (TGFβ) 
(Bialas and Stevens  2013 ), and there is a clear link between the complement- 
mediated synaptic pruning by microglia and neuronal activity (Schafer et al.  2012 ). 
For further information about the role of microglia in development, please refer to 
Chaps.   7    ,   8    , and   9    . Overall, there are several indications linking the microglial base-
line process motility with synaptic activity and neuronal network modulation, but 
we are only beginning to uncover the cellular and molecular mechanisms involved 
in these processes and the potential impact they may have for neuronal function.   

4.7     Imaging Studies of Microglia in the Retina 

 The retina is considered a part of the CNS and it is often preferred by investigators 
as an experimental model due to its simple cellular architecture and accessibility, 
compared to the brain and spinal cord. Proper preparation of whole retinal explants 
seems to introduce less tissue damage to the retina itself than brain slicing, an attri-
bute that is likely responsible for the recapitulation in these preparations of several 
microglial behaviors previously described in the cortex in vivo. For example, 
ex vivo imaging of microglia in retinal explants using time-lapse confocal imaging 
showed similar baseline extension and retraction process dynamics to the adult 
unperturbed cortex (Lee et al.  2008 ). In response to laser injury, ramifi ed microglia 
responded by rapid processes extension, as well as cell migration (Lee et al.  2008 ). 
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Abolishing the fractalkine receptor (CX3CR1) in microglia diminished both the 
responses to injury and the baseline dynamics of microglial processes in retinal 
explants (Liang et al.  2009 ). This fi nding implies that these microglial responses 
may be regulated through the fractalkine ligand–receptor interaction expressed in 
neurons and microglia, respectively. Moreover, both the morphology of microglia 
and their process dynamics were differentially regulated by different modes of neu-
rotransmission in retinal explants. Specifi cally, there was an increase in baseline 
motility by glutamatergic and a decrease by GABAergic neurotransmission 
(Fontainhas et al.  2011 ). However, similar to experiments in the mouse cortex, 
these neurotransmitters could not induce microglial responses directly; instead, 
they appeared to be mediated indirectly via extracellular ATP released in response 
to glutamatergic neurotransmission through probenecid-sensitive pannexin hemi-
channels (Fontainhas et al.  2011 ). Interestingly, the baseline dynamics of microg-
lial processes were also reduced in the mouse cortex, in the presence of 
pharmacological inhibitors of purinergic receptors (Davalos et al.  2005 ). Overall, 
these observations imply that retinal explants might offer a good ex vivo alternative 
for studying microglia in a controlled setting that may still preserve some funda-
mental aspects of the in vivo condition. Nevertheless, since retinal explants are still 
ex vivo preparations devoid of blood circulation, they also only remain stable for 
limited periods of time. 

 The retina has also been imaged in vivo in CX3CR1-GFP mice using confocal 
scanning laser ophthalmoscopes (cSLO). Highly motile microglia were shown to 
migrate from distances up to 400 μm towards laser-induced injuries, starting from a 
few minutes to hours, and persisting at the injury sites for at least a few weeks (Eter 
et al.  2008 ; Paques et al.  2010 ). Similarly, longitudinal cSLO imaging was used to 
track microglial responses in models of retinal ganglion cell damage. Following 
optic nerve crush injury and acute elevation of intraocular pressure, microglia trans-
formed from a ramifi ed to an amoeboid morphology and signifi cantly increased in 
numbers over the fi rst week post-injury. These microglia gradually returned to the 
ramifi ed morphology and near-baseline cell densities over 3 additional weeks (Liu 
et al.  2012 ). These results show that the massive microglial responses that were 
previously described in brain slice experiments also occur in vivo, but only under 
conditions of extensive tissue injury that require recruitment of distant cells to con-
tain such widespread trauma. They also underscore the adaptability of the brain’s 
resident immune cells to different types of damage as well as their ability to return 
to a nonactivated state once a particular insult has been addressed. 

 On the other hand, even microglia are limited in their abilities to address some 
challenges, especially those that are of a chronic nature, such as in the context of 
neurological disease or normal aging. For example, ex vivo imaging in a retinal 
explant identifi ed a number of morphological and functional impairments in aged 
microglia that were also recently confi rmed in vivo, in the mouse cortex (Hefendehl 
et al.  2014 ). Unchallenged cells presented with signifi cantly smaller and less 
branched dendritic arbors and exhibited slower process motilities (Damani et al. 
 2011 ). In addition, while young microglia extended processes toward extracellu-
larly applied ATP, aged microglia became less dynamic and ramifi ed. In response to 
laser-induced injury, aged microglia demonstrated slower responses acutely, which 
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were sustained for longer than those of microglia in younger retinas (Damani et al. 
 2011 ). The compromised responses of senescent microglia both in terms of tissue 
surveillance and in response to injury reveal potential roles for microglia in age- 
dependent neuroinfl ammatory degeneration of the CNS.  

4.8     In Vivo Imaging Studies of Microglia in CNS Disease 

 Microglia have been implicated in the pathogenesis of neurodegenerative and neu-
roinfl ammatory diseases, such as Alzheimer’s disease (AD), Huntington’s disease 
(HD), age-related macular degeneration, multiple sclerosis (MS), amyotrophic lat-
eral sclerosis (ALS), and several others (Perry et al.  2010 ). The role of microglia in 
MS and AD will be discussed in detail in Chaps.   16     and   18    , respectively. In the 
following paragraph, we will primarily focus on imaging studies of microglia 
related to these diseases. The involvement of microglia in pathologies of both 
the brain and spinal cord can be acute or chronic, and depending on the disease or 
tissue context, microglia may exert harmful or benefi cial effects. As discussed 
above, microglia can contain injuries and limit the damage to surrounding healthy 
tissue, by clearing cellular debris in the eye, the spinal cord, or the cortex. Their 
accumulation around lesions can also be found in most neurological diseases. For 
example, microglia reside around amyloid beta (Aβ) plaques in AD, and they are 
found in increased numbers in prion disease, in the substantia nigra in Parkinson’s 
disease, in MS lesions, etc. However, whether their chronic activation in many of 
these pathologies is protective or damaging remains largely unknown. In recent 
years, animal models for most neurological diseases have been developed and tre-
mendously improved, and although they still present limitations, some can recapitu-
late several aspects of the human conditions to a satisfactory degree. Given the very 
dynamic nature of microglial responses to their microenvironment, using two- 
photon microscopy to follow microglial responses over the course of disease in 
available animal models represents a powerful approach to further elucidate their 
role and understand how to treat them in the context of CNS disease. 

4.8.1     In Vivo Imaging of Microglia in Neurodegeneration: 
Alzheimer’s Disease 

 AD is characterized by the accumulation of Aβ in plaques and by the intracellular 
aggregation of hyper-phosphorylated protein tau (Haass and Selkoe  2007 ; Palop and 
Mucke  2010 ). In AD, increased numbers of activated microglia have been identifi ed 
around Aβ plaques (Fig.  4.3a ) and in proximity of hyper-phosphorylated tau-bearing 
neurons (Hanisch and Kettenmann  2007 ; Kettenmann et al.  2011 ), suggesting that 
AD exhibits a prominent neuroinfl ammatory component comprising the innate 
immune system. Two-photon in vivo imaging has had a signifi cant impact on AD 
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research and our understanding of the role of microglia in this disease. 
 Meyer- Luehmann et al. investigated the formation of new plaques and showed in 
a semi- quantitative way that microglia were rapidly recruited to newly formed 
Aβ plaques, using in vivo labeling of Aβ with the blood-brain barrier (BBB)-
permeant dye MethoxyX04 (Meyer-Luehmann et al.  2008 ). In another study, 

  Fig. 4.3    In vivo imaging of microglia in mouse models of neurological disease. ( a ) Microglia 
( green ) accumulate around amyloid beta plaques that are stained with MethoxyX04 ( blue ). ( b ) 
Microglia ( green ) increase in density around neurons that subsequently disappear ( yellow ) sug-
gesting that they are involved in neuronal loss in a mouse model of Alzheimer’s disease. Blood 
vessels ( red ) are labeled with an intravenous injection of Texas-red dextran. Adapted from 
(Fuhrmann et al.  2010 ). ( c ) Microglia ( green ) cluster around blood vessels ( red , labeled as in  b ) at 
different stages of neuroinfl ammatory disease. Microglial perivascular clusters start forming 
before the onset of clinical signs, become very pronounced at the peak of experimental autoim-
mune encephalomyelitis (EAE), and continue forming and resolving even through the chronic 
phase of the disease. ( d ) In the spinal cord of healthy  CX3CR1   GFP /+  Thy1 - CFP  +  mice ramifi ed 
microglia ( green ) appear evenly distributed among healthy intact axons ( cyan ) and blood vessels 
( red , labeled by intravenous administration of fi brinogen solution). In contrast, at the peak of dis-
ease, blood-brain barrier disruption results in perivascular fi brin deposition in the perivascular 
space of leaky vessels; these areas of fi brin deposition defi ne the sites of perivascular microglial 
clusters and the areas where neuronal damage (the main culprit of multiple sclerosis) is evident, in 
the form of swelling, bending, and fragmentation of axons. Adapted from (Davalos et al.  2012 ). 
Scale bars: 20 μm ( a ,  c ), 10 μm ( b ), 5 μm ( d )       
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Bolmont et al. ( 2008 ) observed plaques that increased or decreased in size over a 
4-week period. In this study, the authors performed an in-depth in vivo imaging 
analysis of the relationship between microglia and plaques in an APP/PS1 trans-
genic mouse model of Aβ deposition crossed with the IBA1-GFP microglial 
reporter (Bolmont et al.  2008 ). They found a positive correlation between the size 
of amyloid plaques and the number of microglia associated with them. Moreover, 
they analyzed the migration of microglia in the proximity of Aβ plaques and found 
that while the majority of microglial cell bodies were sessile, a small proportion 
of cells were moving. Specifi cally, during a 24-h period, they observed microglia 
migrating towards Aβ plaques by fi rst extending a main process and then subse-
quently pulling the soma along the axis of this process towards the plaque. In the 
proximity of Aβ plaques, Bolmont et al. found an increase in total microglial 
process length, which was signifi cantly reduced for cells directly contacting the 
plaque. The authors found no difference with respect to the baseline motility of 
microglial processes in AD mice (Bolmont et al.  2008 ).

   Interestingly, Bolmont et al. also examined whether microglia are involved with 
the phagocytosis of Aβ. They showed that microglial lysosomal-associated mem-
brane protein 1 (LAMP-1)-positive lysosomes contained some MethoxyX04-labeled 
Aβ, suggesting that microglia can uptake Aβ, and thereby providing an in vivo assay 
to measure Aβ-phagocytosis (Bolmont et al.  2008 ). Liu et al. ( 2010 ) later demon-
strated that microglia are unable to phagocytose fi brillar Aβ, since MethoxyX04- 
labeled plaques did not diminish in size over time, but instead found newly formed 
protofi brillar—presumably oligomeric—Aβ within microglial lysosomes. 
Moreover, they concluded that the microglial fractalkine receptor CX3CR1 is 
involved in regulating Aβ-uptake, since CX3CR1-defi cient mice exhibit an increased 
amount of Aβ inside microglia and a diminished number of amyloid plaques. 
However, decreased plaque size (Aβ clearance) after microglial recruitment was not 
observed by Meyer- Luehmann et al., suggesting that microglial phagocytosis is not 
effective, or at least cannot compensate for continuous deposition. Overall, though 
the process of engulfment of Aβ has not been recorded in real time in the living 
brain to date, increasing the phagocytic capacity of microglia may represent a cred-
ible target for the treatment of AD. Indeed, microglia were involved in antibody-
mediated clearing of Aβ in mouse models of AD, but their contribution was found 
to be limited (Garcia-Alloza et al.  2007 ; Koenigsknecht-Talboo et al.  2008 ). 
However, the treatment periods in these studies were limited to several days, and the 
time point of treatment may also be critical. Thus, whether boosting the phagocytic 
activity of microglia, without changing the infl ammatory profi le, represents a valu-
able strategy to treat AD remains unresolved. 

 Another method in which to target microglia for the treatment of AD may be to 
improve the fi ne-process motility of microglia in response to tissue damage, as this 
process was shown to be impaired in the proximity of Aβ plaques (Krabbe et al. 
 2013 ). While many studies have investigated the relationship of microglia and Aβ, 
there is only one study that has analyzed the relationship of microglia and neurons 
in a mouse model of AD, particularly the 3xTg-AD which display both Aβ accumu-
lation and tau hyperphosphorylation. Herein, Fuhrmann et al. used two-photon 
in vivo imaging to show that microglia migrated towards neurons in advance of their 
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elimination, in the somatosensory cortex still devoid of Aβ plaques at 4–6 months 
of age (as confi rmed in situ using correlative histological analyses of the same 
 neurons imaged in vivo), and subsequently displayed a reduction in fi ne process 
motility once the neurons were lost (Fig.  4.3b ; Fuhrmann et al.  2010 ). Additionally, 
they found that the CX3CR1 was involved in this process, since CX3CR1-defi cient 
mice were rescued from microglia-mediated neuronal loss (Fuhrmann et al.  2010 ). 
The mechanisms underlying this loss of neurons are still unclear and could involve 
microglial release of cytokines, chemokines, and neurotoxins. 

 Several in vivo imaging studies have now been performed using mouse models 
of AD to investigate Aβ plaque formation, stability and growth, the kinetics of den-
dritic spine loss in relation to the proximity of Aβ plaques, etc. However, the poten-
tial contribution of microglia to amyloid deposition, plaque formation and/or 
clearance, and the potential role of microglia in shaping neuronal networks in AD 
are still very poorly understood. Besides the classical aspects of AD like synapse-, 
neuron-loss, Aβ-deposition, tau-hyperphosphorylation and gliosis, future studies 
using in vivo imaging approaches may focus also on new risk factors identifi ed for 
AD (Seshadri et al.  2010 ) and help design new strategies for patient treatments.  

4.8.2     In Vivo Imaging of Microglia in Neuroinfl ammation 

 The involvement of microglia with neuroinfl ammatory diseases such as MS and 
ALS has been known for decades. However, in vivo imaging has only recently been 
employed to study the role of microglia in neuroinfl ammation at different stages of 
disease in available mouse models. In the experimental autoimmune encephalomy-
elitis (EAE) animal model of MS, mice are immunized with a myelin antigen, 
resulting in the development of autoimmune disease that simulates several of the 
pathological characteristics of human MS, such as demyelination and axonal dam-
age in the CNS. Davalos et al. evaluated the progression of microglial responses at 
different stages of EAE by performing longitudinal in vivo imaging in the spinal 
cord of CX3CR1-GFP mice, using a previously developed imaging method (Davalos 
et al.  2008 ; Davalos and Akassoglou  2012 ). They found that microglia are the fi rst 
cellular responders in EAE, as they begin accumulating around blood vessels sev-
eral days before the onset of clinical signs of disease (Davalos et al.  2012 ). The 
number of microglial clusters was also shown to increase at the peak of disease and 
was correlated with disease severity (Fig.  4.3c ). Longitudinal in vivo imaging of the 
same spinal cord areas in the same mice at different stages of EAE revealed that 
microglial cluster formation and resolution is an ongoing process; some microglial 
clusters grow in size and some eventually get resolved, while new ones appear 
around different vessels during various disease stages (Davalos et al.  2012 ). Herein, 
time-lapse imaging of forming clusters showed the directed microglial cell body 
migration and process extension towards blood vessels for cells that were previ-
ously further away, while those that were already close to a given vessel  maintained 
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their vascular association. Moreover, in vivo imaging of dye leakage demonstrated 
that microglial clusters specifi cally formed around vessels with a disrupted BBB 
and, as a consequence of BBB disruption, perivascular fi brin deposition was shown 
to be essential for microglial clustering in the perivascular space (Davalos et al. 
 2012 ). Finally, by crossing the CX3CR1-GFP reporter with a Thy1-CFP mouse 
line, they were able to record the interactions of GFP-labeled microglia with CFP- 
labeled axons in vivo, at the peak of EAE (Fig.  4.3d ). These experiments showed 
abrupt physical manipulations of axons passing through perivascular microglial 
clusters, and showed for the fi rst time axonal fragments still expressing CFP being 
detached and taken up by microglial cells (Davalos et al.  2012 ). By performing 
in vivo imaging and correlated histology in the same spinal cord areas, combined 
with genetic or pharmacological inhibition approaches, this study provided a mech-
anistic link between the leakage of the blood protein fi brinogen at sites of BBB 
disruption and the development of axonal damage through the perivascular activa-
tion of microglia at these sites, in a mouse model of MS. 

 A mutation in the superoxide dismutase-1 enzyme (SOD1-G93A) has been asso-
ciated with the sporadic form of ALS in humans (Synofzik et al.  2010 ). A similar 
phenotype of progressive degeneration of motor neurons and pyramidal tracts was 
also seen in mice bearing the mutation (SOD1 G93A  mice). In this mouse model of 
ALS, Dibaj et al. examined the interactions between GFP-expressing microglia and 
YFP-expressing cortico-spinal tract axons in the lateral column of the spinal cord 
also by using in vivo two-photon microscopy. They found that microglia progres-
sively reduced their ramifi cation and baseline process motility velocity as a function 
of disease progression (Dibaj et al.  2011 ). The number of amoeboid microglia also 
increased in areas of axonal degeneration as the disease progressed to a more 
advanced stage with more prominent and widespread axonal pathology. In addition, 
when challenged with a focal axonal injury in their vicinity, microglia demonstrated 
a diverse profi le of acute responses at different disease stages. At disease onset, they 
appeared hyper-activated and capable of signifi cantly more robust responses towards 
the injury sites than healthy controls, while their responses were signifi cantly 
reduced in advanced disease stages (Dibaj et al.  2011 ). Interestingly, in clinically 
unaffected areas of the spinal cord, microglial responses were comparable to con-
trol, irrespective of disease stage. This in vivo imaging study in a mouse model of 
ALS revealed that microglia undergo a transition to a progressively more activated 
phenotype with disease progression that not only infl uences their morphological 
appearance, but also determines their ability to perform tissue surveillance and con-
tain injuries in the CNS. Overall, the application of in vivo imaging to studying 
microglial responses in animal models of neuroinfl ammatory disease has helped 
elucidate anatomical and structural characteristics of their activation and identify 
key pathological culprits and consequences of their sustained activation at different 
stages of CNS disease.   
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4.9     Conclusion 

 In the past decade, microglial biology has essentially been redefi ned, as a large 
number of unexpected physiological and pathological functions for these cells have 
emerged. In vivo imaging studies have been at the forefront of this dramatic expan-
sion of our understanding of microglia. The constant development of new micros-
copy technologies, mouse models and imaging methodologies promises to further 
expand our access to uncharted territories of the CNS, such as image deeper brain 
structures or in awake animals, and shed more light on the extensive functional 
repertoire of microglia. Our ability to follow the natural defenders of the brain over 
the course of a disease is an important step towards characterizing and, eventually, 
modifying their behavior in therapeutic ways. In vivo imaging is essential for cap-
turing the true potential of microglia, which is only beginning to be discovered.     
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    Chapter 5   
 Roles in Immune Responses 

             Richa     Hanamsagar      ,     Sandra     M.     Cardona      ,     Tammy     Kielian      , 
and     Astrid     E.     Cardona     

    Abstract     Microglia are best known as the mononuclear phagocytes of the central 
nervous system (CNS) parenchyma. As a resident glial cell population, microglia 
play key roles during the initiation, propagation, and/or resolution of infl ammation. 
Recently, the discovery that microglial cells continuously survey their local CNS 
environment in vivo improved our understanding of their immune-surveillance 
properties in health and disease. Microglial interactions with other elements of the 
immune system and resident cells of the CNS defi ne a fi ne balance between neuro-
protection and irreparable tissue damage. In this chapter we highlight the innate 
immune properties of microglia, with a focus on events that initiate an infl ammatory 
response within the brain proper including, Toll-like receptors, infl ammasomes, 
cytokines, and chemokines, and their relationship to immune-mediated disease 
exacerbation or resolution.  
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       Bullet Points  

•      Immune surveillance, antigen recognition, and phagocytosis are key functions of 
microglia during the initiation, propagation, and/or resolution of infl ammation.  

•   Innate immune activation of microglia can be triggered by numerous pathways 
including pattern recognition receptors and chemokine receptors.  

•   Microglial cells participate actively during innate immune responses, but also 
activate pathways that contribute to adaptive immunity.  

•   The physiological importance of microglia in infl ammasome activation during 
central nervous system (CNS) infection and neurodegeneration highlights poten-
tial venues for CNS pathogen clearance.  

•   Functions of microglia do not occur in isolation but are infl uenced by neighbor-
ing cells including astrocytes and neurons, and the blood–brain barrier.     

5.1     Regulation of CNS Innate Immune Reactions 

 Microglia are the resident mononuclear phagocytes of the CNS, comprising 
approximately 10–15 % of the total cell population within the parenchyma. These 
cells share many phenotypic and functional characteristics with macrophages and, 
as such, are major players in the brain’s innate immune responses. Developmental 
studies in mice have shown that microglia are derived from primitive yolk sac 
myeloid progenitors seeding the brain parenchyma between embryonic days 9 and 10 
(Alliot et al.  1999 ; Ginhoux et al.  2010 ), indicating that microglia constitute a 
population of cells ontogenically distinct from tissue macrophages, which origi-
nate from bone marrow-derived monocytes (Fogg et al.  2006 ;    Parwaresch and 
Wacker  1984 ). 

5.1.1     Immune Surveillance 

 Historically, the CNS was considered an immune-privileged site based on its lack of 
lymphatic drainage, low levels of major histocompatibility complex (MHC) expres-
sion, which is essential for antigen presentation (see below), and restricted diffusion 
of molecules and cells from the periphery by the blood–brain barrier (BBB). 
However, the healthy CNS is now recognized as a site where immune surveillance 
occurs (Greenwood et al.  2011 ). Microglia share several markers with bone mar-
row-derived macrophages (Prinz et al.  2011 ), including the fractalkine receptor 
CX3CR1 and the lectin Siglec-H (Gautier et al.  2012 ; Harrison et al.  1998 ). It has 
been proposed that the expression of CX3CR1 and its ligand CX3CL1 (fractalkine 
or FKN) on microglia and neurons, respectively, assists in chemotactic migration of 
microglia to neurons during neuronal injury or infl ammatory conditions (Chapman 
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et al.  2000 ; Harrison et al.  1998 ; Mizutani et al.  2012 ; Streit et al.  2005 ) (see Chap.   9     
for further reading on their roles in the healthy brain). This highlights the use of 
traditional immune chemotactic signals to facilitate specifi c interactions between 
CNS cellular constituents. 

 Immune surveillance within the CNS occurs during normal physiological condi-
tions and microglia play a critical role in this process. Although microglia were 
previously considered to exist in a “resting” state characterized by a ramifi ed mor-
phology, elegant studies have demonstrated that in the intact adult brain, microglia 
are highly active and continuously surveying their microenvironment by extending 
and retracting their motile processes (Davalos et al.  2005 ; Nimmerjahn et al.  2005 ) 
(see Chaps.   2     and   4     for further reading). This attribute may be essential to elicit 
immediate responses to neuronal injury or invading pathogens. 

 Microglia exist in at least two morphologically distinct states based exclusively 
on their appearance; namely, amoeboid and ramifi ed. The amoeboid state refers to 
cells with larger cell bodies as well as shorter and thicker processes, a phenotype 
which has been correlated with microglial “activation” in response to neuronal injury 
and infl ammatory conditions. Conversely, “quiescent” microglia are generally 
described as ramifi ed, exhibiting longer and thinner processes. Interestingly, microg-
lia possess an amoeboid morphology during early stages of CNS development, tran-
sitioning into a ramifi ed form during the late fetal and early neonatal periods (Boya 
et al.  1979 ). Ramifi ed microglia transform again into the amoeboid- like morphology 
after CNS insults, such as injury or infl ammation (Streit  2002 ; Xiang et al.  2006 ) 
(Fig.  5.1 ). However, in some models of infl ammation the correlation between 
microglial morphology and function is not as strong. For instance, low doses of sys-
temic lipopolysaccharide (LPS, a major component of the outer  membrane of 
 gram-negative bacteria) can induce the production of pro-infl ammatory cytokines 
without any apparent changes in morphology (Sierra et al.  2007 ) (Table  5.1 ). Among 
other mechanisms, microglial remodeling, swelling, and process extension were 
shown to be controlled by chloride channels (Ducharme et al.  2007 ; Zierler et al. 
 2008 ) and the phosphorylation/dephosphorylation of cofi lin, a member of the actin 
depolymerizing factor (ADF) family (Hadas et al.  2012 ), while the infl ammatory 
response is regulated by the transcription factor NFκB (Wilms et al.  2003 ). Although 
it remains unclear whether these two pathways interact, disruption of the actin cyto-
skeleton has been shown to activate NFκB in cultured human intestinal epithelial 
cells, which supports the notion that cytoskeletal disruption may occur upstream of 
NFκB (Nemeth et al.  2004 ).

5.1.2         Antigen Recognition in the CNS 

 Microglial responses are often measured based on the array of cytokines, chemo-
kines, and complement components produced during specifi c pathologies (Tables  5.1  
and  5.2 ). Cytokines are small signaling molecules that circulate within and among 
organs, affecting nearly every biological process by orchestrating the degree of 
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infl ammatory reaction. Cytokines are broadly categorized as pro-infl ammatory 
(e.g., interleukin (IL)-1β, IL-6, and tumor necrosis factor α (TNFα)) and anti- 
infl ammatory (e.g., transforming growth factor β (TGFβ) and IL-4), and further 
stratifi ed based on their capacity to promote (1) cellular immunity (i.e., the activa-
tion of phagocytes and antigen-specifi c T lymphocytes, such as helper (Th)1 cells, 
which produce mainly interferon γ (IFNγ) and IL-12); (2) antibody-mediated 
responses (mediated by Th2 cells and associated with cytokines such as IL-4, IL-10, 
and IL-13); and (3) responses mediated by Th17 cells (distinguished by their release 
of IL-17, associated with pathogen clearance and tissue infl ammation in autoim-
mune diseases) (Dinarello  2007 ) (see Chap.   16     for further reading on their roles in 
multiple sclerosis). Chemotactic cytokines (or chemokines) participate in cellular 

  Fig. 5.1    Microglia and innate immunity. Antigen recognition, phagocytosis, infl ammatory media-
tor release, and antigen presentation are among the most recognized functions of microglia in 
health and disease. Their Toll-like receptors (TLR) and danger-associated molecular patterns 
(DAMPs) receptors play an important role in recognizing antigens such as myelin byproducts, 
debris, or amyloid-beta (Aβ), making their engagement critical for sensing cellular damage. 
Membrane receptors such as CD68 and T cell immunoglobulin mucin-4 (TIM-4) are involved in 
the processes of phagocytosis and clearance of damaged cells. In general, antigens presented 
through MHC class II lead to adaptive responses that elicit Th1, Th2, or Th17 responses. In paral-
lel, antigen recognition activates the infl ammasome. The pro-infl ammatory cytokine interleukin 
(IL)-1β is implicated in the pathophysiology of numerous neurodegenerative diseases, including 
multiple sclerosis/experimental autoimmune encephalomyelitis (EAE) and Alzheimer’s disease 
(AD), and a number of central nervous system (CNS) infections ranging from bacterial meningitis, 
brain abscess, and human immunodefi ciency virus (HIV)-associated dementia. The initial response 
upon TLR activation (signal 1) in certain pathologies with further infl ammatory cues leads to IL-1β 
release and infl ammasome activation (signal 2) that in turns activates TLR components creating a 
positive feedback regulation of the infl ammatory cascade. Although the roles of infl ammasomes 
are becoming increasingly well-defi ned, insights into infl ammasome biology in the CNS are only 
just emerging. Interactions between TLRs and the infl ammasome mediate responses to both patho-
gen-associated and endogenous triggers during CNS pathology       
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activation by arresting and positioning relevant cells with spatiotemporal precision 
(Ransohoff  2009 ). The complement system also constitutes one of the fi rst defense 
mechanisms by coating the surface of cells and pathogens, thereby assisting in the 
process of phagocytosis (see Chap.   9     for more information on its involvement with 
synaptic pruning). Therefore, the coordinated control of soluble mediators by 
microglial cells is considered a key determinant in the processes of antigen recogni-
tion in the CNS (Tables  5.1  and  5.2 ).

   Innate immune activation in the CNS can be triggered by numerous pathways 
upon recognition of invading pathogens and/or tissue damage by pattern recognition 
receptors (PRRs). Within the last 10 years, much attention has been focused on Toll- 
like receptor (TLR) activation in several models of CNS infection, neurodegenera-
tive disease, and injury (Hanamsagar et al.  2012 ). TLRs are stimulated by 
pathogen- or danger-associated molecular patterns of pathogen or host origin 
(PAMPs and DAMPs), respectively, leading to NFκB and MAPK activation, and the 
subsequent release of pro-infl ammatory mediators. A total of 13 TLRs have been 
identifi ed in human, all of which are expressed at the cell surface except TLRs 3, 7, 
and 9, which are exclusive to the endosomal compartments. 

 Microglia express a wide range of TLRs to varying degrees depending on their 
phenotype (Olson and Miller  2004 ). In the resting state, many TLRs cannot be 
detected in microglia; however, TLRs are rapidly induced upon cellular activation 
(Bsibsi et al.  2002 ) (Fig.  5.1 ). In microglia, TLRs are considered a crucial fi rst line 

     Table 5.1    Microglial cytokines a    

 Cytokine  Condition  References 

 IL-1α  In vitro, viral nucleocapsid, LPS  Lee et al. ( 1993 ), Lokensgard et al. ( 2001 ) 
 IL-1β  In vitro, viral nucleocapsid, LPS, 

Aβ 
 Lee et al. ( 1993 ), Lokensgard et al. ( 2001 ), 
Lue et al. ( 2001b ) 

 IL-3  In vitro, IFNγ  Hanisch ( 2002 ) 
 IL-6  In vitro, viral nucleocapsid, LPS, 

Aβ, cytomegalovirus 
 Lee et al. ( 1993 ), Lokensgard et al. ( 2001 ), 
Lue et al. ( 2001b ), Pulliam et al. ( 1995 ) 

 IL-8  In vitro, IFNγ, HIV  Hanisch ( 2002 ), Renner et al. ( 2012 ) 
 IL-10  In vitro, IFNγ/LPS,  Hanisch ( 2002 ), Ledeboer et al. ( 2002 ), 

Williams et al. ( 1996 ) 
 IL-12  In vitro, IFNγ/LPS, IL-12  Aloisi et al. ( 1997 ), Becher et al. ( 1996 ), 

Hanisch ( 2002 ), Stalder et al. ( 1997 ) 
 IL-15  In vitro, IFNγ  Hanisch ( 2002 ) 
 IL-16  In vivo, fetal tissues  Schwab et al. ( 2001 ) 
 IL-23  In vitro, IFNγ/LPS  Li et al. ( 2003 ) 
 M-CSF  In vitro, β-amyloid  Lue et al. ( 2001b ) 
 TGFβ  In vitro, IL-1  da Cunha et al. ( 1997 ) 
 TNFα  In vitro, viral nucleocapsid, LPS, 

HIV 
 Koka et al. ( 1995 ), Lee et al. ( 1993 ), 
Lokensgard et al. ( 2001 ), Pulliam et al. ( 1995 ) 

   a Selected reports, infl uenced by activation stimuli, model, age, and species from which microglial 
cells were derived  
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of defense against bacteria and viruses, as well as recognition of endogenous danger 
signals (Kielian et al.  2005 ; Ravindran et al.  2010 ; Zhou et al.  2006 ). Resultant 
 pro- infl ammatory mediator and reactive oxygen species (ROS) production triggered 
by TLR ligands can be either benefi cial or detrimental to the host. For example, 
TLR9 activation can enhance microglial phagocytosis of amyloid-beta (Aβ) as 
reported in primary neuron-microglia cocultures (Doi et al.  2009 ), and TLR2 sig-
naling is pivotal for nitric oxide (NO) production and anti-bacterial responses fol-
lowing  Streptococcus  challenge, leading to neuronal cell death (Lehnardt et al. 
 2006 ). Conversely, persistent TLR activation may cause exaggerated immune 
responses, resulting in damage to neurons and oligodendrocytes (Lehnardt et al. 
 2002 ; Lehnardt et al.  2003 ). Microglial activation is evident following a single sys-
temic LPS injection, which also triggers the expression of numerous pro-infl amma-
tory cytokines and chemokines (Chen et al.  2012 ; Lehnardt et al.  2002 ; Rivest 
 2009 ). Although microglial activation was originally thought to result from the 
action of systemically induced cytokines elicited by TLR4 engagement, strong evi-
dence suggests that TLR4 expression within the CNS is essential for eliciting central 
infl ammation either via direct activation of resident microglia or indirectly through 
cerebral vascular endothelial cells (Chen et al.  2012 ; Lehnardt et al.  2002 ). In addition, 

    Table 5.2    Microglial chemokines a    

 Cytokine  Condition  References 

 CCL1  Ex vivo,  S. aureus   Kielian et al. ( 2001 ), Kielian et al. ( 2002 ), 
Kielian ( 2004 ) 

 CCL2  In vitro, viral Tat protein  D’Aversa et al. ( 2004 ), Kielian ( 2004 ) 
 CCL3  In vitro, LPS,  Kielian ( 2004 ), Kremlev et al. ( 2004 ) 
 CCL4  In vitro, viral Tat protein  D’Aversa et al. ( 2004 ), Kielian ( 2004 ) 
 CCL5  In vitro, LPS  Kielian ( 2004 ), Kremlev et al. ( 2004 ) 
 CCL7  In vitro, TLR2 signal  Aravalli et al. ( 2005 ) 
 CCL8  In vitro, TLR2 signal  Aravalli et al. ( 2005 ) 
 CCL9  In vitro, TLR2 signal  Aravalli et al. ( 2005 ) 
 CCL11  In vitro, neuropeptide  Wainwright et al. ( 2008 ) 
 CXCL1  In vitro, TLR2 signal  Aravalli et al. ( 2005 ) 
 CXCL2  In vitro, ATP  Kielian ( 2004 ), Shiratori et al. ( 2010 ) 
 CXCL4  In vitro, TLR2 signal  Aravalli et al. ( 2005 ) 
 CXCL5  In vitro, TLR2 signal  Aravalli et al. ( 2005 ) 
 CXCL8  IFNγ/sCD40L, viral Tat protein, 

 S. aureus  
 D’Aversa et al. ( 2004 ), D’Aversa et al. 
( 2008 ), Kielian ( 2004 ) 

 CXCL9  In vitro, TLR2 signal, IFNγ  Aravalli et al. ( 2005 ), Ellis et al. ( 2010 ) 
 CXCL10  In vitro, LPS, TLR2 signal, IFNγ, 

viral Tat protein,  S. aureus  
 Aravalli et al. ( 2005 ), D’Aversa et al. ( 2004 ), 
Ellis et al. ( 2010 ), Kielian ( 2004 ), Kremlev 
et al. ( 2004 ) 

 CXCL16  Ex vivo, glioma  Ludwig et al. ( 2005 ) 

   a Selected reports, infl uenced by activation stimuli, model, age, and species from which microglia 
were derived  
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injection of LPS directly into the brain induces robust and transient expression of 
numerous infl ammatory mediators, including IL-1, TNFα, IL-6, the subunit p40 of 
IL-12 (IL-12p40), and TGFβ through TLR4 and its adapter, MyD88 (Glezer et al. 
 2007b ). Although astrocytes, endothelial cells, and neurons have been shown to 
express TLR4 (Bowman et al.  2003 ; Liu and Kielian  2011 ; Rolls et al.  2007 ; Zhou 
et al.  2006 ), their role in immunity in response to TLR4 ligands is considered to be 
limited as compared to microglia (Glezer et al.  2006 ; Glezer et al.  2007a ). 

 Chronic neurodegeneration also leads to microglial activation (Dheen et al.  2007 ; 
Nakajima and Kohsaka  2001 ) (see Chap.   18     about microglial involvement in 
 neurodegenerative diseases). Aβ, the principal component of Alzheimer’s disease 
(AD)-associated senile plaques, has been shown to induce production of IL-1β, 
IL-6, TNFα, and IL-18 in white and gray matter microglia cultured from human 
autopsy tissue (Lue et al.  2001a ; Rogers and Lue  2001 ). IL-1β and IL-18 are pro-
duced after a series of signaling events that involve Nod-Like receptors (NLRs), 
inducing the formation of a multi-cellular complex known as the infl ammasome 
(see below). It was shown that Aβ can activate microglia through the NLRP3 infl am-
masome pathway (Blasko et al.  2004 ; Halle et al.  2008 ) and the subsequent produc-
tion of IL-1β has been proposed to worsen neurodegeneration (Lindberg et al. 
 2005 ). In Parkinson’s disease (PD), α-synuclein aggregates are considered central 
to the pathology, associated with a progressive neuronal loss in the substantia nigra 
pars compacta (SNpc). In fact, it has been shown that microglial activation is wide-
spread in the SNpc (McGeer et al.  1988 ), but also in the hippocampus, putamen, and 
 cingulate cortex of PD patient brains (Imamura et al.  2003 ). A correlation has also 
been demonstrated between microglial activation and the loss of dopaminergic ter-
minals in the postmortem midbrain of PD patients (Imamura et al.  2003 ). Indeed, 
microglia exposed to α-synuclein in vitro express high levels of IL-1β, TNFα, and 
IL-6 (Su et al.  2008 ) and a recent study has reported that α-synuclein can also acti-
vate the infl ammasome (Codolo et al.  2013 ).  

5.1.3     Phagocytosis: Scavenging Functions/Clearance 

 Phagocytosis is an evolutionarily conserved process serving to remove cellular 
debris and dying cells or aggregated proteins that can be toxic and trigger exagger-
ated immune responses. It refers to the recognition, engulfment, and degradation of 
different types of cargo including dead cells, debris, bacteria, Aβ, dendritic spines, 
etc. (Sierra et al.  2013 ). From  Drosophila  (Kurant  2011 ) to higher eukaryotes, 
efforts have been directed at understanding the molecular basis underlying the 
phagocytosis of endogenous debris and pathogens. Understanding antigen uptake 
and the pathways that lead to phagocytosis and antigen presentation for proper 
T-cell activation has also been a topic of study for many years. Microglia are con-
sidered a fi rst line of defense against invading pathogens and they respond rapidly 
to infl ammatory stimuli. A primary function of microglia is to eliminate harmful 
exogenous insults as well as endogenous proteins or cellular debris not only during 
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CNS injury, but also during development and adult neurogenesis (Sierra et al.  2013 ). 
There is ample evidence that microglia can phagocytose neurons during neuroin-
fl ammatory conditions. Generally, neuronal debris and degenerating axons are 
readily engulfed by microglia utilizing the scavenging receptor CD68 (Fraser et al. 
 2010 ; Tanaka et al.  2009 ). It is thought that the nucleotide ATP released from dying 
cells is not only an important trigger for microglial migration to sites of injury, via 
purinergic receptor and infl ammasome activation, but also regulates the phagocytic 
process itself (Koizumi et al.  2007 ). Upon axonal degeneration, it was also shown 
that microglial release of type I interferons (IFNα and IFNβ, which are important 
for protection against many viral infections) can provide additional infl ammatory 
feedback to maintain phagocytic activity, while creating a more permissive environ-
ment for axonal outgrowth in vitro (Hosmane et al.  2012 ). Interestingly, activated 
microglia have been shown to phagocytose viable neurons (Fricker et al.  2012 ), an 
in vitro observed phenomenon termed “phagoptosis” which is triggered by infl am-
mation and the transient and reversible exposure of membrane phosphatidylserine 
(PS) on stressed cells. However, the physiological implications of this process 
remain unclear (Brown and Neher  2012 ). Other work has shown that microglia play 
a neuroprotective role during CNS injury by their rapid engulfment of apoptotic 
polymorphonuclear neutrophils (PMN) (Neumann et al.  2008 ), in addition to induc-
ing T-cell apoptosis (Magnus et al.  2001 )—the latter representing a potential mech-
anism to subvert autoimmunity. Besides the role of microglia in the phagocytosis of 
bacterial and viral particles during CNS infections, several studies have highlighted 
the importance of microglial phagocytosis in response to Aβ deposition in the brain. 
For example, microglia have been shown to clear Aβ plaques through Fc receptor- 
mediated phagocytosis and peptide degradation (Bard et al.  2000 ), although they do 
not seem to reduce overall the Aβ load in the AD brain. Other surface receptors 
implicated in fi brillar Aβ engulfment include the scavenger receptor CD36, α 6 β 1  
integrin, and the integrin and thrombospondin-1 receptor CD47 (Koenigsknecht and 
Landreth  2004 ). 

 Another interesting area in the process of phagocytosis relates to the pathways 
activated during physiological versus infl ammatory conditions. Initial approaches 
using opsonized beads (i.e., polystyrene microspheres) in vivo proposed two mech-
anisms of phagocytosis. Infl ammatory microglial phagocytosis is accompanied by 
the release of TNFα, IL-1β, ROS, and NO. In contrast, homeostatic phagocytosis, 
which is important to clear apoptotic cells or myelin debris, correlates with the 
induction of anti-infl ammatory factors such as IL-10, TGF-β2, prostaglandin E2, 
and platelet-activating factor (PAF) (Ryu et al.  2012 ). Moreover, the uptake of apop-
totic cells by microglia can downregulate pro-infl ammatory cytokines, including 
TNFα, IL-12, and IL-1β (Ryu et al.  2012 ). Of relevance are the differences in lyso-
somal attributes between various cell types, including microglia, macrophages, 
monocyte-derived dendritic cells (DCs), and neutrophils. For example, a compari-
son of primary mouse microglia and J774 macrophages revealed that microglia con-
tain higher levels of many lysosomal proteases than macrophages (Majumdar et al. 
 2007 ). However, the microglial lysosomes were less acidic with a pH ~ 6, compared 
to pH ~ 5 in macrophages, suggesting a decreased lysosomal enzymatic activity. 
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Interestingly, treatment with macrophage colony-stimulating factor (M-CSF) and 
IL-6 correlated with lysosomal acidifi cation, enabling microglial cells to degrade 
Aβ fi brils effectively (Majumdar et al.  2007 ). Immunohistochemical analyses of 
primary microglia also showed that the CIC-7 chloride transporter, which acidifi es 
lysosomes via cotransporting protons and chloride ions, is not delivered effi ciently 
to microglial lysosomes, appearing mistargeted and mobilized to the ER for degra-
dation. In this study, M-CSF was also shown to induce CIC-7 traffi cking to the 
lysosomes, revealing an important pathway for the phagocytosis of different types 
of cargo upon microglial activation through M-CSF (Majumdar et al.  2011 ). As 
mentioned above, the relationship between M-CSF microglial activation and lyso-
some acidifi cation suggests a protective role in AD, by promoting degradation of 
Aβ fi brils and hence reducing plaques deposition. However, these in vitro fi ndings 
may need to be interpreted with caution, as confl icting results that microglial phago-
cytosis is the primary cause of neuronal cell death in the presence of low levels of 
extracellular Aβ were also obtained in vitro (Neniskyte et al.  2011 ). In mouse mod-
els of AD it was additionally shown that CX3CR1 deletion is associated with an 
increased phagocytic ability, leading to greater Aβ contents inside of microglial 
phagolysosomes (Liu et al.  2010b ). Therefore, cell–cell interactions between 
microglia and neurons, notably through CX3CR1-CX3CL1 communication, and 
the cytokine environment may collectively determine whether microglia are 
equipped to initiate phagocytosis. 

 Microglia express a wide range of TLRs, which makes them effective defenders 
against invading pathogens. For example, peptidoglycan (PGN) recognition is medi-
ated by TLR2 in microglia (Kielian et al.  2005 ), TLR4 is necessary for  Citrobacter 
koseri -mediated microglial activation and response to LPS (Lehnardt et al.  2002 ; 
Liu and Kielian  2009 ; Olson and Miller  2004 ), while TLR stimulation is important 
for eliciting the release of infl ammatory mediators following  Streptococcus pneu-
monia  (Ribes et al.  2010 ) and  Staphylococcus aureus  challenge (Kochan et al. 
 2012 ). Studies with cultured macrophages have demonstrated that several TLRs 
localize to phagosomes (i.e., the vesicles formed around bacteria once engulfed by 
phagocytosis) following bacterial uptake (Husebye et al.  2010 ; Underhill et al. 
 1999 ), although similar fi ndings have not yet been reported in microglia. 

 Recognition of dying cells is a key mechanism in the process of cellular diges-
tion. It is clear that the classical “eat me” signal PS, apparently specifi c to apoptotic 
cells, is recognized by the phagocytic receptor TIM-4 (T cell immunoglobulin 
mucin-4) (Kobayashi et al.  2007 ; Santiago et al.  2007 ; Savill and Gregory  2007 ). 
The phagocytic “synapse” is now considered as a complex structure, which involves 
PS and the receptors TIM-1 and TIM-4 on phagocytic cells. The seven transmem-
brane G-protein-coupled receptor BAL1 (B aggressive lymphoma 1) mediates PS 
binding on the extracellular surface, and their intracytoplasmic portions form com-
plexes with modular proteins engulfment and motility (ELMO)-Dock180-Rac 
involved in phagocytic signaling (Kobayashi et al.  2007 ; Santiago et al.  2007 ). This 
information brings us closer to understanding the mechanisms by which cellular 
debris in the form of exosomes regulate immune responses (Sokolowski and 
Mandell  2011 ).  
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5.1.4     Microglia and Infl ammasome Activation 

 Microglia are capable of recognizing a diverse array of infectious agents, including 
bacteria, fungi, and viruses (Esen and Kielian  2006 ; Kaushik et al.  2011 ; Liu and 
Kielian  2009 ; Rambach et al.  2010 ), by expressing various PRRs, namely TLRs and 
NLRs (Hanamsagar et al.  2011 ; Jack et al.  2005b ; Lee et al.  2013 ; Regnier- 
Vigouroux  2003 ). The recognition of PAMPs by TLRs makes it nearly impossible 
for a pathogen to go undetected, as it is diffi cult to evade the immune system by 
mutating an essential pathogenic motif. Microglia respond to pathogens by produc-
ing a wide range of pro-infl ammatory mediators, including ROS and nitrogen spe-
cies, cytokines, and chemokines (Aloisi  2001 ; Tambuyzer et al.  2009 ). In a similar 
manner, microglia are activated in response to endogenous danger signals such as 
the nucleotide ATP or misfolded proteins, which also culminate into pro- 
infl ammatory cytokine secretion. It is thought that recognition of these DAMPs 
occurs via the activation of NLRs within the cytoplasm of host cells. NLR infl am-
masome activation leads to the processing and release of pro-infl ammatory cyto-
kines, including IL-1β and IL-18 which have been implicated in the pathophysiology 
of numerous CNS neurodegenerative diseases, including AD and PD (Benzing et al. 
 1999 ; Koprich et al.  2008 ). Acute brain injuries such as stroke, trauma, and hemor-
rhage are also characterized by neuroinfl ammation and IL-1 release, a process 
which is particularly linked to disease exacerbation (Denes et al.  2011 ; Lu et al. 
 2005 ; Masada et al.  2003 ). A role for IL-1β and IL-18 has also been described in 
several CNS infection models, including bacterial meningitis, brain abscess, and 
human immunodefi ciency virus (HIV)-associated dementia (Ghorpade et al.  2003 ; 
Iannello et al.  2010 ; Kielian et al.  2004 ; Saukkonen et al.  1990 ; Xiong et al.  2012 ) 
(see Chap.   15     for further reading on HIV). IL-1β and its receptor IL-1R play a cru-
cial role in the amplifi cation of cytokine/chemokine networks, and bacterial clear-
ance during acute  S. aureus  infection (Kielian et al.  2004 ; Xiong et al.  2012 ). IL-1β 
and IL-18 also regulate the induction of adaptive immunity, and both cytokines have 
been shown to infl uence disease development in experimental autoimmune enceph-
alomyelitis (EAE), an animal model for multiple sclerosis (MS), an infl ammatory- 
mediated demyelinating disease of the human CNS (Gris et al.  2010 ; Sutton et al. 
 2006 ) (Fig.  5.1 ) (see Chap.   16     for further reading on MS). The clinical course of MS 
is variable but usually initiates with reversible episodes of neurological disability 
that transform into a disease of continuous and irreversible  neurological decline. 
Axonal damage and neurodegeneration are a major cause of irreversible neurologi-
cal disability in MS. Infl ammation and demyelination are additional hallmarks of 
the disease that manifest in clinical symptoms such as numbness, muscle spasms, 
optic neuritis, neuropathic pain, and paralysis (Dutta and Trapp  2011 ; Trapp et al. 
 1999 ; Trapp and Nave  2008 ). 

 In AD, extracellular Aβ triggers activation of the NLRP3 infl ammasome in 
microglia, due to lysosomal damage and cathepsin B release following fi bril uptake 
(Halle et al.  2008 ). Enhanced caspase-1 expression has been reported in the brains 
of AD patients, while double transgenic APP/PS1 mice harboring the human amy-
loid precursor protein (APP) and the presenilin 1 (PS1) mutation for familial AD 
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demonstrated reduced caspase-1, IL-1β, and Aβ burdens when lacking NLRP3 or 
caspase-1 (Heneka et al.  2013 ). NLRP3 defi ciency has been associated with a skew-
ing of microglial activation towards an M2-like anti-infl ammatory state, suggesting 
an important regulatory role for the infl ammasome in microglial-induced infl amma-
tion. It is not clear whether other types of NLR infl ammasomes could serve as plat-
forms for IL-1β processing in response to Aβ, as their contribution has not yet been 
tested in AD animal models. However, a recent study that examined NLRP1 gene 
polymorphisms in a cohort of AD patients revealed an association of four non- 
synonymous polymorphisms in NLRP1 with AD, suggesting that these mutations 
may be involved in the predisposition to AD (Pontillo et al.  2012 ). Nevertheless, a 
direct cause-and-effect relationship remains to be defi ned. 

 The EAE animal model commonly requires injection of  Mycobacterium  along 
with the myelin peptides, to render the endogenous protein immunogenic. It is 
thought that the initial detection of danger signals (which remain ill-defi ned) within 
the CNS is mediated by microglia through their ability to present antigen and secrete 
immune molecules that can recruit peripheral immune cells into the CNS. Infi ltrating 
macrophages and T cells can damage neurons, which provides signals to perpetuate 
microglial activation. If not tightly regulated, this can lead to progressive and irre-
versible tissue damage (Jack et al.  2005a ). Microglia can phagocytose myelin 
debris, which triggers IL-1β release (Williams et al.  1994 ); however, additional 
studies are needed to better defi ne the role of microglial infl ammasomes during MS 
development and/or progression. In general, NLRP3 infl ammasome activation has 
been reported as detrimental to the host in the context of EAE. For example, NLRP3-
defi cient mice displayed reduced neuroinfl ammation and delayed myelin loss in a 
model of demyelination induced by cuprizone, i.e., a dietary  chelator commonly 
used to induce demyelinating lesion in the corpus callosum of rodents as a model of 
MS (Jha et al.  2010 ). Similarly, in myelin-oligodendrocyte  glycoprotein (MOG)-
induced EAE, NLRP3 defi ciency reduced disease severity by inhibiting infl amma-
tory cell infi ltrates into the spinal cord (Gris et al.  2010 ). There is also evidence that 
the infl ammasome adaptor protein Apoptosis-associated Speck-like protein contain-
ing CARD (ASC) contributes to the progression of EAE, independently from its 
infl ammasome activity; although no association with NLRP3 expression was found 
in that study (Shaw et al.  2010 ). Nonetheless, in all cases, the cellular basis of 
infl ammasome activation remains to be determined. 

 Recently, it has been demonstrated that activated microglia are critical for the 
maintenance of chronic pain following traumatic spinal cord injury (SCI) (Hains 
and Waxman  2006 ). Additionally, microglia are among the fi rst responders to neu-
ronal damage and injury and produce a vast range of pro-infl ammatory mediators, 
including IL-1β, within hours following SCI (Pineau and Lacroix  2007 ). The 
NLRP1 infl ammasome may be involved in IL-1β and IL-18 processing following 
SCI through the activation of P2X 4  receptor in neurons (de Rivero Vaccari et al. 
 2008 ). Currently, it is thought that the majority of IL-1β release that follows SCI 
originates from neurons (Bernier  2012 ), and additional studies are needed to determine 
the role of microglia in infl ammasome activation during SCI and chronic pain (see 
Chaps.   11     and   19     for further reading on these topics). 
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 Although the CNS is usually well-protected from microbial invasion, in many 
instances are bacterial, fungal, viral, parasitic, and prion infections known to be life- 
threatening. The role of microglia in the rapid recognition and responses to pathogens 
has been extensively studied (Cosenza et al.  2002 ; Hanisch et al.  2001 ; Kielian et al. 
 2002 ; Lee et al.  1995 ). However, the physiological importance of infl ammasome acti-
vation in the context of infectious diseases has only recently begun to be investigated. 
In particular, it was shown that cultured microglia respond to live  S. aureus  by produc-
ing IL-1β in a NLRP3- and ASC-dependent manner (Hanamsagar et al.  2011 ). The 
same study demonstrated the existence of redundant mechanisms for microglial IL-1β 
release, including bacterial pore-forming toxins and extracellular ATP, as well as cas-
pase-1 and cathepsin B activity. A recent study with  Legionella pneumophila  demon-
strated that fl agellin recognition by the NLRC4 infl ammasome may be important in 
restricting bacterial replication within microglia (Jamilloux et al.  2013 ). Neurotoxin 
prion infection can also lead to NLRP3 infl ammasome activation in microglia (Shi 
et al.  2012 ), defi ning a novel trigger for the NLRP3 infl ammasome apart from the 
traditional stimuli identifi ed to date. Viral infections of the CNS were also shown to 
activate microglia, and a recent study further suggested that ROS production and sub-
sequent NLRP3 infl ammasome  activation are critical during West Nile virus infection 
(Kaushik et al.  2012 ). Other infl ammasomes such as HIN200 or AIM2, which are 
known to respond directly to viral nucleic acids, may also be involved; however, their 
role in microglia remains to be investigated.   

5.2     Microglia in the Regulation of Adaptive Immunity 

 As demonstrated in the previous section, microglia, the main immune responsive 
glial cell population of the CNS, do not only produce a myriad of infl ammatory 
cytokines and chemokines, but also receive infl ammatory signals from nearby astro-
cytes, neurons, endothelial cells, and infi ltrating leukocytes. Although chemokines 
and chemokine receptors are key players in the innate immune response, there are 
also pathways that directly link chemokine receptor signaling on microglia to the 
generation of effector T cells. In addition, alternative molecular mechanisms further 
highlight the role of microglial phagocytosis and antigen processing in effector 
T-cell responses in the CNS. Therefore, the type of CNS insult, the local infl amma-
tory response, and the molecular program of microglial cells altogether contribute 
to the contextual regulation of neuroprotective versus neurotoxic pathways. 

5.2.1     Antigen Presentation 

 T cells can recognize antigens only in the form of a peptide bound to MHC on the 
surface of antigen-presenting cells (APCs), in a process called antigen presentation. 
Professional APCs (e.g., macrophages, DCs identifi ed by the expression of CD11c, 
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and B lymphocytes) express MHC class II, while non-professional APCs (e.g., 
fi broblast, thymic epithelial cells, glial cells, pancreatic beta cells, and vascular 
endothelial cells) express MHC class I. Only professional APCs can activate a 
helper T cell that has never encountered the antigen before. Therefore, it is well 
established that adaptive immune responses depend on the function of professional 
APCs in the CNS. In addition to the peptide-MHC molecule interactions, contacts 
between the T cell and APCs via costimulatory molecules (such as CD86, intercel-
lular adhesion molecule 1 (ICAM-1), and CD40) are required for full T-cell activa-
tion. Without this costimulatory signal, T cells will arrest in a nonactivated state, 
referred to as anergy. Considering that the immune system can be detrimental or 
benefi cial to brain function, either by causing tissue damage or contributing to 
repair (Shaked et al.  2004 ; Wraith and Nicholson  2012 ), microglial ability to pres-
ent antigens to T cells through MHC class II could allow these normally quiescent 
cells to play a yet undescribed role in shaping the outcome of certain neurological 
diseases where antigen presentation is critically involved such as MS and EAE 
(O’Keefe et al.  2002 ). Some studies have demonstrated that treatment of microglia 
with granulocyte macrophage colony-stimulating factor (GM-CSF) can transform 
these cells into a DC-like phenotype in vitro (Ponomarev et al.  2005 ). Usually iden-
tifi ed as CD11c +  cells, brain DCs are found in perivascular regions of the CNS and 
in peripheral blood but might be derived from a microglial precursor as well 
(Prodinger et al.  2011 ). However, it remains unresolved whether APCs have the 
capacity to leave the CNS and transport CNS-derived antigens to the draining lymph 
nodes. Given the observations that the cerebrospinal fl uid (CSF) and CNS paren-
chyma lack naïve T cells under physiological conditions, it is commonly accepted 
that adaptive immune responses against CNS antigens are initiated in the periphery, 
and subsequently propagated to the CNS by circulating memory T cells, which are 
restimulated by antigens within the CNS (Ransohoff and Engelhardt  2012 ). The 
involvement of T cell–APC interactions in EAE has been evaluated using adoptive 
transfer experiments with activated T cells, either myelin-specifi c or ovalbumin- 
specifi c. In these experiments, the ovalbumin-specifi c T cells remained in the sub-
arachnoid space (SAS), whereas myelin-specifi c T cells readily invaded the 
parenchyma. Ovalbumin-specifi c T cells were only detected in the brain paren-
chyma when ovalbumin-pulsed APCs were placed in the SAS (Bartholomaus et al. 
 2009 ). Therefore, these data suggest that antigen-specifi c interactions between T 
cells and APCs occurring within the SAS are essential for the development of EAE 
(Ransohoff and Engelhardt  2012 ). The fact that most studies exploring microglial 
interactions with T cell activation were performed in vitro prompts careful interpre-
tation, as it was shown that microglia that develop in mixed glial cultures display a 
more activated phenotype than microglia in pure cultures (Carson et al.  1998 ). In 
vivo microglia express low levels of accessory molecules required for effi cient 
 antigen presentation and have weak antigen-presenting activity (Ransohoff and 
Engelhardt  2012 ). Although adult microglia can express costimulatory molecules 
under certain conditions (Carson et al.  1998 ; Garcia et al.  2013 ; Zhang et al.  2002 ), 
they failed to present a peptide antigen to naïve T cells in vitro (Carson et al.  1998 ). 
Furthermore, adult microglia were less effi cient, when compared to CD11c +  DCs, to 
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restimulate primed T cells and to induce T cell proliferation in vitro (Ford et al. 
 1995 ; Garcia et al.  2013 ). Similarly, during Theiler’s murine encephalomyelitis 
virus-induced demyelinating disease, CNS-infi ltrating macrophages were more 
highly activated based on their MHC class II expression than resident microglia. 
However, microglia isolated at the onset of disease were as effi cient as infi ltrating 
macrophages at inducing Th1 proliferation and IFNγ production (Mack et al.  2003 ). 
Although it was reported that EAE disease severity is ameliorated when microglia 
are selectively depleted before disease induction via systemic administration of 
ganciclovir (an antiviral nucleotide analogue) to mice engineered to express the 
thymidine kinase of herpes simplex virus (HSVTK) under the CD11b promoter 
(Heppner et al.  2005 ) (see Chap.   16     for further reading about this model), the exact 
mechanism linking microglia to APC functions in vivo remains unsolved. 

 Although microglia display enhanced clearance of myelin debris in CNS auto-
immunity models (Nielsen et al.  2009 ), compared with naïve/physiological condi-
tions, it is still unclear how the scavenging mechanism relating to antigen processing 
and presentation differs between microglia and professional CD11c-positive DCs. 
Recently it was shown that oligodendrocytes secrete small membrane vesicles 
 containing myelin antigens, called exosomes, which are effi ciently taken up by 
microglia both in vitro and in vivo. However, these exosomes are preferentially 
internalized by microglia devoid of antigen presenting capacity (Fitzner et al. 
 2011 ). Therefore, it was proposed that a decreased exosome internalization by 
MHC class II-positive microglia might allow myelin antigens to be transported 
with the interstitial fl uid to the meningeal macrophages, which could then present 
myelin-derived antigen to myelin-specifi c T cells present in the cerebrospinal fl uid 
(Fitzner et al.  2011 ; Ransohoff and Engelhardt  2012 ). It has been demonstrated, 
however, that IFNγ enables brain CD11c-expressing cells to become effective 
APCs and to induce antigen- specifi c T cells expressing the CD4 glycoprotein at 
their surface (CD4+) to proliferate and secrete cytokines specifi c to the differenti-
ated Th1/Th17 effector T cell subtypes, which are considered as encephalitogenic 
(Gottfried-Blackmore et al.  2009 ). In an entorhinal cortex lesion model, the fact 
that microglia do not upregulate MHC class II also indicates that they could repre-
sent a DC population capable of producing immunological tolerance, i.e., a condi-
tion where the immune system does not attack an antigen, under particular 
circumstances. However, evidence is still lacking to validate a role for microglia 
expressing the CD11c marker in transporting antigens from the brain to lymphoid 
organs (Prodinger et al.  2011 ). Not all microglia express CD11c, only a subpopula-
tion of about 1.1 ± 0.1 % of microglia in naïve controls, and 4 ± 0.8 % at 3 weeks 
after cuprizone treatment expressed CD11c (Remington et al.  2007 ). It was shown 
that CD11c-positive microglial cells in culture are approximately three times better 
at stimulating T cell activation than CD11c-negative cells, indicative of enhanced 
antigen presentation capacity associated with this phenotype. Also, resident brain 
microglia appeared to be key functional players during adaptive responses in the 
sub-chronic 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP, dopaminergic 
neurotoxin) mouse model of PD that is associated with T-cell recruitment into the 
CNS (Depboylu et al.  2012 ). Using bone marrow chimeric mice to distinguish the 
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resident microglial population from infi ltrating leukocytes, in combination with 
retrograde neuronal tracing, it was shown that resident microglia upregulate MHC 
class II after MPTP administration. Importantly, microglia also contained neuronal 
tracer and appeared in close contact with CD4+ T cells in the lesion area. Therefore, 
resident microglia represent likely candidates for the presentation of antigens to 
infi ltrating activated T lymphocytes during dopaminergic cell death. 

 More than a decade ago, when the concept of attenuating Aβ accumulation in the 
brain by eliciting adaptive immune responses emerged, it was the fi rst time that a 
self-peptide was introduced as a vaccine. Preclinical studies were successful, but the 
initial clinical trials were halted because of the development of severe infl ammatory 
reactions in the vaccinated AD patients (Nicoll et al.  2003 ; Schenk  2008 ). While a 
number of reports suggested that T cells were activated in the patients and could be 
found both in the periphery and brain tissues, the question on how those T cells 
gained access to the brain has been investigated by some groups. In this regard, 
microglia were proposed to be indirectly involved in the transendothelial migration 
and activation of T cells. Their involvement with the regulation of adaptive T cells 
effector responses was evidenced by their high levels of TNFα release in response 
to Aβ application in vitro, thus resulting in over-expression of the chemokine recep-
tor CXCR2 (mouse equivalent of the human IL-8 receptor) on peripheral T cells 
derived from AD patients (Liu et al.  2010a ). During EAE, disease severity was sig-
nifi cantly exacerbated in hypermyelinated PLP-Akt-DD transgenic mice compared 
to wild-type animals with “normal” myelin content (Jaini et al.  2013 ). PLP-Akt-DD 
transgenic animals have been engineered to drive, under the  proteolipid PLP pro-
moter, expression of the constitutively active Akt-1 which harbors aspartic acid (D) 
at positions Thr308 and Ser473, two sites where phosphorylation leads to full acti-
vation of Akt. In these mice, expression of Akt-DD dramatically increased myelin 
production, correlating with increased neurological score and exacerbated neuronal 
damage. There was also an increased number of resident microglia in the hypermy-
elinated mice, but their individual capacity to present antigens was not increased, as 
revealed by the levels of IL-17 (a pro-infl ammatory cytokine inducing and mediat-
ing pro-infl ammatory responses) secreted by T cells isolated from these mice in the 
presence of microglia (Jaini et al.  2013 ). This work suggests that the load of self-
antigens imposed on the APCs could have an important infl uence on the disease 
onset and progression (Fig.  5.1 ). Therefore, the drastic differences between microg-
lia versus professional DCs, as APCs, support the notion that microglial activity, if 
well controlled, is a crucial step in determining neuronal survival.  

5.2.2     Chemokine Receptors 

 Microglia express most chemokine receptors in vivo, including CCR3, CCR5, 
CCR8, CXCR3, CXCR4, and CX3CR1, depending on the CNS microenvironment 
that shapes their effector phenotype (Biber et al.  2002 ; Cardona and Ransohoff 
 2007 ; Glabinsk and Ransohoff  2001 ; Prinz and Priller  2010 ; Ransohoff  2002 ; Trebst 
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et al.  2001 ; Trebst et al.  2003 ), with actions that promote either tissue damage and 
neurotoxicity or neuroprotection and tissue repair (Cardona et al.  2006 ; Garcia et al. 
 2013 ; Prinz et al.  2011 ) (also see Chap.   6    ). Several studies support the concept that 
microglia are a heterogeneous population based on the selective expression of che-
mokine receptors. For example, transcriptome analyses in combination with protein 
validation revealed that nearly all microglial cells express high levels of comple-
ment C1q, while only subsets of microglia express the CCR1 ligand, CXCL14, and 
TREM2 (triggering receptor expressed on myeloid cells 2; which regulates microg-
lial activation and phagocytosis) (Schmid et al.  2009 ). Adding another layer of com-
plexity, the regulation of microglial function is also infl uenced by the other CNS 
resident cells. For example, several studies in PD models suggest a scenario in 
which astrocyte-microglial communication impacts T cell responses. Astrocytes 
exposed in vitro to neuron-derived α-synuclein induce expression of transcripts for 
chemokines such as CCL3-7, CCL12, 19 and 20, and CXCL1,2,4,5,9,10, 11, 12, 
and 16, and CX3CL1 (Harms et al.  2013 ). Microglial expression of the chemokine 
receptors CCR3, CCR5, CXCR3 and CX3CR1 makes them highly responsive to 
their respective ligands produced by astrocytes (Cowell et al.  2006 ; Flynn et al. 
 2003 ; Gautier et al.  2012 ). Chemokine receptor-ligand interactions also correlated 
with morphological changes in microglia and increased expression of MHC class II 
in vivo (Garcia et al.  2013 ). Most importantly, microglial responses to aggregated 
α-synuclein induced antigen processing and presentation, driving T cell prolifera-
tion and cytokine release, as well as neurodegeneration in a mouse model of PD 
in vivo (Harms et al.  2013 ), suggesting that antigen presentation could promote an 
infl ammatory environment detrimental to neuronal survival. A similar role for 
microglia/MHC class II was also demonstrated in a facial nerve axotomy model, in 
which the physical distance between the injury to the facial nerve and the neuronal 
localization in the brainstem provides a good model to avoid direct CNS trauma 
and/or disruption of the BBB (Byram et al.  2004 ). Therefore, these results implicate 
a central role for microglial MHC class II in the activation of adaptive immune 
responses, indicating that this process could be viewed as a neuroprotective target. 

 Microglia represent important components of the CNS immune response in MS 
and EAE, alongside peripherally derived macrophages and DCs. The mechanism by 
which these cell types repopulate during acute and chronic brain infl ammation have 
been explored. The chemokine receptor CCR2 that signals in response to several 
monocyte chemoattractant molecules (known as CCL2, CCL8, and CCL16) is cru-
cial for the accumulation of macrophages and DCs to the sites of infl ammation, 
although its role in mobilizing microglia is still controversial. There is evidence 
suggesting that CD11b +  Ly6C hi CCR2 + CD62L +  (or adhesion molecule L-selectin+) 
monocytes are mobilized from the bone marrow into the bloodstream, via a 
GM-CSF-dependent pathway before EAE relapses (King et al.  2009 ). However, 
microglia are recognized by a CD11b +  Ly6C − CCR2 − CD62L +  phenotype (Carson 
et al.  1998 ), and the lack of microglial CCR2 upregulation in CCR2-RFP reporter 
mice supports a selective role for CCR2 in the traffi cking of macrophages (King 
et al.  2009 ; Saederup et al.  2010 ). However, it was reported that over-expression of 
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CCL2 also leads to morphological activation of microglia and pro-infl ammatory 
cytokine release in the CNS (Selenica et al.  2013 ), although a direct interaction 
between exogenous CCL2 and CCR2 on microglia is uncertain. CCR2 also targets 
the recruitment of CCR2 + CD11c +  DCs. As expected, the expression of multiple 
chemokine receptors by myeloid cells may account for the synergistic effects 
observed when analyzing DC traffi cking or microglial mobilization within the CNS. 

 The pathways that infl uence chemokine receptor expression are complex and 
cytokines are the most studied candidates in this process. However, the highly con-
served cell–cell communication pathway Notch, initially identifi ed as a pleiotropic 
mediator of cell fate in invertebrates, has emerged as an important regulator of 
immune cell development and function. It was recently shown that microglia express 
the Notch ligand DLL4 and that DLL4 blockade reduces the neurological symp-
toms of EAE, correlating with a downregulation of CCR2 and CCR6 expression on 
T cells. Although microglia are not the only cell type expressing DLL4 in the brain 
(Benedito and Duarte  2005 ; Shutter et al.  2000 ), microglia–T cells interactions 
mediated by DLL4 and Notch receptors could contribute to the regulation of T cells 
chemokine receptors expression, and their responses to organ-specifi c chemokine 
production (Reynolds et al.  2011 ). 

 In addition to microglia–T cell interactions, microglia-neuron communication is 
now recognized as a key mechanism in the regulation of microglial function. Several 
studies have confi rmed the predominant microglial expression of CX3CR1 (Cardona 
et al.  2006 ; Gautier et al.  2012 ; Jung et al.  2000 ), whose ligand CX3CL1 is expressed 
in neuronal membranes (Bazan et al.  1997 ; Mizoue et al.  1999 ; Rossi et al.  1998 ). 
The chemokine module is released by action of proteases including A Disintegrin 
and metalloproteinase domain-containing protein 10 and 17 (ADAM10 and 
ADAM10) and cathepsin S (Clark et al.  2009 ; Garton et al.  2001 ; Hundhausen et al. 
 2003 ). Binding of CX3CL1 to CX3CR1 on microglia has been viewed as neuropro-
tective because this interaction inhibits microglial activation in selected models of 
neurodegeneration (Bachstetter et al.  2011 ; Cardona et al.  2006 ; Rogers et al.  2011 ). 
Although some studies suggest that CX3CR1 defi ciency could be neuroprotective 
and/or anti-infl ammatory in various contexts of disease such as AD (Fuhrmann 
et al.  2010 ; Lee et al.  2010 ; Mattison et al.  2013 ), in EAE, the absence of CX3CR1 
correlated with an enhanced neurological disease and increased microglial activa-
tion, refl ected by their increased MCH class II expression and proliferation. These 
features of microglia also correlated with an increased T cell proliferation. 
Furthermore, higher IFNγ and IL-17 levels were detected in cerebellar and spinal 
cord tissues of CX3CR1-defi cient mice (Garcia et al.  2013 ). 

 Overall chemokine receptors regulate microglial mobilization within the CNS, 
but the observation of higher frequencies of IFNγ- and IL-17-producing T cells in 
the lymphoid tissues of CX3CR1-defi cient mice, and the enhanced T cell prolifera-
tion induced by CX3CR1-defi cient DCs, demonstrate that besides their role in che-
moattraction, some chemokine receptors such as CX3CR1 may contribute to the 
establishment of adaptive immune responses via regulation of antigen presentation 
function.   
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5.3     Microglia and the BBB 

 The BBB is the interface between the CNS and the periphery, fulfi lling two main 
functions, acting as a physical barrier and a selective exchange barrier aimed to 
maintain the proper CNS microenvironment for optimal neuronal function. This 
mechanical separation of the CNS is accomplished by the presence of specialized 
endothelial cells tightly attached one to another via tight junctions and adherent 
junctions (Hawkins and Davis  2005 ; Hermann and ElAli  2012 ). These junctions are 
formed by the tight junction proteins occludins and claudins, as well as the junc-
tional adhesion molecules E-cadherin, P-cadherin, and N-cadherin, whose ultimate 
role is to restrict blood-borne molecules and peripheral cells from entering the CNS 
(Pardridge  2003 ; Wilson et al.  2010 ). Extensive work in the last decade has unrav-
eled the presence of a specialized intrinsic innate immune system in the CNS, which 
also involves the BBB as an active contributor, as opposed to being an immunologi-
cal neutral and passive barrier (Muldoon et al.  2013 ). It has been observed not 
only that peripheral immune cells can cross an intact BBB (Carson et al.  2006 ), but 
that the BBB modulates the differentiation of infi ltrating CD14+ monocytes into 
DCs through the infl uence of BBB-secreted TGFβ and GM-CSF. These data confer 
a more active role of the BBB in the intrinsic innate immunity of the CNS. Despite 
the limited infi ltration of peripheral immune cells into the CNS under physiological 
conditions, it is well known that neutrophils, eosinophils, T lymphocytes, mono-
cytes, and other immune cells can infi ltrate the CNS parenchyma after injuries, 
infections, and chronic diseases such as MS (Wilson et al.  2010 ). 

 Although it is unclear whether BBB dysfunction during pathological conditions 
is due to a loss of signals provided by the CNS, or to breakdown signals produced 
during pathology, recent work has shown that communication between the BBB and 
microglia is one of the early events involved in EAE. In particular, disruption of the 
barrier and subsequent leakage of the plasma protein fi brinogen has been identifi ed 
as a signal triggering microglial motility towards perivascular regions, microglial 
activation and clustering, as well as axonal damage, using two-photon in vivo imag-
ing. Importantly, these changes in microglia were shown to occur prior to the onset 
of neurological changes, suggesting their relevance to the disease pathogenesis 
(Davalos et al.  2012 ) (also see Chap.   4     for more information on these fi ndings). 

 Activated microglia and infi ltrating macrophages secrete a wide range of pro- 
infl ammatory signals, including NO and ROS, which have been categorized as a 
major mechanism leading to axonal damage in MS (Lassmann  2010 ), through the 
initiation of mitochondrial dysfunction which, in turn, leads to the production of 
mitochondrial-derived ROS (Haider et al.  2011 ). Indeed, increased ROS generation 
has been observed in close proximity to fi brin-mediated microglial clusters at the 
peak of EAE, compared to distal areas with normal microglial density, or healthy 
controls (Davalos et al.  2012 ). Since fi brin is formed from fi brinogen through the 
action of the protease thrombin, it represents a molecular marker for BBB disrup-
tion and fi brinogen leakage into the CNS parenchyma. Interestingly, in vitro treat-
ment of microglia with fi brinogen induced a 5.1-fold increase of H 2 O 2  and a 7.4-fold 
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increase in inducible nitric oxide synthase (iNOS) gene expression (Davalos et al. 
 2012 ), strongly suggesting that fi brinogen might contribute to ROS generation dur-
ing infl ammatory demyelinating lesions. These data highlight the importance of 
fi brin deposition for the development of axonal degeneration within microglial clus-
ters. Postmortem analysis of MS brains has reinforced this fi nding of microglial 
clustering within normal-appearing white matter (van Horssen et al.  2012 ), although 
microglial association with the disrupted BBB remains a challenge to assess, due to 
a limited effectiveness of molecular probes to identify microglia at their different 
states of “activation” in heavily fi xed human specimens, which also complicates 
investigation of their association with BBB leakiness. 

 This aggregation of microglial cells at perivascular areas before disease onset 
may constitute an early indicator of new lesion formation, as demyelination and 
axonal damage are exacerbated at the peak of EAE, coincident with rapid microglial 
process extension and retraction at the sites of BBB leakage showing fi brin deposi-
tion (Fig.  5.2 ). Despite the strong correlation between perivascular fi brinogen depo-
sition and microglial clusters formation at the early stages of neuroinfl ammation in 
EAE, the role of fi brinogen or other blood products within the CNS and their inter-
action with microglial cells in the context of other CNS pathologies remains to be 
investigated.

  Fig. 5.2    Microglia and the interface to peripheral communication. Fibrinogen appears to be a key 
modulator of microglial activity as a result of early blood–brain barrier (BBB) damage. Once 
extravasated, it is lysed into fi brin by thrombin and interacts with parenchymal microglia, leading 
to an increased expression of inducible nitric oxide synthase (iNOS) and reactive oxygen species 
(ROS) that accounts for neuronal damage associated with certain neuroinfl ammatory conditions 
such as EAE       
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   Both in vivo and in vitro studies support the idea that microglia release infl am-
matory mediators that regulate BBB permeability. Coculture models of microvas-
cular endothelial cells showed that LPS-activated microglia induce BBB leakiness 
by producing ROS through nicotinamide adenine dinucleotide phosphate 
(NADPH) oxidase (Matsumoto et al.  2012 ; Sumi et al.  2010 ) and TNFα release 
(Nishioku et al.  2010 ). Microglial activation is evident in the aged CNS and 
 breakdown of the BBB and blood–retinal barrier in the aging brain suggests that 
microglial actions at the vasculature interface may contribute not only to neuroin-
fl ammatory conditions, but also to the pathogenesis of age-related neurological 
disorders (see Chap.   13     for additional information on aging). Further understand-
ing of the mechanisms involved in the coupling between the BBB and microglia in 
innate immunity will require to investigate the role of microglia in the regulation 
of BBB dynamics during normal physiological conditions, considering that pri-
mary microglial cells in culture express a recently discovered tight junction 
 protein, tricellulin (Mariano et al.  2011 ), whose role in the CNS and immune func-
tion remains to be elucidated.  

5.4     Summary 

 It is now well accepted that microglia do not only participate in the genesis of 
immune responses during CNS infection/injury, but also play key roles in maintain-
ing homeostasis. During CNS development and infl ammatory conditions, microglia 
display the ability to phagocytose debris and apoptotic cells, release cytokines, and 
upregulate MHC class II to modulate effector T cell responses. These functions of 
microglia do not occur in isolation but are infl uenced by neighboring cells, includ-
ing astrocytes, neurons, and the BBB. Microglia are capable of producing a vast 
array of cytokines and chemokines and are therefore able to infl uence the CNS 
environment in a very effective manner. Microglia can also respond to soluble medi-
ators produced by neurons and astrocytes, and a current challenge is to dissect the 
signals that enable such an orchestrated network to sustain optimal CNS function. 
The most recognized function of microglia as phagocytes and scavengers is tempo-
rally regulated to allow for appropriate antigen recognition and presentation during 
adaptive immune responses. As our knowledge of microglial functions during 
homeostasis and pathology continues to expand, it may be possible to consider har-
nessing microglial activity to benefi t CNS integrity and improve outcomes follow-
ing neuroinfl ammatory injury. For many years researchers have been studying the 
mechanisms that lead to microglial activation and enhance their phagocytic proper-
ties. Another interesting venue involves the use of microglia as shuttles of anti- 
infl ammatory molecules. Although the issue of identifying microglial origins is still 
a moving target, progress has been made to show that microglia are a distinct 
myeloid subset with unique properties, making them distinct from DCs and macro-
phages. Balancing neuroprotective versus neurotoxic properties of microglia has 
been and will continue to be a topic of arduous investigation, with the goal of modu-
lating CNS infl ammation due to autoimmunity, infection, or neurodegeneration.     
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Chapter 6
Neuroprotection Versus Neurotoxicity

Knut Biber and Michelle L. Block

Abstract Several original concepts concerning microglia have changed in the last 
decade. Ramified microglia are no longer seen to be “resting” cells and it also is 
very obvious today that microglia responses are by no means stereotypic, but mani-
fold and targeted. Moreover, there is good evidence that microglia are not only 
important in brain pathology, but that they also play important roles in the healthy 
brain. One long-standing aspect of microglia biology, however, was never ques-
tioned: their involvement in brain disease. Based on morphological changes (retrac-
tion of processes and amoeboid shape) that inevitably occur in these cells in case of 
damage to the central nervous system, microglia in the diseased brain were called 
“activated”. Because “activated” microglia were always found in direct neighbour-
hood to dead or dying neurons, and since it is known now for more than 20 years 
that cultured microglia release numerous factors that are able to kill neurons, 
microglia “activation” was often seen as neurotoxic. From an evolutionary point of 
view, however, it is difficult to understand why an important, mostly post-mitotic 
and highly vulnerable organ like the brain would host numerous toxic cells. How 
microglia can protect the nervous tissue and what might go awry when microglia 
turn neurotoxic will be discussed in this chapter.
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Bullet Points

Microglia are the myeloid cells of the brain and play an important role in all 
brain diseases.
Because “activated” microglia are always found in direct neighbourhood to dead 
or dying neurons, and since microglia in culture are able to kill neurons, microg-
lia “activation” in the brain is often seen as neurotoxic response.

disease symptoms, indicating that microglia activity can be protective in the 
brain.
How microglia can protect the nervous tissue and what might go awry when 
microglia turn neurotoxic will be discussed in this chapter.

6.1  Microglia Physiology and Function

microglia (and numerous, even today, still valid postulates concerning these cells) 
-

); 
see for an excellent review about the history of microglia research (Kettenmann 
et al. 2011 2.

study of microglia after him, these cells have been widely neglected by neuroscien-
tists to a point that even in leading textbooks of neuropathology of the early 90s 
their mere existence was doubted (see for details Graeber 2010
most likely was due to the fact that the original method for staining microglia was 

-
able staining techniques (antibodies, lectins), and the “green microglia” mouse 

2000)) made these cells more 
accessible for investigators. As a result, microglia research has intensified enor-
mously in the last decade. Many surprising findings about microglia have been pub-
lished and recent results have begun to provide convincing answers to the most 
basic questions in microglial biology, namely the origin of these cells or the issue 
whether or not microglia are replaced by peripheral cells throughout the lifetime of 
an individual (Ajami et al. 2007; Ginhoux et al. 2010; Kierdorf et al. ). 
Microglia in the healthy brain are characterized by a so-called ramified morphology, 
small cell bodies, and fine heavily branched processes. Ramified microglia are ses-
sile cells, meaning their cell bodies do not move, which is in contrast to their pro-
cesses that display the most pronounced motility yet described in the mammalian 

function, since in the direct vicinity of microglia other cellular elements are regu-
4). Ramified microglia 
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are more or less evenly distributed throughout the brain and claim their own 

2005; 
2005; Raivich 2005 -

cially active synapses attract microglia process “interactions” and a role for these 
cells in regulating synaptic function is currently discussed elsewhere (Bechade et al. 

; Miyamoto et al. 9). However, despite the 
fact that microglia research has enormously intensified and that microglia have been 
the subject of numerous recent and excellent reviews, we still know very little about 
their physiology and the function of ramified microglia in the healthy brain. As 
such, these cells remain among the most mysterious cells of the brain (Hanisch and 
Kettenmann 2007 2009 2009; Yong and Rivest 2009; 
Graeber 2010 2010 2010
Mildner 2011 2011; Aguzzi et al. ; Hanisch ; Hellwig 
et al. ; Kettenmann et al. ; Miyamoto et al. ; Sierra et al. ).

More is known about the function of microglia in brain disease. However, sim-
plified concepts about their “activation” (see next paragraph) and the experimental 
difficulty to distinguish microglia from peripheral myeloid cells that often enter the 

2010 2011; Hellwig 
et al. ; London et al. ) have yet hampered the development of a clear view 
about whether or not these cells contribute to either initiation, course, or end of a 
given brain disease. Here we will discuss current knowledge about the role of 
microglia in brain disease with particular emphasis about microglia in neuroprotec-
tion or neurotoxicity.

6.2  Microglial Activation and Neuroinflammation  
Defined: Surveillance and Response

Almost any type of brain injury or disease inevitably leads to a fast morphological 
response of microglia. Ramified microglia retract their fine processes and acquire a 
morphology which resembles that of phagocytic macrophages, a transition that was 

-
related with a migratory behaviour and/or proliferation of the cells. Because the 
morphological complexity of this transition is reduced (basically only one morpho-
logical phenotype is the result of this process), it was originally defined as a stereo-
typic and graded process (Kreutzberg ; Streit 2002; van Rossum and Hanisch 
2004; Hanisch and Kettenmann 2007). Based on these morphological data it was 
widely assumed that ramified microglia in the healthy brain would be inactive or 
resting and that the morphological transition of microglia in response to neuronal 
injury sets these cells into action, leading to describe this process as “microglia 
activation”. Moreover, because the morphological transition appears to be a stereo-
typic process, it was more or less believed that “activated” microglia would respond 
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concept of microglia “activation” is not valid anymore (see for recent reviews: 
Hanisch and Kettenmann 2007 2009 2009; Yong and 
Rivest 2009; Graeber 2010 2010 2010; 
Kettenmann et al. 2011 2011 2011; Aguzzi et al. 

; Hanisch ; Hellwig et al. ; Kierdorf et al. ; London et al. ; 
Sierra et al. 
resting cells (see above), it is also apparent now that microglia respond with a vari-
ety of different reactions by integrating multifarious inputs (Hanisch and Kettenmann 
2007 2009 2009; Yong and Rivest 2009; Graeber 
2010 2010 2010; Kettenmann et al. 
2011, 2011 2011; Aguzzi et al. ; 
Hanisch ; Hellwig et al. ; Kierdorf et al. ; London et al. ; Sierra 
et al. 

demonstrated recently in vivo (Boillee et al. 
Khoury et al. 2007; Lalancette-Hebert et al. 2007; Lambertsen et al. 2009). 

response of microglia (van Rossum and Hanisch 2004 , and 
many others) or when microglia function is impaired (Boillee et al. ; Streit 

2007). Moreover, microglia function is not only 
important in neurodegenerative and neuroinflammatory diseases, but there is accu-
mulating evidence that immune malfunction is also involved in psychiatric diseases 

-
fore recently become of interest in biological psychiatry (see for review: Muller and 
Schwarz 2007; Bernstein et al. 2009; Beumer et al. 2012 ; 
Stertz et al. 
range of brain disorders.

As described above, microglia function has long been correlated to morphologi-
cal criteria. Ramified microglia in the healthy brain were described as “resting”, 
whereas more amoeboid microglia in the diseased brain were thought to be “acti-
vated”. An overwhelming body of evidence from the last decade has convincingly 
shown that this simple discrimination does not hold true. Since there are no inactive 
microglia (the moniker “never resting microglia” is quite popular among microglia- 
minded scientists at the moment (Karperien et al. )), the terms microglia 
 “activation” or “activated” microglia are misleading. Ramified microglia are clearly 
surveillance cells that most likely execute numerous functions in the healthy brain. 

2005), “constant 
gardeners” (Hughes 2012 2009) or 
“garbage men” (Kettenmann 2007). However, even these descriptions most likely 
do not reflect the whole functional spectrum of ramified microglia in the healthy 

-
ora of receptors for exogenous signals (Biber et al. 2007; Hanisch and Kettenmann 
2007; Kettenmann 2007 2009 2010; 
Kettenmann et al. 2011 ), but also endogenously by subsets of 

). Microglia action may or may not 
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2012; Karperien et al. ) 
and the roles of amoeboid microglia are manifold (Kettenmann et al. 2011). 
Microglia merely adjust their current activity in response to changes in their direct 

; Wong ). As such, the operational definition of microglial activation is a 
broad concept that only refers to the general process of altering either the physical 
characteristics, activity, or function of microglia. Given the variety of activation 
phenotypes possible, the term activation only notes that a cellular change occurred, 
providing little to no information about cellular function.

amoeboid) are also poor indicators of microglial function. For example, the pres-
ence of amoeboid microglia near dead (or dying) neurons has often been interpreted 
as a proof of a neurotoxic microglia response (Hellwig et al. ). Based on our 
current knowledge about microglia, such morphological correlation does not pro-

without (i) a detailed analysis of the causal relationship between microglial function 
and neuronal fate, and (ii) a thorough understanding of all aspects of the microglia 
response in a given disease (model), it is difficult to fully appreciate what microglia 

microglia in vivo may be helpful here (Mizutani et al. 2012 2012; 
; Wolf et al. ). Whether or not a more sophisti-

cated, fractal analysis of microglia morphology will be useful as predictor of 
microglia function is discussed elsewhere (Karperien et al. ).

6.3  Microglia in Central Nervous System Disease 
and Neuron Damage

et al. , ) were the first to suggest that microglia positive for human leuco-
cyte antigen (HLA) (a surface receptor complex involved in antigen presentation) 
were linked to active neurodegeneration (McGeer et al. ), which marked the 
beginning of the field of research dedicated to understanding the involvement of 

and repair, in addition to being implicated as instigating actors of progressive neu-
2010), 

including traumatic brain injury (Woodcock and Morganti-Kossmann 
2011 2012), 

2011 2010), 
2011).

damage is correlative, demonstrating changes in morphology and elevation of 
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 markers in the damaged brain regions, where heightened levels of pro-inflammatory 

2007), is a classic 
example of how the microglial response is intricately linked to progressive neuron 

-
1992). 

2009; German et al. 2011
2012

; Orr et al. 2005), confirming a phenotypic change in microglia in regions of 

; 
Gerhard et al. 

-

-

factor α α ), demonstrating that 

peripheral benzodiazepine receptor which in the brain is predominantly expressed 

function and disease severity (Ouchi et al. 2005

), 

; Rogers et al. ), 
2001), 

-

(Smith et al. 2012). Yet these important, but descriptive studies provide little func-
tional data about causal relationships.

-
cating microglia as a culpable source of chronic cytokines and reactive oxygen spe-
cies (ROS) that are toxic to neurons. As innate immune cells, microglia are capable 

et al. 2012 α (Harms et al. 2012; Abo-Ouf et al. ), inducible 
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2007
2007; Sorce and Krause 

2009 2

2011), interleukin 1β β 2012; Ye et al. ), and interferon γ 
γ) (Mount et al. 2007). While not all pro-inflammatory factors are neurotoxic 

2007
et al. 2011), multiple neurodegenerative disease models are benefited by an anti- 

; Ramsey and 
2014

of pro-inflammatory factors, such as superoxide (Wu et al. ; Zhang et al. 2004), 
prostaglandins (Feng et al. 2002 α (Sriram et al. 
2002
these potentially neurotoxic molecules in human neuron damage and neurodegen-

2012; Smith et al. 2012; Woodcock and Morganti- 
Kossmann ).

More recent and convincing evidence employs in vivo studies and myeloid cell- 
specific gene deletion (which includes microglia, neutrophils, monocytes, other 

reveal that only certain components of the microglial response can drive neuronal 

β κB) 
activation and is also necessary for the production of many pro-inflammatory cyto-

β an attenuated 
Kainic acid-induced hippocampal neuronal cell death was reported, suggesting a 

murine models of both traumatic brain injury and excitotoxicity (Kaindl et al. 2012). 
α, a kinase critical to pro- 

inflammatory signalling, has been shown to attenuate neuroinflammation 
(Bachstetter et al. 2011), implicating microglia as a source of cytokines in the brain, 

2011) and traumatic brain injury (Bachstetter et al. ). Glucocorticoid 
receptor deletion in macrophages and microglia also demonstrates enhanced neuro-

2011
the potential to actively initiate neuronal damage, and rather than framing microglia 
as a neurotoxic cell type, evidence supports that it is the dysregulation of only a 
handful of specific functions that results in microglia-mediated neuronal toxicity. 

-
rotoxic phenotype.
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6.4  Beneficial Microglia Responses

 various experimental stroke paradigms. Microglia were found beneficial in isch-
emia in neonates (Faustino et al. 2011) and adults (Simard et al. ; Lalancette-
Hebert et al. 2007; Yanagisawa et al. 2011), as well as in 
experimental stroke-like conditions in organotypic hippocampal slice cultures 

2012
microglia into rodents (intraventricular or intra-arterial) before (Kitamura et al. 
2005; Hayashi et al. 2007
et al. 2010) experimental stroke reduced neural damage and improved neurological 

stroke conditions, since these cells were also found to be protective in other brain 

or traumatic brain injury (Simard and Rivest 2009).
-

lia in the ischemic brain is wide as there is evidence that these cells express neuro-

et al. 2009 2010
2011 α in microg-
lia acts as neuroprotective agent in stroke conditions (Sriram et al. ; Lambertsen 
et al. 2009) or provide more general evidence for protective role of microglia-related 
inflammation (Simard and Rivest ; Anrather et al. 2011). However, the role of 

α for example was found to be protective in 
the ischemic hippocampus, but promoted neuronal loss in the striatum in response 
to stroke (Sriram et al. ). Similarly most inflammatory mediators have double 
edged functions (protective or detrimental) in stroke showing that the overall out-
come of their actions depends on a variety of conditions like temporary aspects (at 
what time point during the disease course) or spatial aspects (where is a cytokine 

2011
activity in excitotoxicity will be a major challenge for neuroscientists in the future, 
as these cells may be valid drug targets to prevent or treat brain diseases in which 
neurons suffer from being overexcited.

6.5  Loss of Microglial Function: Neuropathology

in which microglia are mutated, or in models that allow the specific inhibition or 
depletion of microglia.
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6.5.1  Mutating Microglia Function

because they specifically express receptors for a variety of inhibitory factors that are 
constitutively expressed in the brain, mostly by neurons (Biber et al. 2007; Ransohoff 

2009

membrane glycoprotein (also called cluster of differentiation 200) and its receptor 

2000

2011 ; Wolf et al. 

microglia “hyperactivity” in the diseased brain, thereby unleashing potential neuro-
toxic properties (Wolf et al. 

et al. 2011 2011; Morganti et al. 2012). Similarly, removing the inhibi-

reportedly promotes microglial morphological transition even in the healthy brain 
(Hoek et al. 2000) and leads to an exaggerated disease course both in experimental 

(Broderick et al. 2002) and retinal inflammation (Hoek et al. 2000).
-

degeneration and a decreased life span (see for review: Lobsiger et al. 2009
role of microglia in this disease has been investigated in various elegant experiments 

2007) (see for review: Lobsiger et al. 2009
microglia with wild-type cells slowed down disease progression and prolonged the 
life span of the animals (Beers et al. ), which required functional myeloid dif-

2007

(for review see: Linnartz et al. 2010 -

α 2005). 
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(for review see: Linnartz et al. 2010), and interestingly, loss of function mutations 

-
). From the above description, it can 

thus be concluded that mutations in microglia mostly lead to or enhance the severity 
of a given brain disease or model.

6.5.2  Models of Microglial Inhibition or Depletion

6.5.2.1  Microglia Depletion with Clodronate

1994). Since microglia are of myeloid origin, clodronate can also be used to deplete 
; Lauro et al. 2010; 

2012
-

2012
2012

these cells invaded the tissue, distributed themselves evenly across the slice, and 
2012). Most impor-

tantly, neurons in the presence of these ectopic microglia were protected from 

et al. 2012 -
roprotective capacity, but also that this property applies to ramified microglia 

2012 -
lia, while removing microglia from the local environment renders neurons more 
vulnerable to excitotoxicity.

6.5.2.2  CD11b HSVTK Mouse Lines

Another way to specifically target microglia is through the use of transgenic mouse 

origin (Heppner et al. 2005; Gowing et al. ). Application of gancyclovir to 

et al. 2005; Gowing et al. 
-

clovir application (intraperitoneal injection or oral application) is used, transplanta-
tion of wild-type bone marrow is required to spare the peripheral myeloid 
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 gancyclovir application leads to the inhibition of morphological microglia transition 

et al. 2005)) or to the death of microglia undergoing proliferation after experimental 
stroke (Lalancette-Hebert et al. 2007). Whereas the inhibition of morphological 

onset and reduced clinical scores) (Heppner et al. 2005), the ablation of microglia 
proliferation in the stroke model led to a larger stroke lesion area and increased 
neuronal death (Lalancette-Hebert et al. 2007).

More recent studies using this mouse line have changed the application route of 
gancyclovir from peripheral to central, which specifically depletes the treated brain 
tissue of ramified microglia without affecting the peripheral myeloid cells (Gowing 
et al. ; Grathwohl et al. 2009; Mirrione et al. 2010 2012
corresponding studies it was shown that the depletion of microglia by gancyclovir 
did not affect the development of amyloid-beta (Aβ) plaques in two different mouse 

2009) nor did the absence of microglia changed 

ALS (Gowing et al. ). However, in the case of pilocarpine-induced seizures, the 

indicating that the inflammatory capacity of microglia was beneficial in this mouse 
model (Mirrione et al. 2010

2005). All other 
reports either provided evidence for a beneficial role of microglial function in vivo 
(Lalancette-Hebert et al. 2007; Mirrione et al. 2010) or showed no effect of blunting 
the microglial response (Gowing et al. 
studies inhibited or depleted microglia for a limited time, and at rather late stages of 
chronic disease models (Gowing et al. ; Grathwohl et al. 2009), which may 

-
tion may have been too late or too short to unravel the role of these cells in mouse 

; Grathwohl et al. 2009 -
tion or depletion of microglia for longer time periods may be required for chronic 
disease models.

discussed reports about the consequences of mutating microglia in the brain clearly 
argue for a protective role of the innate immune cells of the brain.

6.6  Regulating Microglia Responses

), neuronal damage (Gao et al. 
), and 
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) may prime microglia to be overly sensitive 
2010

Kielian 2010
) response to exert toxicity.

As described above there have recently been tremendous changes in our under-
standing of microglia “activation”, yet different states (or phenotypes) of microglial 

biology where the response can be classified as an M1 (classical/pro-inflammatory 
activation), M2a (alternative activation/anti-inflammatory activation), and M2c 
(deactivation/wound healing activation) response (Ginhoux et al. 2010; Boche et al. 

). M1 activation is characterized by the upregulation of inflam-
α β

(ex., H2O2
−)) (Block et al. 2007

of the immune response, the initial M1 response is typically followed by a second-
ary M2 activation that is important for wound healing and resolving inflammation, 
which is marked by the expression of factors such as Arginase1 (AR1, decreased 

2000; Ginhoux et al. 
2010; Boche et al. ). Microglia, being of myeloid origin, can express M1/M2 
markers that might provide some insight into their phenotype. However, microglia 
are highly plastic cells that may rapidly transit between different states (or pheno-
types) and it is at the moment controversially debated whether or not the M1/M2 
classification also is valid in the microglia field. Here, we will use the terms M1-like 
and M2-like as descriptions for marker patterns that resemble the markers expressed 
by M1/M2 macrophages. However, these terms are not used as descriptors of func-
tion; the actual impact of the microglial response on neuronal survival will depend 
on timing, the degree of the response, the chronic nature of the response, and may 
very well be model/disease-specific.

6.7  The Excessive and Chronic Microglial Response

Microglial immune responses to pathogens, environmental toxins, and neu-
ronal damage join the long list of beneficial responses that microglia perform 

2012). However, accumulating evidence indicates that a deleterious and neuro-
toxic microglial phenotype occurs when microglia activation is dysregulated to 
become a polarized M1-like phenotype (Hu et al. 2012; Bechade et al. ), 
which is defined by an exaggerated pro-inflammatory response (M1-like) with 
impaired resolution (M2-like response) (Aguzzi et al. ). 

as remyelination (Miron et al. ) and desensitization to pro-inflammatory 
), microglia with M1-like markers are implicated 
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in chronic neuroinflammation and progressive neuron damage (Hu et al. 2012; 
; Blandini ). As such, current research is focusing on 

mechanisms and  techniques capable of shifting microglia to a polarized M2-like 
phenotype for neuroprotection (Zhang et al. ).

6.8  Triggers of the Microglial M1-Like Expression Pattern

At present, there is also considerable interest in identifying the circumstances 
 instigating the pathological microglia response.

6.8.1  Immune Stimuli

α, 
β, chemokines, etc. (Hanamsagar et al. 2011; Harms et al. 2012). 

) and neurodegenerative diseases such as 
2009 ) have been linked with periph-

eral immune dysregulation, where pro-inflammatory markers are elevated in the 

) and upregulated in the circulating white blood cells, both at basal 
2009), indicating that these peripheral 

(Qin et al. 2007 ) to activate microglia through 
-

mented to shift the neuroinflammatory phenotype in the brain, modulating and 

2004 2012 -
tion/cytokines, microglia are also able to detect and respond to other forms of 
peripheral pathology that elevate circulating cytokines, such as kidney damage 
(Liu et al. ) and intestinal reperfusion injury (Hsieh et al. 2011), posing the 
interesting premise that microglia may survey and be reprogrammed by peripheral 
disease/damage.

6.8.2  Neuronal Damage

(i.e., reactive microgliosis) was initially perceived as only a transient event (Streit 
et al. 1999). However, current views hold that this response has the potential to be 
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both long-lived and self-propagating (Gao et al. ; Huh et al. ; McGeer 
et al. 
death should not promote M1-like polarization in microglia (Minghetti et al. 2005). 
However, in disease and pathology, reactive microgliosis is often documented being 
M1-like and has been implicated as a toxic component of many neurodegenerative 

2002; Wenk ; Sanchez- 
Moreno et al. 2004).

One key proposed mechanism through which dying neurons are believed to pro-
mote the M1-like response in microglia is the loss of neuron–microglia interactions. 

M1-like response in vivo, where neurons routinely provide many of these anti- 
inflammatory signals for homeostatic maintenance of the microglial phenotype in 

2010). More specifically, the disruption 

(Hoek et al. 2000) in addition to the depletion of inhibitory-soluble ligands released 
), may set the 

stage for neurotoxic reactive microgliosis (see below for more detailed informa-
tion). Furthermore, neuron injury signals released by damaged neurons that can 
either initiate or amplify the M1-like response have also been identified, including, 

α synuclein (Zhang 
et al. in press), μ calpain (Levesque et al. 2010), neuromelanin (Wilms et al. ; 
Zecca et al. 
(Appel et al. 2011 ), extracellular nucleotides 

), zinc (Kauppinen et al. 
2012

essential in neuron-microglia communication and the release of M1 triggers from 
damaged neurons that interact to culminate in chronic dysregulation of the microg-
lia in response to neuronal injury.

6.8.3  Endogenous Disease Proteins

also directly activate the microglial M1-like response (see further information in 
β has a 

-
rons (Yankner ; Yankner et al. 1990) and microglia-mediated neuron damage 

2000; Qin et al. 2002
cluster around senile plaques containing Aβ and neurofibrillary tangles (McGeer 
et al. ; Sasaki et al. 1997), change morphology (Meda et al. 1995), and produce 
pro-inflammatory factors, such as nitric oxide (Li et al. ), superoxide (Qin 
et al. 2002; Wilkinson and Landreth α 2004) in 
response to Aβ.

K. Biber and M.L. Block

http://dx.doi.org/10.1007/978-1-4939-1429-6_18


159

α Synuclein is another example of a disease protein that is known to directly 
interact with microglia to elicit an M1-like expression pattern. α Synuclein is a 

). Levels of the α Synuclein protein are elevated in the 
; Shi et al. 2011) and over- 

expression of wild-type α
2010), implicating the 

α
2011; Shi et al. 

2011
the degree of α 2005). Both the α synuclein 
monomer (Lee et al. 2010) and the aggregated (Zhang et al. 2005, 2007; Lee et al. 
2010) forms have been shown to cause the production of pro-inflammatory cyto-

α β), ROS, and microglia-mediated neurotoxicity in vitro.

6.8.4  Pesticides

N,N′-dimethyl-4,4′-bipyridinium 

(Hertzman et al. 1990; Liou et al. 1997 2009; Wang et al. 2011). 

transporter following systemic exposure (Shimizu et al. 2001
2004), thereby causing neuroinflammation (Mitra et al. 2011; Mangano et al. 2012) 

2002) in vivo 
(Fei et al. 
at high concentrations (Richardson et al. 2005), lower concentrations are thought to 
be neurotoxic predominantly through microglial activation (Wu et al. 2005). A sin-
gle exposure to paraquat in mice causes changes in microglia morphology in the 

2007
2005 2007) results in enhancement of the pro-inflammatory 

paraquat do not initiate the full M1-like response, but rather, they only produce ROS 
(Bonneh-Barkay et al. 2005; Wu et al. 2005; Miller et al. 2007). As such, inhibition 

2012 ), as well as co- 
2009), decreases the 

et al. 2011; Weisskopf et al. 2010; Mao and Liu ), where activated microglia 
have been shown to produce extracellular superoxide (Mao and Liu ; Zhou 
et al. 2012). Lindane, dieldrin, paraquat, and rotenone also activate a partial M1-like 

), but the mech-
anisms of action are poorly understood.
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6.8.5  Air Pollution

While a chronic microglial M1-like response is implicated in pathology, recent 
reports indicate that microglia are capable of detecting exposure to various forms of 
air pollution, which may arguably be one of the most common environmental 
sources of microglial M1-like activation (Block et al. 2012). Air pollution is a com-
plex mixture derived from numerous natural and anthropogenic sources, including 

other gases, volatile organic compounds (e.g. benzene, toluene, and xylene), and 
metals (e.g. lead, manganese, vanadium, iron) (Block et al. 2012

2009; Lucchini et al. 2012
identified the particle components of urban air pollution in the brain parenchyma 

). Animal studies have shown that exposure to 
2005, 2009), ozone (Santiago-Lopez et al. 2010), die-

2010; Levesque et al. 2011a, b), and manganese 
; Antonini et al. 2009) results in elevated cytokine expression and 

Garciduenas et al. ) and animal studies (Levesque et al. 2011b; Morgan et al. 
2011; Bolton et al. 2012 -
lar contexts where this microglial response impacts neuron survival.

6.9  Triggers of the Microglial M2-Like Expression Pattern

Since microglia expressing M2-like patterns are currently seen as beneficial ele-
ments, it would be desirable to gain more information about the signals that initiate 
M2-like patterns in microglia. Little is known about the triggers that lead to microg-

is often used as a stimulus for M2 polarization, and it was shown some years ago 

et al. 
microglia express some dendritic cell-like markers (Butovsky et al. 2007), but 

not in the periphery is required to cause a M2-like microglia response, correlated in 
2007

microglia derived from young adult mice (Fenn et al. 2012), suggesting that aging 
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note that aging is associated with an M1-like pro-inflammatory response in  microglia 
). Recently, it was found that the microglia cell line 

-

).

express many M2 markers during different functions, it is unlikely that microglia 
follow a strict macrophage activation pattern typical of peripheral myeloid cells. 
Significant study is needed to resolve the role of M2-like activation in microglial 
function and phenotype.

6.10  Implications

-
onic myeloid cell population and these cells invade the developing brain very early. 

renewable population that is not replaced by peripheral myeloid cells. Microglia are 
protective elements in the brain, because mutating or deleting them is seldom asso-

stimuli may lead to the development of microglia with a M1-like expression pattern; 
-

tiate or participate in neurodegenerative diseases, thus turning the original benefi-

challenge for future research to understand the molecular mechanisms that trigger 
the development of neurotoxic microglia.
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    Chapter 7   
 Developmental Neuronal Elimination 

             José     L.     Marín-Teva      ,     Julio     Navascués      ,     Ana     Sierra     , and     Michel     Mallat     

    Abstract     Microglia, the brain’s innate immune cell type, are cells of mesodermal 
origin that populate the central nervous system (CNS) during early development. 
Their functions which are best characterized in the developing CNS are related to 
programmed cell death (PCD), a physiological process that massively affects neural 
cell lineages and contributes to brain morphogenesis and neuronal network matura-
tion. Although relatively scarce before advanced developmental stages, microglia 
can remove dead cells in an effective manner due to their migratory and phagocytic 
behavior. Recent studies indicate that microglia do not only scavenge cell corpses, 
but also eliminate neural progenitors cells and trigger or induce PCD in different 
types of developing neurons. Conversely, microglia were also found to promote the 
neuronal survival by their release of trophic factors. In this chapter we shall discuss 
the functional involvement of microglia in the loss of neural cells during normal 
development and review the mechanisms and cell signalling that underlie microglial 
regulation of PCD and elimination of dead cells.  

  Keywords     Microglia   •   Neural progenitors   •   Apoptotic neural cells   •   Programmed 
cell death   •   Survival   •   Physiology   •   Development   •   Phagocytosis   •   Trophic factors  

      Bullet Points  

•      Microglial cells remove apoptotic neural cells by phagocytosis in different cen-
tral nervous system (CNS) regions from early to advanced development stages.  

•   The contribution of microglia to the elimination of apoptotic neural cells varies 
depending on the species, developmental stage, and CNS region.  
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•   Secreted “fi nd-me” and exposed “eat-me” signals comprise the central elements 
of apoptotic cell removal by microglial cells.  

•   Microglia not only scavenge cell corpses, but also eliminate neural progenitors 
and trigger or induce programmed cell death in different types of developing 
neurons.  

•   Microglia can also promote the survival of some neurons during development 
through the release of trophic factors.     

7.1     Introduction 

 Microglia are the resident macrophages of the central nervous system (CNS). Since 
the fi rst studies by del Rio-Hortega, it has generally been accepted that ramifi ed 
microglia are differentiated cells in the CNS that arise from precursor cells of meso-
dermal origin with ameboid morphology, which are called ameboid microglia and are 
present in the developing CNS (Cuadros et al.  1992 ; del Rio-Hortega  1932 ; Cuadros 
and Navascués  1998 ; Chan et al.  2007 ; Prinz and Mildner  2011 ; Prinz et al.  2011 ). 
It is now established that most if not all microglia originate from yolk sac- derived 
primitive myeloid progenitors that seed the CNS during early developmental stages 
(Alliot et al.  1999 ; Herbomel et al.  2001 ; Chan et al.  2007 ; Ginhoux et al.  2010 ,  2013 ; 
Mizutani et al.  2012 ; Prinz et al.  2011 ; Schulz et al.  2012 ; Kierdorf et al.  2013 ). 
During development, microglia infi ltrate all CNS regions through extensive cell 
migration and proliferation. They progressively differentiate into mature ramifi ed 
cells and become spread throughout the adult CNS. Ramifi ed microglia appear to 
continuously scan the extracellular environment by extending and retracting their cell 
processes. Contact inhibition between microglial cells leads to a characteristic spatial 
arrangement in which microglial cells occupy non-overlapping territories (Davalos 
et al.  2005 ; Nimmerjahn et al.  2005 ). Microglia are highly plastic cells that strongly 
react to any lesion or pathologies affecting the CNS, and they play key roles in neu-
roinfl ammatory reactions (Hanisch and Kettenmann  2007 ; Saijo and Glass  2011 ). 

 Since the discovery of microglial cells, their biology has been widely considered 
with relation to programmed cell death (PCD) taking place in the CNS during nor-
mal development. Histological studies have addressed temporal and spatial relation-
ships between the spread of microglial cells and PCD in the CNS of developing 
vertebrates (Perry et al.  1985 ; Ferrer et al.  1990 ; Ashwell  1990 ,  1991 ; Perry and 
Gordon  1991 ; Marín-Teva et al.  1999 ; Peri and Nusslein-Volhard  2008 ; Calderó 
et al.  2009 ; Rigato et al.  2011 ). Microglial phagocytosis of dying cells has been 
described in various regions of the developing CNS (Ferrer et al.  1990 ; Marín-Teva 
et al.  1999 ; Dalmau et al.  2003 ; Peri and Nusslein-Volhard  2008 ). Besides their 
debris clearance function, microglial cells actively contribute to cell–cell interac-
tions that trigger or ensure the execution of PCD (Mallat et al.  2005 ; Bessis et al. 
 2007 ; Marín-Teva et al.  2011 ). Lately, microglial cells were also shown to promote 
neuronal survival in the developing CNS (Ueno et al.  2013 ). 

 In this chapter, we shall review current knowledge on the role of microglial cells 
in neuronal elimination/survival during normal development.  

J.L. Marín-Teva et al.
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7.2     Programmed Cell Death of Neurons in the Developing 
CNS: Where, When, and Which 

 The large-scale loss of neural cells occurs as a normal and essential stage in CNS 
maturation during the embryonic and postnatal development of many vertebrate 
species (Oppenheim  1991 ; Kuan et al.  2000 ; Yuan and Yankner  2000 ; Buss et al. 
 2006 ). Cell death affects neuronal and glial cell lineages at different stages of devel-
opment. The loss of neural cells contributes to the morphological sculpting of the 
developing CNS and is one of the regressive events involved in the remodelling and 
functional adaptation of neuronal networks (Oppenheim  1991 ; Roth and D’Sa 
 2001 ). Although a variety of forms of cell death have been reported depending on 
morphological and biochemical criteria (Edinger and Thompson  2004 ; Lockshin 
and Zakeri  2002 ), this physiological PCD appears to occur by two major pathways: 
apoptosis, recognized by cell rounding, DNA fragmentation, externalization of 
phosphatidyl serine (PS), caspase activation, and the absence of infl ammatory reac-
tion; and autophagy, characterized by the presence of large vacuoles and the fact 
that cells can be rescued from death until very late in the process. The boundary 
between apoptosis and autophagy is not sharply defi ned, and a complex interplay 
between the two forms of cell death has been described (reviewed in Booth et al. 
 2013 ). However, apoptosis is the dominant type of PCD during normal CNS devel-
opment (Clarke  1990 ). The major effect of PCD on projecting neurons during 
development is well-documented. Thus, during the period in which neuronal con-
nections are established, up to 50 % of numerous types of differentiated neurons 
undergo cell death (Oppenheim  1991 ; Raff et al.  1993 ). This neuronal death is 
thought to be in part triggered by the shortage of neurotrophic factors (neural growth 
factor, NGF; brain-derived neurotrophic factor, BDNF; etc.) released by the target 
cells innervated by these neurons (Barde  1989 ; Oppenheim  1989 ; Raff et al.  1993 ; 
Snider  1994 ). Even though less documented, PCD is also observed earlier in devel-
opment, before synaptogenesis, in populations of undifferentiated cells such as the 
proliferating neuroepithelial cells and newly postmitotic neuroblasts, where it par-
ticipates to specifi c functions (e.g., morphogenic sculpting of the early CNS) and 
involves various regulatory mechanisms (Kuan et al.  2000 ; de la Rosa and de Pablo 
 2000 ; Yeo and Gautier  2004 ; Valenciano et al.  2009 ). It is generally considered that 
the PCD of neural cells during development requires relatively conserved molecular 
pathways. These include “proapoptotic” genes of the Bcl-2 family, the apoptosome 
(cytochrome c, Apaf-1, caspase-9) and downstream caspases (e.g., caspase-3), 
which lead to the formation of apoptotic bodies that are rapidly phagocytosed and 
digested by different types of “professional” and “non-professional” phagocytes. 
Some studies on the in vivo role of caspases in the normal PCD of developing neu-
rons have shown that caspase activation is involved in most cases of neuronal PCD, 
but is only necessary for the PCD of immature neurons or neuronal precursors at 
early developmental stages, when neurogenesis is ongoing (Kuan et al.  2000 ; 
Oppenheim et al.  2008 ). Genetic deletion or pharmacological inhibition of caspases 
was shown to prevent this early type of PCD in the CNS, while being ineffective at 
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preventing the normal PCD of postmitotic neurons at later developmental stages 
during the establishment of synaptic connections (Oppenheim et al.  2001 ,  2008 ; 
Yaginuma et al.  2001 ; Boya et al.  2008 ). In the absence of caspases, these postmi-
totic neurons undergo quantitatively normal amounts of PCD by a different caspase- 
independent pathway that exhibits signs of autophagy (Oppenheim et al.  2008 ). 
Recent studies have also reported that the authophagic machinery provides the 
energy required for proper cell corpse removal and further degradation of apoptotic 
cells during the neurogenesis period (Mellén et al.  2008 ; Boya et al.  2008 ; Aburto 
et al.  2012 ).  

7.3     Scavenger Role of Microglia in Different CNS 
Regions from Early to Advanced Development 

 Cell apoptosis is marked by DNA fragmentation and caspase-triggered cleavage of 
the cellular proteome (Nicholson  1999 ), which lead to cell shrinkage but spare the 
integrity of the plasma membrane up to an advanced stage of the death process. 
Swift elimination of apoptotic cells by tissue phagocytes is important to prevent 
secondary cell necrosis involving plasma membrane disruption and leakage of intra-
cellular compounds in the extracellular space, which may be responsible for infl am-
matory reactions or autoimmune diseases (Nagata et al.  2010 ). Microglial cells 
remove apoptotic neural cells by phagocytosis in different CNS regions from early 
(Sorokin et al.  1992 ; Cuadros et al.  1991 ,  1993 ; Herbomel et al.  1999 ,  2001 ; 
Lichanska and Hume  2000 ) to more advanced development stages (Hume et al. 
 1983 ; Ashwell et al.  1989 ; Ashwell  1990 ,  1991 ; Pearson et al.  1993 ; Perry et al.  1985 ; 
Ferrer et al.  1990 ; Perry and Gordon  1991 ; Thanos  1991 ; Moujahid et al.  1996 ; 
Egensperger et al.  1996 ; Marín-Teva et al.  1999 ; Upender and Naegele  1999 ; Rakic 
and Zecevic  2000 ; Dalmau et al.  2003 ; Peri and Nusslein-Volhard  2008 ; Calderó 
et al.  2009 ). In the adult mouse CNS, phagocytic microglia ensure the elimination 
of dying neuroblasts that derive from neural stem cells in the hippocampal neuro-
genic niche (Sierra et al.  2010 ) (see Chap.   10    ). 

 The contribution of microglia to the elimination of apoptotic neural cells appears 
to vary depending on the species, developmental stage, and CNS region studied 
(Dalmau et al.  2003 ; Calderó et al.  2009 ; Sierra et al.  2013 ). For example, in the 
cerebral cortex, subcortical white matter, and hippocampus of the in vivo perinatal 
rat brain, microglial cells engulf virtually all cells undergoing PCD (Dalmau et al. 
 2003 ). However, low microglial cell density may be limiting for scavenging activity, 
especially at the earliest stages of CNS development, when microglial cells remain 
scarce. During early development of the CNS, in which the phagocytic capacities of 
microglia appear to be overwhelmed by the number of dying cells, other non-
professional phagocytes, such as neighboring neuroepithelial cells, neuroblasts, reti-
nal Müller cells, cerebellar Bergmann glia, and spinal cord astrocytes also contribute 
to the elimination of apoptotic cells or bodies (O’Connor and Wyttenbach  1974 ; 
García-Porrero and Ojeda  1979 ; Kálmán  1989 ; Cuadros et al.  1991 ; Egensperger 
et al.  1996 ; Marín-Teva et al.  1999 ; Parnaik et al.  2000 ; Mellén et al.  2008 ).  
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7.4     How Do Microglia Find and Selectively Engulf 
Dead Cells in the Developing CNS? 

 The molecular signalling that triggers microglial phagocytosis during normal 
 development remains a key question to be solved, but this issue clearly benefi ts 
from the recent discovery of signals that are generated by apoptotic cells and sensed 
by phagocytes. 

 Secreted “fi nd-me,” exposed “eat-me,” and disabled “don’t-eat-me” signals 
comprise the central elements of apoptotic cell removal by professional phagocytes 
(Savill and Fadok  2000 ; Lauber et al.  2004 ; Ravichandran  2010 ). Soluble forms of 
lysophosphatidylcholine (LPC), as well as the chemokine and adhesion molecule 
CX3CL1 (also known as fractalkine) and the nucleotides ATP and UTP, are known 
to act as “fi nd-me” signals that are released by apoptotic cells and attract phago-
cytes (Lauber et al.  2004 ; Ravichandran  2010 ). LPC has an attractive chemotactic 
effect on human monocytic cells and macrophages (Lauber et al.  2003 ). Moreover, 
it is released from apoptotic cells through the caspase-3-mediated activation of 
calcium- independent phospholipase A 2  and is recognized by the phagocyte 
G-protein- coupled receptor G2A (Lauber et al.  2003 ; Peter et al.  2008 ). On the 
other hand, fractalkine was found to be released before the loss of plasma mem-
brane integrity by apoptotic lymphocytes via a caspase-regulated mechanism and to 
have an attractive effect on macrophages expressing the fractalkine receptor 
CX3CR1, as inferred from in vitro and in vivo studies carried out in humans and 
mice (Truman et al.  2008 ). Microglial cells are known to be the only CNS cells that 
express CX3CR1 (Jung et al.  2000 ). Interestingly, fractalkine released from cul-
tured neurons damaged by glutamatergic excitotoxicity promotes the phagocytosis 
of cell debris by microglial cells (Noda et al.  2011 ). However, the actual role of 
G2A or CX3CR1 in the elimination of neural cell corpses during development has 
not yet been established. Finally, it was reported that the caspase-dependent release 
of ATP and UTP during the early stages of apoptosis in thymocytes acts as a 
 “fi nd-me” signal to promote phagocytic clearance by human monocytes (Elliott 
et al.  2009 ). Nucleotides could possibly act as “fi nd-me” signals in the normal 
developing CNS, but this hypothesis needs to be experimentally tested. In particu-
lar, extracellular ATP/ADP has chemotactic effects on microglial cells by binding to 
P2Y 12  purinergic receptors (Davalos et al.  2005 ; Nimmerjahn et al.  2005 ; Haynes 
et al.  2006 ; Ohsawa and Kohsaka  2011 ). Costimulation of microglial P2Y receptors 
and adenosine (A1 type) receptors appears to be required for microglial chemotaxis 
towards ATP. This cell response is prevented in purifi ed microglia, obtained by 
shaking mixed glial cell cultures, which are derived from the brain of newborn mice 
defi cient in the expression of CD39, an ectonucleotidase that degrades nucleotides 
to nucleosides (Farber et al.  2008 ). 

 Once recruited in the vicinity of apoptotic cells, phagocytes can selectively rec-
ognize the dead cells as prey to be engulfed due to their expression of “eat-me” 
signals. In mammals, the best-characterized “eat-me” signal is PS, a cell membrane 
component that translocates from the inner to outer leafl et of the plasma membrane 
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during the apoptotic process (Fadok et al.  2000 ). Externalized PS can stimulate 
phagocytosis of apoptotic cells through direct binding to phagocyte receptors such 
as T cell immunoglobulin- and mucin-domain containing molecule 4 (Tim-4) 
(Miyanishi et al.  2007 ), brain-specifi c angiogenesis inhibitor-1 (BAI1) (Park et al. 
 2007 ) or stabilin-2 (Park et al.  2008 ). PS recognition by phagocytes can also 
involve several “bridging” molecules, binding to both PS and phagocyte receptors, 
which are released in extracellular fl uid (Erwig and Henson  2008 ). Among these, 
milk fat globule epidermal growth factor-8 (MFG-E8) and C3bi can bind to PS and 
are then recognized by integrins expressed by macrophages/microglia such as vit-
ronectin receptor (αvβ3) and complement-receptor-3 (CR3/CD11b), respectively 
(Hanayama et al.  2002 ; Mevorach et al.  1998 ; Savill and Fadok  2000 ). The bridg-
ing molecules and receptors responsible for PS-mediated clearance of dead cells 
(see Sierra et al.  2013  for a review) are not yet clearly defi ned in the developing 
CNS, but the capacity of purifi ed microglial cells to engulf PS-coated cells or par-
ticles is well- documented (Witting et al.  2000 ; Konduru et al.  2009 ; Neher et al. 
 2011 ; Liu et al.  2013 ). 

 Another possible “eat-me” signal is the endogenous cellular ligand for the trig-
gering receptor expressed on myeloid cells 2 (TREM2). TREM2 is specifi cally 
expressed by microglial cells, as demonstrated by in vivo immunocytochemical 
studies in different regions of the mouse brain (Hsieh et al.  2009 ). Its ligand is up- 
regulated on apoptotic neurons, mediates signal transduction by association with 
DNAX adaptor protein-12 (DAP12) on microglia, and promotes the phagocytosis of 
dying neurons in cell cultures (Takahashi et al.  2005 ; Hsieh et al.  2009 ; Neumann 
et al.  2009 ). Finally, another in vivo and in vitro study demonstrated that activation 
of P2Y 6  receptors in microglial cells by UTP/UDP released from damaged neurons 
triggers the clearance of dying cells by phagocytosis (Koizumi et al.  2007 ). Hence, 
in addition to PS, the ligands for TREM2 and UTP/UDP may be considered as puta-
tive “eat-me” signals promoting microglial phagocytosis during development.  

7.5     PCD and Microglial Cell Distribution 
in the Developing CNS 

 Besides its role in the elimination of dead cells, apoptotic cell-to-phagocyte signal-
ling clearly fulfi lls the expected criteria for a mechanism that underlies microglia 
distribution in the developing CNS. Consistent with the recent demonstration 
that dying cells release chemotactic “fi nd-me” signals, the codetection of microglia 
and dying cells provided evidence that local PCD may account for the entry, local 
spread, or transient clustering of macrophages/microglia in different CNS regions 
of embryonic vertebrates, including the retina (Santos et al.  2008 ), spinal cord 
(Rigato et al.  2011 ), choroid plexus (Swinnen et al.  2013 ), cerebellum, or cerebral 
cortex (Ashwell  1990 ,  1991 ). However, microglia infi ltration in cell layers of the 
developing CNS is not always correlated with the occurrence of PCD (Marín-Teva 
et al.  1999 ), and it involves different molecular cues unrelated to the signalling 
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generated by dying cells. In particular, developing neural cells can produce 
 chemoattractants that target macrophages/microglia, such as chemokines (Ransohoff 
 2009 ), macrophage colony-stimulating factor 1 (M-CSF), or vascular endothelial 
growth factor A (VEGF-A) (Breier et al.  1992 ; Nandi et al.  2012 ; Lelli et al.  2013 ). 
In zebra fi sh embryos, M-CSF receptor expressed by mononuclear phagocytes is 
required for the early infi ltration of yolk-sac-derived phagocytes in the CNS 
(Herbomel et al.  2001 ), whereas VEGF receptor 1 signalling promotes early postna-
tal infi ltration of microglia in deep layers of the mouse cerebral cortex (Lelli et al. 
 2013 ). Furthermore, microglia appear to use radially oriented processes of glial or 
neural progenitors cells as a substrate for cell migration in the retina (Sánchez-
López et al.  2004 ), spinal cord (Rigato et al.  2011 ), and cerebral cortex (Swinnen 
et al.  2013 ). Strikingly, ameboid microglial cells migrate in embryonic quail retina 
following well-defi ned routes that are not altered when they pass close to regions of 
abundant cell death, and they only engulf apoptotic bodies encountered along these 
routes (Marín-Teva et al.  1999 ). This observation suggests that cell guiding cues 
unrelated to PCD may outcompete “fi nd-me” signals emitted by dead cells. 
Alternatively, the capacity of microglial cells to sense “fi nd-me” (and/or “eat-me”)
signals may vary according to their localization in the developing CNS. In connec-
tion with this possibility, the heterogeneity of microglial cell phenotypes during 
normal development is well- documented (Hristova et al.  2010 ; Verney et al.  2010 ; 
Scheffel et al.  2012 ; Arnoux et al.  2013 ). Moreover, recent studies have emphasized 
that the functional implications of microglial recruitment are not limited to the scav-
enging of dead cells. Microglia fulfi ll other roles during development, including the 
remodelling of developing synapses (Hoshiko et al.  2012 ; Tremblay et al.  2010 ; 
Paolicelli et al.  2011 ; Schafer et al.  2012 ), homeostatic regulation of neuronal fi ring 
(Ji et al.  2013 ) (Chap.   9    ), stimulation of angiogenesis (Checchin et al.  2006 ; Fantin 
et al.  2010 ) (Chap.   8    ), and the induction or prevention of developmental cell death, 
which is discussed below.  

7.6     Switching Programmed Cell Death On and Off 
in the Developing CNS: A Dual Role for Microglia 

 Various studies have demonstrated that microglial cells not only have a scavenger 
role during development, but can also trigger or promote PCD in different types of 
developing neurons. The mechanisms involved in the induction of PCD by microg-
lial cells are diverse and can be classifi ed into two groups: phagocytosis-unrelated 
PCD induction; and PCD triggering/execution involving phagocytosis, designated 
as “engulfment-promoted PCD.” 

 The former group relies in part on the capacity of microglia to produce neuronal 
growth factors such as neurotrophins (Mallat et al.  1989 ; Elkabes et al.  1996 ). 
Frade and Barde ( 1998 ) showed that nerve growth factor (NGF) is produced 
in vivo during early chick embryo development by primitive macrophages and 
microglial cells, which are present in the vitreous body and scattered within the 
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retinal neuroepithelium between embryonic day 3 (E3) and E6. In addition, in vitro 
experiments in cultured eye cups demonstrated that macrophage/microglial pro-
duction of NGF triggers PCD in retinal progenitor cells expressing neurotrophin 
receptor p75 at E3 (Fig.  7.1a ). Another type of phagocytosis-independent involve-
ment of macrophages in PCD was observed in the embryonic rat spinal cord, in 
which motoneurons undergo PCD from E15. Experiments in cultured explants of 
ventral horns of rat embryo spinal cord showed that embryonic motoneurons 
acquire the competence to undergo PCD between E12 and E13, 2 days before the 
onset of cell death (Sedel et al.  2004 ). This neuronal commitment to a death fate 
appears to be driven by tumor necrosis factor α (TNF-α) released from primitive 
macrophages that invade the surrounding somitic mesenchyme at these develop-
mental stages (Fig.  7.1b ). Macrophage-derived TNF-α signals through the TNF-α 
receptor 1 expressed by embryonic motoneurons (Sedel et al.  2004 ). Subsequent 
in vivo studies provided evidence that these somitic macrophages eventually infi l-
trate the spinal cord and therefore contribute to microglial development (Rigato 
et al.  2011 ).

   Engulfment-promoted PCD was observed in postmitotic neurons in the cerebel-
lum of 3 day-old (P3) mice (Marín-Teva et al.  2004 ); at this developmental stage, 
Purkinje cells initiate a death program marked by caspase-3 activation. In vivo 
observations in the P3 mouse cerebellum and in vitro experimental studies in P3 
cerebellar slices showed that the majority of these neurons are engulfed by microg-
lial cells that actively prevent abortion of the death program in the engulfed cells 
(Marín-Teva et al.  2004 ). In the developing mouse CNS, microglia express all of the 
genes encoding multimeric Nox1- and Nox2-dependent NADPH oxidases that cata-
lyze the formation of superoxide ions (Bedard and Krause  2007 ; Chéret et al.  2008 ). 
Activation of microglial NADPH oxidases is detectable at early postnatal stages and 
is required for microglia-promoted Purkinje cell death (Fig.  7.1c  1 ) (Marín-Teva 
et al.  2004 ; Lelli et al.  2013 ). This mechanism is reminiscent of the innate immune 
response in which bacteria or fungi ingested by neutrophils or macrophages are 
neutralized by reactive oxygen species derived from the activation of phagocyte 
Nox2-dependent NADPH-oxidase (Bedard and Krause  2007 ; Lam et al.  2010 ). It is 
noteworthy that the involvement of engulfi ng cells in the execution of developmen-
tal cell death is not limited to vertebrates (Mallat et al.  2005 ). It is well documented 

Fig. 7.1 (continued) MiCs promote neuron death by the engulfment of differentiated neurons 
(DNs) undergoing early reversible steps of cell death ( c   1  ) and healthy neural progenitor cells ( c   2  ). 
( c   1  ). In the developing cerebellum (Marín-Teva et al.  2004 ) and hippocampus (Wakselman et al. 
 2008 ), DNs in early stages of cell death express activated caspase-3 and show putative “eat-me” 
signals on their surface. These signals are recognized by the β2-integrin CD11b and the immuno-
receptor DAP12 on the MiC surface, thereby triggering neuron engulfment and the progression of 
late stages of cell death, which are promoted by microglial-derived apoptotic effectors such as 
superoxide ions (O 2  •− ). ( c   2  ). MiCs colonize proliferative zones in the developing cerebral cortex 
and phagocytose postmitotic neural progenitors (NPs) that show no sign of cell death, thereby 
contributing to regulate the size of the NP pool (Cunningham et al.  2013 ). ( d ) In the developing 
cerebral cortex, MiCs recruited in the subcortical white matter limit the extent of PCD in DNs of 
the cortical layer V through production of insulin-like growth factor 1 (IGF-1) (Ueno et al.  2013 )       
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  Fig. 7.1    Dual role of microglial cells in promoting either the death or survival of neurons and 
neural progenitor cells, as demonstrated by studies performed in different parts of the developing 
central nervous system (CNS). ( a ) In the early retina, ameboid microglial cells (MiCs) are involved 
in the death of some neuroepithelial cells (NCs) expressing the p75 neurotrophin receptor (p75 NTR ) 
by producing nerve growth factor (NGF). The NGF secreted by MiCs remains bound to the cell 
surface and promotes NC death after p75 NTR  stimulation (Frade and Barde  1998 ). ( b ) Primitive 
macrophages (MACs) have a role in committing differentiating motoneurons (MNs) in the devel-
oping spinal cord to death (Sedel et al.  2004 ). These MNs acquire competence to die through sig-
nalling via the tumor necrosis factor α (TNF-α) released from MACs in adjacent somites. Two 
days after TNF-α signalling, committed MNs undergo neurotrophic PCD, and cell debris is 
 phagocytosed by ameboid MiCs invading the spinal cord. ( c ) In other developing CNS regions,
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in the nematode  Caenorhabditis elegans , in which “death-committed” cells 
 expressing activated CED-3 (homologue to vertebrate caspase-3) can be rescued by 
inactivation of genes that control the engulfment of cell corpses (Hoeppner et al. 
 2001 ; Reddien et al.  2001 ). Therefore, it was suggested that live Purkinje cells com-
mitted to a death fate readily express “eat me” signals, which stimulate engulfi ng 
behavior and superoxide production in microglia (Marín-Teva et al.  2004 ). 

 Further insights into this issue came from an in vivo study in newborn mice, 
which showed that, similar to developing Purkinje cells, hippocampal neurons in 
contact with microglia undergo PCD through a mechanism requiring the microglial 
production of superoxide ions (Wakselman et al.  2008 ). Both microglial superoxide 
generation and neuronal death were found to be reduced in newborn mice bearing a 
mutation preventing expression of the CD11b integrin subunit or activity of the 
DAP12 signalling protein. CD11b/CD18 (αMβ2) functions as an engulfment recep-
tor of prey tagged with the C3bi complement component (Bohana-Kashtan et al. 
 2004 ). The involvement of complement components in developmental neuronal 
death has not yet been established, whereas a recent investigation shows that C3bi- 
CD11b signalling contributes to microglia-mediated synapse elimination during 
normal development (Schafer et al.  2012 ). DAP12 is a transmembrane-anchored 
signalling adaptor containing an immunoreceptor tyrosine-based activation motif 
that transmits signals from CD11b/CD18 and other immunoreceptors (Ivashkiv 
 2009 ). Among these, TREM2 and β3 integrins are expressed by microglia and can 
directly or indirectly bind to “eat-me” signals, including PS. Whether these recep-
tors contribute to the DAP12-dependent loss of hippocampal neurons (Wakselman 
et al.  2008 ) has not been addressed. However, recent in vitro studies show that a 
transient PS externalization can occur in neurons cultured in the presence of microg-
lial cells under proinfl ammatory conditions. Although these PS-tagged neurons 
remain viable, they are recognized and engulfed by microglia via mechanisms 
involving the cross-linking of neuronal PS and microglial αvβ3 integrin (vitronectin 
receptor) by the MFG-E8 bridging protein, and in fact, neuronal death is executed 
by microglial phagocytosis (Neher et al.  2011 ; Fricker et al.  2012 ). 

 In the developing CNS, the engulfment-mediated loss of cells is not restricted to 
postmitotic neurons. Thus, a study carried out in vivo, as well as in in vitro cultured 
slices, revealed that microglia limit the production of cells in the developing cere-
bral cortex of macaques and rats by phagocytosing neural progenitor cells, mostly 
during late stages of cortical neurogenesis (Cunningham et al.  2013 ). Interestingly, 
this study found that most neural progenitor cells contacted or engulfed by microg-
lial cells in the cortical proliferative zones show no signs of cell death or apoptosis 
as defi ned by the expression of cleaved caspase-3, TUNEL-labelling of fragmented 
DNA, PS exposure, or nuclear breakdown. The mechanisms by which microglia 
recognize these healthy progenitor cells as a prey to be engulfed have not been 
determined. Nevertheless, these fi ndings reveal a new type of engulfment-promoted 
cell elimination during development, with microglial cells eliminating viable neural 
progenitor cells through a process unrelated to apoptosis (Fig.  7.1c  2 ). 

 Besides engulfi ng behavior and the generation of prodeath signals, microglia 
can produce various neuronal growth factors that may directly support the survival 
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of neurons or the growth of their processes. These functional capacities were 
 documented in culture studies more than 20 years ago (Mallat and Chamak  1994 ), 
and their relevance to normal brain development was recently demonstrated in an 
in vivo and in vitro study of the mouse cerebral cortex (Fig.  7.1d ) (Ueno et al. 
 2013 ). It was observed that, during early postnatal stages (P3–P7), microglial cells 
recruited in the subcortical white matter limit the extent of PCD in corticospinal and 
callosal neurons, the cell bodies of which are localized in the cortical cell layer V. This 
neurotrophic infl uence is mediated by the microglial production of insulin-like 
growth factor 1 (IGF-1), as shown in vitro in cocultures of cortical neurons and 
microglia (Ueno et al.  2013 ). The apparently contradictory roles of microglia (elim-
ination of viable cells versus trophic effect on neuron survival) revealed by the two 
studies performed in the rat and mouse cerebral cortex (Cunningham et al.  2013 ; 
Ueno et al.  2013 , Fig.  7.1c  2 , d) are in agreement with the current view that microg-
lia have a dual role on cell death depending on the microenvironment and interac-
tions with other cell types (Hanisch and Kettenmann  2007 ; Mallat and Chamak 
 1994 ; Czeh et al.  2011 ). Microglia analyzed in the above studies act in different 
microenvironments and at different developmental periods. Thus, the study by 
Cunningham et al. ( 2013 ) reported that microglial phagocytosis of neural precursor 
cells occurs in the proliferative ventricular zone of E19-P2 rat embryo cerebral 
cortex, whereas Ueno et al. ( 2013 ) observed microglia-promoted survival of dif-
ferentiated corticospinal neurons, through IGF-1 signaling, in the cortical layer V 
of the P3–P5 mouse brain. These differences may refl ect functional heterogeneity 
of microglia driven by diverse environmental cues. They may also arise from the 
selective capacities of target cells to express compounds required for microglial 
phagocytic or neurotrophic activities, such as “eat-me” signals, the IGF-1 receptor 
or other signaling components.  

7.7     Concluding Remarks 

 Taken together, current evidence indicates that microglia not only eliminate dead 
cells, but also play an important role in cell–cell interactions that regulate PCD in 
the developing CNS. Notably, the signalling by which microglia can promote PCD 
is diversifi ed. Studies of the developing cerebral cortex have revealed that microglia 
exert a dual infl uence on local cell production, promoting the elimination of pro-
genitor cells but preventing the loss of differentiated neurons. It is now clear that the 
role of microglial phagocytosis extends beyond the elimination of dead cells, as it 
plays a part in the mechanisms that determine the death fate of neural cells during 
brain development. The engulfment of apoptotic cells was also shown to impact on 
the ability of the engulfi ng cells to produce cytokines or lipid mediators (Elliott and 
Ravichandran  2010 ). Therefore, microglial phagocytosis could additionally modu-
late microglial capacity to infl uence neural cell survival, growth, or differentiation 
during normal development. This issue warrants further investigation. The variety 
of mechanisms by which microglia regulate developmental neural cell death, as 
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reviewed here, is consistent with the high functional plasticity of microglia, whose 
behavioral repertoire appears to be location- and time-specifi c. The physiological 
effects of microglia on neural cell survival is most likely tuned by the local cell 
environment or by specifi c interactions between microglia and target cells, which 
may change according to the CNS region and developmental time.     
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    Chapter 8   
 Developmental Vascularization, Neurogenesis, 
Myelination, and Astrogliogenesis    

             G.     Jean     Harry       and     Lorena     Pont-Lezica     

    Abstract     The temporal and spatial pattern of microglia colonization of the nervous 
system implies a role in neural cell proliferation and differentiation, as well as neu-
rovascularization and postnatal myelination. Microglia established within the devel-
oping nervous system assume a neural-specifi c identity and contribute to key 
developmental events. Their association around blood vessels implicates them in 
development of the vascular system. A similar association has been reported for 
neural cell proliferation and associated phenotypic shifts, and also for cell fate dif-
ferentiation to neuronal or glial phenotypes. These processes are accomplished by 
phagocytic activities, cell–cell contact relationships, and secretion of various fac-
tors. This chapter will provide an assessment of data currently available from in vivo 
and in vitro studies evaluating the dynamic, interactive nature of these processes 
throughout the progression of nervous system development.  

  Keywords     Microglia   •   Vascularization   •   Neurogenesis   •   Astrogliogenesis   • 
  Oligodendrocyte development   •   Myelination   •   Radial glia  

      Bullet Points  

•   Microglia display a spatial and temporal relationship with neural cell types dur-
ing critical stages of nervous system development including neurogenesis, astro-
gliogenesis, neural cell specifi cation and differentiation, myelination, and 
vascularization. 

        G.  J.   Harry ,  Ph.D.      (*) 
  National Toxicology Program Laboratory ,  National Institute of Environmental Health 
Sciences/National Institutes of Health ,   MD C1-04, 111 T.W. Alexander Drive , 
 Research Triangle Park ,  NC   27709 ,  USA   
 e-mail: harry@niehs.nih.gov   

    L.   Pont-Lezica ,  Ph.D.      
  Cellular Biology of the Synapse Laboratory ,  Institut de Biologie de l’Ecole Normale 
Supérieure, Neuronal Functions and Microglia group ,   Inserm U1024/CNRS 
UMR8197 ,  Paris ,  France   
 e-mail: lorena_pl@yahoo.com  



194

•  Microglia can produce a variety of molecular factors important for normal CNS 
development, but their in vivo contribution to most critical stages remains to be 
determined. 

•  Microglia are linked with neurovascularization but may not be the leading 
 infl uence on this process or directly follow the vasculature for brain entry.  

8.1     Introduction 

 Development of the nervous system follows a temporal and spatial sequence of 
critical events. The nervous system begins to emerge with a thickening of the dorsal 
ectoderm forming the neural plate along the dorsal side of the embryo. The neural 
plate matures via neurulation into the neural tube, which gives rise to the central 
nervous system (CNS), and the neural crest, which gives rise to the peripheral ner-
vous system (PNS). At this stage, the parenchymal wall is composed of the colum-
nar cells of the neuroepithelium that undergo expansion, with some cells dividing to 
produce the fi rst neurons (reviewed in (Kriegstein and Alvarez-Buylla  2009 ; 
Bergstrom and Forsberg-Nilsson  2012 )). Neuroepithelial cells transition to radial 
glia (RG) cells, which divide symmetrically to maintain the progenitor population, 
or asymmetrically to produce a self-renewing RG cell and an intermediate neuronal 
or glial progenitor (Noctor et al.  2001 ; Malatesta et al.  2003 ; Gotz and Huttner 
 2005 ). Neurons are usually produced fi rst, followed closely by oligodendrocytes 
and astrocytes. As previously described in Chaps.   1     and   2    , microglial progenitors 
migrate from the yolk sac and are fi rst found within the brain parenchyma of the 
mouse from embryonic day (ED)9–10 (Alliot et al.  1999 ; Ginhoux et al.  2010 ), a 
time point which corresponds to the initiation of neurogenesis. The co-localization 
of microglia with several components of the developing CNS suggests not only a 
timing association but also the potential for cell–cell interactions that regulate pro-
genitor proliferation, precursor migration, and neuronal/glia differentiation, as well 
as establish the vascular network of the brain. This chapter will summarize the 
existing literature supporting this assumption of interactions between microglia and 
other neural cells during normal CNS development.  

8.2     Microglia During Embryogenesis 

 Microglia are present in the developing brain from the very early stages of neuro-
genesis when neuroepithelial cells transform into RG, the cortical progenitor cells 
(Fig.  8.1 ). A role for microglia in maintaining the RG population and/or infl uencing 
progenitor specifi cation and differentiation is implied by their localization along 
the embryonic proliferative ventricular zone (VZ), although direct evidence is 
still missing. During the second trimester of human gestation, microglia can be 
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visualized in the VZ and subventricular zone (SVZ) (Verney et al.  2010 ). When 
examining this localization and timing in the macaque monkey, a monolayer of 
microglia is observed between the VZ and SVZ at ED50–65 with a massive accu-
mulation in the SVZ at ED80 (Cunningham et al.  2013 ). In a comparable time frame 
of brain development, murine microglia are present as early as ED8 (Alliot et al. 
 1999 ), and they accumulate within the VZ/SVZ from ED12, where they are observed 
to contact immature RG (Antony et al.  2011 ; Swinnen et al.  2012 ). The exact func-
tion of microglia at this time with regards to RG has not been determined but in both 
the macaque and rat, these cells have been shown to engulf neural progenitors 

  Fig. 8.1    Development of the cortical neural cell types. Embryogenesis of the CNS. Early in devel-
opment, neuroepithelial cells expand by symmetrical division. Some neuroepithelial cells likely 
generate early neurons. Neuroepithelial cells later elongate and convert into radial glial (RG) cells. 
RG divide asymmetrically to generate one RG cell and one intermediate progenitor cell (IPCs). 
IPCs in the SVZ divide to give rise to neurons (nIPCs) or oligodendrocytes (oIPCs). The progeny 
from RG and IPCs move into the intermediate zone for differentiation. At the end of embryonic 
development, glial-committed RG detach from the apical side and convert into astrocytes. oIPC 
production continues.  Solid arrows  are supported by experimental evidence;  dashed arrows  are 
hypothetical. Microglial distribution changes across developmental time. Potential stage-specifi c 
functions of microglia during development of neural cell types: stimulation of progenitor prolifera-
tion and migration, phagocytosis of progenitors and apoptotic cells, stimulation of angiogenesis, 
promotion of astrogliogenesis and astrocyte differentiation, promotion of survival and maturation 
of OPCs. Adapted from Kriegstein and Alvarez-Buylla ( 2009 ).  CP  cortical plate,  IPC  intermediate 
progenitor cell,  IMZ  intermediate zone,  MZ  marginal zone,  NE  neuroepithelium,  nIPC  neurogenic 
progenitor cell,  oIPC  oligodendrocytic progenitor cell,  RG  radial glia,  SVZ  subventricular zone,  VZ  
ventricular zone       
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((Cunningham et al.  2013 ); Chaps.   7     and   10    ), thereby regulating the number of 
embryonic neural precursors through phagocytosis (Cunningham et al.  2013 ) (also 
see Chap.   10     for a similar role during adult hippocampal neurogenesis). Altering 
microglial activity during embryonic neurogenesis in vivo also leads to dramatic 
changes in the size of the precursor pool, and in this context, inducing infl ammation 
with lipopolysaccharide (LPS) injection or eliminating microglia with liposomal 
clodronate results in decreased or increased numbers of neuronal progenitors, 
respectively (Cunningham et al.  2013 ).

   Microglia are also present at critical locations during the process of astrogliogen-
esis, which immediately follows neurogenesis (Fig.  8.1 ) (for reviews on astroglio-
genesis see (Miller and Gauthier  2007 ; Kessaris et al.  2008 ; Kriegstein and 
Alvarez-Buylla  2009 ; Molofsky et al.  2012 )). In fact, the sequential appearance of 
microglia and astrocytes in the same regions during CNS development has led to the 
hypothesis that microglia could play a role in RG differentiation into astrocytes 
(Voigt  1989 ; Aquino et al.  1996 ; Kalman and Ajtai  2001 ; Rezaie et al.  2003 ; Fox 
et al.  2004 ; Monier et al.  2006 ). This phenomenon is particularly well-documented 
and well-described in the developing spinal cord where microglia fi rst appear in the 
marginal zone at the end of the neurogenic phase (mED10.5 in mouse, cED3 in 
chick) (Deneen et al.  2006 ). Microglial numbers increase in the VZ and peak at 
mED11.5/cED8, corresponding to the onset of expression of astrocyte specifi cation 
markers such as nuclear factor 1A/B (NFIA/IB). Subsequently, microglia are redis-
tributed to the surrounding gray matter (mED13.5, cED10) (Caldero et al.  2009 ; 
Rigato et al.  2011 ), coinciding with the migration of astrocyte progenitors 
(mED13.5–15.5, cED6–7), followed by their differentiation at mED17.5–18.5, 
cED10 (Deneen et al.  2006 ). 

 In addition, the physical proximity of microglia with glial fi brillary acidic pro-
tein (GFAP)-positive cells suggests a potential cell–cell interaction during astrocyte 
development. Verney and colleagues ( 2010 ) consistently found ionized calcium 
binding adaptor molecule 1 (Iba1)-positive microglia juxtaposed with GFAP+ cells 
within the intermediate zone (IMZ) of humans between 19 and 30 gestation weeks 
(GW). Microglia density is higher during astrocyte differentiation, at 25GW, than 
later, once differentiation is complete (32GW) (Rezaie et al.  2003 ; Verney et al. 
 2010 ). In the rat, microglia are seen to associate with vimentin+ radial glia from 
ED19 in the hippocampus and then with vimentin+/GFAP+ cells at ED21, corre-
sponding to the beginning of astrocyte differentiation (Dalmau et al.  1997 ). In the 
developing human spinal cord, microglia are associated with vimentin+/GFAP + RG 
in the ependymal layer at 9GW and in the marginal zone at 16GW (Rezaie et al. 
 1999 ). In the developing mouse spinal cord at E13.5–14.5, 50 % of microglia con-
tact nestin+ RG (Rigato et al.  2011 ). While the physical proximity of microglia and 
RG within the defi ned developmental time periods of neurogenesis and astroglio-
genesis has been observed, the actual functional relationship between these cells has 
not been determined. 
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8.2.1     In Vitro Experimental Evidence 

 In light of these in vivo observations, microglia could have a role in maintaining the 
progenitor cell pool and regulating progenitor cell migration, or in infl uencing 
the timing of neuronal or glial differentiation. If early RG are already committed to 
a neuronal or glial fate as proposed by Malatesta and colleagues, microglia may 
assist in maintaining their phenotype as well (Malatesta et al.  2000 ). The few 
in vitro studies examining the role of microglia in the development of other neural 
cell types using embryonic neural progenitor cells (eNPCs) also generated fairly 
consistent results suggesting an enhancing effect of microglia on cell proliferation. 
eNPCs are typically isolated from embryonic VZ and SVZ and, when cultured 
under appropriate conditions, they acquire a RG-like phenotype and express RG 
markers such as nestin, radial glial cell marker-2 (RC2), and brain lipid binding 
protein (Malatesta et al.  2008 ; Miyata et al.  2010 ; Bergstrom and Forsberg-Nilsson 
 2012 ). eNPCs are multipotent cells which can be directed to differentiate into neu-
rons, astrocytes, or oligodendrocytes (Malatesta et al.  2008 ; Bergstrom and 
Forsberg-Nilsson  2012 ). In vitro, the presence of microglia or microglia- conditioned 
medium increases eNPC proliferation (Cacci et al.  2008 ; Antony et al.  2011 ). In 
particular, Antony and colleagues ( 2011 ) looked at the properties of cortical pro-
genitors isolated from mice defi cient in the transcription factor, Pu.1 (Pu.1 KO), 
expressed solely in the hematopoietic system and essential for development of the 
monocytic lineage. Comparison of early embryonic (ED12–13) cortical precursor 
cultures from wild type and microglia-depleted Pu.1 KO mice showed a 25 % 
decrease in the number of Ki67+ proliferating cells in the absence of microglia. The 
addition of exogenous microglia was suffi cient to rescue this phenotype and return 
the level of proliferation to within normal range. In addition, it was observed that 
the proportion of astrocytes in Pu.1 KO cultures was diminished relative to wild 
type, and this was also rescued by exogenous microglia (Antony et al.  2011 ). Along 
this continuum, the addition of an excess of exogenous microglia increased eNPC 
differentiation into astrocytes (Antony et al.  2011 ). This role in promoting differen-
tiation of NPC to an astrocyte lineage has been reported in additional studies 
(Nakanishi et al.  2007 ; Cacci et al.  2008 ; Zhu et al.  2008 ; Ajmone-Cat et al.  2010 ; 
Gu et al.  2011 ). Zhu and colleagues ( 2008 ) reported that a 1-day exposure of neural 
stem cells (NSCs) to conditioned media obtained from unstimulated microglia 
increased their expression of the pro- gliogenic genes Notch1-3, Hes5, Id3, and 
Sox9, while decreasing their expression of the pro-neurogenic genes Mash1, 
NeuroD1, NeuroD2 in eNPCs (Zhu et al.  2008 ). Interestingly, this pro-gliogenic 
effect was augmented when microglia were stimulated with LPS (Cacci et al.  2008 ; 
Ajmone-Cat et al.  2010    ). It remains to be determined if microglia specifi cally stim-
ulate the proliferation of pre-committed astrocyte precursors, or whether they have 
two independent functions, supporting precursor proliferation and promoting the 
astrocytic cell fate.  
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8.2.2     Microglial Factors and CNS Development 

 Although the data relative to microglial involvement in developmental neurogenesis 
is limited, besides their roles in regulating the pool of embryonic neural precursors, 
a number of factors known to be released by microglia (Kim and de Vellis  2005 ; 
Garden and Moller  2006 ; Tambuyzer et al.  2009 ; Kettenmann et al.  2011 ) have been 
demonstrated to infl uence brain development (Tran and Miller  2003 ; Adler et al. 
 2005 ; Deverman and Patterson  2009 ) (see Table  8.1 ). For example, microglia can 
release trophic factors essential for the proliferation and maintenance of cortical 
progenitors such as insulin-like growth factor 1 (IGF-1), basic fi broblast growth 
factor (bFGF/FGF2), and leukemia inhibitory factor (LIF). They are also known to 
produce chemokines, such as macrophage infl ammatory protein-1α (MIP-1α/CCL- 3) 
and monocyte chemotactic protein-1 (MCP-1/CCL-2), which can regulate adult 
progenitor migration in vitro. These chemokines are expressed in the developing 
CNS at the time of microglia-NPC association. The infl uence of pro-infl ammatory 
cytokines on NSC in culture suggests a potential role for microglia in determining 
the survival and differentiation of the cells into a neuronal phenotype. The addition 
of factors such as interferon γ (IFNγ), transforming growth factor β (TGFβ), glial 
cell line-derived neurotrophic factor (GDNF), and interleukin 1β (IL-1β) has been 
reported to contribute to NSC proliferation, survival, and differentiation to a neuro-
nal phenotype (Nakajima and Kohsaka  2004 ; Carpentier and Palmer  2009 ; 
Gonzalez-Perez et al.  2012 ). Some of these factors can contribute to neuronal sur-
vival and maturation in vivo. For example, GDNF is important for motor neuron 
survival in vivo (Yan et al.  1995 ) (for review see (Nakajima and Kohsaka  2004 )) and 
IGF-1 for neurite growth and synaptogenesis as evaluated in vitro and in vivo 
(reviewed (D’Ercole and Ye  2008 )).

   The molecular mechanisms responsible for initiation of astrogliogenesis include 
a Notch-dependent epigenetic switch relieving the silencing of astrocytic genes, the 
modulation of activator/repressor transcriptional complexes, and the expression of 
pro-gliogenic cytokines from the IL-6 family (for reviews see (Miller and Gauthier 
 2007 ; Chenn  2009 ; Freeman  2010 ; Rowitch and Kriegstein  2010 ; Spooren et al. 
 2011 )). Additional factors such as bone morphogenic proteins (BMPs), epidermal 
growth factor (EGF), and FGF2 infl uence NPC commitment to the astrocyte lineage 
(Wakamatsu  2004 ; Kessaris et al.  2008 ; Deverman and Patterson  2009 ). Newborn 
neurons are considered a primary source of pro-gliogenic factors (Barnabe-Heider 
et al.  2005 ; Malatesta et al.  2008 ; Miyata et al.  2010 ); however, microglia are known 
to express critical stimulatory factors such as the Notch1 ligands, jagged-1, and 
Delta-1 (Grandbarbe et al.  2007 ; Cao et al.  2008 ; Jurynczyk and Selmaj  2010 ), IL-6, 
LIF (Nakanishi et al.  2007 ; Zhu et al.  2008 ), MCP-1 (Gordon et al.  2012 ), BMP2, 
and FGF2 (Zhu et al.  2008 ). This capacity for production and release of critical 
astrogliogenic factors suggests that microglia have the potential to infl uence cell 
fate (Rezaie et al.  2002a ; Gordon et al.  2012 ). With regards to a temporal associa-
tion, the in vivo expression of IL-1α and IL-1β peaks at the onset of  astrogliogenesis, 
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   Table 8.1    Function of selected cytokines during CNS development and evidence for their 
expression in microglia   

 Protein 
 Developmental 
function(s)  References 

 In vitro and 
in vivo 
expression by 
microglia  References 

 IGF-1  Embryonic rodent 
NPC proliferation 
and survival in vitro 

 Torres- Aleman 
et al. ( 1990 ), 
Drago et al. 
( 1991 ), 
Arsenijevic 
et al. ( 2001 ), 
Mairet- Coello 
et al. ( 2009 ) 

 Cultured 
newborn mouse 
microglia. 

 Butovsky et al. 
( 2006a ) 

 Adult rodent NPC 
proliferation and 
survival in vitro 

 Aberg et al. 
( 2003 ) 

 Ameboid 
microglia 
between P0 and 
P7, and adult 
rodent brain 

 Kaur et al. 
( 2006 ), Hristova 
et al. ( 2010 ), 
Ueno et al. 
( 2013 ) 

 NSC pool and brain 
size 

 Beck et al. 
( 1995 ) 

 Embryonic NPC 
proliferation in vivo 

 Hodge et al. 
( 2004 ), Popken 
et al. ( 2004 ), 
Mairet- Coello 
et al. ( 2009 ) 

 Oligodendrocyte 
survival and 
myelination 

 D’Ercole and 
Ye (2008), 
Kaur and Ling 
( 2009 ) 

 Role in adult 
neurogenesis 

 Ziv and 
Schwartz 
( 2008 ) 

 FGF2/bFGF  Amplifi cation and 
self-renewal of 
NSCs, negative 
regulation of 
neurogenesis 

 Vaccarino et al. 
( 1999 ), Raballo 
et al. ( 2000 ) 

 Cultured 
newborn rat and 
human fetal 
microglia 

 Shimojo et al. 
( 1991 ), Araujo 
and Cotman 
( 1992 ), Presta 
et al. ( 1995 ) 

 Astrogliogenesis  Morrow et al. 
( 2001 ), Miller 
and Gauthier 
( 2007 ) 

 Oligodendrogenesis  Kessaris et al. 
( 2008 ) 

(continued)
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Table 8.1 (continued)

 Protein 
 Developmental 
function(s)  References 

 In vitro and 
in vivo 
expression by 
microglia  References 

 LIF  Amplifi cation and 
self-renewal of NSCs 

 Chang et al. 
( 2004 ), 
Hellstrom et al. 
( 2009 ) 

 Cultured 
newborn rat 
microglia 

 Nakanishi et al. 
( 2007 ), Zhu et al. 
( 2008 ) 

 Astrogliogenesis  Miller and 
Gauthier 
( 2007 ), 
Rowitch and 
Kriegstein 
( 2010 ), 
Spooren et al. 
( 2011 ) 

 Upregulated in 
SVZ microglia 
in response to 
insult 

 Covey and 
Levison ( 2007 ), 
Hellstrom et al. 
( 2009 ) 

 TGFβ  Negative regulation 
of NSC expansion 
in vitro and in vivo 

 Miller and Luo 
( 2002 ), Falk 
et al. ( 2008 ) 

 Cultured 
newborn rat 
microglia 

 Smith and Hale 
( 1997 ), Nakajima 
et al. ( 2007 ), 
Cacci et al. 
( 2008 ) 

 Survival and 
differentiation of 
embryonic 
dopaminergic 
neurons in vitro 

 Krieglstein 
et al. ( 1995 ) 

 Upregulated 
in vivo in adult 
microglia in 
response to 
injury 

 Battista et al. 
( 2006 ) 

 Survival and 
differentiation of 
adult hippocampal 
NSCs in vitro 

 Battista et al. 
( 2006 ) 

 GDNF  Survival and 
differentiation of 
embryonic 
dopaminergic 
neurons in vitro 

 Lin et al. 
( 1993 ), 
Krieglstein 
et al. ( 1995 ), 
Ling et al. 
( 1998 ) 

 Cultured 
newborn rat 
microglia 

 Nakajima et al. 
( 2007 ) 

 Motor neuron 
survival in vivo 

 Yan et al. 
( 1995 ) 

(continued)
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Table 8.1 (continued)

 Protein 
 Developmental 
function(s)  References 

 In vitro and 
in vivo 
expression by 
microglia  References 

 MIP-1α/
CCL-3 

 Proliferation and 
survival of adult 
precursors in vitro 

 Gordon et al. 
( 2012 ) 

 Cultured human 
fetal microglia 

 McManus et al. 
( 1998 ), Hua and 
Lee ( 2000 ), 
Rezaie et al. 
( 2002a ,  b ) 

 Adult NSC migration 
in vitro, and in vivo 
after insult 

 Widera et al. 
( 2004 ), Gordon 
et al. ( 2009 ) 

 Microglia in 
IMZ and 
choroid plexus 
in human 
cerebral cortex 
at 16–22GW 

 Rezaie and Male 
( 1999 ) 

 Differentiation of 
adult precursors 
towards neuronal and 
oligodendrocytic 
fates in vitro 

 Gordon et al. 
( 2012 ) 

 Microglia in 
human spinal 
cord at 12GW 

 Rezaie and Male 
( 1999 ), Rezaie 
et al. ( 1999 ) 

 Microglia of rat 
cerebellum at 
PND7 and 
PND14 

 Cowell and 
Silverstein 
( 2003 ) 

 MCP-1/
CCL-2 

 Adult NSC migration 
in vitro, and in vivo 
after insult 

 Widera et al. 
( 2004 ), Tran 
et al. ( 2007 ), 
Gordon et al. 
( 2009 ) 

 Cultured human 
fetal microglia 

 McManus et al. 
( 1998 ), Hua and 
Lee ( 2000 ) 

 Differentiation of 
adult precursors 
towards neuronal and 
oligodendrocytic 
fates in vitro 

 Gordon et al. 
( 2012 ) 

 Microglia in 
IMZ and 
choroid plexus 
in human 
cerebral cortex 
at 16–22GW 

 Rezaie and Male 
( 1999 ) 

 IL-1α  Pro-gliogenic 
in vitro 

 Giulian et al. 
( 1988 ), 
Johansson et al. 
( 2008 ), 
Ajmone-Cat 
et al. ( 2010 ) 

 Peak expression 
between ED18 
and birth in the 
rat 

 Giulian et al. 
( 1988 ) 

 Embryonic spinal 
cord neuron survival 
in vitro 

 Brenneman 
et al. ( 1992 ) 

 Rodent newborn 
microglia 
following acute 
activation 

 Giulian et al. 
( 1988 ), Cacci 
et al. ( 2008 ) 

(continued)
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Table 8.1 (continued)

 Protein 
 Developmental 
function(s)  References 

 In vitro and 
in vivo 
expression by 
microglia  References 

 IL-1β  Pro-gliogenic 
in vitro 

 Vela et al. 
( 1995 ), 
Ajmone-Cat 
et al. ( 2010 ), 
Green et al. 
( 2012 ) 

 Cultured human 
microglia 

 Liu et al. ( 1998 ) 

 Effects on 
proliferation and 
survival of rodent 
eNPCs in vitro 
highly debated. 

 Akaneya et al. 
( 1995 ), de la 
Mano et al. 
( 2007 ), Wang 
et al. ( 2007 ), 
Koo and 
Duman ( 2008 ), 
Ajmone-Cat 
et al. ( 2010 ), 
Green et al. 
( 2012 ) 

 Expression 
throughout 
prenatal and 
postnatal CNS: 
human forebrain 
from 5GW, 
sheep neocortex 
from ED35–40; 
phagocytic 
microglia prior 
to ED80, mouse 
from ED14, rat 
and chick spinal 
cords from 
ED12 and stage 
17HH. 

 Giulian et al. 
( 1988 ), Pillay 
et al. ( 1993 ), 
Mousa et al. 
( 1999 ), 
Dziegielewska 
et al. ( 2000 ), de 
la Mano et al. 
( 2007 ) 

 Discrepancies could 
be due to age of 
NPCs, region, and 
dosage. 

 Rodent newborn 
microglia 
following acute 
activation 

 Giulian et al. 
( 1988 ), Cacci 
et al. ( 2008 ) 

 Differentiation of 
human and rodent 
eNPCs in vitro 

 Ling et al. 
( 1998 ), Storch 
et al. ( 2001 ), 
Johansson and 
Stromberg 
( 2002 ), Riaz 
et al. ( 2004 ) 

 Inhibition in vivo 
during development 
results in memory 
and learning defi cits 
in the adult 

 Goshen et al. 
( 2007 ) 

(continued)
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thus providing further support for a pro-gliogenic implication (Giulian et al.  1988 ; 
Green et al.  2012 ). 

 It has been proposed that the trophic contributions of microglia to neuro- and 
gliogenesis following injury might recapitulate similar functions of these myeloid 
cells during CNS development. In fact, many of the microglia-derived factors iden-
tifi ed above have known trophic functions in the adult, or become upregulated in 
response to injury. For example, a role for IGF-1 in adult neurogenesis (reviewed in 
(Ziv and Schwartz  2008 )) and neuronal survival in response to injury (Guan et al. 
 2003 ; Fushimi and Shirabe  2004 ; Choi et al.  2008 ; Wine et al.  2009 ) has been dem-
onstrated. In response to widespread insults such as hypoxia, ischemia or ionizing 
radiation, microglial production of LIF is increased in the perinatal and adult SVZ 
(Covey and Levison  2007 ; Hellstrom et al.  2009 ), and in this context, TGFβ and 
GDNF are upregulated locally at the sites of injury (Kearns and Gash  1995 ; 
Kreutzberg  1996 ; Batchelor et al.  1999 ; Suzuki et al.  2001 ; Nakajima and Kohsaka 
 2004 ). In the adult, an injury-induced increase in astrogliogenesis has been reported 

Table 8.1 (continued)

 Protein 
 Developmental 
function(s)  References 

 In vitro and 
in vivo 
expression by 
microglia  References 

 INFγ  Decreased 
proliferation of 
rodent postnatal 
NSCs in vitro 

 Ben-Hur et al. 
( 2003 ), Wong 
et al. ( 2004 ), Li 
et al. ( 2008 ) 

 Cultured 
newborn rat 
microglia 

 De Simone et al. 
( 1998 ) 

 Neuronal 
differentiation of 
rodent postnatal 
NSCs in vitro 

 Wong et al. 
( 2004 ), Li et al. 
( 2008 ) 

 Increased 
neurosphere 
formation by eNPCs 
in vitro 

 Li et al. ( 2008 ) 

 Notch 
ligands: 
jagged-1, 
Delta-1 

 Proliferation and 
maintenance of the 
progenitor pool 

 Zhou et al. 
( 2010 ) 

 Cultured 
newborn rat 
microglia, 
upregulation 
upon 
infl ammatory 
activation 

 Grandbarbe et al. 
( 2007 ), Cao et al. 
( 2008 ) 

 Astrogliogenesis 
in vitro 

 Tanigaki et al. 
( 2001 ) 

 SVZ and corpus 
callosum of 
postnatal rat 

 Cao et al. ( 2008 ) 

   IGF-1  Insulin-like growth factor 1,  FGF2/bFGF2  fi broblast growth factor 2/basic fi broblast 
growth factor,  LIF  leukemia inhibitory factor,  TGFβ  transforming growth factor β,  GDNF  glial cell 
line-derived neurotrophic factor,  MIP-1α/CCL-3  macrophage infl ammatory protein-1α/chemokine 
(C-C) motif ligand-3,  MCP-1/CCL-2  macrophage chemotactic protein-1/chemokine (C-C) motif 
ligand-2,  IL-1α  interleukin 1α,  IL-1β  interleukin 1β,  INFγ  interferon γ  

8 Developmental Vascularization, Neurogenesis, Myelination, and Astrogliogenesis



204

in the striatum, at the site of neurotoxin 1-methyl-4-phenyl-1,2,3,6- tetrahydropyridine 
(MPTP) lesion, a model of Parkinson’s disease (Mao et al.  2001 ). The authors spec-
ulated that astrogliogenesis could be occurring locally, based on the clustered distri-
bution of newborn astrocytes in the striatum and their progressive increase in 
expression of the astrocytic marker S100 calcium binding protein β (S100β) between 
3 days and 1 month post-lesion (Mao et al.  2001 ). In the neonatal SVZ, Bain and 
colleagues also examined the identity of newborn cells generated in response to 
hypoxia (Bain et al.  2010 ). Similarly to the cell characterization in the focal lesion, 
the majority of newly generated cells expressed markers of astrocytes, beginning 
with the marker of immature astrocytes, vimentin. Over 3 weeks, these newborn 
astrocytes matured and migrated out of the SVZ into the subcortical white matter, 
where this increase in astrocytes number was accompanied by a concurrent decrease 
in oligodendrocytes number (Bain et al.  2010 ). The authors suggested an associa-
tion between the localized proliferation of astrocytes and the induction of IL-1α, 
IL-1β, IL-6, and LIF cytokines (Kim and de Vellis  2005 ; Deverman and Patterson 
 2009 ; Bain et al.  2010 ; Robel et al.  2011 ; Gonzalez-Perez et al.  2012 ). Such studies 
of injury-induced cell proliferation lead to the speculation that cytokine release may 
also infl uence cell proliferation and fate during development.   

8.3     Microglia and Oligodendrocyte Development 

 In vivo characterization of the oligodendrocyte—the myelin-producing cell of the 
CNS—developmental lineage has been previously limited due to the lack of cell- 
specifi c markers to uniquely identify oligodendrocyte progenitor cells (OPCs). 
From the available data, it is evident that oligodendrocytes originate as progenitor 
cells from the ventral neuroepithelium during mid-neurogenesis. Neural precursors 
giving rise to oligodendrocytes were fi rst identifi ed in the rodent at ED12-14 by 
their expression of platelet-derived growth factor alpha receptor (PDGFαR; (Pringle 
et al.  1992 ; Pringle and Richardson  1993 ; Ellison and de Vellis  1994 )). These cells 
localized to the ventral-half of the ventricular zones of the spinal cord, diencepha-
lon, and telencephalon (Pringle and Richardson  1993 ; Woodruff et al.  2001 ; Tripathi 
et al.  2011 ). Early work using staining for the oligodendrocytic marker  Griffonia 
simplicifolia (GSL) II  detected a subpopulation of RG cells in the embryonic rat 
brain. These cells differed from the nestin+ RG cells, implicating them as possible 
precursors for oligodendrocytes (Hurley and Streit  1995 ). The authors concluded 
that lectin binding with  GSL II  could serve as a differentiation marker for cells com-
mitted to the oligodendroglial lineage and suggested that RG precursors could pro-
vide a source of oligodendroglia. In the embryonic telencephalon, oligodendrocytes 
progenitors (OLPs) in the ventral forebrain, anterior hypothalamic region, and the 
medial ganglionic eminence were demonstrated to migrate tangentially into the dor-
sal telencephalon (Kessaris et al.  2006 ). Once the fi rst wave of OLPs populates the 
entire embryonic telencephalon they are joined by a second wave of OLPs from the 
lateral/caudal ganglionic eminence. This is followed by a third wave of OLPs within 
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the postnatal cortex (Kessaris et al.  2006 ). Initially, the primitive precursor cells 
 differentiated into proliferative, migratory, bipolar O2A progenitor cells that are 
bipotential, being capable of differentiating into either astrocytes or oligodendro-
cytes. At ED15, O2A glial-lineage cells co-expressing PDGFαR and neuron-glial 
antigen 2 (NG2) proteoglycan were reported to be arranged in small clusters adja-
cent to the central canal in the ventral spinal cord. By ED17, small process-bearing 
PDGFαR+/NG2+ cells are observed in many regions of the CNS outside of the 
ventricular zone (Nishiyama et al.  1996 ). Between postnatal day (PND)0 and PND7, 
PDGFαR+ cells in the rat brain increase in number, followed by a decline in number 
over the lifespan of the animal (He et al.  2009 ). 

 The oligodendrocyte lineage progresses through several stages. As PDGFαR+/
NG2+ cells mature into oligodendrocytes they enter an intermediate pro- 
oligodendrocyte state that is recognized by a loss of these antigens and the concomi-
tant expression of the oligodendrocyte marker, O4 (Pfeiffer et al.  1993 ). A wave of 
differentiation beginning at PND4 spreads outwards from the corpus callosum to 
the pial surface (Reynolds and Hardy  1997 ); arriving at the mature post-mitotic 
myelin-forming oligodendrocyte stage around PND20. In this fi nal stage, high lev-
els of myelin basic protein, proteolipid protein, and other myelin-related proteins 
are expressed. Several growth factors produced by glia (astrocytes and microglia) 
such as, IGF-1 (McMorris et al.  1990 ; Ishibashi et al.  2009 ), platelet-derived growth 
factor AA (PDGF-AA) (Raff et al.  1988 ), LIF (Mayer et al.  1994 ), FGF2 (Mayer 
et al.  1994 ), and osteopontin (Selvaraju et al.  2004 ) control proliferation and sur-
vival of oligodendrocytes and their precursors (Park et al.  2001 ). In the immature 
OPC stage, the cells display a greater level of vulnerability to various types of 
insults as compared to mature oligodendrocytes (Oka et al.  1993 ; Baerwald and 
Popko  1998 ). 

 In the later stages of oligodendrocyte maturation, the cells initiate the process of 
myelinating axons. Myelination is a major metabolic and structural event occurring 
in the normal progression of CNS development. The prominent phase of myelina-
tion proceeds over an extended postnatal period continuing into young adulthood. 
In the rat, extensive cellular proliferation of OPCs takes place around PND10 with 
the initiation of myelination occurring in the cerebrum between PND10 and PND12. 
The peak period of myelin accumulation around the time of weaning at PND21 
involves a complex interaction between oligodendrocytes and axons. This peak is 
followed by further maturation and compaction of the myelin sheath. The enormous 
amount of myelin formed and maintained at considerable distance from the support-
ing glial cell body places an excessive burden on the myelinating oligodendrocyte 
to generate and maintain the myelin sheath. During this period the cells are maxi-
mally stressed in terms of metabolic and synthetic capacity, which may account for 
their elevated vulnerability to changes in their environment (Morell et al.  1994 ). 
During early postnatal development, microglia are present within the myelin tracts, 
evident in the subcortical white matter during the fi rst week after birth in rodents 
(Hristova et al.  2010 ). While a higher level of microglia proliferation was not 
detected in the white matter during the postnatal period, a higher level of microglial 
cell death was found to occur in the periventricular white matter. Over this period, 
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mRNA levels of IGF-1 and macrophage colony stimulating factor (M-CSF) were 
elevated in periventricular white matter phagocytes (microglia), possibly infl uenc-
ing microglia cell number and oligodendrocyte maturation (Hristova et al.  2010 ). 

 Both infl ammation and changes in white matter microglia have been associated 
with alterations in oligodendroglia progenitor cells or myelination. For example, the 
induction of a pro-infl ammatory M1-like state of cultured microglia by INFγ pref-
erentially induced neurogenesis while, induction of an anti-infl ammatory/repair 
M2-like activation state by IL-4 induced differentiation of adult NPCs to oligoden-
drocytes (Butovsky et al.  2006b ) (see Chap.   6     for further details on the M1 and M2 
macrophage phenotypes). This observation suggested that the M1/M2 infl ammatory 
environment of neural progenitor cells signifi cantly impacted cell fate during brain 
development. Clinically, the condition of pediatric white matter brain injury known 
as periventricular leukomalacia is considered a human example of developmental 
damage to OPC and hypomyelination. An association between periventricular leu-
komalacia and maternal infection/infl ammation or fetal infl ammatory (Leviton 
et al.  1999 ) has led to speculation that infl ammation and microglia responses can be 
detrimental to oligodendrocytes and myelination (Volpe  2001 ). Work from Pang 
and colleagues, demonstrated that astrocyte and microglia-mediated effects of LPS 
on OPCs are suffi cient to impede oligodendroglia lineage progression and survival 
in vitro (Pang et al.  2000 ). LPS diminishes the production of IGF-1 and ciliary neu-
rotrophic factor (CNTF) by microglia, potentially exacerbating the negative effects 
of nitric oxide and pro-infl ammatory cytokines on oligodendrocyte survival (Pang 
et al.  2010 ). The signifi cance of this loss in trophic support is evidenced by the abil-
ity of exogenous IGF-1 and CNTF to provide a level of protection from LPS induced 
cell death (Pang et al.  2010 ). 

 Homozygous loss-of-function mutations in TREM2, encoding the triggering 
receptor expressed on myeloid cells 2 protein, are associated with an autosomal 
recessive form of early onset dementia and altered myelination (Klunemann et al. 
 2005 ). TREM2 plays a role in limiting the pro-infl ammatory phenotype of macro-
phages and promoting the expression of molecules associated with antigen presen-
tation. TREM2 is distributed intracellularly in two pools. One deposit is in the Golgi 
complex, the second is in a population of exocytic vesicles that are distinct from 
endosomes and lysosomes. This second population is continuously translocated to 
the cell surface and recycled back from the cell surface (Prada et al.  2006 ). From 
this work, the TREM2 surface density and likely its response to activation can be 
increased as a function of cell activation. TREM2 + /DAP12 +  microglia are found 
adjacent to oligodendrocytes in PND1 mice prior to the initiation of myelination 
(Thrash et al.  2009 ). Given that TREM2 inhibits microglial and macrophage cyto-
kine expression and promotes microglial phagocytosis of cellular debris (Takahashi 
et al.  2007 ), one could make the assumption that the close apposition of TREM2 + /
DAP12 +  microglia to oligodendrocytes prior to myelination represented a regula-
tory cell–cell interaction required for normal brain development. 

 In early studies by Nicholas and colleagues ( 2001 ), non-stimulated microglia were 
reported to signifi cantly contribute to the survival and maturation of OPCs in culture. 
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This was demonstrated by the inhibition of OPC apoptosis and promotion of 
 oligodendrocyte maturation as determined by staining for galactocerebroside, a 
marker of oligodendrocytes. This observation was supported by the work of Miller 
and colleagues reporting a reduction in caspase activation in oligodendrocytes when 
cells were cultured in the presence of microglia (Miller et al.  2007 ). Subsequent 
studies provided additional evidence that factors released normally by non- 
stimulated microglia into the cell culture media attenuated OPC proliferation and 
did not diminish cell survival (Taylor et al.  2010 ). However, conditioned media 
from LPS-stimulated cultured microglia was suffi cient to induce OPC proliferation. 
This effect was attributed to the release of tumor necrosis factor alpha (TNFα) and 
IL-6 by the stimulated microglia (Taylor et al.  2010 ). Work by Filipovic and Zecevic 
( 2005 ) suggested that the OPC proliferative effect of LPS-stimulated microglia- 
conditioned media involved Golli proteins, products of the myelin basic protein 
gene, as mediators of OPC proliferation and differentiation (Paez et al.  2012 ).  

8.4     Microglia and the Vasculature 

 In the mid 1930s, three investigations of the relationship between microglia and 
blood vessels were reported in the literature. Initially, Von Sántha described the 
presence of microglia and their intimate association with blood vessels prior to mid- 
gestation in numerous non-primate species (von Sántha  1932 ). In the rat embryo, 
the earliest appearance of microglia in the rhombencephalon and diencephalon 
coincided with the onset of vascularization (von Sántha and Juba  1933 ). This asso-
ciation between microglia and the vascular system can also be observed in the 
developing human brain with a temporal association of microglia progenitor infl ux 
occurring with vascularization (Kershman  1939 ). It was not until the 1970s that 
research extended the associations reported in earlier studies, fi nding precursors of 
ramifi ed brain-resident microglia expressing the adult myeloid cell marker, F4/80, 
in the mature rat brain. These precursor cells were found in the vicinity of brain 
capillaries and characterized by a round or irregular-shaped cell body, with or with-
out pseudopodia (Imamoto and Leblond  1978 ). When the fetal human brain was 
examined for precursor or immature cell location between 16 and 22 weeks of 
 gestation, microglia were located at highly vascularized sites (Rezaie et al.  1997 ). 
A contact relationship was implied in the human brain with the expression of intra-
cellular adhesion molecule (ICAM)-2 on cerebral endothelium (Rezaie et al.  1997 ). 
These human microglial progenitors showed a close association with the parenchy-
mal wall of penetrating radial blood vessels (Rezaie et al.  2005 ). While these studies 
demonstrated a temporal and spatial association between microglia and developing 
vasculature the functional implications of co-localization has not been clearly 
defi ned to date (for review see (Arnold and Betsholtz  2013 )). 
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8.4.1     Ontogeny of Vascularization and Microglia Interactions 

 Vascularization of the CNS is initiated exclusively by angiogenesis. Tip cells in 
nascent capillaries anastomose with each other during vascular sprouting. This cre-
ates vascular loops moving toward the center of the neural tube establishing a tem-
porary plexus (perineural vascular plexus (PNVP)) around the ventricular spaces 
and the spinal cord central canal. In rodents, this starts at ED9 and continues until 
ED15 (Risau  1997 ). The process follows a caudal-cephalic gradient commencing at 
the myelencephalon and ascending through the metencephalon, mesencephalon, 
diencephalon, and telencephalon (Marin-Padilla  1985 ). Capillary sprouts perforate 
the CNS and cell–cell communication directs microglia migration towards develop-
ing vessels (Fig.  8.2 ). When examined in cultured tissue slices, the addition of 
microglia in the aortic ring model was suffi cient to stimulate vessel sprouting. This 
effect could be partially reproduced with the addition of microglial conditioned 
media suggesting a potential role for cell–cell communication via contact and 

  Fig. 8.2    Microglial progenitors migrate from the yolk sac to the embryo. Microglia in the neuro-
epithelium are evident in the mouse by embryonic day (ED)10. The new microglia associated with 
radial glia transgressing from the ventricle to the pial and with blood vessels engrossing into the 
brain from the pial surface. Initially the association with blood vessels is observed at the pial sur-
face with microglia displaying a rounded or stunted process-bearing phenotype (noted as small 
dark cells located along the pial surface or within the periventricular vascular plexus (PVP) in 
contact with blood vessels). As the blood vessels further develop the association of microglia is 
demonstrated in the PVP where they are implicated in promoting fusion of vascular tip cells and 
maturation of the neurovasculature       
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soluble microglial-derived factors to stimulate angiogenic activity (Rymo et al. 
 2011 ). It has been suggested that microglia serve an angiogenic role similar to that 
of macrophages, including release of factors such as TGFβ, FGF2, matrix metallo-
proteinases, and cytokines to break down the basement membrane directly or via 
stimulation of other cells (Polverini et al.  1977 ; Sunderkotter et al.  1991 ; Lingen 
 2001 ) in order to regulate angiogenesis of the developing brain (Kurz  2000 ; 
Checchin et al.  2006 ).

   Once the neurovasculature is established, end-feet processes of juxtavascular 
microglia physically contact the basal lamina of microvessels in the rat cerebrum 
and spinal cord (Lassmann et al.  1991 ). Contact was observed with vessels of vari-
ous sizes and types, including arteries, veins, and capillaries. While residing in the 
parenchyma, this specialized population of microglia remains distinct from other 
parenchyma microglia by the nature of their contact with blood vessels. Interaction 
with blood vessels is maintained and can be stimulated upon vessel injury. Using 
time-lapsed microscopy of brain slices from immature postnatal rodents, Grossmann 
and colleagues demonstrated that, following traumatic stimulation, juxtavascular 
microglia easily migrate along the parenchymal surface of the vessel (Grossmann 
et al.  2002 ). In contrast, any stimulation of movement along blood vessels for paren-
chyma microglia required a distinct retraction of microglia processes allowing for 
greater mobility. In general, when microglia were tracked along vessels they dis-
played a fl attened morphology over the vessel surface, extending a leading process 
parallel to the vessel. A heterogeneous response was also observed with some cells 
showing a transient response to stimulation while other cells maintain migration for 
hours and cover extended distances. In addition to these migrating cells, a second 
group of blood vessel-associated microglia was observed in the injured tissue. 
These cells remained stationary and apparently anchored to the blood vessel, yet 
maintaining motility by actively extending processes into the surrounding paren-
chymal tissue (Grossmann et al.  2002 ). Thus, with physical injury, some microglia 
were observed to migrate along the blood vessels while other activated microglia 
allowed for additional contact into the parenchyma by extension of processes. While 
it has not been examined, it is likely, given the postnatal age at which microglia 
were examined, that this distinction remains in the adult brain. 

 Infl uence of the brain vasculature on microglia can be observed in morphological 
phenotype and development. During the normal maturation of microglia, cells 
shift from a round non-process-bearing cells to cells of a fully ramifi ed morphology. 
A delay in maturation is observed under conditions of decreased capillary fl ow, sug-
gesting a direct infl uence of capillary fl ow on normal developmental process 
(Masuda et al.  2011 ). An infl uence of the vascular system on microglia has been 
implied in the adult brain. Microglia located in brain regions lacking a blood–brain 
barrier (BBB), including the circumventricular organs and the choroid plexus, dis-
play a morphological phenotype characterized by shorter thicker processes as com-
pared to parenchymal microglia (Perry and Gordon  1987 ). In this case, differences 
observed in the adult brain have been interpreted as indicative of the cells being 
maintained in a higher activation state. It has also been speculated that specifi c 
 characteristics of these local microglia may refl ect an infl uence of serum proteins 
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made available due to the diminished BBB (Chamak and Mallat  1991 ; Fujita et al. 
 1996 ). However, these differences observed in development and in the adult brain 
did not appear associated only with blood vessel presence. Microglia located in brain 
areas receiving the best innervation of blood vessels display a more complex process 
ramifi cation pattern, while in areas lacking a BBB and often diminished in vascular-
ization, microglia display a stunted morphology (Rowan and Maxwell  1981 ; Vela 
et al.  1995 ). This may be related to the lower level of innervation or alternatively due 
to the leakage of blood-borne factors into the area stimulating microglia.  

8.4.2     Association of Vascularization and Microglia 
Colonization 

 While alternative routes have been considered, the association of microglia around 
blood vessels continues to implicate the vascular system as an avenue for microglial 
entry into the brain. However, there remains little hard data to demonstrate that 
microglia use a vascular route of entry. When examined in the mouse spinal cord, 
microglia were found to reach the area surrounding the embryonic mouse spinal 
cord through the developing vasculature. Using a green fl uorescent protein (eGFP) 
marker, microglia were identifi ed as early as ED11.5 inside the primitive arterial 
tract. Between ED12.5 and 14.5, these cells proliferated and accumulated in the 
dorsal part of the PNVP (Rigato et al.  2011 ). Within the external dorsolateral region 
of the spinal cord, amoeboid microglia clustered close to terminals of dying dorsal 
root ganglia neurons and within the lateral motor columns at the onset of the devel-
opmental motor neuron death. This occurred between ED12.5 and 13.5, and in the 
fi rst 24 h, ramifi ed microglia within the parenchyma interacted with growing 
 capillaries. Around ED14.5, approximately 30 % of the total microglia within the 
gray matter initiated contact with growing capillaries. While microglia were evident 
in the surround area, further examination of the regions by von Willenbrand factor 
immunoreactivity of the blood vessel and eGFP cell bodies in the gray matter led 
Rigato and colleagues to conclude that, while microglia make contact with develop-
ing blood capillaries in the spinal cord, there is little evidence that they actually 
utilize this route for colonization (Rigato et al.  2011 ). 

 In the avian embryo, the use of chick-quail transplantation and parabiosis chime-
ras suggested that vascularization is not required for microglia colonization of the 
CNS. Cells were observed to invade the CNS through the pial basal lamina before 
vascularization occurred (Cuadros et al.  1993 ; Kurz and Christ  1998 ). In the zebraf-
ish embryo, live recordings of cell movement showed migration of microglia 
through the cephalic mesenchyme toward the brain pial surface and roof of the 
fourth ventricle with colonization of the brain and retina occurring through a M-CSF 
receptor-dependent process (Herbomel et al.  2001 ). 

 In the retina, heterogeneous populations of microglia are believed to be of 
hemangioblastic mesodermal origin (Streit  2001 ). In fetal and adult human retina, 
microglia are restricted to the inner vascularized regions. These include the nerve 
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fi ber/ganglion cell layer and the inner and outer plexiform layers (Diaz-Araya et al. 
 1995b ; Provis et al.  1995 ). During human retinal development, microglia lacking 
macrophage markers are present by 10GW. This is prior to astrocyte invasion and 
the onset of vasculogenesis (Diaz-Araya et al.  1995a ). At approximately 14GW, 
macrophage antigen expressing microglia were detected, coinciding with the 
beginning of vascularization (Diaz-Araya et al.  1995a ). These cells may represent 
vessel- associated perivascular microglia detected in the adult retina (Provis et al. 
 1995 ,  1996 ). With further maturation, microglia extend processes to orientate 
toward and contact blood vessels (Ling  1982 ; Ashwell et al.  1989 ; Diaz-Araya 
et al.  1995b ; Pennell and Streit  1997 ). Using clodronate liposomes to selectively 
deplete circulating monocytes or retinal microglia, Checchin and colleagues ( 2006 ) 
reported that selectively reducing retinal microglia number diminished vascular 
density. However, depletion of microglia by downregulation of M-CSF diminished 
branching anastomosis during retinal development without altering the number of 
endothelial tip cells and fi lopodia (Kubota et al.  2009 ). A diminished number of 
vascular branch points was also observed in the hindbrain after M-CSF-dependent 
depletion of microglia (Fantin et al.  2010 ). Not only were branch points decreased 
in the absence of microglia but also the angle of fi lopodia extending from tip cells 
(Rymo et al.  2011 ). Further work by Unoki and colleagues found that clodronate 
liposome depletion of microglia in ex vivo retinas signifi cantly reduced the potency 
of vascular endothelial growth factor (VEGF)-induced neovascular sprouting 
(Unoki et al.  2010 ). 

 Cell–cell communication between microglia and the vasculature in the retina 
has been demonstrated. Notch-activated retinal microglia were found in close asso-
ciation with Notch ligand, Delta-like ligand 4 (Dll4)-expressing endothelial tip 
cells (Outtz et al.  2011 ). This proximity was supported by the observation that a 
genetic deletion of Notch1 in retinal microglia decreased the number of microglia 
localized to the vasculature. In vitro, the presence of aortic rings serves as an attrac-
tant for microglia, and both the physical presence of microglia and their released 
factors stimulate vascular branching from the ring (Rymo et al.  2011 ). In the com-
munication between microglia and aortic rings, neutralizing VEGF receptor activa-
tion did not alter the induction of branching (Rymo et al.  2011 ). Stefater and 
colleagues reported that retinal myeloid cells produce Wnt ligands that suppress 
angiogenic branching through a non-canonical, Wnt-Flt1 pathway (Stefater et al. 
 2011 ). Haploinsuffi ciency of Wnt5a, Wnt11, the common Wnt-ligand transporter, 
Wls, or the VEGF inhibitory protein, sFlt1, resulted in increased vascular branch-
ing in the deep vascular plexus of the retina. However, Fantin and colleagues 
reported that the lack/absence of microglia had no effect on branch density in this 
region (Fantin et al.  2010 ). This apparent difference could be due to a number of 
factors. First, Stefater and colleagues examined myeloid cells and not microglial 
cells specifi cally (Stefater et al.  2011 ). Second, it is possible that the diminished 
number of microglia in the M-CSF osteopetrotic (op/op) mice used by Fantin and 
colleagues did not result in a signifi cant depletion of released factors (Fantin et al. 
 2010 ). Rather, a lower threshold for activation or a higher level of soluble factor 
release may have compensated for the diminished number of microglia. Such a 
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compensatory response has been demonstrated in op/op mice following brain 
injury (Bruccoleri and Harry  2000 ). Thus, with further investigation the fi ndings of 
Rymo and colleagues ( 2011 ) and Fantin and colleagues ( 2010 ) may not be as 
 discordant as they appear.   

8.5     Conclusions 

 While substantial data exists that supports an essential role for microglia during the 
formation and maturation of the CNS, the exact nature of such a role remains to be 
determined. The timing and location of microglia with the brain vasculature, radial 
glia, and neural, astroglial and oligodendroglial progenitor cells imply a close and 
functional association. The experimental data available thus far, suggests a role for 
microglia in the regulation of angiogenesis and in the maintenance of the progenitor 
pool via phagocytosis and release of factors that promote progenitor proliferation. 
Additional evidence exists supporting a microglia-infl uence on cell fate via the 
secretion of pro-neurogenic and pro-gliogenic molecules. However, microglia are 
not the only source of proteins necessary for normal development, and it remains to 
be determined whether these myeloid cells secrete any critical components at the 
pertinent developmental time points, and thus, whether they are recruited as essen-
tial players.     
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    Chapter 9   
 Developing and Mature Synapses 

             Marie-Ève     Tremblay      ,     Rosa     C.     Paolicelli      ,     Beth     Stevens      ,     Hiroaki     Wake      , 
and     Alain     Bessis     

    Abstract     Microglia are the resident immune cells of the brain. As such, they 
 rapidly detect changes in normal brain homeostasis and accurately respond by fi ne- 
tuning in a tightly regulated manner their morphology, gene expression, and 
functional behaviour. Depending on the nature of these changes, microglia can 
thicken and retract their processes, proliferate and migrate, release numerous sig-
nalling factors and compounds infl uencing neuronal physiology (e.g., cytokines and 
trophic factors), in addition to secreting proteases able to transform the extracellular 
matrix, and phagocytosing various types of cellular debris, etc. Because microglia 
also transform rapidly (on a time scale of minutes) during experimental procedures, 
studying these very special cells requires methods that are specifi cally non-invasive. 
The development of such methods has provided unprecedented insights, these past 
few years, into the roles of microglia during normal physiological conditions. 
In particular, transcranial two-photon in vivo imaging revealed that presumably 
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“resting” microglia continuously survey the brain parenchyma with their highly 
motile processes, in addition to modulating their structural and functional interac-
tions with neuronal circuits along the changes in neuronal activity and behavioural 
experience occurring throughout the lifespan. In this chapter, we will describe how 
surveillant microglia interact with synaptic elements, and modulate the number, 
maturation, function, and plasticity of synapses in the healthy developing, mature, 
and aging brain, with consequences on neuronal activity, learning and memory, and 
the behavioural outcome.  

  Keywords     Microglia   •   Synapses   •   Physiology   •   Neuronal circuit remodeling   • 
  Maturation   •   Function   •   Plasticity   •   Phagocytosis   •   Fractalkine   •   Complement   • 
  Brain-derived neurotrophic factor   •   Purinergic signalling  

      Bullet points  

•      Surveillant microglia dynamically interact with neuronal circuits at synapses.  
•   Axon terminals, dendritic spines, and peri-synaptic astrocytic processes are 

 contacted in the healthy brain, during postnatal development, adolescence, 
 adulthood, and aging.  

•   Microglia–synapse interactions are modulated by changes in neuronal activity 
and experience.  

•   Conversely, microglia contribute to regulating the number, maturation, function, 
and plasticity of excitatory synapses in normal physiological conditions.  

•   These new roles of microglia at synapses are mediated via phagocytosis, inter-
cellular contacts, and release of soluble factors.  

•   The underlying molecular mechanisms discovered so far include fractalkine sig-
nalling, the classical complement pathway, brain-derived neurotrophic factor, 
DAP12, CD200R, and purinergic signalling.     

9.1     Introduction 

 The capacity of the central nervous system (CNS) to adapt to the environment 
depends on the maintenance and refi nement of neuronal circuits. This refi nement is 
mainly achieved through the formation, elimination, or functional modulation of 
synapses, the elementary cellular components of neurotransmission. Because they 
have to transmit accurately the message from one neuron to another under all circum-
stances of life, synapses display strong plasticity, a phenomenon describing their 
ability to permanently adapt their structure and function to the demands of the cir-
cuitry. Synaptic plasticity comprises a vast repertoire of structural (number and shape 
of pre-synaptic axon terminals, post-synaptic dendritic spines, etc.) and functional 
changes (pre-synaptic release of neurotransmitters, modifi cation of post- synaptic 
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receptors behaviour, second messenger signalling, etc.) (Bhatt et al.  2009 ; Holtmaat 
and Svoboda  2009 ; Bourne and Harris  2012 ; Choquet and Triller  2013 ). 

 Such precisely coordinated processes do not only require a synergistic 
 choreography at the molecular, cellular, and behavioural levels, but also engage all 
the various cell types making up the CNS, including the supporting glial cells. The 
involvement of astrocytes with synapses has long been investigated (Nedergaard 
 1994 ; Parpura et al.  1994 ), and a large number of studies have revealed several 
aspects of their roles in the regulation of synapse formation, maturation, function, 
and plasticity (Chung et al.  2013 ; Clarke and Barres  2013 ; Pannasch and Rouach 
 2013 ). However, microglia are still an understated type of cell in normal CNS physi-
ology, mostly studied in the context of immune and infl ammatory responses since 
their fi rst description by Pio del Rio-Hortega (Prinz and Priller  2014 ) (see Chap.   2     
for further reading.) 

 As the primary immune effectors cells of the CNS, microglia are accurately 
equipped to sense and respond to changes in their local environment, associated 
with neuronal activity, experience, injury, or disease. Microglia express a vast rep-
ertoire of membrane receptors for various informative molecules such as neu-
rotransmitters and neuromodulators, pro- and anti-infl ammatory cytokines, growth 
factors, or extracellular matrix (ECM) components. (see Chaps.   3     and   4     for further 
reading.) These signalling molecules induce a constellation of intracellular responses 
in microglia, leading to concerted changes in morphology, gene expression, and 
functional dynamics (Bessis et al.  2007 ; Biber et al.  2007 ; Pocock and Kettenmann 
 2007 ; Kettenmann et al.  2011 ). As macrophages or phagocytes in residence into the 
CNS, microglia also display the ability to migrate and scavenge unwanted cells, 
cellular components, and debris by active phagocytosis (Gomez Perdiguero et al. 
 2013 ; Sierra et al.  2013 ). This ability is further refi ned by the extraordinary dynam-
ics of microglial processes frequently interacting with the neuronal circuitry, par-
ticularly at synapses. Recently, microglial capacity to eliminate synaptic elements 
in an activity- and experience-dependent manner, and to promote the formation of 
dendritic spines, as well as modulate the maturation, function, and plasticity of 
excitatory synapses was additionally revealed in the developing and mature healthy 
brain (reviewed in Tremblay  2011 ; Bechade et al.  2013 ; Kettenmann et al.  2013 ; 
Schafer et al.  2013 ; Wake et al.  2013 ). 

 The combined evidence further advances the view that complex brain functions 
such as learning and memory emerge from the intercellular relationships between 
all types of cells in the CNS, acting in concert to achieve the most effective informa-
tion processing and decision making. This chapter will describe the structural and 
functional interactions between microglia and synapses in the healthy brain, bridg-
ing the cellular/dynamic, ultrastructural and molecular levels, and summarize the 
key points that emerge from our current understanding of these roles, as well as the 
most promising directions to pursue in this nascent fi eld of investigation.  
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9.2     Microglia–Synapse Interactions 

 Immunocytochemical electron microscopy (immune-EM; Tremblay et al.  2010 ) 
 surprisingly revealed that almost all microglial processes (94 %) directly juxtapose 
synaptic elements in the visual cortex of adolescent mice, under physiological condi-
tions. In particular, axon terminals, dendritic spines, peri-synaptic astrocytic pro-
cesses, and synaptic clefts are contacted, in decreasing order of frequency (Tremblay 
et al.  2010 ). More recently, similar interactions were described in the visual and audi-
tory cortex throughout adulthood and normal aging (Tremblay et al.  2012 ). Conversely, 
the proportion of each of those synaptic elements contacted by microglial processes 
could not be determined, since only a subset were stained for the microglial marker 
“ionized calcium-binding adapter molecule 1” (Iba1) and thus positively identifi ed 
under these stringent immunocytochemical conditions. In the original characteriza-
tion, serial section EM with 3D reconstruction showed that a single microglial process 
contacts multiple synaptic elements at multiple synapses simultaneously, sometimes 
with morphological specializations such as fi nger-like protrusions wrapping around 
dendritic spines and axon terminals (Fig.  9.1a,b ). EM also revealed that microglial 
cell bodies and processes are distinctively surrounded by pockets of extracellular 
space, varying in volume by two orders of magnitude, in the cerebral cortex of ado-
lescent and adult mice (Tremblay et al.  2010 ,  2012 ) (Fig.  9.1a,b ). These pockets could 
result from the release of ECM proteases remodeling the extracellular space, such as 
metalloproteinases, plasminogens, and cathepsins, which might facilitate microglial 
dynamics, but also the motility, formation, and elimination of dendritic spines during 
normal physiological conditions (Tremblay  2011 ). Clathrin-coated pits were lastly 
encountered inside microglial processes and synaptic elements, specifi cally at their 
sites of contact (Tremblay et al.  2010 ), thus suggesting reciprocal exchange of molec-
ular signals through clathrin-mediated endocytosis of membrane-bound receptors and 
their ligands (see Le Roy and Wrana  2005  for details on clathrin-mediated endocyto-
sis). Therefore, these observations suggested that microglia can interact functionally 
with synaptic structures in the healthy brain (Tremblay and Majewska  2011 ).

   Microglial contacts with subsets of axon terminals and dendritic spines were also 
encountered in vivo using non-invasive transcranial two-photon imaging. (see Chap.   4     
for further reading on the technique.) To this end, Iba1 GFP/GFP  mice, in which GFP 
expression is driven by the Iba1 promoter (Hirasawa et al.  2005 ), were fi rst crossed 
with Thy1-GFP mice (Feng et al.  2000 ) to visualize microglia and a subset of neu-
ronal elements in the same color (green), including distal processes, dendritic 
spines, and axon terminals (Wake et al.  2009 ). Subsequently, the CX3CR1 GFP/-  mice 
in which the fractalkine receptor CX3CR1 only expressed by microglia in the 
healthy brain is replaced by the GFP reporter (Jung et al.  2000 ) were crossed with 
Thy1-YFP mice (Feng et al.  2000 ), thus providing an exceptional visualization of 
microglia and a subset of neuronal elements in two different colors (Tremblay et al. 
 2010 ). The CX3CR1  GFP/-  heterozygous mice are partially defi cient in fractalkine 
signalling (see discussion below), but microglial morphology, dynamic behaviour 
(Davalos et al.  2005 ; Nimmerjahn et al.  2005 ; Wake et al.  2009 ), dendritic spine 
turnover (Parkhurst et al.  2013 ), and microglial interactions with synaptic elements 
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  Fig. 9.1     Microglia – synapse interactions in the healthy brain . ( a ) Electron micrograph from a 
series of sections showing a proximal microglial process (cut in transverse, coloured in  yellow ) 
with a distal protrusion (cut longitudinally) contiguous to a neuronal perikaryon (p), and making 
direct contacts with dendritic spines ( pink ), axon terminals ( blue ), synaptic cleft ( arrowhead ), and 
peri-synaptic astrocytic processes ( green ) at postnatal day (P)28. Note the extracellular space 
pockets surrounding the microglia ( asterisks ). ( b ) Serial section 3D reconstruction of the microg-
lial process and protrusion shown in  a , uncovering simultaneous contacts with axon terminals 
( blue ), dendritic spines ( red ), and peri-synaptic astrocytic processes ( green ) at multiple excitatory 
synapses. Extracellular space pockets are displayed in  white , and a phagocytic inclusion within the 
proximal microglial process is in  purple . ( c ) Two-photon time-lapse micrographs showing a 
dynamic microglial process ( yellow ) transiently interacting with dendritic spines ( green ) over the 
course of 20 min in the visual cortex of a CX3CR1 GFP/- /Thy1-YFP adolescent mouse. Each frame 
was captured 5 min apart.  Red arrowheads  indicate non-targeted dendritic spines, and  white 
arrowheads  targeted ones. Reproduced from Tremblay et al. ( 2010 )       
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(Wake et al.  2009 ; Tremblay et al.  2010 ) were comparable in vivo between these 
CX3CR1 GFP/-  and the Iba1-GFP mice in which the CX3CR1 locus is intact. Using 
these mice, microglial processes were shown to frequently interact with axon 
 terminals and dendritic spines, from the labeled subset of layer V pyramidal  neurons, 
for durations varying between 5 and 30 min in the somatosensory and visual cortices 
during adolescence and adulthood (Wake et al.  2009 ; Tremblay et al.  2010 ) 
(Fig.  9.1c ). Among these synaptic structures, small dendritic spines which are the 
most structurally dynamic and transient synaptic structures in mouse visual, somato-
sensory, motor, and frontal cortices in vivo (Trachtenberg et al.  2002 ; Zuo et al. 
 2005 ; Majewska and Sur  2006 ; Alvarez and Sabatini  2007 ; Holtmaat and Svoboda 
 2009 ) were preferentially targeted by microglial processes, and more frequently 
eliminated over 2 days than the non-contacted spines as revealed by chronic imaging 
of the same dendrites (Tremblay et al.  2010 ), raising the previously unsuspected pos-
sibility that microglia could be involved in their elimination. Both in vivo and in situ, 
microglia–synapse interactions were also found to be modulated by the ongoing 
changes in neuronal activity and sensory experience. Enucleation of the eyes, or 
injection of the sodium channel blocker tetrodotoxin (TTX) into the eyes, which 
silences excitatory and inhibitory neuronal activity, similarly reduced the frequency 
of microglial contacts with axon terminals in the primary visual cortex in vivo (Wake 
et al.  2009 ). Housing the animals in complete darkness for 1 week, from the begin-
ning to the peak of the critical period for visual development, followed by their 
reexposure to normal circadian daylight for 2 days, a paradigm which increases the 
motility and elimination of dendritic spines (Majewska and Sur  2003 ; Keck et al. 
 2008 ), also reduced microglial dynamics in vivo, while increasing their perimeter of 
contact with synaptic elements and their association with the extracellular space in 
situ in the primary visual cortex of adolescent mice (Tremblay et al.  2010 ). 

 Further insight into this hypothesis that microglia may be responsible for elimi-
nating synapses in the absence of pathological insults comes from ultrastructural 
observations. Immune-EM indeed revealed the presence of phagocytic inclusions 
positively identifi ed as axon terminals and dendritic spines, based on their ultra-
structural features (i.e., synaptic vesicles, post-synaptic densities) or immunostain-
ing for specifi c markers, inside the cytoplasm and lysosomal compartments of 
microglial cell bodies and processes, during postnatal development, adolescence, 
adulthood, and normal aging, in mouse hippocampus, visual cortex and thalamus, 
and auditory cortex (Tremblay et al.  2010 ; Paolicelli et al.  2011 ; Schafer et al.  2012 ; 
Tremblay et al.  2012 ) (see Fig.  9.2  for examples and discussion below). 

Fig. 9.2 (continued) t, axon terminal. Scale bars = 250 nm. Reproduced from Tremblay et al. ( 2010 ). 
( c ) Example of microglial phagocytosis of synaptic elements during age-associated loss of sensory 
function. The immunostained microglial cell body contains a single cellular inclusion resembling an 
axon terminal “t” with clearly visible synaptic vesicles (inset) in the visual cortex of a 20-month-old 
mouse impaired in vision. Annotations as in  a , b . Scale bars: 1 μm. Reproduced from Tremblay et al. 
( 2012 ). ( d ) Microglial cell bodies and processes showing reduced engulfment of retinogeniculate 
projections during early postnatal development, in mice defi cient in the complement opsonin C1q or 
retinal transforming growth factor β (TGF-β) signalling. Volume of individual cells and engulfed chol-
era toxin-β conjugated to Alexa 488 or Alexa 594 (CTB-488 or CTB-594) injected into the left and 
right eyes, respectively, to label retinal projections at P10. Reproduced from Bialas and Stevens ( 2013 )       
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  Fig. 9.2     Microglial engulfment of synaptic elements during normal physiological conditions . ( a , b ) 
Examples during dark-adaptation (DA), a form of visual plasticity that is induced by housing the 
animals in complete darkness for 1 week, from the beginning to the peak of the critical period in the 
visual system, i.e., postnatal day (P)21–28. In A, an Iba1-immunopositive microglial cell body (m+) 
observed in the visual cortex displays multiple cellular inclusions (in) at P28. ( b ) shows a magnifi ed 
view of the boxed region in ( a ). One of these inclusions resembles a dendritic spine (s) receiving a 
synapse from an axon terminal (t), while the other inclusion contains an accumulation of cellular mem-
branes probably undergoing digestion (cm). a, peri-synaptic astrocyte;  N , nucleus; s, dendritic spine;
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The  phagocytosed  elements displayed ultrastructural features of healthy cells such 
as an electron- lucent cytoplasm, contrarily to the apoptotic elements which are 
phagocytosed during injury or disease (Schmechel  1999 ), and the apoptotic new-
born cells which are phagocytosed during adult neurogenesis (Sierra et al.  2010 ). 
Microglial processes with phagocytic specializations were also observed in vivo, 
sometimes encircling neuronal elements, but since these structures were stable 
throughout the 30–120 min imaging sessions, episodes of microglial engulfment 
followed by a full disappearance of the synaptic elements were not completely visu-
alized. Both in situ and in vivo, microglial phagocytic structures became more prev-
alent during light deprivation, and still persisted after reexposure to light (Tremblay 
et al.  2010 ) (Fig.  9.2a,b ), suggesting a role in the refi nement of neuronal circuits 
during adaptation to a novel environment. More recently, phagocytic inclusions 
within microglial cell bodies and processes were also observed during adulthood 
and normal aging. Immune-EM revealed that microglial cell bodies and processes 
accumulate large amounts of phagocytic inclusions, sometimes with ultrastructural 
features of axon terminals and dendritic spines, with or without an electron-lucent 
cytoplasm, but also lysosomal lipopigments, large vesicles, vacuoles, and lipid 
droplets, in the visual and auditory cortices of two stains of mice normally undergo-
ing complementary age-related loss of vision (CBA/CaJ mice) or hearing (C57Bl/6 J 
mice) during their second year of life (Fig.  9.2b ). This accumulation was exacer-
bated by the age- related loss of visual or auditory function, with nearly all microglia 
containing phagocytic inclusions and ~20 % of microglial cells becoming almost 
completely fi lled by the inclusions (Tremblay et al.  2012 ). Together, these observa-
tions during adolescence, adulthood, and normal aging suggested that microglial 
phagocytosis is regulated in an experience-dependent manner in the mature CNS, 
thus proposing a physiological role for microglia–synapse interactions in the refi ne-
ment of neuronal circuits throughout the lifespan.

9.3        Regulating Synapse Number 

 At this early stage of investigation in the fi eld, the molecular mechanisms regulat-
ing microglial interactions with synapses, as much as their functional conse-
quences on the brain and behaviour, still remained undetermined. Three main 
investigations have recently started to address these questions, in situ and in vivo, 
showing the involvement of fractalkine signalling and the classical complement 
cascade in regulating microglial pruning of synapses during early postnatal devel-
opment, and the role of brain-derived neurotrophic factor (BDNF) in promoting 
the formation of dendritic spines during adolescence and adulthood, as discussed 
below. 
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9.3.1     Fractalkine Signalling 

 The fi rst evidence that microglia–synapse interactions have functional consequences 
comes from early postnatal development, a period of remarkable plasticity where 
the remodeling of neuronal circuits is particularly exacerbated. The maturing neu-
rons actively extend supernumerary connections that are progressively removed 
while others are maintained and strengthened. The term “pruning” refers to a selec-
tive developmental process regulated by neuronal activity that involves both large-
scale elimination of axons and dendritic arbours, as well as the local removal of 
axon terminals or dendritic spines without the death of parent neurons (Herrmann 
and Shatz  1995 ; Tessier-Lavigne and Goodman  1996 ; Hua and Smith  2004 ). The 
large-scale removal of neuronal processes was initially proposed to be mediated by 
degeneration, cytoskeletal breakdown, fragmentation, and/or autophagy, while the 
pruning of synapses was considered to result from cytoskeletal collapse leading to 
retraction of the synaptic structure (Luo and O’Leary  2005 ), through coordinated 
interactions with the ECM and peri-synaptic astrocytic processes (Ethell and 
Pasquale  2005 ; Haber et al.  2006 ; Majewska and Sur  2006 ; Hotulainen and 
Hoogenraad  2010 ). Nevertheless, the cellular and molecular mechanisms that deter-
mine whether and how particular subsets of synapses are specifi cally eliminated 
remain an important question in the fi eld, and the involvement of microglia in this 
process has just begun to be unravelled. 

 Analyses of mice bearing loss-of-function mutations in microglial genes encod-
ing signalling molecules are useful for hinting at possible links between microglial 
function and neuronal activity. One example of such molecules involved in neuron- 
microglia communication is fractalkine, a member of the ∂-chemokine subfamily 
also known as neurotactin or CX3CL1. Fractalkine is expressed almost exclusively 
by neurons (Tarozzo et al.  2003 ; Ransohoff  2009 ) and can be soluble or membrane- 
bound (Garton et al.  2001 ; Tsou et al.  2001 ), but the individual activities of these 
two forms still need to be clarifi ed, especially in the brain. Most importantly, frac-
talkine has a unique receptor, CX3CR1, that is only expressed by microglial cells in 
the healthy brain (Combadiere et al.  1998 ; Cardona et al.  2006 ). The involvement of 
fractalkine signalling in mediating the elimination of synapses during normal devel-
opment was particularly addressed by examining CX 3 CR1-defi cient mice in the 
CA1 region of the hippocampus during the fi rst postnatal weeks, a period of intense 
synaptic remodeling. In this manner, Paolicelli and colleagues revealed a slower 
increase of microglial density in the CX3CR1 GFP/GFP  mice (or CX3CR1 KO/KO ) versus 
CX3CR1 GFP/-  littermates between postnatal day (P)8 and 28. This delayed coloniza-
tion of the maturing hippocampus (see Chaps.   7     and   8     for further reading on the 
roles of microglia during normal brain development) was found to be accompanied 
by a transient increase in dendritic spine density on the pyramidal neurons apical 
dendrites of CX3CR1 KO/KO  mice compared with wild-type littermates, over the same 
developmental period (Paolicelli et al.  2011 ). However, since microglial engulfment 
of dendritic spines was observed but not quantifi ed, it remains to be elucidated 
whether fractalkine signalling instructs microglial recruitment to the proximity of 
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maturing dendrites or contributes more directly to regulating microglial  phagocytosis 
of dendritic spines in the developing hippocampus. 

 In a follow-up study by the same group, it was recently shown that the 
CX3CR1 KO/KO  mice additionally display a lasting impairment of hippocampal syn-
aptic connectivity into adolescence. In particular, quantifying at the ultrastructural 
level the density of multi-synaptic boutons, i.e., axon terminals contacting two den-
dritic spines, revealed a signifi cant reduction in the knockout mice compared to 
wild-type littermates at P40 (Zhan et al.  2014 ) despite a normalized density of den-
dritic spines observed in adult animals (Paolicelli et al.  2011 ). Local fi eld potentials 
(LFPs), which inform about the sum of synaptic activity within a particular volume, 
were also investigated at P40. As a measure of long-range connectivity, coherence 
spectra of the LFPs were calculated, under the premise that high coherence values 
would refl ect strongly connected structures. By implanting electrodes in vivo within 
 different brain regions simultaneously, a signifi cant decrease in the coherence 
between the hippocampus and prefrontal cortex was found in adult CX3CR1 knock-
out mice, compared to wild-type littermates, thus refl ecting a decrease in functional 
connectivity between these two areas. Supporting these results, the global connec-
tivity assessed by functional magnetic resonance imaging (fMRI) was also signifi -
cantly reduced across brain regions in the CX3CR1 KO/KO  mice, with the difference 
becoming particularly evident for distant regions (Zhan et al.  2014 ). These changes 
in neuronal circuits also seem to have behavioural repercussion, since social interac-
tions were found to be altered in the CX3CR1 KO/KO  mice. In the same study by Zhan 
and colleagues, impaired social behaviour was particularly observed in juvenile 
mice, displaying no preference for their own mother over an inert stimulus, as 
assessed by the homing testing of motivation towards a relevant stimulus, i.e., the 
odour of the nest. However, no impairment in performing the novel object recogni-
tion test, which relies on prefrontal cortex function, was observed in the same mice. 
Similarly, adult CX3CR1 KO/KO  mice tested in a standard three-chamber apparatus 
failed to display signifi cant interest towards a sex-matched social stimulus, com-
pared to wild-type controls (Zhan et al.  2014 ). No defi cit in responding to social 
olfactory cues was reported in these mice, suggesting that the impairment observed 
in social behaviour was due to reduced social motivation, rather than diffi culties 
with the discrimination of social cues. Increased grooming behaviour was also 
reported in adult CX3CR1 knockout mice, when tested in a novel cage for 10 min, 
suggesting a propensity for increased repetitive behaviour, particularly triggered 
under stressful conditions (Zhan et al.  2014 ). Additionally, Rogers and colleagues 
have reported defi cits in different forms of learning and memory in the adult 
CX3CR1 KO/KO  mice. Motor learning was found to be compromised in CX3CR1 KO/KO  
mice versus wild-type littermates, using the rotarod test for balance, coordination, 
physical condition, and motor planning (Rogers et al.  2011 ). Locomotor and explor-
atory activity was, however, similar between genotypes, as assessed in the open 
fi eld test, and no difference was observed in anxiety behaviour, measured by the 
elevated plus maze. Associative learning and memory was also found to be altered 
in a standard fear- conditioning paradigm, as the knockout mice failed to display 
reduced freezing (Rogers et al.  2011 ). The CX3CR1 KO/KO  were lastly impaired in the 
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water maze, further supporting a role for fractalkine signalling in modulating 
 hippocampal- dependent learning and memory. These effects could be mediated by 
microglial release of the pro-infl ammatory cytokine interleukine-1β (IL-1β) since 
intrahippocampal infusion of its antagonist IL-1ra signifi cantly reversed the defi cits 
in cognitive function measured in the knockouts (Rogers et al.  2011 ). Providing 
additional insights, Maggi and colleagues also revealed that the CX3CR1 KO/KO  mice 
failed to perform better in the water maze following prolonged exposure to an 
enriched environment, compared with standard housing conditions, even though 
they were not signifi cantly different from aged-matched wild-type controls in their 
ability to learn the water maze task in this study (Maggi et al.  2011 ), an apparent 
discrepancy which warrants further investigation. 

 These recent fi ndings are complementing one another in proposing a role for 
CX3CL1-CX3CR1 interactions in mediating the refi nement of neuronal circuits, 
learning and memory, and the behaviour, as well as the maturation and plasticity of 
synapses as described in the following section. Since microglia are the only cells 
expressing CX3CR1 in the healthy brain, they might be crucially involved in all of 
these processes shown to be infl uenced by fractalkine signalling during normal 
physiological conditions (also see Paolicelli et al.  2014 ). Nevertheless, the microg-
lial effector functions which are precisely recruited, the molecular mechanisms act-
ing downstream of fractalkine signalling, and the respective contributions of soluble 
versus membrane-bound fractalkine remain to be elucidated.  

9.3.2     Complement Proteins 

 Pruning has been classically described in the mouse retinogeniculate system 
(Huberman  2007 ,  2008 ; Hong and Chen  2011 ; Schafer et al.  2012 ). This system is 
comprised of retinal ganglion cells (RGCs) that project axons to eye-specifi c terri-
tories in the dorsal lateral geniculate nucleus (dLGN) of the thalamus. During early 
postnatal development, retinogeniculate synapses undergo activity-dependent prun-
ing to achieve the precise connectivity characteristic of the adult system, including 
proper eye-specifi c segregation, as required for the development of a normal binocu-
lar vision (Chen and Regehr  2000 ; Hooks and Chen  2006 ; Huberman  2007 ,  2008 ). 

 In this system, ramifi ed microglia were also revealed to be intimately associated 
with retinogeniculate synapses during active synaptic remodeling, which peaks 
around P5 in mice, thereby suggesting microglia as a candidate cellular mediator of 
synaptic pruning. To test this hypothesis, Schafer and colleagues developed an 
in vivo engulfment assay in order to determine whether microglia phagocytose ret-
inogeniculate synapses (Schafer et al.  2012 ). Using the CXCR1 GFP/-  mice, eye- 
specifi c RGC axonal inputs were labelled by injecting Alexa-conjugated anterograde 
tracers (cholera toxin B) into the eyes of postnatal mice. High-resolution confocal 
microscopy revealed an internalization of the RGC axonal terminals within microg-
lia throughout the dLGN (see Fig.  9.2c ), which was particularly exacerbated at P5, 
suggesting its developmental regulation. Moreover, immune-EM analyses revealed 
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internalization of pre-synaptic elements contained within the microglial cytoplasm 
and lysosomal compartments. These observations proposed that microglia- mediated 
pruning could be actively involved during the peak of this early phase of synaptic 
remodelling in the retinogeniculate system, i.e., around P5, guiding the search for 
candidate molecules controlling this form of microglia–synapse interactions. 

 Complement proteins are a group of innate immune proteins associated with the 
rapid removal of apoptotic cells and pathogens in the periphery. C1q is the initiating 
protein of the classical complement cascade. When C1q binds to and coats (or opso-
nizes) dead cells, pathogens, or cellular debris, it triggers a protease cascade leading 
to the deposition of the downstream complement protein C3. Opsonization with the 
activated C3 fragments C3b can directly activate C3 receptors on macrophages and 
microglia, thereby triggering elimination by phagocytosis, or trigger the terminal 
activation of the complement cascade, leading to cellular lysis through the forma-
tion of a lytic membrane attack complex (Gasque  2004 ; van Lookeren Campagne 
et al.  2007 ). Recent studies using array tomography on 70 nm-thick brain sections 
revealed that the complement proteins C1q and C3 are widely expressed in the 
healthy developing LGN where they partially localize to excitatory synapses 
(Stevens et al.  2007 ). Mice defi cient in C1q and C3 also have sustained defects in 
structural and functional elimination of synapses in the mouse developing visual 
system, raising questions about how complement-targeted synapses could be elimi-
nated. Since microglia are the only resident brain cells to express CR3 in the healthy 
brain (Ransohoff and Perry  2009 ), these observations suggest C3-CR3-mediated 
phagocytosis as a potential mechanism underlying microglia-mediated pruning in 
the developing brain. Consistent with this hypothesis, mice defi cient in C3 or CR3 
resulted in a ≈50 % defi cit in the ability of microglia to engulf RGC axons (Schafer 
et al.  2012 ). Moreover, the C3 and CR3 knockout mice have signifi cantly more 
excitatory synapses, accompanied by defects in eye-specifi c segregation in the LGN 
at P32–P35, indicating that altered complement signalling early during develop-
ment results in a sustained defect of synaptic connectivity into late adolescence 
(Schafer et al.  2012 ). In another recent study, the density of axon terminals on layer 
V pyramidal neurons was additionally found to be signifi cantly increased in cortical 
slices derived from C1q knockout mice (P27–P31) and accompanied by epileptic 
seizures at the behavioural level, thus suggesting a failure to prune excitatory syn-
apses during development (Chu et al.  2010 ). 

 What controls the timing and location of microglia-mediated synaptic refi nement 
in the brain? Previous fi ndings suggested that an astrocyte-derived factor triggers 
neuronal expression of C1q mRNA in purifi ed postnatal retinal ganglion neurons in 
culture (Stevens et al.  2007 ). As the initiator of the classical complement cascade, 
C1q is a critical point of regulation in this pathway. C1q is developmentally 
expressed in postnatal RGCs, especially at P5, the peak of microglia-mediated 
pruning (Stevens et al.  2007 ). In the immune system, C1q can be modulated by 
rapid cytokine signalling pathways. A recent study identifi ed transforming growth 
factor β (TGFβ) as a factor secreted by astrocytes that regulates C1q expression in 
RGCs (Bialas and Stevens  2013 ). This study showed that TGFβ is mostly expressed 
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by astrocytes in the retina during the refi nement period and TGFβ receptors 
(TGFβRII) are developmentally expressed in the postnatal RGCs. Blocking TGFβ 
signalling in retinal neurons resulted in a signifi cant reduction of C1q expression in 
postnatal RGCs as well as reduced synaptic localization of complement in the 
dLGN in situ. Moreover, specifi c disruption of TGFβRII in retinal neurons, using 
retina-specifi c TGFβRII knockout mice generated using a Cre recombinase approach 
under the Chx10 promoter, which is active at embryonic day 13.5 in the outer neu-
roblastic layer of the retina only, also inhibited complement and microglia-mediated 
synaptic pruning in the dLGN (Fig.  9.2c ) (Bialas and Stevens  2013 ). This data sug-
gested that TGFβ-dependent regulation of neuronal C1q in the retina regulates 
downstream complement-dependent synapse elimination, a novel role for the TGFβ 
cytokine-signalling pathway in the regulation of microglia-mediated synaptic 
refi nement in the postnatal brain. 

 Another important regulator of microglia-mediated pruning is neuronal activity. 
Synapse elimination is thought to result from competition between neighboring 
axons for territory on a post-synaptic neuron based on differences in patterns or 
levels of neuronal activity (Shatz  1990 ; Arnold  1999 ; Sanes and Lichtman  1999 ; 
Huberman et al.  2008 ). In the retina, spontaneous neuronal activity from both eyes 
is thought to drive eye-specifi c segregation and retinogeniculate pruning (Stellwagen 
and Shatz  2002 ; Torborg and Feller  2005 ; Huberman  2007 ). While the specifi c 
properties of retinal activity that guide this process remain elusive, these fi ndings 
are consistent with a model in which left and right eye retinal axons compete for 
territory on post-synaptic dLGN relay neurons. Consistent with this idea, recent 
studies reveal that microglia-mediated pruning of RGC inputs in vivo is an activity- 
dependent process (Schafer et al.  2012 ). When competition between RGC inputs 
originating from the two eyes was enhanced by monocular injection of TTX or 
forskolin, an activator of adenylate cyclase which raises the level of cyclic AMP 
thereby increasing spontaneous neuronal activity, microglia preferentially engulfed 
inputs from the eye with reduced neuronal activity relative to the other eye, leading 
to an impairment of eye-specifi c segregation as observed in the C3- and C3R- 
defi cient mice (Schafer et al.  2012 ). These data are consistent with previous work 
demonstrating a decreased synaptic territory of the “weaker” inputs and increased 
territory of “stronger” inputs within the dLGN (Penn et al.  1998 ; Cook et al.  1999 ; 
Stellwagen and Shatz  2002 ; Del Rio and Feller  2006 ; Hooks and Chen  2006 ; 
Huberman et al.  2008 ). Although it is not yet known how microglia specifi cally 
target the “weaker” synapses, complement is indeed partially required for microg-
lial engulfment, suggesting a possible link between neuronal activity and the com-
plement cascade. Together, these fi ndings suggest a model in which context-dependent 
molecular cues (i.e., TGFβ) and neuronal activity cooperatively regulate the timing 
and degree of microglia-mediated pruning during development in the retinogenicu-
late system. Whether these mechanisms apply to other developmental or adult prun-
ing conditions in health or disease remains to be determined.  
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9.3.3     Brain-Derived Neurotrophic Factor 

 Beyond early postnatal development, the underlying molecular mechanisms and 
functional consequences of microglia–synapse interactions were recently investi-
gated during adolescence and early adulthood. The role of microglial BDNF, a 
potent regulator of synaptic development and plasticity that is expressed by various 
cell types including microglia (Chao  2003 ; Chakravarthy et al.  2006 ), was particu-
larly examined. Microglial release of BDNF has also been shown to modulate neu-
ronal plasticity in a mouse model of neuropathic pain (see Chap.   11     for further 
reading.) (Coull et al.  2005 ). In this study, the BDNF locus was deleted in microglia 
specifi cally, following early postnatal development, using CX3CR1-CreER crossed 
with BDNF-fl oxed mice treated with tamoxifen to induce BDNF deletion during 
adolescence. The mice were further crossed with Thy1-YFP mice to visualise 
 neurons and analyse the turnover of dendritic spines (i.e., rates of formation and 
elimination) using chronic two photon in vivo imaging over 2 days (Parkhurst et al. 
 2013 ). This analysis revealed that removing microglial BDNF induces a signifi cant 
decrease in the formation rate of dendritic spines (i.e., proportion of dendritic spines 
only observed in the second imaging session) in the motor cortex during learning of 
the rotarod, leaving unchanged the elimination of dendritic spines (i.e., proportion 
of dendritic spines only observed in the fi rst imaging session) (Parkhurst et al. 
 2013 ). These observations thus revealed an unexpected role for microglia in spino-
genesis and possibly in the formation of synapses in the mature healthy brain. 

 Similar fi ndings were obtained in a microglial depletion model achieved by 
crossing the CX3CR1-CreER with diphteria toxin receptor (DTR)-fl oxed mice. 
These mice were treated with tamoxifen shortly after birth to induce DTR  expression, 
followed by diphtheria toxin (DT) administered 7 days before imaging performed at 
P19 or P30. This time frame enabled to deplete microglial populations while pre-
venting the brain replenishment by peripheral immune cells. In this manner, microg-
lial depletion caused a ≈50 % decrease in the elimination rate of spines, measured 
over 4 days, at P19, and a ≈20 % decrease at P30. Even though microglia–synapse 
interactions were not visualised, these observations confi rm microglial contribution 
to synaptic pruning in the healthy mature brain. In these microglia- depleted mice, a 
decreased formation and elimination of dendritic spines were also observed during 
motor learning on the rotarod. The difference between the microglia- depleted mice 
and non-depleted controls was signifi cant for both the formation and elimination of 
dendritic spines at P30, and only for the formation of dendritic spines at P60 
(Parkhurst et al.  2013 ). These observations suggest that the developmental regula-
tion of these processes could follow a different time course, or that different mecha-
nisms could be recruited depending on the stage of the lifespan. Providing additional 
mechanistic insights, in vitro experiments were additionally performed, showing 
that media from cultures of purifi ed microglia (microglia- conditioned media) phos-
phorylates the BDNF tyrosine kinase receptor TrkB in cultures of purifi ed cortical 
neurons (Parkhurst et al.  2013 ). Since the autophosphorylation of TrkB is required 
for its involvement in synaptic plasticity (Chao  2003 ), these observations suggest 
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that microglial BDNF induces functional signalling in the neurons to induce 
 dendritic spine formation. 

 At the behavioural level, microglial BDNF removal and microglial depletion 
were both accompanied by an impairment of motor learning on the rotarod. Auditory 
fear conditioning mainly relying on hippocampal, amygdala, and auditory cortex 
function was also impaired in both types of mice compared to wild-type mice, but 
there were no signifi cant defi cits of novel object recognition, a paradigm which 
depends on the prefrontal cortex, in the microglial BDNF-defi cient mice contrarily 
to the microglia-depleted mice (Parkhurst et al.  2013 ). These fi ndings suggest that 
different cellular and molecular mechanisms could be recruited depending on the 
particular form of memory formation and learning that is involved. The overall fi nd-
ings also underscore an important role of microglia during learning within multiple 
brain regions, particularly including the motor cortex, auditory cortex, the hippo-
campus, and amygdala which are together part of the limbic system, and the 
 prefrontal cortex. However, more recent data found that dietary administration of a 
selective inhibitor of the colony-stimulating factor 1 receptor (CSF1R), which is 
exclusively expressed by microglia in the healthy brain, also depletes microglia dur-
ing adulthood, possibly through a reduction of their survival. Noteworthy, depleting 
microglia with this pharmacological approach does not induce defi cit in various 
forms of learning and memory tasks, including the rotarod (Elmore et al.  2014 ), 
suggesting that the method of microglial elimination could bias the interpretation of 
data. Future work will certainly elucidate this apparent paradox. 

 From the combined observations, a “two-step model” could be hypothesized, 
according to which soluble fractalkine would fi rst mediate microglial recruitment, 
promoting their migration and specifi c interactions with the relevant neuronal cir-
cuits requiring function intervention, where fractalkine is up-regulated to “call” for 
microglial support during development or learning. According to this model, 
microglia would fi rst address their terminal processes expressing CX3CR1 to the 
proximity of membrane-bound fractalkine, to ensure proper contact with neuronal 
branches and synaptic extremities. Once properly positioned in these hot-calling- 
spots, microglia would then respond to specifi c molecular cues such as complement 
molecules (e.g., C3) selectively targeting the weak and inappropriate synaptic ter-
minals for pruning, or additional and yet unidentifi ed cues specifi cally dictating the 
release of BDNF to promote dendritic spine formation.  

9.3.4     Overview, Open Questions, and Further Insights 

 Several studies have now demonstrated that microglia play an active role in mediat-
ing both the formation and elimination of synaptic structures (see Fig.  9.3  for a 
schematic overview of the cellular and molecular mechanisms recruited). These 
studies have thereby opened many new questions that will certainly be tackled in the 
future. For instance, do microglia interact with inhibitory synapses during normal 
physiological conditions? Up to now, microglial-related pruning has only been 
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demonstrated for excitatory synapses. Yet, the frequency of miniature inhibitory 
post-synaptic currents (mIPSCs) has been shown to be reduced in CX3CR1 KO/KO  
mouse hippocampus at P15 (Zhan et al.  2014 ), indicating a possible functional 
relationship between microglia and inhibitory synapses. These mIPSCs were 
recorded from interneurons in the presence of the sodium channel blocker TTX 
which prevents action potential-induced currents, thus enabling to measure the 
post-synaptic currents induced by the random release of synaptic vesicles. However, 
further studies are needed to elucidate whether inhibitory synapses, for example, 
can serve as a substrate for microglial-mediated pruning. What are the regional and 
sex-specifi c differences in microglial involvement with synapses? Complement-
defi cient animals display more synapses in the visual system (Schafer et al.  2012 ), 
but not in the spinal cord (Lobsiger et al.  2013 ), suggesting tissue-specifi c action of 
the complement- dependent pruning. Recently, intracerebroventricular injection of 
the anti-infl ammatory antibiotic minocycline, which is commonly used for pre-
venting microglial activation but also acts on astrocytes and other infl ammatory 
cells, was shown to prevent the occurrence of sex differences in microglia (density, 
morphology), and the masculinization of dendritic spine density in the preoptic 
area of the hypothalamus during the critical period for sexual differentiation, i.e., 
between P0 and P3, with consequences on the adult copulatory behaviour. In this 

  Fig. 9.3     Microglial regulation of synapse number: an overview of the proposed mechanisms.  ( a ) 
Microglial pruning of synaptic elements is mediated by the classical complement pathway in the 
developing retinogeniculate system. In particular, mice defi cient in the opsonin C3 or microglial 
C3 receptor (C3R) displayed a similar impairment in the eye-specifi c segregation of retinal inputs 
to the visual thalamus, accompanied by a reduced microglial engulfment of their projections. 
Additionally, fractalkine signalling could also be involved in mediating microglial pruning of syn-
apses in the hippocampus during early postnatal development, since a reduced microglial colonisa-
tion of the hippocampus accompanied by an increased density of dendritic spines has been 
observed in mice defi cient in the fractalkine receptor, CX3CR1, only expressed by microglia in the 
healthy brain, compared with wild-type littermates. Evidence of reduced synaptic multiplicity (i.e., 
density of axon terminals contacting two dendritic spines), impairment of synaptic maturation, 
function and plasticity, learning and memory, and social behaviour were also reported in the 
CX3CR1 knockouts. ( b ) Microglial release of brain-derived neurotrophic factor (BDNF) was also 
recently revealed to promote dendritic spine formation during motor learning, in the primary motor 
cortex       
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context, microglial regulation of estradiol (aromatized locally from testis-derived 
testosterone) and prostaglandin levels was proposed as an underlying mechanism 
(Lenz et al.  2013 ).

   What are the molecular cues which determine microglial recognition and elimi-
nation of synaptic elements specifi cally, i.e., versus other neuronal compartments 
such as axons and dendrites? Microglial processes sometimes contact dendrites and 
axons in vivo and in situ, but their consequences still remain undetermined. What 
are the molecular mechanisms responsible for microglial recognition and elimina-
tion of particular subsets of synaptic elements at particular excitatory synapses? 
Linnartz and colleagues have recently revealed that changes in the neuronal glyco-
calyx induce activation of the classical complement cascade in vitro. In this study, 
desialylated (i.e., lacking the terminal sugar residue sialic acid) neurites from 
 hippocampal neurons were found to be preferentially phagocytosed by hippocam-
pal microglial cells in primary coculture via a CR3-dependent mechanism (Linnartz 
et al.  2012 ). Do classical mechanisms such as cytoskeletal collapse accompanied by 
dendritic spine retraction compete or cooperate with microglial involvement in the 
formation and elimination of synaptic elements? How do microglia cooperate with 
astrocytes and other types of glial cells in mediating these structural changes at 
synapses? Future works might unravel novel molecular pathways regulating the 
refi nement of neuronal circuits in the healthy brain and will also determine the rela-
tionships between fractalkine, the complement pathway, and BDNF and elucidate 
the functional relevance and contextual specifi cities of each of these pathways.   

9.4     Regulating Synapse Maturation, Function, and Plasticity 

 As cells of the immune system, microglia are able to sense and react to modifi ca-
tions of their environment and to physiologically interact with their neighboring 
cells. Recent studies revealed that microglia functionally communicate with neu-
rons and have the capacity to regulate the maturation, function, and plasticity of 
synapses, as will be discussed in this section. 

9.4.1     Maturation of Synapses 

 In addition to impairing the elimination of synapses, the brain functional connectiv-
ity, learning and memory, and different types of behaviour, removing microglial 
CX3CR1 has been shown to delay the maturation of excitatory synapses in hippo-
campal slices. During early postnatal development, the ratio between the amplitude 
of spontaneous excitatory post-synaptic currents (sEPSC) and the amplitude of min-
iature (mEPSCs) recorded from hippocampal pyramidal cells progressively 
increases as neuronal circuits mature (Hsia et al.  1998 ). Since mEPSCs are recorded 
in the presence of the sodium channel blocker TTX, they enable to measure the 
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post-synaptic currents induced by the random release of synaptic vesicles. On the 
other hand, sEPSCs refl ect currents which are triggered by an action potential, thus 
measuring synaptic effi ciency. The amplitude of sEPSC normally increases over the 
course of postnatal development, as functional synapses increase in number and 
neuronal networks become properly interconnected (Hsia et al.  1998 ). On the con-
trary, the amplitude of mEPSCs remains relatively constant across the same devel-
opmental period. In hippocampal slices of CX3CR1 KO/KO  mice compared to 
wild-type littermates, this sEPSC/mEPSC ratio was shown to be reduced at P15 as 
well as at P40, thus suggesting a defi cit in the maturation of synaptic connectivity 
(Paolicelli et al.  2011 ; Zhan et al.  2014 ). This observation raised the provocative 
idea that microglia could regulate the maturation of synapses. 

 Such a role in synaptic maturation is supported by the recent observations of 
Hoshiko and colleagues, revealing that microglial recruitment to the sites of matu-
rating synapses begins at P5 in the somatosensory cortex and is mediated by fractal-
kine signalling (Hoshiko et al.  2012 ). In this study, a reduced density of microglial 
cells was observed in the thalamocortical clusters, at P6 and P7, but not at P9, in the 
CX3CR1 KO/KO  mice versus wild-type littermates. This reduced microglial density 
inside the clusters was accompanied by an increased density outside the clusters, 
resulting in an unchanged overall density within the somatosensory cortex. 
Interestingly, this delayed migration of microglial cells was also paralleled by a 
transient impairment in the maturation of synaptic properties (Hoshiko et al.  2012 ). 
At thalamocortical synapses, the composition of NMDA receptors (NMDARs; 
named after their agonist  N -methyl- D -aspartate), which are the main glutamate 
receptors in the CNS, is known to switch from GluN2B to GluN2A subunits between 
the fi rst and second postnatal weeks. In this study by Hoshiko and colleagues, a 
higher proportion of GluN2B-containing NMDARs was reported in the CX3CR1 
knockout mice, associated with slower kinetics of the NMDA-mediated synaptic 
currents. Indeed, the decay time of the NMDAR-mediated responses was found to 
be signifi cantly reduced at P9–P10 using single-cell recordings in the CX3CR KO/KO  
mice compared to wild-type littermates. However, the defect was transient, without 
any difference in the decay time of NMDAR-mediated responses remaining at P27–P33 
(Hoshiko et al.  2012 ). To mediate this delayed maturation of thalamocortical syn-
apses, microglia have been proposed to infl uence the function of glutamate recep-
tors by their release of signalling factors which remain to be identifi ed and might 
include IL-1β, tumour necrosis factor α (TNFα), and BDNF, which are known for 
modulating the expression and function of glutamate receptors in vitro (Beattie 
et al.  2002 ; Chao  2003 ; Zhang et al.  2010 ; Zhong et al.  2010 ).  

9.4.2     Function and Plasticity of Synapses 

 Long-term potentiation (LTP) is a long-lasting enhancement of synaptic transmis-
sion resulting from strong stimulation of the same synapses. This is the most widely 
used cellular paradigm of synaptic plasticity. Synaptic alterations including 
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enhanced hippocampal LTP in adolescent brain slices (Roumier et al.  2004 ,  2008 ) 
and impairment of higher brain functions such as loss of memory, aphasia, agraphia, 
acalculia, and apraxia (Paloneva et al. 2000) have also been demonstrated upon the 
loss-of-function mutation of DAP12, a transmembrane signalling protein that is 
exclusively expressed by microglia in the healthy brain (Roumier et al.  2004 ). 
Another microglial protein which was shown to be involved in synaptic regulation 
is CD200R, a membrane protein exclusively expressed by microglia in the CNS 
during normal physiological conditions that interacts with CD200 expressed by 
neurons, oligodendrocytes, and astrocytes (Costello et al.  2011 ). It has been demon-
strated that LTP is inhibited in hippocampal slices from adult CD200-defi cient 
mice, further supporting the notion that the integrity of microglial signalling is 
important for neurotransmission homeostasis (Costello et al.  2011 ). Finally, hippo-
campal LTP in the adult was shown to be reduced (Maggi et al.  2009 ; Rogers et al. 
 2011 ) or increased (Maggi et al.  2011 ) in CX3CR1 KO/KO  mice depending on the 
study. Despite the disagreement warranting further investigation, this observation 
that LTP is modifi ed in CX3CR1-defi cient mice suggests that microglia could be 
involved in regulating synaptic function and plasticity. Paolicelli and colleagues 
lastly examined the effects of fractalkine signalling on the induction of long-term 
depression (LTD), another form of synaptic plasticity reducing synaptic transmis-
sion on the opposite of LTP, in hippocampal slices from the CX3CR1 knockout 
mice and their wild-type littermates, reporting no difference between genotypes at 
P40, despite a signifi cant enhancement at P13 (Paolicelli et al.  2011 ), thus suggest-
ing that in the mature healthy brain fractalkine signalling selectively modulates 
LTP. These examples only show correlations between the alterations of microglial 
signalling and synaptic dysfunction and indirect developmental or systemic issues 
cannot be excluded in gene knockout animals. However, the recent work of Parkhurst 
and colleagues demonstrated that genetic depletion of microglia in adult mice 
induces a robust decrease in the frequency of mEPSCs mediated both by NMDARs 
and AMPA receptors (AMPARs, named after their agonist α-amino-3-hydroxy-5- 
methyl-4-isoxazolepropionic acid) (Parkhurst et al.  2013 ), probably revealing a 
direct regulation of glutamatergic transmission by microglia. 

 Several mechanisms have now been identifi ed showing that microglia actively 
infl uence the synaptic properties in hippocampal slices. For instance, upon stimula-
tion with the nucleotide ATP, cultured microglia can rapidly shed micro-vesicles, 
most probably by a mechanism depending on the P2X7 purinergic receptor (Bianco 
et al.  2005 ). When these vesicles were applied to cultured hippocampal neurons, 
they increased the frequency of mEPSCs (Antonucci et al.  2012 ), raising the hypoth-
esis that neurotransmission could be regulated by physical contacts. Microglia pro-
duce a broad spectrum of signalling molecules, from cytokines to neurotransmitters 
and ECM proteins known to regulate the synaptic function (reviewed in Bechade 
et al.  2013 ). In line with such production, several studies have demonstrated a regu-
lation of synaptic properties by microglial signalling molecules. Stimulation of 
microglia by fractalkine in neuronal cultures was shown to induce a strong and 
rapid modulation of AMPARs-mediated calcium currents in neurons (Meucci et al. 
 1998 ). This modulation has also been confi rmed in acute hippocampal slices, in 
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which stimulation of microglia by fractalkine induces a signifi cant and transient 
reduction of the amplitude of evoked EPSCs in CA1 pyramidal neurons (Ragozzino 
et al.  2006 ). It was further demonstrated that this reduction involves adenosine, sup-
posedly acting on neuronal adenosine receptors 3 (A3R) (Piccinin et al.  2010 ). 
A probable mechanism of regulation is fractalkine-induced microglial release of 
adenosine inhibiting the pre-synaptic release of glutamate (Fig.  9.4a ). Alternatively, 
microglia could produce ATP that is rapidly degraded into adenosine by ectonucleo-
tidases. More recently, the same group showed that fractalkine-induced release of 
adenosine could also increase the hippocampal NMDA response (Scianni et al. 
 2013 ). In this study, the effects of fractalkine on the fEPSPs were abolished by a 
specifi c blocker of adenosine receptors subtype 2 (AR2), and in acute slices from 
AR2 knockout mice, thus proposing a role for A2R in mediating these effects. 
Fractalkine stimulation of microglia and astrocyte primary culture induced a modest 
but signifi cant increase in the concentration of  D -serine, a co-agonist of NDMA 
receptors. It was therefore proposed that microglial or astrocytic release of  D -serine 

  Fig. 9.4     Microglial regulation of synapse function and plasticity: an overview of the proposed 
mechanisms . ( a ) Stimulation of microglia with bacterial lipopolysaccharide (LPS) induces a rapid 
release of the nucleotide ATP, which binds to P2Y1 on astrocytes. Upon purinergic stimulation, 
astrocytes release glutamate, inducing an mGluR-dependent release of pre-synaptic glutamate. 
Stimulation of microglia by fractalkine induces the release of adenosine, which can decrease neu-
ronal activity through A3R and promote NMDAR activity through A2R. ( b ) In zebrafi sh larva, 
active neurons also release ATP that attracts microglial bulbous processes. These processes 
decrease neuronal activity by an as yet unknown mechanism       
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might potentiate NMDA receptors function downstream of fractalkine signalling 
(Scianni et al.  2013 ).

   A rapid regulation of neuronal activity by microglia has also been established 
upon stimulation of microglia by lipopolysaccharides (LPS) (Pascual et al.  2012 ). 
LPS is a specifi c ligand of toll-like receptor 4 (TLR4), which in the brain is exclu-
sively expressed by microglia. Therefore, the analysis of neuronal outcomes follow-
ing acute application of LPS onto brain tissue can be used to reveal relevant 
physiological microglia-neuron interacting pathways. Indeed, LPS stimulation of 
microglia in acute hippocampal slices induces a rapid and transient increase in the 
frequency of spontaneous synaptic AMPAergic post-synaptic currents in CA1 
 neurons. This effect does not occur in slices prepared from mice defi cient for the 
myeloid-cell specifi c transcription factor Pu.1, which lack microglia, showing that 
the effect of LPS requires microglia. It was then demonstrated that upon LPS stimu-
lation, microglia rapidly produce ATP, which recruits astrocytes (Fig.  9.4a ). Astrocytes 
subsequently release glutamate, and this leads to increased excitatory transmission 
via a metabotropic glutamate receptor-dependent mechanism (Pascual et al.  2012 ). 

 The above-described studies show that stimulation of microglia modulates neu-
ronal activity in vitro and ex vivo. The occurrence of regulating, bidirectional inter-
actions between microglia and neuronal activity during normal physiological 
conditions has recently been demonstrated in vivo using confocal and two-photon 
imaging in the zebrafi sh larva (Li et al.  2012 ). In this system, microglia were shown 
to monitor spontaneous or visually evoked neuronal activity and send processes 
toward the active neurons, detected by their production of ATP (Fig.  9.4b ). These 
contacts between microglial endings and active neurons further induced a rapid 
decrease in both frequency and amplitude of neuronal activity measured by tracking 
the changes in calcium events (Li et al.  2012 ). This study confi rms and extends the 
data obtained upon stimulation of microglia and further demonstrates that microglia 
could be genuine partners of neuronal activity in the healthy brain. This role of 
microglia suggests that at least part of the synaptic dysfunction, observed during 
brain diseases, could be due to the microglial activation or dysfunction. Future work 
will help to elucidate the mechanisms of synaptic transmission which are specifi -
cally infl uenced by microglia, determine whether their structural interactions with 
peri-synaptic astrocytic processes are somehow involved in this regulation, and 
shed light on the respective roles of their interactions with pre-synaptic elements, 
post-synaptic elements, and peri-synaptic astrocytic processes, compared with their 
release of soluble mediators, in various contexts of health in the developing and 
mature brain in vivo.   

9.5     Conclusion 

 Together, these combined fi ndings from imaging, electrophysiology, and behaviour 
indicate that microglia in the healthy brain frequently interact with synapses, struc-
turally and functionally, in relation with the homeostatic variations in neuronal 
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activity and experience. Their habitual forms of interactions include the phagocytic 
elimination of synaptic structures and release of soluble factors which can infl uence 
the formation, maturation, function, and plasticity of synapses, directly or indi-
rectly. Beyond their decisive role in pathological conditions, microglia are thus 
emerging as important contributors to normal brain physiology. Future works will 
elucidate the cellular and molecular mechanisms governing their interactions with 
neuronal circuits, in cooperation with astrocytes and other types of glial cells, and 
thereby help unravel their relevance to various contexts of injury and disease.     
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    Chapter 10   
 Adult Neurogenesis, Learning and Memory 

             Amanda     Sierra       and     Marie-Ève     Tremblay     

    Abstract     An emerging view in Neuroscience is that cognitive functions such as 
learning and memory engage all the various cell types making-up the brain, including 
surveillant microglia, the resident immune cells. These complex functions promi-
nently depend on the structural remodeling of neuronal circuits, rooted in the forma-
tion, strengthening, and elimination of synaptic structures, but also on the continuous 
integration of newborn neurons into the mature circuitry. In this chapter, we will 
focus our attention on the emerging roles of microglia in adult neurogenesis within 
its two consensus regions, the hippocampus and the olfactory bulb. We will discuss 
the underlying cellular and molecular mechanisms based on evidence from both 
infl ammatory and non-infl ammatory conditions. Doing so, we will also examine 
their implications for learning and memory, and the effects of environmental enrich-
ment, running paradigms, normal aging, and neurodegenerative diseases on microg-
lia, adult neurogenesis, and the behavioural outcome. Lastly, we will summarize the 
key points that emerge from our current understanding of these new roles of microg-
lia in adult neurogenesis, learning and memory, and the most promising directions 
to pursue in this recent fi eld of investigation.  

  Keywords     Microglia   •   Adult neurogenesis   •   Hippocampus   •   Olfactory bulb   • 
  Physiology   •   Environmental enrichment   •   Aging   •   Neurodegenerative diseases   
•   Cytokines   •   Chemokines   •   Phagocytosis  

        A.   Sierra ,  Ph.D.      (*) 
  Achucarro Basque Center for Neuroscience ,  University of the Basque Country, 
Ikerbasque Foundation ,   Bizkaia Science and Technology Park, Building 205 , 
 Zamudio ,  Bizkaia   48116 ,  Spain   
 e-mail: a.sierra@ikerbasque.org   

    M.-È.   Tremblay ,  Ph.D.      (*) 
  Axe Neurosciences, Centre de Recherche du CHU de Québec, Department of Molecular 
Medicine ,  Université Laval ,   Québec ,  QC   G1V 4G2 ,  Canada   
 e-mail: tremblay.marie-eve@crchudequebec.ulaval.ca  

mailto:tremblay.marie-eve@crchudequebec.ulaval.ca
mailto:a.sierra@ikerbasque.org


250

      Bullet points  

•      Adult neurogenesis is a normal physiological process that is required for learn-
ing and memory in the healthy brain.  

•   Microglia are an essential component of adult neurogenic niches, where they 
intermingle with the neuroprogenitors and newborn neurons and phagocytose 
the excess of newborn neurons, but little is known about their role in physiologi-
cal conditions, including enriched environment and running paradigms.  

•   In infl ammatory conditions, as well as normal aging and neurodegenerative dis-
eases, microglial-derived pro-infl ammatory cytokines such as interleukin 1β (IL- 
1β) and interleukin 6 (IL-6) are considered detrimental for adult neurogenesis. 

• The relative contributions of microglia versus other brain resident (astrocytes, 
endothelial cells, meningeal, and perivascular macrophages) and infi ltrating 
(monocytes, lymphocytes) infl ammatory cells to adult neurogenesis remains 
largely unknown.  

•   Further research is necessary to determine the impact of microglial activities in 
neurogenesis-dependent learning and memory, in health and disease.     

10.1     Introduction 

 Neurogenesis is the process by which new neurons are generated. While it is 
mostly restricted to the embryonic development, it continues throughout adulthood 
in well- defi ned areas of the human and rodent brain where the existence of neural 
stem cells persists. The two consensus areas for adult neurogenesis are the sub-
granular zone (SGZ) of the hippocampus, in which newborn cells integrate locally 
as mature granule cells; and the subventricular zone (SVZ) situated throughout the 
lateral walls of the lateral ventricles, which generates interneurons populating the 
olfactory bulb (OB). Importantly, neurogenesis has also been reported in the adult 
human hippocampus (Eriksson et al.  1998 ; Spalding et al.  2013 ). In contrast, the 
occurrence of SVZ neurogenesis in the adult human brain is still under debate 
(Curtis et al.  2007 ; Sanai et al.  2007 ; Bergmann et al.  2012 ). In addition to holding 
the potential for regenerating the damaged brain, newborn neurons have been 
involved in neuronal circuit remodeling, alongside complementary mechanisms 
such as synaptic plasticity (see Chap.   9    ), as well as in learning and memory forma-
tion processes. In this chapter, we will describe the anatomical niche of SGZ and 
SVZ neurogenesis, their implication in hippocampal and OB learning and mem-
ory, and fi nally, their regulation by microglia in different contexts of health and 
disease, including environmental enrichment (EE), normal aging, and neurodegen-
erative diseases.  
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10.2     Adult Neurogenic Niches 

 The neuroprogenitors of the adult hippocampus reside in the SGZ. Morphologically 
and functionally, they are similar to the radial glial cells which give rise to neurons 
and astrocytes during embryonic development (Fig.  10.1 ). They constitute a quies-
cent population (type 1 cells or QNPs, for quiescent neuroprogenitors) of which 
only a small subset is recruited to enter the pool of dividing cells, giving rise to a 
transient population of proliferating cells (type 2 cells, or ANPs, for amplifying 
neuroprogenitors). After 3–4 days, these cells become postmitotic neuroblasts (or 
type 3 cells) committed to a neuronal lineage. Within 4 weeks, the newborn cells are 
integrated as mature neurons into the granule cell layer, which mainly receive inputs 
in the dentate gyrus molecular and polymorphic layers and project to the stratum 
lucidum of the hippocampus CA3 region. In the CA3, their axon terminals which 
are named the mossy fi bres make synapses on the apical dendrites of the CA3 pyra-
midal cells (reviewed in Kempermann et al. ( 2004 ), Encinas and Enikolopov 
( 2008 )). Similarly, SVZ neuroprogenitors are modifi ed astrocytes (type B cells) 
located underneath the ependymal cells lining the lateral ventricles (Fig.  10.1 ). 
Once they have proliferated, they give rise to a population of transient amplifying 
cells (type C cells) which in turn differentiate into neuroblasts (type A cells) to start 
the neuronal differentiation program. As they migrate as chains of cells through the 
rostral migratory stream (RMS) from the walls of the lateral ventricles to the OB, 
the type A cells continue to proliferate. Once they reach the OB, they differentiate 
into dopaminergic interneurons and integrate into the OB circuitry, where they con-
stitute a population of anaxonic granule cells forming reciprocal dendrodendritic 
synapses within the external plexiform layer (reviewed in Lledo et al. ( 2008 )).

   Thus, neurogenesis encompasses a series of processes designated as the neuro-
genic cascade, comprising the proliferation of neuroprogenitors, survival of new-
born cells, differentiation of neuroblasts, and integration of mature neurons in the 
preexisting circuitry, as well as migration in the case of SVZ neuroblasts. Stringent 
defi nitions and methods must therefore be used to analyze each of these processes 
individually. The most widely used method is the administration of the thymidine 
analog 5-bromo-2′-deoxyuridine (BrdU), which incorporates into the DNA of 
dividing cells during the synthesis phase (or S phase) and can be detected using 
specifi c antibodies. BrdU is commonly used in pulse-and-chase experiments to fol-
low the progeny of the dividing cells. For instance, the number of BrdU-positive 
cells observed 2–24 h after administration refl ects the proliferation of neuroprogeni-
tors, whereas the number of BrdU cells co-labeled with neuronal markers such as 
NeuN observed 4 weeks after administration refl ects actual neurogenesis. Other 
methods to study different aspects of the neurogenic cascade include the use of 
selective antibodies for visualising the neuroprogenitors or neuroblasts, an alterna-
tive approach to BrdU administration which does not require in vivo manipulation. 
Some of the most popular markers are directed against the intermediate fi lament 
nestin, to specifi cally visualise the neuroprogenitors, or the microtubule-associated 
protein doublecortin, to target the neuroblasts. These markers thus enable to analyse 
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  Fig. 10.1    ( a ) Schematic drawing of the adult hippocampal neurogenic cascade, representing the 
main cell types and stages in the SGZ (see main text for a thorough description of the cascade). 
In this hippocampus, microglia are physically part of the niche and intermingle with all cell 
types, and phagocytose the excess of newborn cells that undergo apoptosis in physiological 
 conditions. In vitro, phagocytic microglia is known to release TGFβ, which is anti-neurogenic.
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neurogenesis in situ, in postmortem samples. Nonetheless, antibody-based methods 
can only identify putative neuroprogenitors or neuroblasts, and particular care must 
be exercised to disregard non-specifi c or aberrant labeling, particularly in postmor-
tem samples. To date, pulse-and-chase experiments remain the only available 
method to certify that the newborn cells actually become adult neurons. Additionally, 
the use of transgenic mice expressing fl uorescent reporters in a particular cell type 
is also extremely useful for visualising how the neuroprogenitors or neuroblasts 
progress along the neurogenic cascade, from their formation to their integration into 
the circuitry. For example, the nestin-GFP mice where all neuroprogenitors are 
labeled with the green fl uorescent protein (GFP) can be used in both constitutive or 
inducible forms (nestin-CreER), in which tamoxifen-induced Cre-mediated recom-
bination leads to the expression of the reporter in the progeny of the neuroprogeni-
tors only. For a thorough description of the methods used to analyze rodent and 
human neurogenesis, see (Breunig et al.  2007 ; Sierra et al.  2011 ).  

10.3     The Role of Adult Neurogenesis in Learning 
and Memory 

 Adult neurogenesis was initially described by Robert Altman in the 1960s, although 
it was not until its rediscovery in the early 1990s (Reynolds and Weiss  1992 ; 
Richards et al.  1992 ; Gage et al.  1995 ; Palmer et al.  1995 ) that its potential plasticity 

Fig. 10.1 (continued) Surveillant microglia may produce proneurogenic factors, such as IGF1, 
triggered by enriched environment. Fractalkine signaling maintains microglia in an anti-infl amma-
tory state, whereas LPS, irradiation, aging, and AD push microglia towards the production of pro-
infl ammatory cytokines such as IL-1β, TNFα, and IL-6, with detrimental consequences for 
neurogenesis. Overall, the role of microglia compared to other infl ammatory cells (such as astro-
cytes, perivascular macrophages, and invading monocytes and lymphocytes) is poorly understood. 
( b ) Iba1-labeled microglia (cyan) phagocytosing an apoptotic (pyknotic, visualized with the DNA 
dye DAPI, white) neuroblast (labeled with polysialated neural cell adhesion molecule, PSA-
NCAM,  red ) in the SGZ niche, surrounded by Nestin-GFP-labeled neuroprogenitors (QNPs and 
ANPs,  green ). Scale bar, 50 μm. ( c ) Schematic drawing of the adult SVZ niche, the RMS, and the 
OB circuitry, representing the main cell types and stages (see main text for a thorough description). 
Little is known about the location and role of microglia in physiological conditions in the SVZ 
niche. In contrast, conditions such as EAE (possibly via IL-15), aging, and differentiation lead to 
an infl ammatory response of microglia and other infl ammatory cells (as above), which induce the 
production of IL-1β and inhibit SVZ neurogenesis. Abbreviations:  AD  Alzheimer’s disease,  ANP  
amplifying neuroprogenitor,  EAE  experimental acute encephalomyelitis,  IGF-1  insulin-like 
growth factor 1,  IL-15  interleukin 15,  IL-1β  interleukin 1 beta,  IL-6  interleukin 6,  LPS  bacterial 
lipopolysaccharides,  OB  olfactory bulb,  QNP  quiescent neuroprogenitor,  RMS  rostral migratory 
stream,  SGZ  subgranular zone,  SVZ  subventricular zone,  TGFβ  transforming growth factor beta. 
( b ) is reprinted from Sierra A, Encinas JM, Deudero JP, Chancey JH, Enikolopov G, Overstreet-
Wadiche LS, Tsirka SE, and Maletic-Savatic M. Microglia Shape Adult Hippocampal Neurogenesis 
through Apoptosis-Coupled Phagocytosis. Cell Stem Cell 7: 483–495, 2010, with permission from 
Elsevier       
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strongly suggested its possible involvement in normal brain functions requiring 
extensive structural remodeling such as learning and memory (Gage  2002 ). The 
relationship seems to be bidirectional and at least some forms of learning and/or 
memory have been demonstrated to both enhance and rely on adult neurogenesis. 

 The initial reports on neurogenesis, learning, and memory showed that 
hippocampal- dependent learning, such as spatial navigation in a water maze and 
conditioning of the eye blink response using a trace protocol, similarly enhanced the 
number of 8-day-old cells labeled with BrdU prior to the training, probably refl ect-
ing an increased survival of the neuroblasts (Gould et al.  1999 ). In particular, the 
water maze takes advantage of the animal’s ability to swim, forcing the animals to 
locate a hidden platform to escape from a pool of opaque water. The location of the 
platform remains constant throughout the training and test sessions, therefore 
requiring the animals to use spatial mapping from different visual cues located 
around the pool in order to navigate from a random starting location to the platform. 
In this context, a decreased latency measured by video tracking analysis is consid-
ered to be primarily related to hippocampus-dependent memory. Contextual fear 
conditioning is another commonly used cognitive task that mainly involves the hip-
pocampus, and to a lesser degree the amygdala, which is also part of the limbic 
system. This type of classical conditioning requires the animals to learn the associa-
tion between two stimuli, an arbitrary signal and a signifi cant event such as a danger 
or a punishment. In a typical fear conditioning task, a brief exposure to a light or a 
tone is timed with a mild electrical footshock, allowing the animals to form an asso-
ciation not only between the light/tone and the shock, but also between the environ-
mental context and the shock itself. The animal’s freezing response is assessed in 
the conditioning chamber without light/tone presentation in the case of “contextual” 
conditioning, or by re-exposure to the light/tone in a novel test environment for 
“classical” conditioning. Alternatively, a mild puff of air administered to the eyes 
can be used for eliciting an eye blink response. In both cases, the delayed condition-
ing protocol can be modifi ed by introducing a temporal gap between the light/tone 
presentation and the shock, a variant generally referred to as “trace” fear  conditioning 
(   Sousa et al.  2006 ; Crawley  2008 ). For a thorough description of these and other 
cognitive tests used to analyze learning and memory in rodents and other species, 
see Sousa et al. ( 2006 ); Crawley ( 2008 ). 

 In the hippocampus, the subsequent studies characterizing the effects of learning 
on adult neurogenesis did however reveal a more complex relationship. For instance, 
an increased survival of the young newborn cells (1–4 days-old) has been observed 
in the late phase, but not in the early phase of learning in a mater maze, when over 
80 % of the performance improvement has already occurred, thus suggesting that 
neurogenesis is involved in the consolidation but not in the acquisition of learning 
(Dobrossy et al.  2003 ). Surprisingly, the late phase also resulted in decreased sur-
vival of the cells born during the early phase (4–8 days-old), potentially due to dif-
ferent levels of growth factors released within the neurogenic niche in the early 
versus late phases (Dobrossy et al.  2003 ), although this hypothesis remains to be 
experimentally addressed. Further research showed that the young (1.5–2 months- 
old) hippocampal newborn neurons are preferentially activated during memory 
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recall in a water maze, compared to older neurons, as determined by co-labeling of 
BrdU and immediate-early genes, such as c-Fos and Arc, whose expression corre-
lates with neuronal fi ring (Kee et al.  2007 ), and which have been proposed to be 
necessary for the consolidation of synaptic plasticity and memory (Plath et al. 
 2006 ). These young neurons are also more plastic than their older counterparts, and 
they show enhanced amplitude response after long-term potentiation (LTP, a cellu-
lar correlate of learning and memory; see Chap.   9     for further reading) induced with 
a theta-burst stimulation paradigm (Ge et al.  2007 ). However, the evidence that 
neurogenesis is essential for learning and/or memory using ablation protocols is 
somewhat confl ictive, possibly due to limitations of the protocols and/or behav-
ioural paradigms, as well as differences in their application between studies 
(reviewed by Marin-Burgin and Schinder ( 2012 )). Chemical depletion of proliferat-
ing cells with the neurotoxin methylazoxymethanol acetate (MAM), which reduces 
DNA synthesis, has been shown to impair learning in trace conditioning protocols 
(Shors et al.  2001 ). In contrast, depletion of neuroprogenitors in mice expressing a 
viral thymidine kinase under the nestin promoter (nestin-tk mice) and treated with 
ganciclovir did not affect learning but induced impairment in retaining the location 
of a hidden platform in a water maze (Deng et al.  2009 ). In these mice, the antiviral 
ganciclovir acts as a pro-drug, not toxic in itself, but converted to toxic drugs by 
phosphorylation from the viral thymidine kinase. The neuroprogenitors infected 
with the virus therefore produce highly toxic triphosphates leading to cell death. 
Similar results were obtained in mice expressing the diphtheria toxin under the con-
trol of the nestin-CreER system. By administering the toxin 7 weeks after the induc-
tion of the Cre recombinase, the authors were able to ablate young neurons, without 
preventing learning in a contextual fear task or the water maze. However, post- 
training ablation of these 7-week-old cells impaired retention of both types of 
acquired hippocampal-dependent memories (Arruda-Carvalho et al.  2011 ). 
Importantly, a gain-of-function approach ablating the pro-apoptotic gene Bax selec-
tively in the neuroprogenitors with the nestin-CreER system, to increase their sur-
vival, had opposite effects, namely, the enhancement of hippocampal synaptic 
plasticity, context discrimination responses using a contextual-fear conditioning 
test, and encoding of overlapping input patterns (i.e., pattern separation) (Sahay 
et al.  2011 ), a necessary property of associative memory networks in which the 
dentate gyrus and hippocampus CA3 region were shown to play synergistic roles 
(Leutgeb et al.  2007 ). 

 Similarly, SVZ neurogenesis has also been recently involved in olfactory learn-
ing (reviewed in Lazarini and Lledo ( 2011 )). In the OB, the survival of young (2–4 
weeks-old) newborn neurons labeled with BrdU increases during learning of an 
olfactory discrimination test (Alonso et al.  2006 ), which exploits the rodent’s ten-
dency to use olfactory cues to forage and is further decreased following 2 weeks of 
olfactory input deprivation (Yamaguchi and Mori  2005 ). In a main variant of this 
task, the animals learn to associate a fi rst odour with a sugar reward and a second 
odour with the absence of reward. During the test phase, both odours are presented 
simultaneously in the absence of sugar, and the animals demonstrate that they 
have learned the association between the fi rst odour and the availability for sugar by 
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digging in that particular odour (Schellinck et al.  2001 ). The survival of young 
 newborn cells (3–4 weeks) labeled with BrdU was also found to increase during a 
similar type of operant conditioning in which water was used as a reward, while, on 
the opposite, the survival of older neurons (5–7 weeks-old) was decreased (Mouret 
et al.  2008 ), suggesting that olfactory training could differently affect the number of 
surviving newborn neurons depending on the timing between learning and their 
genesis. The data is however confl ictive and other groups have reported no effects 
on survival, but rather an increased functional activation for 5–9 weeks-old BrdU 
cells, as determined by c-Fos expression during odour-discrimination learning 
(Belnoue et al.  2011 ). More recently, the consequences of adult neurogenesis on a 
variety of olfactory functions were also directly examined using Nestin-Cre;neuron- 
specifi c enolase- diphtheria toxin fragment A (NSE-DTA) mice treated with tamox-
ifen at 2 months of age, where neurons born in the SVZ and SGZ are both ablated 
(Imayoshi et al.  2008 ). In these mice, tamoxifen-inducible Cre is expressed under 
the control of the nestin promoter, whereas the loxP-STOP-loxP-IRES-diphtheria 
toxin fragment A(DTA) gene cassette is knocked into the 3′-noncoding region of the 
neuron-specifi c enolase (NSE, Eno2) gene. Tamoxifen administration induces Cre-
mediated recombination in the neuroprogenitors, but DTA is not expressed in these 
cells because the NSE promoter is inactive. When the neuroprogenitors begin their 
neuronal differentiation, however, the NSE promoter becomes active and induces 
the expression of DTA killing the cells. These mutant mice in which the OB struc-
ture is severely disrupted (Imayoshi et al.  2008 ) were able to discriminate odours as 
competently as control mice (Imayoshi et al.  2008 ; Sakamoto et al.  2011 ), but they 
showed impairment in predator avoidance (i.e., approach towards a fox scent asso-
ciated with a reward) and innate sex-specifi c responses which depend on olfaction, 
including defi cits in male-male aggression, male sexual behaviour towards females, 
and female defi cits in fertility and nurturing (Sakamoto et al.  2011 ). 

 Altogether the data strongly suggest that SGZ and SVZ neurogenesis are indeed 
involved in particular forms of hippocampal and OB-dependent learning and mem-
ory, respectively, but, nonetheless, more precise experimental manipulations are 
still needed to precisely delineate the cellular and molecular mechanisms by which 
the newborn neurons participate in these processes.  

10.4     Microglial Involvement in Adult Neurogenesis 

 Neurogenesis is modulated by a long list of physiological and pathological condi-
tions, acting through a variety of cellular and molecular mechanisms (reviewed in 
Marin-Burgin and Schinder ( 2012 )). Among these factors, microglial cells are rela-
tively a newcomer. Belonging to an entirely different lineage from the ectodermic- 
derived neurons, astrocytes, and oligodendrocytes, and historically implicated 
mostly in orchestrating the immune and infl ammatory response to pathological con-
ditions (Chap.   5    ), it has been only in recent years that microglia have been recog-
nized as an essential component of adult neurogenic niches (Fig.  10.1 ). 
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 The fi rst evidence for such a role of microglia comes from studies showing that 
infl ammation is detrimental to adult hippocampal neurogenesis, as well as learning 
and memory, throughout life. Original research from Olle Lindvall and Theo 
Palmer’s groups showed that the number of BrdU-labeled neurons decreases after 
infl ammatory challenge induced by systemic or intrahippocampal administration of 
lipopolysaccharides (LPS), a component of the wall of Gram-negative bacteria, and 
this effect is prevented by treatment with indomethacin, a non-steroidal anti- 
infl ammatory drug (NSAID) which inhibits the synthesis of pro-infl ammatory pros-
taglandins (Ekdahl et al.  2003 ; Monje et al.  2003 ). Furthermore, LPS also prevents 
the increase in newborn neurons labeled with BrdU driven by seizures during partial 
status epilepticus, whereas the anti-infl ammatory antibiotic minocycline increases 
neurogenesis after either partial or generalized status epilepticus (Ekdahl et al. 
 2003 ). But in these studies neither LPS nor minocycline affected the proliferation of 
neuroprogenitors, and their effects seemed to be mostly mediated through a decrease 
in the survival of newborn cells (Ekdahl et al.  2003 ; Monje et al.  2003 ). Indeed, LPS 
has been shown to increase apoptosis of the newborn cells generated in the hippo-
campus during normal physiological (or basal) conditions (Sierra et al.  2010 ). LPS 
also enhances the synaptic connectivity of the newborn neurons during early stages 
of their synaptogenesis (Chugh et al.  2013 ) and prevents their reactivation during 
spatial exploration, determined as the percentage of BrdU cells co-labeled with the 
immediate-early gene Arc in situ (Belarbi et al.  2012 ). A more direct implication of 
microglia in LPS-induced decreased neurogenesis is that conditioned media from 
LPS-challenged microglia contain high levels of a pro- infl ammatory cytokine, 
interleukin 6 (IL-6), causing apoptosis of neuroblasts derived from the adult mouse 
hippocampus in vitro (Monje et al.  2003 ). In contrast, IL-1β increases the prolifera-
tion of cultured human hippocampal embryonic neuroprogenitors, but decreases 
their differentiation into neurons (Zunszain et al.  2012 ). 

 In vivo, the implication of microglia has been revealed by the negative correla-
tion between the numbers of newborn neurons (BrdU+, NeuN+) and microglia 
expressing ED1, also called CD68 or macrosialin (Ekdahl et al.  2003 ). The number 
of ED1-positive microglia also negatively correlated with neurogenesis during 
infl ammation driven by cranial irradiation (Monje et al.  2003 ). ED1 was originally 
described as a lysosomal protein over-expressed during infl ammatory challenge, 
and it is commonly used as a proxy for phagocytosis. However, phagocytic microg-
lia do not necessarily express ED1 (Sierra et al.  2010 ) and reducing ED1 expression 
with anti-ED1 monoclonal antibodies in cultured macrophages did not impair 
phagocytosis, and thus the actual role of ED1 in microglia remains elusive (reviewed 
in Sierra et al.  2013 ). Furthermore, it is important to notice that none of the above 
manipulations (LPS, minocycline, etc.) are specifi c for microglia, also affecting 
other resident (astrocytes, perivascular, and meningeal macrophages) and infi ltrat-
ing (monocytes) infl ammatory cells. This is an essential notion, because infl amma-
tory cytokines released during LPS challenge (Ji et al.  2007 ) or even therapeutic 
levels of cranial irradiation (Morganti et al.  2014 ) increase the infi ltration of 
 monocytes. Furthermore, the relative contributions of microglia versus monocytes 
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in various contexts of physiology and pathology remain widely discussed (Schwartz 
and Shechter  2010 ; Prinz et al.  2011 ). In summary, while the detrimental impact of 
infl ammation on neurogenesis is well-established, the relative roles of the different 
resident and infi ltrating brain infl ammatory cells remain to be defi ned. 

10.4.1     Normal Physiological Conditions 

 In the healthy hippocampus, surveillant microglia were lately shown to be physi-
cally intimate with all components of the adult hippocampal neurogenic cascade 
(Sierra et al.  2010 ). As microglia are extremely motile cells during normal physio-
logical conditions, continuously responding to neuronal activity, sensory experi-
ence, as well as motor learning in vivo (see Chaps.   3    ,   4     and   9     for further reading), 
this proximity allows them to actively modulate adult hippocampal neurogenesis. In 
particular, surveillant microglia were shown to recognise and engulf the newborn 
cells undergoing apoptosis (between 60 and 80 % of all the newborn cells) in the 
SGZ (Sierra et al.  2010 ). This physiological phagocytosis occurs very rapidly (under 
1.5 h) and is not disturbed by either normal aging or challenge with LPS (Sierra 
et al.  2010 ), indicating an innate capacity of microglia to modulate the neurogenic 
cascade that is undeterred by infl ammation. Indeed, phagocytosis may have func-
tional consequences on hippocampal-dependent learning and memory. Intravenous 
administration of annexin V, which binds to the phosphatidylserine (PS) receptor 
present in phagocytes and prevents their recognition of PS exposed on the surface 
of cells undergoing oxidative stress or apoptosis (Neher et al.  2012 ), leads to an 
increased number of apoptotic cells in the SGZ, presumably by blocking phagocy-
tosis (Lu et al.  2011 ). Both annexin V treatment and reduced expression of ELMO, 
a protein that promotes internalization of apoptotic cells, resulted in decreased sur-
vival of the neuroblasts, ultimately decreasing neurogenesis (Lu et al.  2011 ). 
Interestingly, these effects were ascribed to phagocytosis by doublecortin- expressing 
neuroblasts because exogenously administered apoptotic neuroprogenitors were 
shown to be engulfed only by these cells (Lu et al.  2011 ), although the apoptotic 
newborn cells in the adult SGZ are exclusively phagocytosed by microglia during 
normal physiological conditions (Sierra et al.  2010 ). Nonetheless, whether microg-
lia actively select which newborn cells undergo apoptosis and the functional impact 
of microglial phagocytosis in hippocampal-dependent learning and memory remain 
to be elucidated with more specifi c tools. 

 In addition, it has been hypothesized that anti-infl ammatory cytokines produced 
by phagocytic microglia may further regulate neurogenesis in the healthy mature 
brain (Sierra et al.  2013 ). For instance, the anti-infl ammatory transforming growth 
factor beta (TGFβ) is produced by cultured microglia after phagocytosis of apop-
totic neurons (De Simone et al.  2003 ) and is well-known to inhibit the proliferation 
of SGZ neuroprogenitors in vivo (Buckwalter et al.  2006 ). Furthermore, cultured 
microglia adopt a pro-neurogenic and pro-oligodendrogenic phenotype when 
primed with interleukin 4 (IL-4) or low doses of interferon gamma (IFNγ), two 
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cytokines associated with T helper lymphocytes (Butovsky et al.  2006 ). This 
 phenotype had a decreased production of tumour necrosis factor α (TNFα) and an 
increased production of insulin-like growth factor 1 (IGF-1) (Butovsky et al.  2006 ), 
which are, respectively, known for regulating negatively (Iosif et al.  2006 ) and posi-
tively (Trejo et al.  2001 ) neuroprogenitor proliferation in adult hippocampus. 
Finally, the possibility that microglia control the synaptic integration of the new-
born neurons, the ultimate step which determines their contribution to neurogenesis- 
induced learning and memory, has been recently suggested (Ekdahl  2012 ) based on 
the emerging roles of microglia in the activity- and experience-dependent pruning 
of synapses during normal physiological conditions (see Chap.   9     for further infor-
mation on this process). 

 A classic pro-neurogenic paradigm, enriched environment (EE), has also been 
recently related to microglial involvement with adult hippocampal neurogenesis, 
learning and memory. In EE, mice are given access to toys, running wheels, and 
edible treats and are allowed to socially interact within large colonies, to mimic 
their living in the wild. At the cellular level, EE is also known to regulate excitabil-
ity, synaptic transmission, and LTP in the dentate gyrus (Irvine et al.  2006 ). With 
relation to adult neurogenesis, EE has long been known to increase newborn cell 
survival, and dentate gyrus size, and enhance performance in the water maze 
(   Kempermann et al.  2004 ; Nilsson et al.  1999 ). A similar paradigm, voluntary run-
ning, also increases neuroprogenitor proliferation and neurogenesis (van Praag 
et al.  1999 ). Importantly, EE is additionally antiapoptotic, neuroprotective (Young 
et al.  1999 ), and anti-infl ammatory, as it reduces the expression of pro-infl ammatory 
cytokines such as IL-1β and TNFα induced by LPS challenge to the hippocampus 
(Williamson et al.  2012 ). EE has also been related to another cytokine, the chemo-
kine fractalkine. Fractalkine, or CX3CL1, is almost exclusively expressed by neu-
rons, either membrane-bound or released, whereas its receptor (CX3CR1) is solely 
expressed by microglia during normal physiological conditions, forming a unique 
neuron-microglia signalling unit to control the extent of microglial infl ammation 
and regulate their contribution to normal brain homeostasis (Cardona et al.  2006 ; 
Paolicelli et al.  2014 ). The CX3CR1 GFP/GFP  mice (CX3CR1 −/− ) are completely 
 defi cient in fractalkine signalling due to the replacement of CX3CR1 by a GFP 
reporter (Jung et al.  2000 ; Wolf et al.  2013 ). The CX3CR1 GFP/+  heterozygous mice 
are widely used for visualising microglia in two-photon in vivo imaging experi-
ments (Davalos et al.  2005 ; Nimmerjahn et al.  2005 ; Fuhrmann et al.  2010 ; Tremblay 
 2011 ), but they were recently shown to have alterations compared to wild-type 
mice, notably a decreased neurogenesis, impaired performance in hippocampal-
dependent memory tasks, and impaired synaptic plasticity (Rogers et al.  2011 ). In 
adult (3 months) CX3CR1 GFP/GFP  mice, compared with heterozygous CX3CR1 GFP/+  
mice, the decreased expression of CX3CR1 resulted in decreased neuroprogenitor 
proliferation and neuroblasts number in the hippocampus (Bachstetter et al.  2011 ; 
Rogers et al.  2011 ), an effect that was restored by EE (Maggi et al.  2011 ). Behavioural 
testing of these mice also revealed an impairment of associative learning and mem-
ory, using a standard fear-conditioning paradigm. Even though their freezing behav-
iour was similar in the training session, the CX3CR1 GFP/GFP  mice failed to display 
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associative learning, i.e., reduced freezing, when tested 24 h later in the same 
 environment (Rogers et al.  2011 ). The CX3CR1 GFP/GFP  mice also displayed defi cits 
in learning the water maze. The detrimental effects of impaired fractalkine signal-
ling on neurogenesis could be mediated by microglial release of the pro-infl amma-
tory cytokine IL-1β, since intrahippocampal infusion of its antagonist IL-1ra 
prevented the proliferation decrease induced by a CX3CR1 blocking antibody and 
reversed cognitive dysfunction in the CX3CR1 GFP/GFP  mice (Rogers et al.  2011 ) (see 
Chaps.   4     and   9     for more information on these mice). In contrast, EE still promoted 
neurogenesis in mice that were null for the IL-1 receptor (Goshen et al.  2009 ). 
Although some of the pro-neurogenic effects of EE may be related to a modulation 
of infl ammation, which will be discussed further in the following section, it is 
unclear whether microglia are directly contributing to the effects of EE on adult 
neurogenesis. In particular, very little is known about the changes induced by EE 
in microglia. 

 One potential mechanism behind the pro-neurogenic actions of EE is that EE 
triggers an increased surveillance of the hippocampal tissue by T cells, which some-
how drive microglia to increase their expression of IGF-1, ultimately resulting in an 
increased number of newborn neurons in adult rats (Ziv et al.  2006 ). Whether this 
interaction between T cells and microglia in EE involves any type of antigen presen-
tation is still unknown, even though EE induced microglia to express the major 
histocompatibility complex class II (MHC-II). However, antigen presentation in the 
CNS is thought to be restricted to the meninges and choroid plexus, rather than tak-
ing place in the parenchyma where microglia are considered to exclusively reside 
(Ransohoff and Engelhardt  2012 ) (see Chap.   5     for further reading). Furthermore, 
none of the changes induced by EE could be replicated in voluntary running para-
digms in adult mice, including T lymphocyte surveillance of the hippocampus, T 
cells interactions with microglia, and increased expression of IGF-1, IL-1β, and 
TNFα by microglia (Olah et al.  2009 ). Finally, a signifi cant correlation between 
hippocampal proliferation and genetic loci associated to the proportion of circulat-
ing CD4+ T lymphocytes was found in a genetically heterogeneous stock of mice 
(Huang et al.  2010 ). It is important to note, however, that proliferation does not 
necessarily imply neurogenesis, as cells other than neuroprogenitors can also 
 proliferate (including astrocytes and microglia), and newly generated cells can 
undergo apoptosis instead of differentiating into neurons. Nonetheless, T cells seem 
to be functionally relevant, because nude mice and mice undergoing antibody-based 
T cell depletion also have impaired performance in the water maze (Kipnis et al. 
 2004 ). The underlying mechanisms behind the effects of T lymphocytes on adult 
neurogenesis are largely unexplored and may not necessarily be related to microglia 
but to bystander effects of T lymphocytes on other cell types, including the neuro-
progenitors themselves. In fact, it has been suggested that T lymphocyte depletion 
leads to a decreased hippocampal production of brain-derived neurotrophic factor 
(BDNF) (Wolf et al.  2009 ), although it has not been addressed whether administra-
tion of BDNF could prevent the detrimental effects of T lymphocytes depletion on 
any stage of the hippocampal neurogenic cascade. Interestingly, BDNF was also 
found to mediate the pro-neurogenic actions of EE (Rossi et al.  2006 ), and thus it is 

A. Sierra and M.-È. Tremblay

http://dx.doi.org/10.1007/978-1-4939-1429-6_5
http://dx.doi.org/10.1007/978-1-4939-1429-6_9
http://dx.doi.org/10.1007/978-1-4939-1429-6_4


261

possible that the effects of T lymphocytes ascribed to T cell–microglia interactions 
are in fact mediated by this trophic factor. BDNF has been largely thought to be pro-
duced by neurons solely, however recent observations using CX3CR1-CreER mice 
suggest that mice defi cient in microglial BDNF have strong defi cits of synaptogen-
esis in the motor cortex, with functional repercussions on motor learning in adoles-
cent and adult mice (Parkhurst et al.  2013 ) (see Chap.   9     for further reading), and thus 
the direct contribution of microglial BDNF to the effects of EE on adult SGZ and 
SVZ neurogenesis needs to be addressed. Overall, more precise experimental designs 
are required to directly evaluate the roles of surveillant microglia in the activity- and 
experience-dependent regulation of adult hippocampal neurogenesis. 

 In contrast to the body of evidence showing microglial contribution to SGZ neu-
rogenesis, little is known about its role in SVZ neurogenesis (Fig.  10.1 ). Recent data 
show that microglia negatively control the size of the neuroprogenitors pool in the 
embryonic SVZ by means of phagocytosis (Cunningham et al.  2013 ), but in contrast 
are necessary for early postnatal SVZ neurogenesis and oligodendrogenesis 
(Shigemoto-Mogami et al.  2014 ) (for further reading see Chap.   7    ). These evidences 
suggest indeed an overlooked role for microglial phagocytosis in adult SVZ neuro-
genesis. For instance, it is unknown how the survival of adult newborn cells is regu-
lated in the SVZ/RMS, and whether microglia phagocytose the excess of cells, 
similar to the hippocampus. The comparison between microglial infl ammation in 
SGZ versus SVZ neurogenesis is not straightforward, however, as different levels of 
activation have been reported under basal conditions. For instance, SVZ microglia 
express higher levels of the lymphocyte common antigen CD45 and proliferate at 
higher rates in the SVZ than in the SGZ and non-neurogenic areas of the adult brain 
(Goings et al.  2006 ). Similarly, the vast majority of microglia in the mouse develop-
ing SVZ exhibit an amoeboid morphology and express the inducible nitric oxide 
synthase (iNOS) (Cunningham et al.  2013 ). In the early postnatal SVZ (postnatal 
days (P)2–10), microglia are mostly amoeboid as well, and there is a sustained pro-
duction of pro-infl ammatory cytokines, including IL-1β, IL-6, TNFα, and IFNγ 
(Shigemoto-Mogami et al.  2014 ), indirectly suggesting a low, ongoing infl amma-
tion in the developing and adult SVZ. Further, treating pregnant mice with 
 doxycycline, an antibiotic with anti-infl ammatory properties, decreases the percent-
age of microglia expressing iNOS and IL-1β in the neocortex of developing pups 
and results in decreased apoptosis, increased number of neuroprogenitors and neu-
rons, and increased thickness of the SVZ at birth (Cunningham et al.  2013 ). The 
effects of doxycycline on embryonic neurogenesis are largely attributed to microg-
lia, because their depletion via liposomes fi lled with chlodronate, a poison, increases 
the number of neuroprogenitors in the embryonic neocortex (Cunningham et al. 
 2013 ). This microglial control of the pool size of neuroprogenitors in the developing 
SVZ may be related to infl ammatory cytokines, phagocytosis, or phagoptosis, a 
form of cell death associated with infl ammation, which triggers a transient exposure 
of PS on the outer membrane of living cells and leads to their engulfment by microg-
lia (Neher et al.  2012 ). The effects of microglia promoting early SVZ neurogenesis 
have also been related to infl ammation, as treatment with minocycline decreased the 
expression of IL-1β, TNFα, IL-6, and IFNγ in the SVZ and concomitantly reduced 

10 Adult Neurogenesis, Learning and Memory

http://dx.doi.org/10.1007/978-1-4939-1429-6_7
http://dx.doi.org/10.1007/978-1-4939-1429-6_9


262

the number of proliferating cells and the number of neuroblasts in rats during 
 postnatal development (Shigemoto-Mogami et al.  2014 ). In contrast, adult SGZ 
neurogenesis in basal conditions seems to be largely independent of infl ammation. 
For instance, neither treatment with the anti-infl ammatory drug indomethacin 
(Monje et al.  2003 ) nor transgenic knock-down of the IL-1 receptor (Goshen et al. 
 2009 ) induce alterations in adult SGZ neurogenesis. Other fundamental differences 
between hippocampal and SVZ neurogenesis may exist. For instance, conditioned 
media from a microglial cell line (BV-2) activated with LPS induced apoptosis of 
differentiated neurospheres derived from the adult hippocampus, an effect mediated 
by IL-6 (Monje et al.  2003 ). In contrast, conditioned media from primary microglia 
activated with LPS induced the neuronal differentiation of neurospheres derived 
from embryonic (E16) cortices (from SVZ progenitors), an effect mediated by 
IL-1β and IFNγ possibly acting together (Shigemoto-Mogami et al.  2014 ). Overall, 
these results suggest differences in basal infl ammation in the developing and adult 
SVZ and SGZ neurogenic niches which may contribute to the overall role of microg-
lia in neurogenesis during normal physiological conditions. Nonetheless, a formal 
comparison of the regulation of adult hippocampal and SVZ neurogenesis by 
microglia and released pro-infl ammatory cytokines has not yet been carried out. 

 The presence of microglia in the physical neurogenic niche of the adult SGZ and 
SVZ is well established, but the respective roles of microglial phagocytosis and 
release of soluble mediators such as cytokines and trophic factors, regulating the 
proliferation of neuroprogenitors, as well as the survival, differentiation, and inte-
gration of newborn neurons remain largely unexplored. More importantly, the ulti-
mate contribution of microglia to spatial, associative, and olfactory types of learning 
and memory in physiological conditions is still a wide open area for future research.  

10.4.2     Infl ammatory Conditions: Normal Aging 
and Neurodegenerative Diseases 

 Infl ammation is a common phenomenon during normal aging and neurodegenera-
tive diseases, such as Alzheimer’s (AD), and therefore might represent an underly-
ing mechanism explaining the decreased hippocampal neurogenesis and cognitive 
impairment in these conditions. During aging, microglia express higher levels of 
pro-infl ammatory cytokines, including IL-6, IL-1β, and TNFα ex vivo (Sierra et al. 
 2007 ). (see Chap.   13     for further reading.) In parallel, neurogenesis declines with 
age in mice and humans (Manganas et al.  2007 ; Encinas et al.  2011 ), although the 
decay is more pronounced and occurs later in life in mice than in humans (Spalding 
et al.  2013 ). The aging-associated decrease in neurogenesis can be explained as a 
consequence of the autonomous exhaustion of the quiescent neuroprogenitors, 
which divide several times in a row and then terminally differentiate into astrocytes 
(Encinas et al.  2011 ). In addition, age-related increases in microglial release of 
cytokines such as IL-1β may further hinder neurogenesis in the aging brain. IL-1β 
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expression is controlled at the transcriptional level by the transcription factor NFκB, 
and at the post-translational level by the infl ammasomes, a group of multimeric 
proteins which contain the interleukin 1-converting enzyme (ICE, caspase 1) and 
release the active form of the cytokine (Latz et al.  2013 ). Treatment with IL-1β 
decreases hippocampal proliferation in young mice (Koo and Duman  2008 ), and 
pharmacological inhibition of ICE was found to partially restore the number of 
newborn neurons in aged mice without signifi cantly affecting their differentiation 
rate (Gemma et al.  2007 ). However, it remains to be determined whether the detri-
mental effects of IL-1β on neurogenesis in aged mice are specifi cally exerted on the 
proliferation of neuroprogenitors, or on the survival of newborn cells. 

 Another relevant immune molecule for the regulation of neurogenesis during 
normal aging is the chemokine fractalkine. In the aging hippocampus, fractalkine 
expression by mature neurons decreases, leading to alterations in neurogenesis that 
have been linked to an increased IL-1β expression (Bachstetter et al.  2011 ). In aged 
rats (22 months old), intracerebroventricular infusion of fractalkine partially res-
cued the numbers of proliferating neuroprogenitors and doublecortin-expressing 
neuroblasts (Bachstetter et al.  2011 ). These effects could be mediated by microglial 
release of IL-1β since intrahippocampal infusion of its antagonist IL-1ra prevented 
the proliferation decrease induced by a CX3CR1 blocking antibody, at least in 
young rats and mice, while reversing the cognitive dysfunction observed in the 
CX3CR1 GFP/GFP  mice (Rogers et al.  2011 ). These evidences suggest a scenario in 
which aging leads to decreased expression of fractalkine (by unknown mecha-
nisms), which in turn leads to an upregulated production of IL-1β by microglia, and 
the subsequent reduced proliferation of the few remaining neuroprogenitors in the 
aging hippocampus. 

 Infl ammatory cytokines, and in particular IL-1β, are over-expressed in the 
microglial cells associated with amyloid beta (Aβ) plaques in postmortem brain 
samples of AD patients (Griffi n et al.  1989 ) and transgenic mice modeling the dis-
ease (Benzing et al.  1999 ). In AD, synapses are a main pathogenic substrate (see 
Siskova and Tremblay  2013 ), but adult neurogenesis is also severely reduced in 
most mouse models of AD, possibly due to a decreased proliferation of neuropro-
genitors and decreased survival of the newborn cells (reviewed in Sierra et al. 
( 2011 )). Several studies have used the anti-infl ammatory antibiotic minocycline to 
study the role of microglia; however, as mentioned before, minocycline acts not 
only on microglia, but also on astrocytes and monocytes, by reducing expression of 
the transcription factor NFκB, which is a major controller of infl ammation 
(Bernardino et al.  2009 ). In mice expressing the human amyloid precursor protein 
(APP), early treatment with minocycline was shown to improve cognition and 
reduce the Aβ burden (Seabrook et al.  2006 ). In another mouse model of AD 
expressing human APP and a mutated form of presenilin 1 (PS1), which is part of 
the γ secretase pathway cleaving Aβ, minocycline reduced the levels of pro- 
infl ammatory cytokines and numbers of microglial cells, in addition to restoring 
neurogenesis and hippocampus-dependent memory defi cits, albeit without detect-
able changes in the Aβ plaques load (Biscaro et al.  2012 ). Altogether, these evi-
dences suggest that the cognitive decay in AD may be at least partly related to a 
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detrimental effect of infl ammation on hippocampal neurogenesis; however, direct 
evidence for a microglial contribution to these effects is still missing. Furthermore, 
there is some discordance between the rodent models and the human AD data, and 
it is unclear whether there is any impairment of neurogenesis in the AD brain at all. 
For instance, no changes in proliferation were observed in the postmortem hippo-
campus of presenile AD patients (Boekhoorn et al.  2006 ), and an increased expres-
sion of neuroblast proteins, including doublecortin, was reported (Jin et al.  2004 ). 
Several differences may account for the contradictory results between human AD 
and rodent models, including aging per se. Only a small percentage of AD patients 
have an early onset (before 65 years of age); however, in most transgenic models 
of AD, Aβ accumulation and cognitive defi cits start to occur when the animals are 
still young (2–6 months old). As aging induces a cumulative alteration of the func-
tion of many physiological systems, including the peripheral and brain immune 
systems (see Chap.   13     for more information on aging and microglia), and a decline 
in the number of neuroprogenitors (Encinas et al.  2011 ), the  status quo  of the brain 
tissue (including levels of pro-infl ammatory cytokines, and number of neuropro-
genitors) at the onset of pathology in humans and transgenic mice is appallingly 
different. Furthermore, a key question is whether the normal age-related loss of 
neuroprogenitors is accelerated or slowed down in AD, and whether these neuro-
progenitors remain at all in the AD brain. In fact, strategic interventions should 
perhaps focus at preventing the age-related loss of neuroprogenitors in young, 
healthy subjects, rather than at increasing the neurogenic output of the few neuro-
progenitors remaining. 

 Adult SVZ neurogenesis is profoundly affected by infl ammation as well. In 
experimental acute encephalomyelitis (EAE), a mouse model of multiple sclerosis 
triggered by immunization against myelin oligodendrocyte glycoprotein (MOG), 
the proliferation of B and C neuroprogenitors, and the migration of A cells is 
impaired at the peak of infl ammation (Pluchino et al.  2008 ). EAE mice also have 
decreased OB neurogenesis accompanied by olfactory dysfunction (Tepavcevic 
et al.  2011 ). A possible mediator in EAE-decreased neurogenesis is interleukin 15 
(IL-15), which is upregulated by neurons in EAE (Wu et al.  2010 ), and regulates 
microglial activation (Gomez-Nicola et al.  2010b ). Knocking down IL-15 aggra-
vates motor defi cit during EAE (Gomez-Nicola et al.  2010a ) and impairs basal SVZ 
neurogenesis by decreasing proliferation and differentiation (Gomez-Nicola et al. 
 2011 ), although whether the two phenomena (i.e., motor defi cit and SVZ neurogen-
esis) are related is unknown. In contrast to the SVZ, SGZ neuroprogenitors show 
increased proliferation in the acute phase of the disease, although it is unclear 
whether this increased proliferation results in increased neurogenesis 
(Giannakopoulou et al.  2013 ). In both the SVZ and the SGZ, direct evidence for a 
role of microglia versus other types of infl ammatory cells in the decreased neuro-
genesis induced by EAE-related infl ammation is still missing. Further evidence of a 
microglial-mediated control of OB neurogenesis comes from deafferentiation stud-
ies, in which chemical depletion of olfactory sensory neurons leads to a decreased 
survival of OB newborn cells without affecting SZV proliferation or RMS migra-
tion (Alonso et al.  2006 ). In this context, treatment with minocycline reduces the 
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number of proliferating microglia and microglia-expressing ED1, while restoring 
OB neurogenesis depleted by deafferentation thus confi rming that infl ammation is 
responsible for the depletion of OB neurogenesis after deafferentation (Lazarini and 
Lledo  2011 ). In this model, microglial proliferation and expression of ED1 was 
independent from peripheral immune cells involvement, readily occurring in Rag2 
γc −/−  mice which lack T and B lymphocytes and natural killer (NK) cells due to their 
defi ciency in the recombinant activating gene 2 (RAG2) and the common cytokine 
receptor γ chain (Lazarini and Lledo  2011 ). Unfortunately, the deafferentation- 
induced defects in OB neurogenesis were not tested in Rag2 −/−  mice (Lazarini and 
Lledo  2011 ), and therefore a direct effect of peripheral immune cells on SVZ 
 neurogenesis in EAE or after deafferentation cannot be ruled out. 

 In summary, infl ammation and particularly release of the pro-infl ammatory cyto-
kines IL-6, IL-1β, and IL-15 as well as the anti-infl ammatory fractalkine, during 
normal aging and in experimental models of disease, have strong detrimental effects 
on hippocampal and OB neurogenesis. The relative contribution of microglia com-
pared to other infl ammatory cell types, as well as the actual cellular and molecular 
targets in the neurogenic cascade, remains an open area of study.   

10.5     Conclusion 

 Infl ammation has long been known to be detrimental for adult neurogenesis and is 
probably one of the underlying mechanisms by which aging and neurodegenerative 
diseases such as AD and EAE impair adult neurogenesis. Nonetheless, the relative 
contribution of microglia versus other types of cells involved in the brain infl amma-
tory response, including astrocytes, endothelial cells, meningeal, and perivascular 
macrophages, as well as circulating monocytes, remains largely unknown at this 
early stage of investigation. A main problem is the use of non-specifi c manipula-
tions to either activate (such as LPS) or block (such as indomethacin, doxycycline, 
or minocyline) the infl ammatory response. More specifi c approaches have been 
recently developed to manipulate microglia, such as the CX3CR1-CreER mice from 
Steffen Jung (Yona et al.  2013 ), although in these mice the CreER construct replaces 
the endogenous CX3CR1 locus, and a defi cient fractalkine signaling leads to sev-
eral alterations compared to wild-type mice, including decreased neurogenesis, 
impaired synaptic plasticity, and performance in hippocampal-dependent memory 
tasks (reviewed in Paolicelli et al. ( 2014 )). Obviously, dissecting the specifi c role of 
microglia in adult neurogenic niches will require more sophisticated methods that 
remain to be developed. 

 Furthermore, the cellular and molecular mechanisms involved in the modula-
tion of neurogenesis by microglia in health and disease remain only superfi cially 
described. In particular, no systematic analysis of microglial behaviour in the SVZ 
and SGZ niches across development, adulthood, and normal aging has been car-
ried out. As a consequence, our knowledge of the benefi cial versus detrimental 
roles of microglia, and the particular mechanisms involved in each context where 
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 neurogenesis has been described, remains fragmented. For instance, among the 
intriguing differences observed between the two consensus regions and across 
developmental stages, microglial phagocytosis has been shown to eliminate the 
newborn cell apoptotic debris in the adult hippocampus and to actively kill the 
neuroprogenitors in the developing SVZ. Furthermore, IL-1β, IL-6, and fractal-
kine are emerging as major cytokines controlling the neurogenic cascade in the 
SGZ, whereas IL-15 seems to be mostly involved in SVZ neurogenesis. Other 
major players that were proposed are T lymphocytes, at least in the hippocampus, 
but it remains to be fully addressed whether their actions are mediated at distance, 
or rather involve direct patrolling of the brain parenchyma and a physical interac-
tion with microglia. 

 Finally, the ultimate contribution of microglial cells to spatial, associative, and 
olfactory learning is surprisingly unknown. Importantly, microglia are in a central 
position to modulate adult neurogenesis: (1) they are physically present within the 
two main neurogenic niches in the mature brain; (2) they contact all the types of 
cells participating in the cascade; (3) they are the most motile cell type in the mature 
brain, and their processes continuously scan the brain parenchyma in relation to the 
local changes associated with neuronal activity, experience or lifestyle, and disease; 
(4) they phagocytose neuroprogenitors and newborn cells; (5) they produce trophic 
factors modulating neuronal and synaptic plasticity; and (6) they orchestrate the 
brain infl ammatory response, release a variety of pro-infl ammatory mediators, and 
coordinate the action of the peripheral immune cells. Thus, microglia have a tre-
mendous potential for modulating adult neurogenic niches in health as much as in 
diseases. This knowledge of the roles of microglia in neurogenesis will in time be 
transferred into designing therapeutic interventions aimed at manipulating microg-
lial function to protect and potentiate neurogenesis, and its essential contribution to 
learning and memory.     
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    Chapter 11   
 Neuropathic Pain 

             Jessica     K.     Alexander      ,     Simon     Beggs      , and     Michael     W.     Salter     

    Abstract     It is now widely appreciated that microglia are critical effectors in the 
development of persistent pain hypersensitivity after traumatic nerve injury. Data to 
support this view began to emerge in the 1990s, and presently the neuropathic pain 
literature is replete with research articles describing various roles of microglia in the 
pathogenesis of pain. With this rapid proliferation of publications, it may be chal-
lenging to distill whether there exists a precise microglial function or phenotype that 
drives pain hypersensitivity. Numerous signaling pathways and countless molecules 
have been potentially implicated; however, their point(s) of convergence or diver-
gence in injury-induced aberrant nociceptive processing are unclear. In this chapter, 
we examine key proposed mechanisms of microglial involvement in pain hypersen-
sitivity. We also interrogate the concept of an infl ammatory microglia phenotype and 
peripheral immune cell traffi cking to spinal cord dorsal horn induced by nerve injury.  
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      Bullet Points  

•      A role for microglia in neuropathic pain is supported by rodent studies of periph-
eral nerve injury.  

•   Microglia exhibit a range of reactions to peripheral nerve injury, including 
migration, proliferation, cell body hypertrophy, gene expression, and changes in 
cell surface expression and secretion of proteins.  

•   Evidence for a predominantly pro-infl ammatory phenotype of dorsal horn 
microglia after peripheral nerve is lacking.  

•   De novo expression of purinergic P2X4 receptor by microglia represents an 
essential phenotype for pain hypersensitivity after peripheral nerve injury.     

11.1     Basics of Chronic and Neuropathic Pain 

 Acute nociceptive pain is an evolutionarily conserved and highly adaptive sense. 
It alerts the body of noxious stimuli to prevent or limit tissue damage. When pain 
outlasts expected healing of the precipitating cause or injury—regarded as 
“chronic”—it resigns any known physiological advantage and, rather, is recast as a 
disease itself. Pain persistence beyond healing indicates a pathological process. 

 Chronic, or pathological, pain is a major world health problem. It retards  personal 
and societal productivity and generally is inadequately controlled by available phar-
macotherapy. Approximately 5–20 % of cases of acute pain lead to chronic pain 
(Kehlet et al.  2006 ; Jensen  2005 ; Jung et al.  2004 ). According to the World Health 
Organization, an estimated 20 % of the world population suffers from chronic pain; 
in the U.S., it affects ~100 million individuals (Gaskin and Richard  2012 ; Goldberg 
and McGee  2011 ). Pain is a leading cause of disability and the most (or second 
most) common reason to seek physician consultation in the U.S. (Turk and Dworkin 
 2004 ), where the fi nancial burden of chronic pain is estimated to be $560–635 bil-
lion annually (Gaskin and Richard  2012 ). Still, it remains an under- recognized and 
under-treated medical problem. 

 Beyond signifi cant personal, societal, and economic costs, chronic pain engen-
ders pathological sequelae (Tracey and Bushnell  2009 ). In recent years, long-term 
consequences of living with pain have been identifi ed, including loss of brain 
mass and altered brain region connectivity and function (Cauda et al.  2010 ; Geha 
et al.  2008 ; Malinen et al.  2010 ). Persistent pain conditions lead to neocortical 
and/or subcortical (e.g., hippocampal, thalamic) atrophy (Apkarian et al.  2004 ; 
Kuchinad et al.  2007 ; Schmidt-Wilcke et al.  2006 ) and cognitive defi cits. 
Emotional decision- making, attention, and memory are impaired in individuals 
with chronic pain (Apkarian et al.  2004 ; Dick and Rashiq  2007 ; Sjogren et al. 
 2005 ). These apparently downstream effects would be expected to compound per-
sonal and economical cost.  

J.K. Alexander et al.



275

11.2     Neuropathic Pain 

 Perhaps the most devastating type of chronic pain is neuropathic pain (Smith et al. 
 2007 ; Torrance et al.  2006 ). The International Association for the Study of Pain 
defi nes neuropathic pain as, “pain arising as a direct consequence of a lesion or 
disease affecting the somatosensory system” (Treede et al.  2008 ). As such, diverse 
conditions and events precipitate neuropathic pain, including stroke, diabetes 
 mellitus, herpes zoster infection, multiple sclerosis, nerve injury, amputation, 
 cancer, and human immunodefi ciency virus (HIV); treatments for cancer and HIV 
also produce neuropathic pain (Bennett  1998 ; Dworkin et al.  2003 ). The etiologic 
diversity can be reduced to fewer, broader classifi cations of traumatic, chemical, 
metabolic, and degenerative damage of the peripheral or central nervous system 
(CNS) (Dworkin et al.  2003 ). For example, constricted blood fl ow to distal extremi-
ties in diabetes produces an injurious metabolic famine for nerves. Chemotherapeutic 
agents likely produce direct chemical damage to nerves (Polomano et al.  2001 ; Xiao 
and Bennett  2008 ). A list of human peripheral and central neuropathic pain condi-
tions is shown in Table  11.1 .

   The affl iction of neuropathic pain is such because there is no cure and treatments 
rarely produce adequate relief. The pain can be evoked or spontaneous and the qual-
ity, or descriptor, is variable and includes burning, shooting, stabbing, aching, cold, 
etc. Lack of suffi cient alleviation and/or organic pathophysiologic processes associ-
ated with neuropathic pain contribute to poor quality of life, loss of function, and 
development of comorbidities (e.g., depression, anxiety, insomnia) (Scadding and 
Koltzenburg  2006 ). Global population prevalence of neuropathic is thought to be 
underestimated at 1–2 % (Smith and Torrance  2012 ); with an aging population and 
improvements in diagnostics, this estimate is expected to increase (Bennett  1998 ; 
Raja and Haythornthwaite  2005 ). 

  Table 11.1    Human 
neuropathic pain conditions 
(Dworkin et al.  2003 )  

 Clinical neuropathic pain (NP) conditions 

 Peripheral NP  Central NP 

 Diabetes  Spinal cord injury 
 Herpes zoster (shingles)  Spinal stenosis 
 Trigeminal neuralgia  HIV 
 Traumatic nerve injury  Multiple sclerosis 
 Nerve compression  Parkinson disease 
 Tumor invasion  Phantom limb 
 Cancer chemotherapy  Ischemia/stroke 
 Spinal radiculopathy  Radiation 
 Carpal tunnel syndrome 
 Demyelinating polyradiculopathy 
 HIV 
 Iatrogenic neuralgias 
 Radiation 
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 Chronic neuropathic pain is distinct from acute pain, not just in terms of duration 
or etiology. The intractable nature of neuropathic pain is due to mechanisms of 
substantial nervous system plasticity, which, after suffi cient damage, manifests as 
pathological perturbations to healthy neural transmission. In a properly functioning 
somatosensory system, pain is the percept of a process termed nociception. 
Nociception is the process by which specifi c sets of receptors activated by painful 
stimuli (“nociceptors,” e.g., heat, acid) initiate the propagation of neuronal 
 transmission from the site of stimulation (e.g., skin burn) to centers of conscious 
awareness in the brain. Transduction of such signals is affected by the microenvi-
ronment (e.g., molecular, cellular constituents) at key relay points along the sensory 
neuro- axis, including the site of injury and at each synapse thereafter. Compared to 
nociception, in neuropathic pain, the physiologic process of transmitting sensory 
information (non-painful and painful) is altered at molecular and cellular levels 
throughout the sensory axis. The mechanisms that underlie the development and 
maintenance of neuropathic pain are described in this chapter.  

11.3     Experimental Models of Neuropathic Pain 

 Mechanisms of neuropathic pain are largely studied in rodent models. Traumatic 
peripheral nerve injury is the most commonly utilized rodent model. Methods have 
been developed to identify and measure pain-like behaviors in rodents that are inferred 
to refl ect the three cardinal symptoms of neuropathic pain: spontaneous pain, and 
evoked allodynia and hyperalgesia. In humans, a painful response to a typically non-
noxious stimulus (e.g., touch, warmth) is called “allodynia.” An example of allodynia 
in acute pain is sensitivity to touch after sunburn. “Hyperalgesia” describes increased 
pain to a noxious stimulus. Using the same analogy for hyperalgesia, exposure of 
sunburned skin to hot water is especially painful. Spontaneous pain, or pain without 
an apparent stimulus, is a primary complaint in human neuropathic pain. After periph-
eral nerve injury, rodents exhibit spontaneous behavior including altered facial 
expressions (Sotocinal et al.  2011 ). Other examples of behavior that imply pain 
include postural changes that minimize weight bearing, reduction in typical locomo-
tive behavior, and analgesic self-administration (Mogil et al.  2010 ). It is worthwhile 
to note, however, that abnormal paw posturing could represent motor effects of nerve 
injury. Loss of typical sleep or food intake may indicate spontaneous pain and is a 
correlate of pain in humans. However, altered sleep, appetite, or social interactions 
may represent experimentally induced physiological changes independent of hyper-
sensitivity. For face validity and thus translational potential, spontaneous measures 
are preferred but not yet widely used; validating the specifi city and improving quan-
titation of these behaviors is an area of current attention (Sotocinal et al.  2011 ). For 
this reason, most behavioral studies report measures of evoked pain-like behaviors. 

 Stimulus-evoked behavioral response is a common outcome measure in pain 
research. In rodents, a baseline (normal) threshold of sensitivity (e.g., of the hind 
paw) is acquired for cold, heat, or tactile stimulation. The threshold at which the 
animal withdraws its hind paw is interpreted as an uncomfortable, or painful, 
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 stimulus. Then, thresholds are assessed after a pain-evoking condition is  established 
(e.g., after nerve injury or infl ammation). Reduction in threshold after injury is 
interpreted as hypersensitivity or pain-like behavior. The validity of this assumption 
is confi rmed by pharmacological reversal of hind paw sensitivity after the develop-
ment of such conditions (Ossipov et al.  2006 ). 

 Peripheral nerve injuries predominate in this fi eld of research; however, models 
that mimic diverse neuropathic pain states in human also have been developed. 
Rodent spinal cord injury (Detloff et al.  2008 ; Hulsebosch et al.  2009 ; Yezierski 
 2000 ), cancer (Schwei et al.  1999 ), cancer chemotherapy (Chaudhry et al.  1994 ; 
Smith et al.  2004 ), and diabetes (Courteix et al.  1993 ) models exist. Sciatic nerve 
injuries are most commonly utilized for several reasons: (1) the procedures are rela-
tively simple and reproducible; (2) unlike systemic treatments, sciatic injury pro-
duces direct and easily examined damage; (3) the affected dermatomes include the 
hind paw, which is amenable to behavioral testing. Dermatomes are the portion of 
skin innervated by the nerve of a specifi c spinal root.  

11.4     Mechanisms of Neuropathic Pain 

 Persistent pain may result from pathology at any level of sensory transmission. In 
most experimental models of neuropathic pain, the peripheral nerve is injured; how-
ever, the pathology is not limited to the site of damage. Aberrant relay of signals 
along neuronal transmission pathways manifest as pathology that is maintained 
independent of the original injury. The mechanisms that underlie the development 
and maintenance of neuropathic pain are described in the remainder of this chapter. 
As neurons are the electrically excitable cell type fundamental to the transmission 
of nociceptive signals, until the mid-1990s, they served as the sole basis for pain 
research. Since then, it has become clear that neural transmission is critically modu-
lated by the activity of nearby non-neuronal cells. Microglia, for example, suppress 
or amplify inhibitory and excitatory neuronal activity. In the case of nerve injury, 
spinal cord microglia release a factor (brain-derived neurotrophic factor (BDNF), to 
be described in subsequent sections) that disinhibits lamina I neurons of the dorsal 
horn, providing a substrate for facilitation of ascending nociceptive transmission 
(Coull et al.  2005 ). Projection neurons of lamina I integrate and relay input from 
nociceptive primary afferents. Hence, it is a network of cellular communications 
that is a major determinant in pain, and the primary focus here.  

11.5     Immune Response to Injury: Infl ammation 

 In most tissue sites, the innate immune response fulfi lls its purpose; it responds to 
and defends against infection, prevents damage, and initiates repair of injured or 
infected tissue (Yeager et al.  2004 ). The return to homeostasis following nervous 
system damage, however, is constrained. It appears that the chronic, feed-forward 
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nature of neuropathic pain refl ects unresolved immune cell activity and concomitant 
neuronal sensitization (e.g., abnormal neural-glial interactions). The majority of 
infl ammatory/immune mediators are algogenic (pain eliciting) and sensitize pain 
transmission pathways by producing ectopic fi ring at the injury site and sensitiza-
tion of neural pathways in the CNS. In this regard, the immune response to nervous 
system injury is mechanistic in the generation and maintenance of pain. 

 Infl ammation, classically, refers to the presence of fi ve clinical signs: tissue swell-
ing, redness, heat, pain, and loss of normal function. The purpose of an infl ammatory 
response is to promote survival against injurious stimuli (e.g., pathogens, trauma). At 
a cellular and molecular level, infl ammation is highly complex and its intricacies are 
beyond the scope of this discussion (see (Medzhitov  2008 ) for review and Chap.   5    ). 
Broadly, infl ammation encompasses processes of plasma protein exudation and leuko-
cyte extravasation and such functions as vasodilation, coagulation, phagocytosis, 
release of proteases, chemokines, and cytokines. It is important to consider what role 
“classical” infl ammation might serve in the dorsal spinal horn after distal peripheral 
nerve injury, and more specifi cally, when the terminology is used, if it is even present.  

11.6     Neuroinfl ammation 

 When infl ammation occurs in neural tissue, it is often referred to as “neuroinfl am-
mation.” The healthy nervous system is not endowed with cells to support infl amma-
tion such as T and B cells. The brain, spinal cord, and peripheral nerve, together with 
endothelia, must elicit peripherally derived leukocytes to generate classical infl am-
mation (Cui et al.  2000 ). Thus, “neuroinfl ammation” describes induction of non-
resident immune cell activity in nervous system tissues (Popovich and Longbrake 
 2008 ). Microglia are resident cells of the CNS that, under some circumstances, share 
functions with peripheral macrophages and collaborate with peripherally derived 
immune cells in neuroinfl ammation. For example, microglia can release pro-infl am-
matory cytokines, prostaglandins, proteolytic enzymes, and nitric oxide (NO). Like 
macrophages, microglia also can present antigen and remove cellular debris by 
phagocytosis (Streit et al.  1988 ,  1999 ; Stoll and Jander  1999 ; Sierra et al.  2013 ). The 
contemporary view of microglia has replaced the notion of binary switching from a 
singular “resting” state to a singular “activated” state with the concept that microglia 
continuously survey the CNS and react pleiotropically to stimuli. That is, microglia 
are capable of responding to specifi c microenvironments with numerous functional 
phenotypes. Because microglia are active in both healthy and compromised CNS, 
“reactive” is used to describe any response to disrupted homeostasis. The reactive 
state does not imply infl ammation or specify function, however. 

 In the past 20 years, neuroinfl ammation has gained recognition as a mechanism 
in the development of neuropathic pain in rodent peripheral nerve injury. Peripheral 
nerve injury (e.g., sciatic nerve) triggers a spatio-temporally defi ned infl ammatory 
response in the nerve. The magnitude of the response is determined by the type of 
nerve damage; ligation injuries show increased measures of infl ammation versus 
non-ligation (e.g., transection, crush) (Cui et al.  2000 ; Hu et al.  2007 ). This is 
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intriguing as it suggests that infl ammation is not proportional to the damage of 
endothelia, Schwann cells, and axons (that would be severed in transection), but 
rather, that the pathology is perhaps protracted and thus cumulative after ligation 
injuries. In support of this, Fry et al. demonstrated defi cient macrophage effl ux 
in ligated nerve versus crush (Fry et al.  2007 ). Finally, with respect to magnitude, 
the neuroinfl ammatory response is moderated with distance from the lesion site 
(Hu and McLachlan  2003 ). Sites, time course, and roles of neuroinfl ammation after 
peripheral nerve damage are described below.  

11.7     Peripheral Nerve and Dorsal Root Ganglion 

 Common procedures of peripheral nerve damage disrupt the blood-nerve barrier or 
expose the nerve directly (e.g., by transection). In neuropathic pain models, the 
lesion site harbors the most infl ammation (Sorkin and Schafers  2007 ). Here, 
Schwann cells, endothelia, and the few resident immune cells (e.g., mast cells) rap-
idly respond to damage (Galli et al.  2005 ; Cui et al.  2000 ; Zuo et al.  2003 ; Metcalfe 
et al.  1997 ). Products of these early responders, including histamine, chemokines, 
pro-infl ammatory cytokines (e.g., interleukin (IL) 1-beta (IL-1β), tumor necrosis 
factor-alpha (TNFα)), and proteases increase within an hour post-injury (Uceyler 
et al.  2007 ), excite neurons, and aid in the initiation of infl ammation via chemoat-
traction and vasodilation. Schwann cells, not classically considered immune cells, 
are myelinating resident nerve glia that transiently morph into pro-infl ammatory, 
phagocytic cells (e.g., clearing myelin debris) (Shamash et al.  2002 ; Bergsteinsdottir 
et al.  1991 ; Bolin et al.  1995 ; Chen et al.  2006 ; Reichert et al.  1994 ; Rutkowski et al. 
 1999 ; Tofaris et al.  2002 ; Wagner and Myers  1996 ). Neutrophils infi ltrate as early 
as 1 h and peak by 24 h (Clatworthy et al.  1995 ; Perkins and Tracey  2000 ; Perry 
et al.  1987 ), and preemptive neutrophil depletion minimizes pain-like behavior after 
injury (Perkins and Tracey  2000 ). Hematogenous macrophages are recruited within 
24 h but peak later, approximately 7–28 days post-injury, and pain-like behavior 
temporally correlates with macrophage infi ltration of the nerve (Myers et al.  1996 ). 
Neutrophils and macrophages release highly pro-infl ammatory substances, includ-
ing prostaglandins, lipoxygenases, cytokines, reactive oxygen species (ROS), NO, 
proteases, and adenosine triphosphate (ATP). Importantly, virtually every agent pro-
duced by the described cells can exert direct or indirect stimulatory effects on neu-
ron function (Sorkin and Schafers  2007 ). Neuron sensitization and activation after 
injury constitutes a principal pain mechanism. Exogenous administration of such 
agents (e.g., TNFα, prostaglandin E2 (PGE2)) results in pain hypersensitivity 
(Fukuoka et al.  1994 ; Jin and Gereau  2006 ; Ozaktay et al.  2006 ; Schafers et al. 
 2003a ; von Banchet et al.  2005 ; Zhang et al.  2002 ; Obreja et al.  2002 ,  2005 ). 
Immunosuppressive treatment (Clatworthy et al.  1995 ; Bennett  1999 ) and macro-
phage depletion (Barclay et al.  2007 ; Liu et al.  2000 ) reduce immune cell infi ltration 
and pain hypersensitivity. Encasing the nerve stump to limit exposure of the nerve 
to infl ammatory cells attenuates autotomy, a behavior indicative of sensory dys-
function (Okuda et al.  2006 ). Of note, however, macrophage depletion appears to 
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exert modality-specifi c effects on pain hypersensitivity. Systemic treatment with 
clodronate liposomes that deplete circulating macrophages and reduce macrophage 
infi ltration of the injured nerve decreases thermal and mechanical hyper- responsivity 
after nerve injury, but has no effect on injury-induced reduction of mechanical 
thresholds (Barclay et al.  2007 ; Rutkowski et al.  2000 ; Liu et al.  2000 ). 

 Nerve infl ammation and consequent ectopic neuronal activity contributes 
 substantially to pain behavior; however, factors at the site of injury are not suffi cient 
to maintain behavioral hypersensitivity. Only prophylactic, long-term nerve anes-
thesia is suffi cient to prevent the development of hypersensitivity after nerve injury; 
after the injury, local nerve anesthesia may reduce but not eliminate hypersensitivity 
(Suter et al.  2009 ; Wen et al.  2007 ). 

 After injury to the peripheral nerve, immune cells also infi ltrate the affected dor-
sal root ganglion (DRG). The resident glial population, satellite cells, undergo 
hypertrophy, proliferate, and increase expression of numerous infl ammatory and 
neuron support molecules, including TNFα, nerve growth factor, and neurotrophin-3 
(Woodham et al.  1989 ; Ohtori et al.  2004 ; Takahashi et al.  2006 ; Zhang et al.  2000 ; 
Zhou et al.  1999 ). Exposure of DRG neurons to pro-infl ammatory cytokines excites 
nociceptive neurons and produces pain-like behaviors (Fukuoka et al.  1994 ; Zelenka 
et al.  2005 ; von Banchet et al.  2005 ; Schafers et al.  2003b ; Ozaktay et al.  2006 ). 
After nerve injury, TNFα and other cytokines are retrogradely transported to the 
DRG and subsequently to the spinal cord (Shubayev and Myers  2001 ,  2002 ). 
Antidromic shuttling of TNFα, and release into target organs, is also possible 
(Schafers et al.  2002 ), suggesting bi-directional pro-infl ammatory and neuro- 
excitatory communication. Activated kinases (e.g., mitogen-activated protein kinase 
(MAPK)), likewise, can be anterogradely and/or retrogradely transported after 
nerve injury (Cavalli et al.  2005 ; Delcroix et al.  2003 ; Perlson et al.  2005 ; Reynolds 
et al.  2001 ). Suppression of cytokine signaling or downstream intracellular kinase 
signaling is analgesic (Sommer et al.  2001a ,  b ; Sweitzer et al.  2001b ). Relative to 
peripheral nerve and spinal cord, less attention has been directed at understanding 
neuroimmune mechanisms of neuropathic pain in DRG.  

11.8     Spinal Cord 

 Blocking peripheral afferent neuronal activity after nerve injury is not suffi cient to 
inhibit hypersensitivity, indicating spinal or supraspinal mechanisms of neuropathic 
pain. Compared to spinal cord, mechanisms of neuropathic pain are least described 
in the brain. Peripheral immune cell infi ltration in spinal cord is considerably less 
abundant than in the lesioned nerve. Indeed, only recent data implicate the presence 
of veritable “neuroinfl ammation,” albeit minimal (Costigan et al.  2009 ; Sweitzer 
et al.  2002 ; Cao and DeLeo  2008 ). Sciatic nerve injury may produce blood-spinal 
cord barrier permeability or endothelial reactivity that can enable leukocyte extrava-
sation (Kwan et al.  2008 ; Gordh et al.  2006 ; Beggs et al.  2010 ; Echeverry et al. 
 2011 ). Indeed, a small number of T cells enter the spinal cord after nerve injury and 
T cell-defi cient mice exhibit reduced pain behaviors (Costigan et al.  2009 ; Sweitzer 

J.K. Alexander et al.



281

et al.  2002 ; Cao and DeLeo  2008 ). Detection of macrophage infi ltration is obscured 
by non-distinct, overlapping expression of markers by microglia (e.g., ionized 
calcium- binding adaptor molecule 1 (Iba-1), cluster of differentiation (CD) 
 molecules (e.g., CD11b), major histocompatibility complex (MHC) class I & II). 
When CD45 expression is measured coincident with CD11b, it is a useful tool to 
distinguish microglia (low CD45 expression) from macrophages (high CD45 
expression) (Sedgwick et al.  1991 ). However, the relative expression of CD45 on 
spinal cord CD11b+ cells has not been demonstrated after nerve injury. The most 
obvious immune cell response to peripheral nerve injury is by resident microglia.  

11.9     Microglia as Central Sensors of Peripheral 
Nerve Damage 

 Every model of traumatic nerve injury—nerve transection, ligation, or crush 
injury—induces dorsal horn microglial reactivity (DeLeo and Yezierski  2001 ; 
Katsura et al.  2006 ; Raghavendra et al.  2003 ; Hashizume et al.  2000 ; Meller et al. 
 1994 ) that is characterized by cellular hypertrophy, migration, and proliferation 
(Tsuda et al.  2004 ,  2005 ; Streit et al.  1999 ). This shift from a distributed arrange-
ment and surveying morphology to a “reactive” phenotype after injury is associated 
with morphological changes, increased expression of cell surface markers (e.g., 
CD11b, Iba-1, MHC class II, F4/80), and intracellular signaling molecules (e.g., 
MAPK, ROS) (Hanisch and Kettenmann  2007 ). The function of many of these cell 
surface markers after nerve injury is unknown (Han et al.  2010 ). The specifi city of 
microglial reactivity to axonal damage is demonstrated by its spatially-restricted 
reactive zone and its absence after chemical or infl ammatory challenge to the nerve 
(Clark et al.  2007 ; Honore et al.  2000 ; Lin et al.  2007 ). Essentially, microglia react 
in the zone of injured afferent terminals (Beggs and Salter  2007 ). In some neuro-
pathic models, microglial reactivity may be observed along the nociceptive pathway 
(e.g., periaqueductal grey, thalamus, cortex) (Detloff et al.  2008 ; Banati  2002 ; Zhao 
et al.  2007 ). The extent and diffusion of the microglial reaction may be dependent 
on injury severity or proximity to the spinal cord (Zhang et al.  2008 ), but it is not 
thought to be merely a consequence of exposure to transganglionic degeneration 
(Beggs et al.  2012 ; Liu et al.  1998 ). Rather, microglia are thought to respond to 
injury-induced neuronal activity or soluble factors.  

11.10     Evidence of Spinal Cord Microglial-Mediated 
Mechanisms of Neuropathic Pain 

 Microglia play a critical role in neuropathic pain. More than two decades ago, it was 
observed that there is a prototypical morphological microglial response to nerve 
injury (Cammermeyer  1965 ; Gehrmann et al.  1991 ) that is temporally associated 
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with the development of pain-like behaviors. At that time, and in the past, pain 
research was dominated by interrogation of neuronal transmission, including a 
 possible role for dorsal horn ATP (Salter et al.  1993 ). A functional relationship of 
microglia with pain was suggested by the effi cacy of pre-injury treatment with 
microglial modifying compounds, fl uorocitrate (Meller et al.  1994 ; Milligan et al. 
 2003 ; Watkins et al.  1997 ), minocycline (Hains and Waxman  2006 ; Hua et al.  2005 ; 
Ledeboer et al.  2005b ; Narita et al.  2006 ), and propentofylline (Garry et al.  2005 ; 
Sweitzer et al.  2001b ), to attenuate hypersensitivity. Although all three agents lack 
specifi city for microglia, these pioneer observations raised the possibility that 
microglia may have a role in pain. 

 Microglial morphology changes were, until recently, widely accepted as informa-
tive, although the fi eld is now shifting away from it. Reduction of this prototypical 
response to peripheral nerve injury often has coincided with reduction of hypersensi-
tivity, and hence was considered a meaningful end point. However, this coincident 
relationship is not faithful. An increasing number of studies report alterations of pain 
behavior without diminution of microglial reactivity (Colburn et al.  1997 ; Tozaki-
Saitoh et al.  2008 ; Tsuda et al.  2003 ,  2009b ; Alexander et al.  2012 ); thus, morphology 
and expression of cell surface markers alone is an inadequate measure of microglial 
contribution to neuropathic pain-like behavior. From these data, it is clear that this 
form of microglial “response” is not suffi cient to predict hypersensitivity. An as yet 
unknown condition is whether the microglial response that accompanies every nerve 
injury is necessary for the development of hypersensitivity. Importantly, the term “neu-
roinfl ammation” should be distinguished from resident glial reactivity (e.g., microglia 
and astrocytes) that occurs in response to a range of stimuli. It is possible, that in cer-
tain circumstances, microglial reactivity (as measured by morphology and common 
surface markers) is either insignifi cant, or perhaps even protective/analgesic. 

 Lack of concordance between the extent of microglial reactivity (by number or 
proportional area (e.g., morphology)) and hypersensitivity raises appreciation for 
potential microglial phenotypes in neuropathic pain. If typical markers of reactivity 
do not consistently co-vary with hypersensitivity, what less visible aspect of 
microglia is relevant? Microglia exhibit functional diversity that is tailored to the 
local microenvironment. Discrete phenotypes, or functional states, are not discern-
ible by typical cell surface markers. This limitation or hurdle likely advanced the 
presumption that microglia, as immune cells, act as classical infl ammatory macro-
phages after nerve injury. Although microglia have demonstrated a broad range of 
functionality throughout the healthy CNS, microglial function in trauma and  disease 
has focused primarily on infl ammatory responses with less attention to alternative 
phenotypes. Little direct evidence supports this spinal microglial phenotype after 
distal peripheral nerve injury. For example, it does not appear that nerve injury-
reactive microglia produce signifi cant amounts of pro-infl ammatory cytokines, 
activation of the infl ammasome, increased MHC class II, or microbicidal activity 
(see Chap.   5     for further description of these processes). A discrete functional state 
of spinal dorsal horn microglia critical for neuropathic pain is characterized by de 
novo expression of the purinergic P2X4 receptor. Converging lines of evidence 
indicate that this P2X4R+ state is essential for pain hypersensitivity following 
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peripheral nerve damage (Inoue et al.  2003 ; Ulmann et al.  2008 ; Trang et al.  2009 ). 
The P2X4R+ state does not appear to be pro-infl ammatory. These data will be 
explained in more depth, below. 

 Microglia might affect neuropathic conditions by releasing pro-algesic factors 
that sensitize neighboring neuron activity. Conceivably, microglia could be skewed 
to an anti-infl ammatory or other phenotype that blunts abnormal excitatory neuro-
nal transmission. Like Schwann cells and other immune cells after nerve injury, 
microglia can secrete a range of pro-algesic soluble factors, including 
 pro- infl ammatory cytokines (e.g., TNFα, IL-1, IL-6), prostaglandins, NO, ROS, 
glutamate, and growth factors. Release of such factors by reactive microglia corre-
lates with the development of hypersensitivity, including hyperalgesia and allodynia 
(Watkins et al.  2001 ; DeLeo et al.  2004 ; Ledeboer et al.  2005a ; Jin et al.  2003 ; Coyle 
 1998 ; Coull et al.  2005 ). Indeed, neuropathic pain literature is replete with research 
articles describing various microglial-derived or -intrinsic factors in the pathogen-
esis of pain. From this rapidly expanding literature, it is challenging to distill 
whether there exists a precise microglial function or phenotype that drives pain 
hypersensitivity. Numerous signaling pathways and molecules have been  implicated; 
however, their point(s) of convergence or divergence in injury-induced aberrant 
nociceptive processing are unclear. This area of research is incomplete because it is 
unknown to what extent there is overlapping or sequential release of such mole-
cules. Broad, non-specifi c microglial inhibitors (e.g., minocycline) likely minimize 
the overall secretory activated phenotype of the cell, thus inhibiting release of mul-
tiple potentially pro-algesic factors. Even specifi c pathway inhibitors, such as 
nuclear factor kappa B (NF-κB), MAPK, or mammalian target of rapamycin 
(mTOR), are non-specifi c because these pathways converge (e.g., extracellular 
signal- related kinase (ERK) on TOR or NFκB on p38 MAPK). Furthermore, both 
the broad microglial inhibitors and specifi c kinase inhibitors are not cell-specifi c. 

 There is a growing list of molecules critical for pain hypersensitivity behaviors 
in rodent models of persistent pain. How to reconcile the observation that deletion 
or inhibition of a single factor blocks nerve injury-induced pain behavior in more 
than one-half dozen distinct cases is diffi cult, except to assume a chronological suc-
cession or interaction among these distinct molecules. In genetically identical mice, 
after injury, the microenvironment to which microglia are exposed is conceivably 
the same. Hence, microglia react to a signal, alter cell surface expression, shape, 
signaling molecules, gene expression, protein production, secretory factors, and 
ultimately function. At present, gene knockouts for P2X4R, protein kinase C gamma 
(PKCγ), C-C motif chemokine ligand (CCL) 21 (CCL21), toll-like receptor (TLR) 
2 (TLR2), TLR4, C-C motif chemokine receptor (CCR) 2 (CCR2), interferon 
gamma (IFNγ), matrix metalloproteinase 9 (MMP9), or macrophage migration 
inhibitory factor (MIF) show protection from neuropathic pain-like behavior after 
nerve injury (Kawasaki et al.  2008 ; Zhang et al.  2007 ; Abbadie et al.  2003 ; Kim 
et al.  2007 ; Tanga et al.  2005 ; Tsuda et al.  2009a ,  b ; Alexander et al.  2012 ). These 
data represent specifi c gene knockouts in the whole-animal; whereas, gene deletion 
in microglia (or microglia/macrophages) would specify the role of microglial- 
derived factors. Several kinases also demonstrate a pivotal role in neuropathic 
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 pain- like behavior, including p38 MAPK, ERK MAPK, mTOR, and Src tyrosine 
kinase (Garry et al.  2005 ; Ji et al.  1999 ; Jin et al.  2003 ; Inoue et al.  2003 ; Katsura 
et al.  2006 ; Obata et al.  2004 ; Tsuda et al.  2004 ,  2008b ; Zhang et al.  2005 ). 

 Elucidation of a core microglial reaction to peripheral nerve injury that is critical 
for the pathogenesis of pain hypersensitivity and that accounts for a number of the 
known “critical factors” might be realized in the microglial phenotype characterized 
by expression of P2X4R. Nerve injury induces de novo expression of P2X4R on 
microglia that is coincident with the development of hypersensitivity. P2X4R is a 
purinergic receptor activated by ATP, and, at the time its expression was observed to 
increase with pain, ATP was being investigated for its role in pathological pain from 
a neuron-centric standpoint (Salter et al.  1993 ). When suppression of P2X4R, by 
pharmacological means or antisense RNA, reversed hypersensitivity, it was 
 presumed to be neuronally mediated. Instead, it was observed that, in the spinal 
cord, P2X4R is expressed exclusively on microglia and its persistent activation is 
required to maintain nerve injury-induced hypersensitivity (Tsuda et al.  2003 ). Lack 
of hypersensitivity in P2X4R null mice after nerve injury further supports the neces-
sity of this receptor (Ulmann et al.  2008 ; Tsuda et al.  2009a ). Its suffi ciency for the 
development of hypersensitivity is demonstrated by adoptive transfer experiments, 
wherein P2X4R-stimulated (or control) microglia are intrathecally injected into 
uninjured, naïve rats. Only P2X4R-stimulated microglia elicit tactile allodynia sim-
ilar to that seen in neuropathic rats, an effect that is blocked by a pharmacological 
inhibitor of P2X4R (Tsuda et al.  2003 ). Taken together, the pharmacological, 
genetic, and behavioral data provide converging lines of evidence that P2X4R on 
spinal microglia is both necessary to produce the behavioral manifestations of neu-
ropathic pain arising from peripheral nerve injury and suffi cient to convert the 
response of normally non-painful peripheral inputs from innocuous to nociceptive. 
For an in-depth review of these data, see (Trang and Salter  2012 ). These observa-
tions form the basis for the concept that the P2X4R+ microglial phenotype is criti-
cally involved in the etiology of neuropathic pain. 

 Identifi cation of the upstream and downstream components of the P2X4R 
microglial phenotype has revealed that it encompasses a number of other microglial 
mediators of pain hypersensitivity after nerve injury. Upstream of P2X4R is CCL21, 
a chemokine released from injured neurons (Biber et al.  2011 ; de Jong et al.  2005 ). 
It triggers microglial expression of P2X4R in vitro and in vivo. Accordingly, nerve- 
injured mice that lack neuronal CCL21 fail to upregulate P2X4R and do not develop 
hypersensitivity. Whereas CCL21 alone induces hypersensitivity and P2X4R 
expression in an uninjured wild-type mouse, it is without effect in a P2X4R null 
mouse. These data unify what may otherwise have been untested and presumed as 
two disparate mechanisms for the development of neuropathic pain behavior. 
Through these experiments, CCL21 was revealed to be an upstream neuronal factor 
that initiates hypersensitivity via induction of microglial P2X4R. Similarly, IFNγ 
receptor null mutant mice do not develop tactile allodynia after nerve injury, and 
IFNγ-mediated allodynia is reduced in P2X4R null mice, indicating upstream 
 interdependence on P2X4R (Tsuda et al.  2009b ). CCR2 is a chemokine receptor 
expressed on microglia (and peripheral macrophages) that is required for the 
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 development of neuropathic hypersensitivity (Abbadie et al.  2003 ; Zhang et al.  2007 ). 
Activation of CCR2 promotes microglial expression of P2X4Rs (Toyomitsu et al. 
 2012 ). Lyn kinase, a Src family kinase, is activated by injury-induced elevation of 
fi bronectin, and it is necessary for the development of hypersensitivity and P2X4R 
upregulation after nerve injury (Tsuda et al.  2008b ). Fibronectin is an extracellular 
matrix protein that is increased in the ipsilateral dorsal horn by nerve injury—possibly 
as a result of blood–brain barrier permeability after nerve injury—and signals 
through integrin receptors (Nasu-Tada et al.  2006 ). Inhibition of phosphoinositide 
3-kinase—Akt (PI3K-Akt) or ERK signalling, which occur downstream of 
fi bronectin- induced Lyn kinase activation, prevents P2X4R transcription and 
 translation, respectively (Tsuda et al.  2009c ). Moreover, fi bronectin-induced allo-
dynia is absent in P2X4R null mice (Tsuda et al.  2008a ). These data provide another 
integration point for several critical but distinct molecules (e.g., fi bronectin, Lyn 
kinase, PI3K, ERK) in the induction of hypersensitivity via P2X4R. In summary, 
signifi cant advances have been made towards understanding the reaction of microg-
lia after nerve injury, where factors critical for neuropathic pain play a role in 
 converting microglia to the P2X4R phenotype. 

 Although we are gaining an understanding of the microglial reaction to 
 peripheral nerve injury, it is not clear that these cells take on a highly pro-infl am-
matory phenotype. In the next section, the steps downstream of P2X4R activation 
leading to changes in neuronal activity are addressed. First, it should be considered 
that the stimuli that drive P2X4R “polarization” of microglia in turn infl uence 
microglial function (i.e., the specifi c response is programmed by the microenviron-
ment). In macrophages, phagocytosis rapidly increases surface membrane and 
functional expression of P2X4R; whereas, classical, pro-infl ammatory M1 stimuli 
(e.g., IFNγ + TNFα or lipopolysaccharide (LPS) + IFNγ) reduce surface and func-
tional P2X4R (Stokes and Surprenant  2009 ). This comparative stimulation 
approach remains to be tested in microglia, but the macrophage data suggest that 
the  induction of the P2X4R phenotype is not a consequence of a pro-infl ammatory 
microenvironment nor supportive of classical M1 macrophage/microglia functions 
(e.g., microbicidal activity, IL-12 secretion). 

 There is little evidence of such a pro-infl ammatory microenvironment in the dor-
sal horn after nerve injury. The detection of a pro-infl ammatory cytokine does not 
imply optimal conditions for infl ammation, for example, recruitment of peripheral 
immune cells or induction of Th1 or Th17 T cell phenotypes (see Chap.   5     for further 
description of these phenotypes; and Chap.   16     for their roles in multiple sclerosis); 
the environment in which microglia react and contribute is context-dependent. 
Cellular function is not predicated on the presence or absence of a single cytokine 
or chemokine. The context includes interacting cytokines (and other molecules), 
their form (e.g., total, active), receptor availability, and concentration (Lin and 
Levison  2009 ). There are mixed data for ipsilateral dorsal horn cytokine expression 
after nerve injury (i.e., the “microenvironment”). IL-1β and TNFα protein levels are 
not consistently increased; whereas IL-6 is elevated in rats and mice (Cao et al. 
 2009 ; DeLeo et al.  1997 ). In contrast, in rats, intrathecal delivery of functional 
antagonists of IL-1β and TNF α ameliorate pain hypersensitivity after nerve injury 
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(Sweitzer et al.  2001a ). It is worthwhile to acknowledge that the DRG, in addition 
to the spinal cord, is accessed by compounds administered via the intrathecal route 
(Wang et al.  2005 ). Increased cytokine mRNA is observed more consistently than 
protein (Lee et al.  2004 ), and cellular-specifi c measurements after nerve injury are 
technically complicated due to relatively few cells compared to other conditions 
(e.g., experimental autoimmune encephalomyelitis, spinal cord injury, stroke). 
No data appear to support induction of IL-12 or IL-23 (Cao et al.  2009 ), cytokines 
that are required for the differentiation of Th1 or Th17 T cells. These are elevated in 
other CNS conditions and would be widely accepted as demonstrative of infl amma-
tory processes (Becher et al.  2003 ; Vom Berg et al.  2012 ). Whole animal deletion of 
a given cytokine or pro-algesic molecule (e.g., IL-6, IFNγR) is not informative for 
the role of microglia or CNS involvement, as there is extensive infl ammation at the 
site of the nerve injury that also affects hypersensitivity. It is generally perceived 
that T cell infi ltration of the spinal cord (albeit few cells) and microglial reactivity 
constitute signifi cant infl ammatory processes after nerve injury. It is important to 
note that site-specifi c roles of immune cells are diffi cult to establish (e.g., CNS vs 
peripheral nervous system), and that the ensemble of immune-glial-neuronal activ-
ity in the dorsal horn after nerve injury may not comprise infl ammation. 

 Other factors shown in experiments to be critical for the development of neuro-
pathic pain also fi t into the P2X4R schema, downstream. For such molecules that 
are already established as critical but that lack evidence of interdependence, deter-
mining their role in the P2X4R phenotype, offers the possibility of a unifi ed path-
way from which to rationally approach targeted therapies. Already, as discussed 
above, CCL21, CCR2, IFNγ, Lyn kinase, PI3K, and ERK have been tied into the 
induction of the P2X4R phenotype. How does this phenotype alter neuronal activity 
to affect pain hypersensitivity? 

 P2X4R is a purinergic receptor activated by ATP. Its expression is induced after 
nerve injury, and several key molecules driving its expression are described above. 
The source of ATP after nerve injury is unknown, although astrocytes are not the 
source (Foley et al.  2011 ). The central terminals of large diameter, myelinated pri-
mary sensory neurons, are a likely source (Beggs et al.  2012 ). Stimulation of P2X4R 
induces conformational changes that permit non-selective cation entry into the cell 
(Burnstock  2006 ). Prior to uncovering the intracellular signaling pathways  triggered 
by P2X4R stimulation and the soluble factor that impinges on neuron function, the 
effect on neuron function was observed. Nerve injury induces disinhibition of 
 nociceptive transmission, wherein GABA A —and glycine-mediated inhibition is 
weakened (Coull et al.  2003 ). This disinhibition is caused by downregulation of the 
principal neuronal potassium-chloride co-transporter, KCC2. The resulting increase 
in intracellular chloride is suffi cient to switch GABA A /glycine responses from inhi-
bition to excitation (“E anion  reversal”) in some lamina I neurons. Intrathecal admin-
istration of P2X4R-stimulated microglia into naïve, uninjured rats mimics the nerve 
injury-induced depolarizing shift in E anion , unmasking low threshold input to lamina 
I and causing nociceptive neurons to relay innocuous stimuli, increase output to 
noxious stimuli, and exhibit spontaneous activity (Coull et al.  2003 ; Keller et al.  2007 ). 
Such neuronal transformations likely form the basis for manifestations of neuro-
pathic pain including allodynia, hyperalgesia, and spontaneous pain. 
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 A P2X4R-dependent microglial-derived soluble factor that increases excitability 
of nociceptive transmission neurons in the dorsal horn is BDNF (Coull et al.  2005 ). 
BDNF, acting through its cognate receptor, trkB, produces the disinhibition and 
downregulation of KCC2. On P2X4R activation in vitro, calcium infl ux drives p38 
MAPK phosphorylation and subsequent BDNF synthesis and release by cultured 
microglia (Trang et al.  2009 ). The role of p38 here may explain the previous obser-
vation that microglial p38 is required for the development of pain hypersensitivity 
after nerve injury (Jin et al.  2003 ; Tsuda et al.  2004 ; Zhuang et al.  2007 ), offering 
yet another unifying mechanism in microglia–neuron communication by the P2X4R 
microglial phenotype. P2X4R-driven expression of BDNF by microglia not only 
mediates pain hypersensitivity after peripheral nerve injury, but also the paradoxical 
hyperalgesia produced by morphine and other opioids. Indeed, targeted deletion of 
BDNF in microglia prevents morphine-induced hyperalgesia (Ferrini et al.  2013 ). 
Thus, the P2X4R-BDNF-trkB-KCC2 pathway in the dorsal horn nociceptive 
 network is a core signaling cascade for pain hypersensitivity (Fig.  11.1 ).

  Fig. 11.1    Neuroimmune interactions along the sensory axis. Following peripheral nerve injury 
(1), release of pro-infl ammatory mediators by infi ltrating immune cells at the injury site and DRG 
result in primary afferent sensitization and ectopic discharge (2). In the spinal dorsal horn resident 
microglia upregulate P2X4 receptors (3), the activation of which leads to the synthesis and release 
of BDNF. BDNF, signaling through trkB receptors on dorsal horn neurons, induces the downregu-
lation of neuronal KCC2 and consequent decrease in inhibitory tone (4). This core pathway of 
upregulation of microglial P2X4R expression; synthesis and release of microglial BDNF; down-
regulation of neuronal KCC2 expression drives the transformation of spinal neuronal output that 
underlies neuropathic pain hypersensitivity. The same mechanism mediates the paradoxical phe-
nomenon of morphine hyperalgesia (5)       
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   There is value in understanding to what extent the microglial reaction and other 
immune cell responses refl ect veritable dorsal horn infl ammation. If not, targeted 
immunotherapies (e.g., antibodies to cytokines or integrins) may not be useful in the 
context of neuropathic pain. Blocking infl ammation at the level of the nerve does not 
sustainably reverse pain hypersensitivity, and it may not be the operative mechanism 
underlying neuronal transformations in the spinal cord. Considerable progress has 
been made in characterizing constituents of the dorsal spinal cord after peripheral 
nerve injury, including presence/absence of cells and molecules. What remains is to 
understand the functional output of these cells, their interactions with other cells, 
and the impact on the neuronal network and net neuronal transmission. For example, 
in addition to its presence, what is the role of the T cell in the spinal cord after nerve 
injury? What is its functional phenotype and how does that alter neuron function? 

 In summary, potential mechanisms of neuropathic pain may appear complex and 
numerous but may all feed through a common, core signaling cascade, the heart of 
which is neuron-microglia-neuron communication. In recent years, the fi eld has 
been tightening up the use of terminology related to infl ammatory processes, as 
microglial morphological changes do not constitute “infl ammation” or “neuroin-
fl ammation.” Much is to be gained as the fi eld moves away from a strictly neuro- 
centric view and recognizes that microglia and neurons interact in the generation of 
aberrant neuronal activity that manifests as neuropathic pain.     
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    Chapter 12   
 Drug Addiction 

             Xiaohui     Wang      ,     Thomas     A.     Cochran      ,     Mark     R.     Hutchinson      , 
    Hang     Yin      , and     Linda     R.     Watkins     

    Abstract     Drug addiction is a pervasive worldwide problem characterized by 
compulsive drug use that continues despite negative consequences and treatment 
attempts. Historically, the biological basis of drug addiction has focused principally 
on neuronal activity. However, despite their pivotal role in the underlying pathology 
of drug addiction, neurons are not the only central nervous system (CNS) compo-
nent involved. The role of additional cell types, especially the CNS immunocompe-
tent microglial cells, in the development of tolerance and related neuroplastic 
changes during drug taking, addiction, and withdrawal is also emerging. Within this 
perspective, this chapter reviews the roles of microglial cells in several aspects of 
drug addiction and its behavioural consequences, including reward, tolerance, 
dependence, and withdrawal. The cellular and molecular mechanisms which are 
particularly recruited will be emphasized. Lastly, we will also summarize the devel-
opment of pharmacological modulators of microglial activation that offer novel 
treatment strategies and highlight the need to better understand the roles of microg-
lia in the context of drug addiction.  
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  Keywords     Microglia   •   Infl ammation   •   Drug addiction   •   Toll-like receptor 4   • 
  NMDA receptors   •   Purinergic signalling   •   Cytokines   •   Opioids   •   Ethanol  

      Bullet Points  

•      Microglial cells contribute to several aspects of drug addiction and its behav-
ioural consequences, including reward, tolerance, dependence, and withdrawal.  

•   The cellular and molecular mechanisms utilized by microglia that contribute to 
drug addiction include microglial Toll-like receptors, NMDA receptors, and 
purinergic signaling.  

•   Targeting microglial activation may lead to the development of pharmacological 
modulators that seek to alter the behavioural consequences associated with drug 
addiction.  

•   A better understanding of microglial involvement in drug addiction is therefore 
needed.     

12.1     Introduction 

 Drug abuse can lead to drug addiction, which is the compulsive use of a substance, 
despite its negative effects. Drug addiction represents one of the major medical, 
social, and economic burdens of human behavior. Abused drugs range from legally 
available recreational drugs such as alcohol and legally prescribed opioids such as 
morphine, to illicit “street” and “party” drugs such as heroin, cocaine, cannabis, and 
methamphetamine (Coller and Hutchinson  2012 ). In 2011, there were 22.5 million 
current illicit drug users aged 12 or older in the United States, comprising 8.7 % of 
the population (Fig.  12.1a ) (Substance Abuse and Mental Health Services 
Administration  2012 ). The highest rate of illicit drug use was among the 18–20 year 
olds (23.8 %, Fig.  12.1b ). The number of persons with drug dependence or abuse in 
2011 was 20.6 million (Fig.  12.1c ). Among the people with illicit drug dependence 
or abuse, marijuana, opioid analgesics, and cocaine were the 3 most used illicit 
drugs (Fig.  12.1d ). These statistics highlight the need for research aimed at charac-
terizing the molecular mechanisms responsible for drug addiction in an effort to 
develop more effective treatment regimens.

   The physiochemical properties of abusive drugs, and the brain structures they 
affect, are diverse. Consequently, the neurochemical mechanisms responsible for 
drug addiction vary depending on the drug. However, all drugs of abuse share the 
common trait that they summate neuronally to produce elevated signaling in the 
cortico-mesolimbic reward pathway, which behaviorally presents as a rewarding and 
reinforcing drive after repeated exposure (Coller and Hutchinson  2012 ). This path-
way begins at the ventral tegmental area (VTA), a midbrain cluster of dopaminergic 
neurons which project principally to a basal forebrain nucleus known as the nucleus 
accumbens (NAcc). The reward experienced from all addictive drugs has classically 
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been thought to be associated, at least in part, with increases in extracellular 
 dopamine from the VTA projections to the NAcc (Hyman et al.  2006 ). In addition to 
its hedonic effect, dopamine release at the nucleus accumbens core has been reported 
to be involved with motivation for drug seeking provided by drug learning memory 
(Li et al.  2011 ). Increased accumbal dopamine, in addition to activity in mesocorti-
cal circuits, has also been associated with the salience for drug use (Goldstein and 
Volkow  2002 ). When not exploited by drug use, this reward circuit reinforces behav-
iors that are essential for survival. Dopamine release at the nucleus accumbens can 
be triggered by eating or procreating, thereby contributing to reinforcement and 
ensuring these behavioural processes are repeated (Ikemoto and Panksepp  1999 ). 

 In addition to the VTA and NAcc, the amygdala and hippocampus are critical 
components of the cortico-mesolimbic reward pathway involved in drug addiction. 
The amygdala consists of nuclei located within the medial temporal lobes acting as 
a key stress system through interaction with the hypothalamic-pituitary-adrenal 
(HPA) axis (Lowry  2002 ). It is hypothesized that environmental stressors emerging 
from drug dependence and withdrawal activate the central and basolateral amygdala 
(BLA) and, once activated, create negative emotional states which are capable of 
motivating drug-seeking behavior (Koob  2009 ). The BLA also provides input to 
the ventral subiculum (vSub), a component of the hippocampus that projects to a 

  Fig. 12.1    Prevalence of drug addiction. ( a ), illicit drug use among persons aged 12 or older in 
2011 in US. Numbers are in millions. Data are derived from 2011 National Survey on Drug Use 
and Health (NSDUH). ( b ), age distribution of illicit drug use among persons aged 12 or older in 
2011 in US. ( c ), drug dependence or abuse in 2011 among persons aged 12 or older. Numbers are 
in millions. ( d ), specifi c illicit drug dependence or abuse among Persons aged 12 or older in 2011. 
Numbers are in thousands       
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variety of limbic-related structures and modulates a variety of context-dependent 
processes involved in drug addiction, including drug sensitization and stress 
(Groenewegen et al.  1987 ; Herman and Mueller  2006 ; Sinha  2001 ). When activated 
directly by environmental stressors, or via the BLA, the vSub has been shown to 
induce a hyperdopaminergic response to amphetamine at the NAcc, and is hypoth-
esized to be a key component responsible for drug sensitization (Belujon and Grace 
 2011 ; Lodge and Grace  2008 ). 

 The cycle of drug addiction varies greatly depending upon the individual and the 
type of drugs used. However, it generally involves three key stages: initiation, main-
tenance, and relapse. Initiation is a strong compulsion to continue drug use which is 
fueled by the motivation to obtain drug reward and is associated with increased 
activity in the cortico-mesolimbic dopamine reward pathway and associated neural 
networks (Coller and Hutchinson  2012 ). With repeated use, this motivation evolves 
into maintenance, which is characterized by drug dependence and desire to avoid 
negative withdrawal symptoms. Should an individual become abstinent, cravings 
and environmental cues can trigger drug relapse and begin the cycle of drug addic-
tion once more. 

 Typically, animal models for drug initiation and relapse are measured by a self- 
administration behavioral paradigm, while the degree of reward can be measured by 
conditioned place preference (CPP) (Cooper et al.  2008 ). Briefl y, the self- 
administration behavioral paradigm involves inducing an operant response in an 
animal by pairing a positive reinforcer with an operant behavior. In a drug self- 
administration behavioral paradigm, the operant behavior is typically a lever press 
while the positive reinforcer is the administration of an addictive drug. After several 
pairings, the animal will continue to elicit the operant behavior in the absence of the 
reinforcer. In this paradigm, initiation and relapse are measured as the degree of 
operant behavior exhibited by the animal following conditioning. CPP operates by 
placing the animal in a box subdivided into two sides having distinct colors and 
 patterns. After a pre-exposure test, animals in the experimental group repeatedly 
receive a drug of abuse on only one side of the box. This conditions the animal to 
having a preference for the side where it received the drug. In this way, reward is 
measured as the increase in the amount of time the animal spent on the side of the 
box where it received the drug relative to the amount of time spent in that same side 
prior to drug exposure (Tzschentke  2007 ). 

 The initiation, maintenance, and relapse stages of drug addiction involve com-
plex changes in the neurocircuitry of reward and stress, both of which are capable 
of reinforcing drug-seeking behavior (Kovacs  2012 ). Consequently, an overwhelm-
ing proportion of the research on the molecular and cellular basis of addiction has 
focused on neuronal activity. Likewise, pharmacological therapies for treating drug 
addiction have been directed toward molecular pathways in neurons (Miguel- 
Hidalgo  2009 ). This research has provided a plethora of knowledge on the neuronal 
circuits altered in drug addiction and provided valuable insights into how their alter-
ations determine specifi c aberrant behaviors associated with drug addiction 
(Miguel- Hidalgo  2009 ). However, despite their pivotal role in the underlying 
pathology of drug addiction, neurons are not the only central nervous system (CNS) 
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component regulating neurotransmission. The role of additional cell types, 
 especially the CNS immunocompetent microglial cells, in the development of toler-
ance and related neuroplastic changes during drug taking, addiction, and withdrawal 
is also emerging (Hutchinson et al.  2007 ,  2011 ; Milligan and Watkins  2009 ; Watkins 
et al.  2005 ,  2009 ). 

 Microglia are derived from an erythromyeloid precursor cell of the embryonic 
hematopoiesis in the yolk sac. As such, they are the resident cells of the innate immune 
system in the brain (Kierdorf et al.  2013 ; Neumann and Wekerle  2013 ). The new role 
of microglia as neuronal modulators of drug reward has emerged from  the opioid’s 
ability to activate microglia and promote the release of pro-infl ammatory cytokines 
(Wang et al.  2012 ). These cytokines were recently identifi ed as a potential source of 
microglia-to-neuron signaling stimulating microglia to increase neuronal excitability, 
thus resulting in a number of pathological conditions. These conditions include main-
taining and enhancing pain states, reducing the effi cacy of opioid for pain control, and 
developing analgesic tolerance and opioid withdrawal and dependence (Hutchinson 
et al.  2007 ,  2011 ; Milligan et al.  2009 ; Watkins et al.  2005 ,  2009 ). Since these phe-
nomena are related to the process of addiction, this new role of microglia highlights 
the need to better understand the mechanisms of drug abuse from a microglial per-
spective (Coller and Hutchinson  2012 ). The goal of this  chapter is to summarize the 
cellular and molecular mechanisms utilized by microglia that contribute to drug 
addiction and review the development of pharmacological microglia modulators that 
seek to alter the behavioral consequences associated with drug addiction.  

12.2     Microglia Mechanisms of Drug Abuse 

 Microglia cells express markers of macrophage lineage and many receptors related 
to infl ammatory processes (Kettenmann et al.  2011 ), and become activated when 
exposed to xenobiotics (Hutchinson et al.  2011 ). Activation of microglia by addic-
tive drugs results in a change in cell morphology from a quiescent to an activated 
macrophage-like phenotype and initiates an innate immune response characterized 
by the release of pro-infl ammatory cytokines such as interleukin-1 β (IL-1β), tumor 
necrosis factor α (TNFα), as well as nitric oxide (NO), within the prefrontal cortex, 
NAcc, VTA, amygdala, and hippocampus (Hutchinson et al.  2012 ; Miguel-Hidalgo 
 2009 ; Zhang et al.  2012 ). Pro-infl ammatory cytokines down-regulate glutamate 
transporter (Watkins et al.  2009 ) and GABA receptor expression (Stellwagen et al. 
 2005 ), up-regulate AMPA and NMDA receptor expression and function (De et al. 
 2003 ), and enhance neurotransmitter release and synaptic transmission (Beattie 
et al.  2002 ; Pascual et al.  2012 ; Youn et al.  2008 ). Pro-infl ammatory cytokines could 
therefore amplify the changes in neuronal activity induced by drugs of abuse, at 
multiple points within the associated circuitry. As the primary immune sentinels of 
the CNS, microglia engulf and remove apoptotic neurons and cellular debris. 
Microglia make direct contacts with synaptic elements and could also directly mod-
ulate synaptic activity by regulating synaptic numbers through sculpting and 

12 Drug Addiction



304

pruning and by modulating synaptic adhesion molecules and glutamate receptor 
expression (Ji et al.  2013 ; Kettenmann et al.  2013 ; Tremblay and Majewska  2011 a; 
Tremblay et al.  2011 b) (see Chap.   9     for further information). Collectively, microglia 
may modulate neuronal circuits of reward and dependence and alter behavioral 
responses through synaptic remodeling, neurochemical interaction with excitatory 
transmission, and phagocytosis of apoptotic neurons and cellular debris (Fig.  12.2 ) 
(Coller and Hutchinson  2012 ; Graeber  2010 ; Kettenmann et al.  2011 ; Kovacs  2012 ), 
although direct evidence for the role of microglia in remodeling the cortico- 
mesolimbic reward pathway in the context of drug abuse is still missing. Additionally, 
it should be noted that the activation of central immune signaling pathways induced 
by drugs of abuse has only been shown as a complimentary mechanism working in 
conjunction with previously established neuronal circuits underlying drug reward 
and dependence. Central immune signaling pathways alone will not produce drug 
addiction behavioral outcomes (Coller and Hutchinson  2012 ).

12.2.1       Toll-Like Receptor 4 

 Accumulating evidences show that morphine can activate microglia and that inhibi-
tors of microglia activation are capable of blocking behavioral measures of mor-
phine reward such as CPP and self-administration in animal models (Hutchinson 
et al.  2007 ,  2012 ; Watkins et al.  2009 ). While microglia express a variety of 
 “classical” opioid receptor subtypes to which morphine can bind, including δ, κ, 

  Fig. 12.2    Schematic illustration of the microglia–neuron interactions which could be implicated 
in drug addiction. Abuse drugs cause microglia activation, leading to a profound pro- infl ammatory 
immune signaling within the reward circuitry of the brain. In particular, pro-infl ammatory immune 
signaling augments the mesolimbic dopamine signaling possibly through increased synaptic 
remodeling, neurochemical changes in excitatory transmission, and phagocytosis of apoptotic neu-
rons and cellular debris       
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and μ-opioid receptors, studies with opioid receptor knockout mice reveal that 
 morphine can act on microglia independently from these receptors. One such study 
reported that triple opioid receptor knockout mice are still responsive to morphine-
induced hyperalgesia (Juni et al.  2007 ). Furthermore, classical opioid receptors are 
stereoselective for (−)-opioid agonists (Hutchinson et al.  2010a ), yet (+)-opioid 
agonists, which have no classical opioid receptor activity (Wu et al.  2007 ), are capa-
ble of suppressing (−)-opioid-induced analgesia (Wu et al.  2006 ). In fact, (+)-opioid 
agonists are suffi cient in themselves for enhancing pain (Hutchinson et al.  2010a ). 
This indicates that (+)-opioid agonists may be capable of inducing microglia activa-
tion as well. These fi ndings reveal the existence of a non-classical opioid receptor 
(Wu et al.  2007 ) through which morphine might be capable of binding and activat-
ing microglia. Subsequently pharmacological blockade and genetic knockout stud-
ies have identifi ed the Toll-like receptor 4 (TLR4)/myeloid differentiation factor 2 
(MD-2) complex as a non-classical opioid receptor for morphine. 

 In the CNS, TLR4 is constitutively expressed by microglia, as well as astrocytes 
(Bsibsi et al.  2002 ; Lehnardt et al.  2003 ; Li et al.  2002 ; Mishra et al.  2006 ). TLR4 
can be activated by microbial associated molecular patterns (MAMP, e.g., lipopoly-
saccharides (LPS)) (Takeuchi and Akira  2010 ) and xenobiotic-associated molecular 
patterns (XAMPs) (Hutchinson et al.  2012 ). TLR4 works through MyD88 and other 
adaptor proteins and leads to activation of the IL-1 receptor-associated kinases 
(IRAKs) and TNF receptor-associated factor-6 (TRAF6), which fi nally culminates 
in activation of NFκB and MAPKs and production of pro-infl ammatory cytokines 
(IL-1β, TNFα) as well as NO. (Hameed et al.  2010 ; Hutchinson et al.  2012 ; Takeuchi 
and Akira  2010 ). Molecular docking and biophysical characterizations show that 
morphine, morphine-3-glucuronide, methamphetamine, remifentanil, and cocaine 
bind to the LPS-binding cleft of the TLR4 accessory protein MD-2, and induce pro- 
infl ammatory central immune TLR4 signaling activation (Hutchinson et al.  2007 , 
 2012 ; Milligan and Watkins  2009 ). 

 The p38 mitogen-activated protein kinase (MAPK), which is an important down-
stream mediator of TLR4 signaling, plays an important role in the acquisition and 
maintenance of morphine CPP; pharmacological inhibition of p38 by SB203580 in 
the NAcc microglia blocks morphine-induced CPP (Zhang et al.  2012 ). Therefore, 
it is hypothesized that opioids engage infl ammatory CNS processes, acting as 
XAMPs to activate TLR4 signaling, in addition to neuronal targets, thereby poten-
tiating the activity in dopamine reward circuits involved in opioid reward and rein-
forcement (Hutchinson et al.  2011 ,  2012 ). 

 Acute and chronic alcohol intake also results in region-specifi c activation of 
microglia (and astrocytes) in a dose- and time-dependent manner in situ (Coller and 
Hutchinson  2012 ; Kovacs  2012 ; Miguel-Hidalgo  2009 ). Alcohol induces pro-infl am-
matory microglia cell activation, including enlargement of their cell bodies and 
thickening of their processes, as well as over-production of pro-infl ammatory fac-
tors, such as IL-1β, TNFα, and monocyte chemotactic protein- 1 (MCP-1) in prefron-
tal cortex, cingulate cortex, and VTA (He and Crews  2008 ; McClain et al.  2011 ; 
Miguel-Hidalgo et al.  2002 ). Recent work in TLR4 genetic knockout mice highlights 
the essential role of lipid rafts (the microdomains containing an assembly of receptors 
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and glycosphingolipids), TLR4, and their interaction with MD-2 and CD14 accessory 
proteins in alcohol-induced neuroinfl ammation (Alfonso-Loeches et al.  2010 ; Coller 
and Hutchinson  2012 ; Kovacs  2012 ). Ethanol activates primary microglia cells in 
culture and induces microglia activation in vivo, via MyD88-dependent and MyD88-
independent TLR4 signaling pathways (Coller and Hutchinson  2012 ; Fernandez-
Lizarbe et al.  2009 ; Lewis et al.  2013 ; Pandey  2012 ). Alcohol can also trigger a 
structural association between TLR4/TLR2, thereby contributing to the infl amma-
tory response in microglia during alcohol abuse (Fernandez-Lizarbe et al.  2013 ). 
Blocking TLR4 signaling by genetic knock-out of TLR4 or MyD88 or by the non-
opioid TLR4 antagonist (+)-naloxone abolish the behavioral responses related to 
acute and chronic ethanol exposure (Pandey  2012 ; Pascual et al.  2011 ; Wu et al. 
 2012 ). Taken together, the above evidences suggest that TLR4 is an important 
molecular target that may play a signifi cant role in the development of alcoholism. 

 Neurons have been reported to express TLR4 (and the TLR accessory protein 
MD-2) at low levels (Diogenes et al.  2011 ; Ferraz et al.  2011 ), but their functional 
impact on the mechanisms of drug addiction is unknown (Hutchinson et al.  2012 ; 
Okun et al.  2011 ). This implies that one may be able to selectively target microglia 
by modulating TLR4 signaling without affecting CNS neurons, which suggests a 
novel strategy to separate benefi cial analgesic effects of opioids from the unwanted 
tolerance and rewarding side effects. Several novel TLR4 inhibitors are being devel-
oped (Wang et al.  2013 ); if any of them can cross the blood–brain barrier (BBB), 
they may have effi cacy in prevention or attenuation of drug addiction (Coller and 
Hutchinson  2012 ). Pharmacological agents that target any of the associated down-
stream consequences of TLR4 activation may also prove effi cacious for the treat-
ment of drug addiction (Coller and Hutchinson  2012 ).  

12.2.2      N -Methyl- D -Aspartate Receptors 

 The NMDA receptor (NMDAR) family is composed of NMDA R1, NMDA R2A- D, 
and NMDA R3A-B subunits (Domercq et al.  2013 ). They form heterotetramers that 
bind to the major excitatory neurotransmitter, glutamate, and work as voltage- gated 
ion channels. Accumulating evidences support the involvement of  glutamatergic 
neurotransmission, within the dopaminergic reward circuit, among the mechanisms 
of drug addiction (Kovacs  2012 ). Morphine has been shown to up- regulate brain-
derived neurotrophic factor (BDNF) in microglia, which up-regulates in turn 
NMDARs (Kovacs  2012 ; Ueda and Ueda  2009 ). Activation of microglia NMDARs 
triggers the release of pro-infl ammatory cytokines (TNFα, IL-1β, IL-6, etc.) (Kaindl 
et al.  2012 ), which down-regulates glutamate transporters in astrocyte in vivo and 
leads to a dysregulation of extracellular glutamate. In vitro microglia also produces 
quinolinic acid following activation (Espey et al.  1997 ), which promotes microglia 
glutamate release through activation of their NMDARs (Kovacs  2012 ). Down-
regulation of glutamate transporters and enhanced glutamate release augment 
CNS excitotoxicity overall, therefore amplifying the abused drug-induced neuronal 
activity within the reward circuitry and contributing to opioid withdrawal and 
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dependence (Coller and Hutchinson  2012 ). In vivo administration of resveratrol, 
which blocks NMDARs activity and inhibits opioid-induced neuroinfl ammation in 
microglia and astrocytes, also attenuates drug tolerance and dependence (Hameed 
et al.  2010 ; Tsai et al.  2012 ). Therefore, NMDARs are considered to play a signifi -
cant role in drug addiction. However, whether NMDARs activation directly or indi-
rectly controls microglia activation in vivo remains to be determined (Domercq 
et al.  2013 ). Therefore, further studies are necessary to characterize in vivo the exis-
tence of functional NMDARs in the resident and activated microglia populations, 
which could respond to the altering glutamate release during drug addiction.  

12.2.3     P2X4 Receptor 

 P2X4 receptor is an ATP-gated ion channel encoded by the P2X purinoceptor 4 
gene, which occurs naturally as both homo- and hetero-oligomers (Kaczmarek- 
Hajek et al.  2012 ). Microglia express ionotropic purinergic receptor P2X4 (Inoue 
 2006 ). Multiple splice variants, often with distinct patterns of expression, have been 
found for the P2X4 receptor (Kaczmarek-Hajek et al.  2012 ). The expression of the 
P2X4 receptor is enhanced in microglia when exposed to morphine (Horvath and 
DeLeo  2009 ). Chronic morphine administration induces ATP release in the spinal 
cord dorsal horn (Horvath et al.  2010 ), which can activate microglia via P2X4 
receptors leading to the release of bioactive substances including cytokines such as 
TNFα, IL-1β, IL-6, etc. (Horvath et al.  2010 ; Inoue  2006 ). Pro-infl ammatory factors 
released from activated microglia contribute to the development of opioid reward 
and dependence (Coller and Hutchinson  2012 ; Kovacs  2012 ). Therefore, modula-
tion of P2X4 receptor expression and activity on microglia may prove an attractive 
target for the prevention or attenuation of opioid-induced side effects (Horvath and 
DeLeo  2009 ; Horvath et al.  2010 ). However, it should be noted that P2X4 is not 
exclusively expressed by microglia. Neurons and astrocytes also express P2X4. 
Further studies are thus required to understand how the microglia-astrocyte and 
neuron-glia interactions at P2X4 receptors affect the dopaminergic reward circuits 
and the behaviors of drug abuse.   

12.3     Pharmacological Microglia Modulators as a Way 
to Alter the Behavioral Effect of Drug Abuse 

 Drug abuse costs the US economy hundreds of billions of dollars in increased health-
care costs, crime, and lost productivity (Mental Health Services Administration 
 2012 ). Drug addiction changes the structure of the brain and its functionality, which 
in turn affect individual personality and behaviors. The impact of addiction can be far 
reaching. Cardiovascular disease, high blood pressure, diabetes, liver disease, lung 
disease, stroke, HIV/AIDS, and other health problems can be affected by drug abuse. 
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Further, drug abuse not only affects the abuser’s existence, but also the lives of his/
her family and community members. This includes tearing the family apart, loss of 
employment, failure in school, increasing violence, child abuse, and other crimes. 
Therefore, there is great need for the development of pharmacological therapies to 
reverse the behavioral effects of drug abuse. Microglia release neuroinfl ammatory 
   mediators in response to illicit drugs and have been shown to mediate sensitization 
and tolerance (Miguel-Hidalgo  2009 ; Hutchinson et al.  2007 ,  2011 ; Milligan and 
Watkins  2009 ; Watkins et al.  2009 ). Therefore, a better understanding of the under-
lying central immune signaling could provide novel opportunities for developing 
anti- addiction therapies that specifi cally target activated microglia (Table  12.1 ).

   Table 12.1    Small molecule modulators of microglia activation which could be used for the 
treatment of drug addiction   

 Compound  Structure  Reference 

 Minocycline 

         

 Habibi-Asl et al. ( 2009 ), Hutchinson 
et al.  2008 , Zhang et al. ( 2006 ) 

 Ibudilast 

         

 Beardsley et al. ( 2010 ), Hutchinson et al. 
( 2009 ); Ledeboer et al. ( 2007 ), Snider 
et al. ( 2012 ,  2013 ) 

 (+)-Naloxone 

         

 Hutchinson et al. ( 2012 ) 

 Pentoxifylline 

         

 Ciraulo et al. ( 2005 ), Yoshikawa et al. 
( 1999 ) 

 Propranolol 

         

 Bernardi et al. ( 2006 ); Kampman et al. 
( 2001 ), Saladin et al. ( 2013 ) 

 Dizocilpine 

         

 Fan et al. ( 2012 ), Hameed et al. ( 2010 ), 
Shu et al. ( 2008 )) 
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12.3.1       Interleukin-10 (IL-10) 

 Opioids induce microglia activation, which is characterized by the release of 
 pro- infl ammatory molecules that contribute, at least in part, to opiate addiction 
(Hutchinson et al.  2007 ,  2012 ; Milligan and Watkins  2009 ). Among the pro- 
infl ammatory cytokines released by activated microglia are IL-1, IL-6, and TNFα 
(Watkins et al.  2005 ). When IL-1, IL-6, and TNFα are injected into the spinal intra-
thecal (peri-spinal) space of rats in an effort to mimic the presence of cytokines 
released by activated microglia, each has been found to enhance pain sensitivity, a 
phenomenon known as hyperalgesia. Additionally, IL-1 and TNFα induce sponta-
neous and enhanced activity in the responding neurons (Hermann et al.  2001 ; Reeve 
et al.  2000 ). The ability to counter-regulate chronic pain states through morphine- 
induced microglia activation has set the stage for new research based upon interac-
tions between drugs, microglia, and their effects on neuronal activity. It has been 
shown that anti-infl ammatory factor IL-10 also attenuates morphine craving or 
relapse and completely knocks out morphine-seeking behavior (Schwarz et al. 
 2011 ). Administration of recombinant IL-10 has been found to reduce rats’ cravings 
for morphine (Schwarz et al.  2011 ). The value of IL-10 therapies has yet to be 
explored in drug addiction treatment. Currently, Xalud Therapeutics is using 
XT-101, a microparticle-delivered non-viral gene therapy that drives the production 
of IL-10 to normalize microglia activity and treat neuropathic pain, multiple sclero-
sis (MS), and amyotrophic lateral sclerosis (ALS). While these conditions seem 
unrelated to addiction, this therapeutic approach may reveal the potential of treating 
a variety of neurological problems, including opioid addiction, by attenuating the 
neuroinfl ammatory response generated by activated microglia.  

12.3.2     Minocycline 

 Minocycline is the most lipid-soluble derivative of tetracycline and is known to 
cross the BBB (Bastos et al.  2012 ). Minocycline inhibits microglia activation 
through blockade of NFκB nuclear translocation, inhibition of protein kinase C 
(PKC), p38 and c-Jun N-terminal kinase (JNK) activities, and suppression of 
infl ammatory cytokines over-production (Bastos et al.  2012 ). Minocycline sup-
presses opioid-induced respiratory depression, tolerance, and CPP (Habibi-Asl 
et al.  2009 ; Hutchinson et al.  2008 ; Zhang et al.  2006 ,  2012 ). Minocycline was also 
observed to decrease alcohol consumption in mice thus proposing a new approach 
for the treatment of alcoholism (Agrawal et al.  2011 ). Therefore, minocycline may 
have therapeutic usefulness for reducing addictive behavioral responses associated 
with drug abuse. However, it should be noted that minocycline also acts on other 
cell types such as astrocytes, T lymphocytes, and macrophages (Bastos et al.  2012 ; 
Brundula et al.  2002 ; Dutta et al.  2010 ; Szeto et al.  2011 ). Most likely the actions of 
minocycline on peripheral immune cells also play a role in suppressing the unwanted 
effects of opioids (Bastos et al.  2012 ).  
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12.3.3     Ibudilast 

 Ibudilast (formerly AV-411, now MN-166) attenuates innate immune signaling and 
can cross the BBB (Ledeboer et al.  2007 ). It has a complex mechanism of action, 
including inhibition of phosphodiesterases, TLR4, and macrophage migration 
inhibitory factor (MIF) (Ledeboer et al.  2007 ). It reduces pro-infl ammatory factor 
over-production, at least in part by inhibiting TLR4 signaling (Ledeboer et al.  2007 ). 
Microglia activation is reduced in a dose-dependent manner by ibudilast with reduc-
tion in the levels of LPS-induced NO, reactive oxygen species (ROS), IL-1β, IL-6, 
and TNFα production, and enhanced production of the anti-infl ammatory cytokine 
IL-10 (Ledeboer et al.  2007 ). Preclinical data show that ibudilast is well tolerated, 
is effective via oral administration, and reduces astrocyte and microglia activation 
markers glial fi brillary acidic protein (GFAP) and cluster of differentiation molecule 
11b (CD11b) in vitro (Ledeboer et al.  2007 ), as well as attenuated morphine and 
methamphetamine addiction (Beardsley et al.  2010 ; Hutchinson et al.  2009 ; Snider 
et al.  2012 ,  2013 ). This CNS-directed anti-infl ammatory activity of ibudilast is of 
potential use in the improved effi cacy and safety of opioids and other drugs of abuse 
such as methamphetamine as it decreases drug reward, dependence, withdrawal, 
and reinforcement (Snider et al.  2012 ,  2013 ).  

12.3.4     (+)-Naloxone 

 (+)-naloxone is the plus enantiomer of the opioid antagonist drug (−)-naloxone. 
Unlike “normal and natural” (−)-naloxone, (+)-naloxone has no signifi cant affi nity for 
opioid receptors, but instead binds to the TLR4 accessory protein myeloid MD-2 and 
acts as a selective antagonist of TLR4 (Hutchinson et al.  2008 ,  2012 ). Opioids and 
alcohol activate microglia by TLR4 signaling and chronic use of these drugs causes 
release of TNFα and IL-1β as well as other downstream effects (Fernandez- Lizarbe 
et al.  2009 ,  2013 ; Hutchinson et al.  2010b ,  2012 ; Lewis et al.  2013 ; Pandey  2012 ; Wu 
et al.  2012 ). These pro-infl ammatory cytokines are thought to contribute to drug toler-
ance, dependence, and reinforcement by inhibiting TLR4-dependent microglia activa-
tion. In addition, it is thought that (+)-naloxone can counteract these effects 
(Alfonso-Loeches et al.  2010 ; Hutchinson et al.  2007 ,  2012 ). Since (+)-naloxone does 
not have any apparent binding affi nity for the μ-opioid receptor, the desired opioid 
analgesic effects could be preserved.  

12.3.5     Pentoxifylline 

 Pentoxifylline is a competitive nonselective phosphodiesterase inhibitor which can 
cross the BBB and reduces cyclic adenosine monophosphate (cAMP) production. 
This, in turn, decreases release of pro-infl ammatory cytokines TNFα and IL-1β and 
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increases production of the anti-infl ammatory cytokine IL-10 in cultured microglia 
(Yoshikawa et al.  1999 ). Neuroinfl ammation is a critical component in the develop-
ment and maintenance of drug abuse (Kovacs  2012 ). Therefore, pentoxifylline 
might be used to block drug-induced pro-infl ammatory factors and attenuate drug 
reward and dependence effects (Ciraulo et al.  2005 ).  

12.3.6     Propranolol 

 Cultured microglia express β-adrenergic receptor, which are G-protein-coupled 
receptors for catecholamines, such as adrenaline and noradrenaline (Tanaka et al. 
 2002 ). β-Adrenergic receptor signaling activation increases expression of pro- 
infl ammatory IL-1β, TNFα, and IL-6 in the brain, both at the mRNA and protein 
levels. Propranolol, a β-adrenergic receptor antagonist, antagonizes pro- 
infl ammatory cytokine production in microglia cells (Wang et al.  2010 ). Preclinical 
and clinical evidence shows that propranolol can attenuate cocaine reward, depen-
dence, and withdrawal (Bernardi et al.  2006 ; Kampman et al.  2001 ; Saladin et al. 
 2013 ). The effect of propranolol on the attenuation of cocaine addiction may be, at 
least in part, mediated by its suppression of microglia infl ammation.  

12.3.7     Dizocilpine (MK-801) 

 Dizocilpine (MK-801) is an NMDARs noncompetitive antagonist that reduces pro- 
infl ammatory factors cyclooxygenase-2 (COX-2) and TNFα and prevents microglia 
activation and neurotoxicity (Thomas and Kuhn  2005 ). Dizocilpine can reduce 
methamphetamine-induced activation of microglia in the striatum in vivo (Thomas 
and Kuhn  2005 ). Therefore, dizocilpine inhibits addictive behaviors in experimental 
animals (Fan et al.  2012 ; Hameed et al.  2010 ). However, a low dose of dizocilpine 
(0.05 mg/kg, i.p.) does not impair morphine-induced CPP and delay morphine 
extinction (Fan et al.  2012 ). The combined action of a low dose of dizocilpine 
(0.05 mg/kg, i.p.) and glutamate transporter activation by ceftriaxone (25 mg/kg, 
i.p.), however, effectively reduces the acquisition of morphine-induced CPP and 
completely prevents morphine reinstatement (Fan et al.  2012 ). Dizocilpine injected 
intrathecally decreases morphine-induced tolerance at the spinal cord level (Hameed 
et al.  2010 ; Kest et al.  1993 ). Dizocilpine’s ability to reduce opioid tolerance is, at 
least in part, attributed to its inhibition of the NMDARs-dependent activation of 
spinal JNK; this kinase has been shown to be involved in the development of opioid 
tolerance (Guo et al.  2009 ).   
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12.4     Conclusions 

 In an effort to develop a better understanding of drug addiction, the implication of 
microglia needs to be considered, given the growing evidence that neuroinfl amma-
tory processes generated by these non-neuronal cells profoundly impact reward cir-
cuitries. Such processes are capable of modulating neuronal physiology and 
neuronal circuits of reward and dependence (Fig.  12.2 ) (Coller and Hutchinson 
 2012 ; Kettenmann et al.  2011 ; Kovacs  2012 ). Among the CNS immunocompetent 
cells, resident microglia are emerging as key contributors to the behavioral conse-
quences of drug addiction by promoting neuroinfl ammation through release of pro- 
infl ammatory cytokines. This fi nding invites the development of novel medications 
that treat drug addiction by modulating microglia activation specifi cally. In this 
regard, the small molecule modulators of microglia activation discussed in this 
chapter have excellent, well-established clinical safety records. Combining opioid 
agonist activity with the ability to block microglia activation in one small molecule 
may represent a novel strategy to yield powerful analgesia but with reduced abuse 
potential. For instance, PTI-609 is a novel agent that activates opioid receptors via 
a novel binding domain (Burns and Wang  2010 ) and inhibits the release of pro- 
infl ammatory cytokines while also activating opioid receptors, thus leading to 
excellent analgesic action with no apparent potential for addiction (Burns and Wang 
 2010 ). This rationale may prove extremely benefi cial in the future for the develop-
ment of powerful but safe analgesics. In closing, it should be noted that microglia 
modulators also show effects on other CNS immunocompetent cells, such as astro-
cytes, CNS endothelial cells, and peripheral immune cells such as macrophages, 
monocytes, and lymphocytes, which can infi ltrate the parenchyma in pathological 
contexts (Coller and Hutchinson  2012 ). Therefore, further research must also con-
sider the contribution of these other CNS immunocompetent cells and peripheral 
immune cells to drug addiction.     
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    Chapter 13   
 Aging 

             Rommy     von Bernhardi      ,     Betsi     Flores     , and     Hiroshi     Nakanishi     

    Abstract     Microglial cells undergo multiple morphological and immunophenotypic 
changes during normal aging. Abnormal morphology, which includes fewer and 
shorter ramifi cations, beading and spheroid swellings, has been observed particularly 
in the cerebral cortex, as well as in and around the white matter. In aged animals, 
microglia express some surface antigens which are not normally present in their 
young counterparts, in addition to presenting altered motility and phagocytosis. Aged 
microglia exhibit an aberrant production of pro- and anti-infl ammatory mediators, 
accompanied by an exacerbated infl ammatory response to pathological changes, a 
phenomenon known as microglial “priming.” Lysosomal dysfunction and mitochon-
drial DNA oxidative damage further accumulate in aged microglia, resulting in an 
increased production of reactive oxygen species. These changes could contribute to 
mediating the neuronal dysfunction observed during normal aging and facilitate the 
onset of age-associated cognitive decline, as well as neurodegenerative diseases. 
In this chapter, we describe microglial aging at the cellular and molecular levels, 
the implications for diseases, and potential strategies to slow down aging based on 
preserving lysosomal and mitochondrial function.  

  Keywords     Microglia   •   Neuroinfl ammation   •   Cytokines   •   Priming   •   Reactive 
oxygen species   •   Oxidative stress   •   lysosome   •   Mitochondria   •   DNA damage   • 
  NFκB   •   Cathepsin B  

      Bullet Points   

•     Microglial cells undergo various morphologic and immunophenotipic changes 
during normal aging.  
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•   Aged microglia show an impaired motility towards damage signals, probably 
refl ecting a decreased surveillance capacity.  

•   Microglial proliferation and phagocytosis of different types of cargo are affected 
with aging.  

•   Aged microglia exhibit an altered expression of cytokines and exacerbated 
infl ammatory response, a phenomenon known as microglial “priming.”  

•   Lysosomal dysfunction and mitochondrial DNA oxidative damage also accumu-
late in microglia during aging, resulting in the increased production of reactive 
oxygen species (ROS) and activation of the microglial infl ammasome.  

•   These changes are probably both cell autonomous and the result of an altered 
aging brain milieu.  

•   The overall contribution of aging microglia to the onset of cognitive dysfunction 
and neurodegenerative diseases remains to be experimentally tested.     

13.1     Introduction 

 Aging (or senescence) is a complex process of cumulative changes affecting an 
organism with the passage of time. Aging increases the vulnerability to death and is 
a primary risk factor for major human pathologies, including cancer, diabetes, 
cardiovascular disorders, and neurodegenerative diseases. It is characterized by a 
progressive loss of physiological integrity, leading to impaired function in various 
levels and systems of the organism, such as skeletal muscles (Klein et al.  2001 ; 
Thompson  2009 ), cardiovascular, endocrine, respiratory processes (Fadel et al. 
 2004 ; Lipsitz  2002 ; Smith et al.  2005 ), and central nervous system (CNS) activity 
(Smith et al.  2005 ). These changes are generally accompanied by alterations in 
behavior, associated with increased tremor, loss of balance control, and decreased 
walking profi ciency (Glenn et al.  2004 ; Lipsitz  2002 ; Lipsitz and Goldberger  1992 ). 
The ability to perform complex dual learning tasks, such as memorizing word lists 
while walking, also signifi cantly decreases during aging (Lindenberger et al.  2000 ; 
Salat et al.  2005 ), even though many elderly people preserve to a certain degree their 
cognitive abilities (Shock et al.  1984 ). 

 At the cellular level, senescence is characterized by the accumulation of DNA 
damage, oxidative stress, chronic infl ammatory activity, and an imbalance between 
the levels of pro- and anti-infl ammatory cytokines in various tissues, including the 
brain. Cellular aging is also associated with the shortening of telomeres and the activa-
tion of tumor suppressor genes (reviewed in Lopez-Otin et al.  2013 ). The potentially 
damaging elements may be produced by the organism itself (e.g., cytokines, radical 
species, eicosanoids, among other mediators) or derived from the prolonged exposure 
to physical, chemical, or biological agents (e.g., ionic radiation, pollutants, pathogens; 
see Chap.   6     for further reading) (Droge and Schipper  2007 ; Vijg and Campisi  2008 ). 
In addition, some responses of the immune system particularly decline with age, 
increasing the susceptibility to infections and cancer, whereas other responses are 
exacerbated, facilitating the onset of autoimmune diseases (Yung and Julius  2008 ). 
As the blood-brain barrier (BBB) undergoes several changes during aging (Marques 

R. von Bernhardi et al.

http://dx.doi.org/10.1007/978-1-4939-1429-6_6


321

et al.  2013 ), it is possible that aging leads to an increased surveillance of the brain 
parenchyma by peripheral monocytes and lymphocytes, which could further 
contribute to the aging process. In fact, the expression levels of chemotactic mole-
cules such as interferon-inducible protein 10 (IP-10) and monocyte chemotactic 
protein-1 (MCP-1), but also the infi ltration of CD11b +  CD45 high  cells identifi ed as 
monocytes, were shown to be increased ex vivo in hippocampal tissue prepared 
from aged rats (Blau et al.  2012 ; Enciu et al.  2013 ). 

 The CNS also undergo pronounced structural and functional alteration during 
normal aging, even in clinically healthy middle-age individuals, i.e., 40–50 years 
old. In particular, brain weight decreases in the order of 2–3 % per decade after the 
age of 50 and accelerates in later years to reach 10 % at the age of 80 (Drachman 
 2006 ). Using magnetic resonance imaging (MRI) and voxel-based morphometry 
(VBM), it has been shown that the gray matter volume of prefrontal, parietal, and 
temporal cortices of the human brain progressively decreases during aging 
(Courchesne et al.  2000 ; Ge et al.  2002 ; Good et al.  2001 ; Jernigan et al.  2001 ; Salat 
et al.  2004 ; Sowell et al.  2003 ). The temporal cortex is more affected in the left 
hemisphere than in the right hemisphere, in agreement with an age-related decline 
in language functions (Sowell et al.  2003 ). White matter volume also decreases with 
age; the process begins later but progresses at a more accelerated rate than in the 
gray matter (Courchesne et al.  2000 ; Ge et al.  2002 ; Jernigan et al.  2001 ). 

 Some of these changes are undoubtedly related to cell autonomous alterations in 
the aging neurons (Jurk et al.  2012 ) and astrocytes (Sheng et al.  2013 ), but aging 
microglia may further contribute to the aging pathology, notably by their production 
of reactive oxygen species (ROS) and pro-infl ammatory cytokines, which could 
together increase neuronal vulnerability to oxidative stress. An accepted view is that 
neuroinfl ammation and oxidative stress collectively induce neuronal dysfunction 
and degeneration, thus resulting in the decline of motor and cognitive functions dur-
ing aging (Forster et al.  1996 ; Navarro et al.  2002 ). In addition, compromised 
microglial properties have been proposed to cause impaired reaction to neuronal 
abnormalities during aging (Streit  2006 ; Aguzzi et al.  2013 ; Kettenmann et al.  2013 ; 
Conde and Streit  2006b ; Siskova and Tremblay  2013 ). In this chapter, we will dis-
cuss the cellular and molecular changes observed in senescent microglia, and their 
implication for our understanding of the normal aging process, related cognitive 
dysfunction, and brain diseases.  

13.2     Changes in Microglial Morphology, Dynamics, 
Phagocytosis, and Proliferation During Aging 

 Several authors have shown that microglial cells display various changes in mor-
phology and functional behavior over the course of normal aging. Morphological 
characteristics associated with normal aging include fewer and shorter ramifi ca-
tions, excessive beading, and formation of spheroid swellings (Conde and Streit 
 2006b ; Flanary  2005 ; Streit  2006 ; Streit et al.  2004 ). These changes are commonly 
referred to as microglial cell “dystrophy” (Streit  2006 ; Streit et al.  2004 ). Moreover, 
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it was shown that microglia often colocalize with neurodegenerating neurons in 
the aging brain and display additional deterioration such as higher incidence of 
clumping, irregular distribution, and accumulation of phagocytic debris (lysosomal 
lipopigments, cellular elements, vacuoles, and large vesicles), particularly observed 
in cortical areas, as well as in and near the white matter (Hart et al.  2012 ; Perry et al. 
 1993 ; Tremblay et al.  2012 ; Hefendehl et al.  2013 ). Microglial accumulation of 
phagocytic debris might contribute to reducing their dynamism and impairing their 
phagocytic capacity as discussed below. However, no systematic quantifi cation 
of microglial interactions with neurons has been performed to determine the extent 
of their changes during aging. Furthermore, no study has yet clearly determined the 
functional consequences of their abnormal morphology. 

 In terms of functional behavior, live imaging of microglial cells in retinal explants 
has demonstrated ex vivo that the dynamic responses of senescent microglia to injury 
also show age-dependent variations (Damani et al.  2011 ). In particular, young 
microglia were shown to rapidly increase their motility and number of ramifi cations 
when exposed to the nucleotide ATP, an injury-associated signal, or to a laser- induced 
focal tissue injury. In contrast, aged microglia were less dynamic and ramifi ed, as 
compared to younger counterparts, and became even less dynamic and ramifi ed in 
the presence of ATP, resulting in slower responses to a laser-induced injury. Moreover, 
their migration away from the site of injury was retarded in senescent versus young 
microglia (Damani et al.  2011 ). A recent characterization of the changes in microg-
lial morphology and dynamic behavior in vivo using two photon imaging also 
showed similar age-related processes, such as a shortening of processes, increased 
soma volume, and loss of homogeneous tissue distribution and surveillance rate, in 
the cerebral cortex of aged mice. In addition, aged microglia examined in vivo also 
presented a diminished dynamic response to a laser-induced tissue injury, as in the 
retina, but their migration was however found to be accelerated (Hefendehl et al. 
 2013 ). Together, these fi ndings suggest that the microglial capacity to detect and 
respond to pathological signs might be compromised in the aging brain, probably 
resulting both from altered microglial properties, especially their motility, and from 
the altered brain microenvironment. 

 This altered motility of microglia also seems to be closely related to additional 
alterations in their phagocytic capacity. As the brain professional phagocytes, 
microglia have the capacity to engulf apoptotic cells, myelin and axonal debris, 
deposits of extracellular proteins including beta amyloid (Aβ), and neurites 
(reviewed in Sierra et al.  2013 ). During aging, microglial cells over-express ED1, 
the rodent equivalent of CD68, a lysosomal protein upregulated during infl amma-
tion, which has been associated with phagocytosis (Perry et al.  1993 ). However, the 
function of ED1 is unknown since reducing ED1 expression with anti-ED1 mono-
clonal antibodies in cultured macrophages did not impair phagocytosis (reviewed in 
Sierra et al.  2013 ). Acutely isolated microglial cells from aged mice also show a 
decreased ability to phagocytose Aβ, contrarily to microglia derived from young 
mice (Floden and Combs  2011 ). In vitro, the phagocytosis of Aβ was also compa-
rable between microglia derived from young and old mice, but only enhanced by a 
bacterial lipopolysaccharide (LPS) challenge in microglia from young mice 
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(Tichauer et al.  2014 ). In addition, once internalized, the proteolytic degradation of 
Aβ was shown to be impaired in aged mice, due to defi cits in lysosome acidifi cation, 
as required for proper functioning of the lysosome degradation enzymes (Majumdar 
et al.  2007 ). Nevertheless, microglial phagocytosis of newborn apoptotic cells in the 
adult hippocampus neurogenic niche remained functional at least until 12 months of 
age (Sierra et al.  2010 ) (see Chap.   10     for further reading), although no systematic 
observations were carried out in older ages. Thus, the extent to which microglial 
phagocytosis is impaired during aging remains to be fully determined. A related 
process, protein homeostasis or proteostasis, which involves chaperone-mediated 
protein folding and stability, protein traffi cking, protein degradation, and autophagy 
pathways, is also impaired in aged microglia in vitro, possibly explaining the 
microglial accumulation of phagocytic debris observed at the ultrastructural level 
(Tremblay et al.  2012 ). A major consequence of this declining proteostasis is the 
aggregation of abnormal proteins, which has been linked to the pathogenesis of 
neurodegenerative diseases such as Parkinson’s disease (PD) and Alzheimer’s dis-
ease (AD) (Taylor and Dillin  2011 ). 

 The proliferative capacity of microglia could also become altered during aging. 
Microglial cells exhibit an increased density in the facial nucleus upon nerve injury 
in aged versus young rats, and a similar fi nding was observed in mouse cerebral 
cortex during age-related impairment of audition and vision, possibly suggesting a 
less regulated proliferative response (Conde and Streit  2006a ; Tremblay et al.  2012 ). 
However, microglial replication is generally considered as being reduced during 
aging, and there is no signifi cant evidence for an overall increase in microglial den-
sity in the aging postmortem human brain (VanGuilder et al.  2011 ). It has been 
speculated that a reduced microglial replication could induce the depletion of 
healthy microglia in the aged brain, shifting the balance towards a more senescent 
and dysfunctional population (Mosher and Wyss-Coray  2014 ). Clumped microglia 
have been observed in the aged cerebral cortex, but their possible colocalization 
with markers of proliferation was not examined, and alternative interpretations were 
also proposed, such as a breakdown of the mechanisms which regulate their territo-
rial organization (Tremblay et al.  2012 ). Additionally, interpreting the increased 
microglial density observed in some studies is limited by the impossibility to distin-
guish microglia from monocytes/macrophages derived from the periphery using 
CX3CR1, ionized calcium-binding adapter molecule 1, and other commonly used 
immunocytochemical markers. Thus, it remains unclear whether there are regional 
or species-specifi c changes in microglial density in the aging brain, and if so, 
whether they result from the proliferation of resident microglial cells, or the infi ltra-
tion of peripheral infl ammatory cells. 

 Together, these observations suggest the appearance of dysfunctional microglial 
phenotypes in the aging brain, which combined with the immunophenotypic changes 
described below, might contribute to the age-associated neuronal dysfunction and 
cognitive decline.  
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13.3     “Priming” of Microglia During Aging 

 During normal aging, a decreased secretion of the anti-infl ammatory cytokine 
interleukin (IL)-10 has been observed (Ye and Johnson  2001 ), found to be accom-
panied by increased levels of pro-infl ammatory cytokines, such as tumor necrosis 
factor α (TNFα) and IL-1β in the CNS (Lukiw  2004 ; Streit et al.  2004 ), and IL-6 in 
plasma (Godbout and Johnson  2004 ; Ye and Johnson  1999 ,  2001 ), using gene 
expression profi ling, fl ow cytometry, and ELISA in mice and human. Aged microg-
lia studied in situ (Sheng et al.  1998 ) and isolated ex vivo (Njie et al.  2012 ; Sierra 
et al.  2007 ) also showed increased expression of several pro-infl ammatory media-
tors, but reports regarding the levels of anti-infl ammatory cytokines, such as IL-10, 
are less uniform (Sierra et al.  2007 ; Ye and Johnson  2001 ). Furthermore, microglia 
display a signifi cant upregulation of several Toll-like receptors (TLRs), such as 
TLR1, TLR2, TLR4, TLR5, and TLR7, as well as an increased expression of the 
TLR4 co-receptor, CD14, during aging (Letiembre et al.  2007 ). An age-related 
alteration in the signal transduction of TLR4 and conspicuous changes in the expres-
sion profi le of scavenger receptors (SRs) have also been reported (Hickman et al. 
 2008 ; Yamamoto et al.  2002 ). TLRs, CD14, and SRs are pattern recognition recep-
tors (PRRs) that participate in host defense response and phagocytosis of pathogen- 
associated molecules pattern (PAMPs), as well as damage-associated molecules 
pattern (DAMPs), which are crucial for the innate immune response. Signaling 
through these receptors is accompanied by microglial cell activation, including their 
production of pro-infl ammatory mediators, and uptake of pathogens and macromol-
ecules, such as the neurotoxic peptide Aβ. Therefore, changes in the expression 
profi le of these receptors might account for the alterations observed in microglial 
infl ammatory profi le during normal aging. 

 Additionally, increased mRNA levels of transforming growth factor β isoform 1 
(TGFβ1) have been measured in microglia from aged mice and rats (Bye et al.  2001 ; 
Sierra et al.  2007 ). TGFβ1 is a potent regulator of cytotoxicity and infl ammatory 
response in the CNS. Its downstream signaling involves members of the Smad family, 
i.e., intracellular proteins that transduce extracellular signals from TGFβ ligands to 
the nucleus, thus acting as transcription factors. These proteins are homologs of the 
 Drosophila  mothers against decapentaplegic (MAD) protein and  Caenorhabditis 
elegans  SMA protein, named after the gene  Sma  for small body size, acting as 
mitogen-activated protein kinases (MAPKs), although their activation is highly 
variable and dependent on the cell type (Schmierer and Hill  2007 ). TGFβ1 modu-
lates the activation of microglial cells induced by a LPS challenge, by decreasing 
their production of pro-infl ammatory molecules, with the consequence of protecting 
cultured neurons from neurotoxicity and oxidative stress (Herrera-Molina and von 
Bernhardi  2005 ; Hu et al.  1995 ; Lieb et al.  2003 ). It has also been demonstrated in 
culture that this infl uence of TGFβ1 on microglial activation is regulated in a 
Smad3-dependent manner (Le et al.  2004 ; Werner et al.  2000 ). The TGFβ1 and 
Smad3 pathways were further linked to the reduction of radical species production 
induced by infl ammatory stimuli and to the induction of Aβ phagocytosis in vitro 
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(Tichauer and von Bernhardi  2012 ). Additionally, it has recently been shown that 
the induction of the Smad3 pathway is decreased in normal aging under infl amma-
tory conditions (Tichauer et al.  2014 ), which could explain, at least partially, that 
microglial activation is overall increased in the aging brain, even though microglial 
expression of TGFβ1 is concomitantly increased ex vivo (Sierra et al.  2007 ). 

 The over-production of pro-infl ammatory cytokines is associated with a reper-
toire of symptoms commonly known as sickness behavior, an adaptive response that 
occurs following exposure to infectious microorganisms, and that is exacerbated 
during aging (Hart  1988 ). Upon systemic infl ammatory stimulation, aged microglia 
display an exacerbated infl ammatory phenotype, compared with young ones, pos-
sibly resulting in enhanced sickness behavior (Combrinck et al.  2002 ; Cunningham 
et al.  2005 ; Godbout et al.  2005 ; Sierra et al.  2007 ). In particular, systemic infl am-
mation resulted in an exacerbated production of the pro-infl ammatory cytokines 
IL1-β, IL-6, TNFα ex vivo in aged versus young microglia (Sierra et al.  2007 ). This 
exacerbated response to infl ammatory challenges is also referred to as microglial 
“priming,” a concept fi rst introduced by Perry and colleagues (Perry  2004 ; Perry 
et al.  1993 ). By defi nition, primed microglia undergo a phenotypic shift towards a 
more sensitized state, in which they respond more rapidly and to a greater extent to 
a secondary “triggering” stimulus than non-primed microglia (Perry  2004 ; Perry 
et al.  2003 ,  2007 ; Harry  2013 ). An important question is to what extent aging 
microglial cells do become intrinsically dysfunctional, versus simply react to the 
changes in their local aging brain environment. Importantly, aging microglial prop-
erties were replicated in a mouse model where only neurons are made senescent. In 
these mice considered as a model of accelerated senescence, deleting the expression 
of a nucleotide repair protein (Ercc1) exclusively in forebrain neurons results in 
decreased neuronal plasticity, progressive neuronal pathology, and learning impair-
ment (Borgesius et al.  2011 ). Importantly, in spite of not carrying the mutation, 
microglia also displayed hallmark features of “priming” such as an exaggerated 
response to peripheral LPS exposure in terms of pro-infl ammatory cytokines expres-
sion, ROS production, and phagocytosis (Raj et al.  2014 ). Therefore, the exacer-
bated response of “primed” microglia to infl ammatory stimuli could result, at least 
partially, from an accumulation of neuronal genotoxic stress, in addition to changes 
in the expression of TLRs (Letiembre et al.  2007 ) and other alterations including 
shortening of telomeres (Flanary and Streit  2004 ; Flanary et al.  2007 ). In turn, the 
exaggerated infl ammatory response of microglia could further enhance the neuronal 
dysfunction and sickness behavior associated with normal aging.  

13.4     Aged Microglia and Their Relationship 
with Neurodegeneration 

 While it remains unclear whether microglial “priming” could directly result from 
microglial senescence, aging microglial cells have been linked to several age-related 
neurodegenerative diseases, including PD, amyotrophic lateral sclerosis (ALS), 
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and AD (von Bernhardi  2007 ) (for further reading, refer to Chap.   18    ). Microglial 
“priming” could not only result in an increased infl ammatory response and cytotox-
icity, but also in the impairment of microglial neuroprotective functions (see Chap. 
  5     for further reading). Indeed, aged microglia appear to actively participate to the 
neuronal damage observed in neurodegenerative diseases, especially through their 
production of ROS (Block et al.  2007 ). Thus, infl ammation, possibly related to the 
activity of microglia, has been suggested to contribute to the death of dopaminergic 
neurons in PD, forebrain neurons in AD, and motor neurons in ALS (Boillee et al. 
 2006 ; Mount et al.  2007 ). In particular, it has been shown that TNFα promotes PD 
progression (McCoy et al.  2006 ), whereas the absence of TNF receptor 1 protects 
against AD- and PD-like disease in mice (He et al.  2007 ; Sriram et al.  2002 ). 
Moreover, administration of the anti-infl ammatory derivative of thalidomide, 
lenalidomide, which was accompanied by a reduced expression of TNFα and IL-1β, 
was shown to improve motor behavior even after the onset of symptoms and to 
extend the survival in mouse models of ALS (Neymotin et al.  2009 ). Nonetheless, 
microglia are not likely the sole producers of TNFα and IL-1β in these diseases, and 
more specifi c experimental approaches are necessary to dissect out the effects of 
other infl ammatory cells, including infi ltrating macrophages, at different stages of 
their time course. 

 Altered responses of the aging microglia have also been linked to AD. In rhesus 
monkeys, a microinjection of fi brillar Aβ in the cortex was found to trigger neuronal 
loss, tau phosphorylation, and microglial cell proliferation in aged but not young 
adult monkeys. This in vivo observation suggests that Aβ neurotoxicity is a patho-
logical response specifi c to the aging brain (Geula et al.  1998 ). Moreover, aged 
microglia are less capable of phagocytosing (Floden and Combs  2011 ) and degrad-
ing Aβ (Majumdar et al.  2007 ) than young microglia, as discussed above. Microglial 
cell reactivity to Aβ and phagocytic activity is further modulated by astrocytes, at 
least in vitro, whose presence attenuates the cytotoxic response of cultured microg-
lia (DeWitt et al.  1998 ; von Bernhardi and Ramirez  2001 ). However, this modula-
tion was not observed in “primed” microglia exposed to Aβ (von Bernhardi and 
Eugenin  2004 ), which showed increased cytotoxicity, Aβ precursor protein (APP) 
synthesis, Aβ aggregation, and impaired uptake and degradation of Aβ as compared 
with non-activated microglia (Rogers et al.  2002 ; Ramirez et al.  2008 ; von Bernhardi 
et al.  2007 ). TGFβ1 secreted by hippocampal neurons and astrocytes has been iden-
tifi ed as an important modulatory cytokine of microglial activation, attenuating the 
release of pro-infl ammatory mediators (Chen et al.  2002 ; Herrera-Molina and von 
Bernhardi  2005 ; Mittaud et al.  2002 ; Herrera-Molina et al.  2012 ) and promoting 
microglia-mediated Aβ phagocytosis and degradation (Wyss-Coray et al.  2001 ). It 
has been recently shown that these effects are mediated by Smad3-dependent 
 mechanisms as described above (Flores and von Bernhardi  2012 ; Tichauer and von 
Bernhardi  2012 ). Interestingly, this signaling pathway is impaired in the brains of 
AD patients and mouse models, resulting in Aβ accumulation, Aβ-induced neuro-
degeneration, and neurofi brillary tangle formation (Tesseur et al.  2006 ; Ueberham 
et al.  2006 ), even though TGFβ1 levels are elevated in the cerebrospinal fl uid of 
these patients (Blobe et al.  2000 ). Therefore, the Smad3 pathway could be consid-
ered as a target for therapeutic approaches against AD.  
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13.5     Increased Mitochondrial DNA Damage and Resultant 
Over-production of Reactive Oxygen Species 
and Infl ammatory Cytokines by Microglia 
During Aging  

 In the aging brain, microglia constitute a primary cellular source of infl ammatory 
molecules and oxidative products (Hayashi et al.  2008 ; Pawate et al.  2004 ; Qin et al. 
 2005 ). In the hippocampus of aged mice, immunoreactivity for 8-oxo- deoxyguanosine 
(8-oxo-dG), a major DNA peroxidation product, has been mainly observed in microg-
lial cells, and partially in neurons, but not in astrocytes (Hayashi et al.  2008 ). 
Furthermore, this immunoreactivity for 8-oxo-dG mainly colocalized with the cyto-
chrome  b , a marker of mitochondria, thus suggesting that microglia could accumulate 
oxidative damage to their mitochondrial DNA (mtDNA) over the course of aging. 
Mitochondrial DNA (mtDNA) serves to encode components of the mitochondria 
electron transfer complexes and is highly susceptible to oxidative damage due to its 
close proximity to ROS generated through the respiratory chain, and its paucity of 
protective histones and DNA-binding proteins. Accumulation of mtDNA damages 
during aging results in a reduced expression of the mitochondria electron transfer 
complexes, especially the complexes I and IV, which contain a relatively large number 
of mtDNA-encoded subunits. Reduced activity of the complex I further increases the 
generation of ROS (Corral-Debrinski et al.  1992 ; Lin et al.  2002 ), thus forming a 
vicious cycle in the mitochondria (Kang et al.  2007 ) (Fig.  13.1 ).

   In parallel, several changes induced by the aging environment, such as an 
increase in systemic infl ammation and BBB permeability, as well as dysfunction, 
oxidative stress and degeneration of the other resident cells including neurons and 
astrocytes (Fig.  13.2 ), could further contribute to the production and release of 
ROS. In aged animals, several studies have proposed that BBB permeability could 
increase (Blau et al.  2012 ; Enciu et al.  2013 ), and therefore, a possible production 
of ROS by peripheral immune cells in the aged brain must be considered. Lastly, 
neuronal cells could be implicated as well, since DNA damage to cortical, hippo-
campal, and peripheral neurons (from the myenteric plexus) has been found to 
induce their production of ROS and release of the pro-infl ammatory cytokine IL-6 
(Jurk et al.  2012 ). A similar role of human astrocytes was also recently suggested 
from in vitro observations (Sheng et al.  2013 ).

   The over-production of ROS, through a vicious cycle in the aging mitochondria, 
might also activate redox-sensitive transcription factor NFκB, implicated in the 
regulation of immunity, infl ammation, and cell death (Adler et al.  2007 ,  2008 ), 
thereby provoking excessive infl ammation in the aged brain (Hayashi et al.  2008 ; 
Nakanishi and Wu  2009 ) (Fig.  13.1 ). Increased NFκB signaling during aging further 
potentiates the expression of NLRP3, a member of the NLR family of cytosolic pat-
tern recognition receptors that control the activity of caspase-1 by forming multi-
protein complexes which are termed infl ammasomes. After being activated, the 
pyrin domain containing-3 protein (NLRP3) recruits the adaptor protein ASC, 
which in turn binds to pro-caspase-1, leading to its autocatalytic processing and 
activation. Active caspase-1 cleaves the inactive precursors of two infl ammatory 
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cytokines, IL-1β and IL-18, into their mature forms (Tschopp and Schroder  2010 ). 
NLPR3 has been proposed to be activated by several danger signals, including 
PAMPs and DAMPs, via three different models: the “ROS model,” the “lysosomal 
rupture model,” and the “channel model” (Tschopp and Schroder  2010 ). In the 
“channel model,” NLRP3 is activated by extracellular ATP released from damaged 
cells, which binds to the nucleotide receptor P2X7, and triggers a rapid effl ux of K +  
and the formation of a pore in the cell membrane, leading to the entry of extracel-
lular factors acting as NLRP3 ligands (including PAMPs and DAMPs). Herein, we 
will focus on the other two models, which have been associated with the altered 
function of microglia during aging. 

 According to the “ROS model” proposed by Tschopp’s group, particulate activators 
of the NLRP3 infl ammasome, including asbestos fi bers and silica crystals, trigger 
the generation of short-lived ROS, whereas treatment with various ROS scavengers 
blocks NLRP3 activation in response to these particulate activators. Monosodium urate 
crystal and asbestos fi ber, which are major causative factors of gout and asbestosis, 

  Fig. 13.1    Schematic representation of the “Microglia-Aging” hypothesis. Increased intracellular 
ROS activate the redox-sensitive NFκB to provoke excessive infl ammation in the aged brain. 
During aging, the NFκB pathway is activated through two different pathways, the mitochondria- 
derived ROS-dependent pathway and the direct ROS-independent pathway. The activation of the 
NFκB pathway induces the expression of pro-CatB, pro-IL-1β and NLRP3. CatB and the NLRP3 
infl ammasome are involved in the activation of pro-caspase-1, an essential enzyme for the proteo-
lytic processing of pro-IL-1β. Therefore, TFAM and CatB inhibitors inhibit the IL-1β-producing 
pathways in microglia, thereby improving the age-dependent defi cits in memory       
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respectively, activate the NLRP3 infl ammasomes in a ROS- dependent manner 
(Dostert et al.  2008 ). Recent studies have demonstrated that autophagic uptake 
capacity can regulate mitochondrial integrity, ROS production, and subsequent 
NLRP3 activation (Nakahira et al.  2011 ; Salminen et al.  2012 ; Zhou et al.  2011 ). 
Furthermore, NLRP3 activation is negatively regulated by autophagy, which plays 
an important role in clearing the damaged ROS-hypergenerating mitochondria. 
During aging, the effi ciency of autophagic uptake declines and waste materials 
accumulate within cells (Salminen et al.  2012 ). Furthermore, the inhibition of autoph-
agy triggers the accumulation of damaged ROS-hypergenerating mitochondria, which 
augments the activation of the NLRP3 infl ammasomes in human macrophages 
(Zhou et al.  2011 ). As discussed above, a dysfunction of autophagy has been reported 
in microglia during aging (reviewed in Wong  2013 ). Therefore, in addition to the 
activation of redox-sensitive NFκB, it is also hypothesized that the dominance of 
ROS-hypergenerating mitochondria, due to the dysfunction of autophagy, could 
contribute to activating the NLRP3 infl ammasome in microglia during aging, leading 
to excessive production of IL-1β and IL-18 in the aged brain (Fig.  13.1 ). 

 On the other hand, according to the “lysosomal rupture model” proposed by 
Latz’s group, the uptake of fi brillar Aβ 42  or silica crystals by LPS-primed microglia/
macrophages causes phagosomal destabilization and lysosomal rupture. The subsequent 
secretion of cathepsin B (CatB), a typical lysosomal cysteine protease, into the 

  Fig. 13.2    Schematic representation of microglial cell changes during aging. Aged microglia show 
alterations in their morphology and function, which can lead to neuronal damage and cognitive 
impairments, facilitating the onset of chronic neurodegenerative diseases. Mitochondrial and lyso-
somal dysfunctions observed during aging, which are modulated by the over-expression of TFAM 
and the inhibition of CatB, could represent the cellular basis of these changes. Therefore, TFAM 
and CatB could be considered as potential targets for the development of pharmacological inter-
ventions against aging-associated impairments       
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cytoplasm triggers the activation of the NLRP3 infl ammasome directly or indirectly, 
leading to the production and secretion of IL-1β and IL-18 (Halle et al.  2008 ; 
Hornung et al.  2008 ). More recently, CatB was found to directly interact with the 
leucine-rich-repeat (LRR) domain of NLRP3 (Bruchard et al.  2013 ). This model is 
supported by the observation that a specifi c inhibitor of CatB, CA074Me, signifi -
cantly inhibits IL-1β secretion from LPS-primed microglia and macrophages fol-
lowing the phagocytosis of fi brillar Aβ and silica crystals, respectively, (Halle et al. 
 2008 ; Hornung et al.  2008 ). Following the phagocytosis of fi brillar Aβ, the secretion 
of IL-1β from CatB-defi cient macrophages is signifi cantly reduced compared with 
wild-type macrophages (Hornung et al.  2008 ). Furthermore, NLRP3-defi cient mice 
carrying mutations associated with familial AD demonstrate improvement in spatial 
memory, a reduced expression of caspase-1 and IL-1β in the brain, and enhanced 
Aβ clearance (Heneka et al.  2013 ). Besides fi brillar Aβ and silica crystals, choles-
terol crystals and islet amyloid peptide, which are major causative factors of age- 
related diseases such as atherosclerosis and type 2 diabetes, respectively, also 
activate the NLRP3 infl ammasome in a CatB-dependent manner (Duewell et al. 
 2010 ; Masters et al.  2010 ). More direct evidence on the importance of the “lyso-
somal rupture model” will require identifi cation of the putative CatB substrates that 
activate the NLRP3 infl ammasome. Phagocytosed particles that are too large to be 
effi ciently cleared are likely to induce the production of ROS on their way to lyso-
somes. Therefore, the “lysosomal rupture model” could be viewed as part of a more 
general “ROS model.” It is likely that the activation of the NLRP3 infl ammasome is 
more complex, requiring a combination of factors, including enzymatic activity of 
CatB and ROS activity.  

13.6     Preventing or Reversing Microglia Aging by Inhibition 
of Cathepsin B 

 In addition to mediating the maturation of pro-caspase-1 through activation of the 
NLRP3 infl ammasome, CatB also directly contributes to the proteolytic maturation 
of pro-caspase-1. CatB can effi ciently cleave pro-caspase-11 in a cell-free system at 
a neutral pH, but only cleaves pro-caspase-1 at an acidic pH (Vancompernolle et al. 
 1998 ). Further cleavage is necessary for the full maturation of pro-caspase-1 after its 
proteolytic cleavage by CatB, because the fragments generated by CatB cleavage are 
still larger than the mature caspase-1 (Hentze et al.  2003 ). This suggests that CatB is 
involved in the activation of pro-caspase-1 through its direct activation of pro- 
caspase-11, which in turn activates pro-caspase-1 (Kang et al.  2000 ). CatB defi ciency 
and selective pharmacological inhibition with CA074Me prevent the activation of 
precursor forms of IL-1β and IL-18 in microglial cell cultures following treatment 
with chromogranin A (CGA), a potent activator of microglia, through inhibition of 
proteolytic maturation of pro-caspase-1 (Terada et al.  2010 ). CGA does not induce 
leakage of CatB in microglia (Sun et al.  2012 ; Wu et al.  2013 ), but it is known to 
activate microglia through scavenger receptors class-A (SRA) (Hooper et al.  2009 ). 
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CatB-containing enlarged lysosomes are considered to be phagolysosomes formed 
by the fusion of SRA-mediated phagosomes and primary lysosomes (Sun et al.  2012 ; 
Wu et al.  2013 ). Therefore, pro-caspase-1 and the inactive forms of IL-1β and 
IL-18 in the cytoplasm may be trapped in phagosomes, which are fused with CatB-
containing primary lysosomes to form phagolysosomes and thus degraded rather 
than being released extracellularly. It is also noted that CatB is increased in the 
brain during aging (Nakanishi  2003 ). Therefore, a pharmacological inhibition of 
CatB could be a potent strategy for slowing brain aging through inhibition of the pro-
caspase-1 activation in microglia, and resultant reduction of neuroinfl ammation 
(Fig.  13.1 ).  

13.7     Preventing or Reversing Microglia Aging by Elevation 
of Mitochondrial Transcription Factor-A 

 Mitochondrial transcription factor-A (TFAM) is a nucleus-encoded protein that 
binds upstream of the light-strand and heat-strand promoters of mtDNA and induces 
the transcription of mtDNA (Parisi and Clayton  1991 ). Therefore, the level of 
TFAM is a major determinant of the amount of mtDNA (Kanki et al.  2004 ; Seidel- 
Rogol and Shadel  2002 ). In addition to maintaining mtDNA by acting as a tran-
scription factor, TFAM stabilizes mtDNA by forming a nucleoid structure (Kanki 
et al.  2004 ). The amounts of both TFAM and mtDNA are signifi cantly increased 
during aging in the brain and peripheral organs including the liver of rodents 
(Dinardo et al.  2003 ; Masuyama et al.  2005 ). There is growing evidence that mtDNA 
defi ciency and mitochondrial dysfunction play a major role in the development and 
progression of cardiac failure (Ikeuchi et al.  2005 ), but whether these changes occur 
in aging microglia is not known. The over-expression of human TFAM has been 
shown to prevent the decrease in mtDNA copy number and mitochondrial electron 
transfer function in a partial myocardial infarction model of a mouse (Ikeuchi et al. 
 2005 ). The increased mtDNA copy number observed in hTFAM-transgenic mice 
could be due to nucleoid formation or the stabilization of mtDNA by hTFAM, 
because hTFAM is not expected to function as a transcription factor in murine cells 
(Kang et al.  2007 ). Therefore, oxidative stress may cause defi ciencies of mtDNA, 
leading to cardiac failure through mitochondrial dysfunction and resultant over- 
production of ROS. 

 The increased expression level of hTFAM in HeLa cells effectively reduces ROS 
generation induced by rotenone, an inhibitor of mitochondrial complex I, and the 
subsequent nuclear translocation of NFκB, probably through stabilization of 
mtDNA, which could reduce mitochondrial dysfunction and resultant ROS genera-
tion (Corral-Debrinski et al.  1992 ). Furthermore, hTFAM-transgenic mice exhibit 
a signifi cant improvement of age-dependent motor and memory impairments, 
associated with a marked reduction of mtDNA damage and IL-1β production in 
microglia (Hayashi et al.  2008 ; Nakanishi and Wu  2009 ). In addition to the motor 
and memory functions, sickness behaviors induced by LPS are also affected by aging 
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(Huang et al.  2008 ), as discussed above. Increasing evidence suggest that LPS-
induced NFκB activation through TLR4-CD14 complex is dependent on the pro-
duction of ROS (Baeuerle and Henkel  1994 ; Janssen-Heininger et al.  2000 ), and a 
broad range of antioxidants abolish NFκB activation (Blackwell et al.  1996 ; Zhang 
et al.  1994 ). These observations prompted further investigation of the effect of 
human TFAM over-expression on the age-dependent prolongation of LPS-induced 
sickness behaviors. In particular, human TFAM-transgenic mice were found to 
exhibit a signifi cant improvement of age-dependent prolonged sickness behaviors 
following treatment with LPS, which is closely correlated with attenuation of 
mtDNA damages and IL-1β expression in microglia (Nakanishi et al.  2011 ) 
(Fig.  13.1 ). Therefore, over-expression of hTFAM could improve the age-dependent 
memory impairment and prolonged LPS- induced sickness behaviors by ameliorat-
ing the mtDNA damage and the resulting redox-regulated infl ammatory response. 

 In the aging brain, there is an impairment of electron transfer in some mitochon-
drial complex, shifting the intracellular redox balance towards a more oxidized state 
(Navarro et al.  2002 ). Aged dysfunctional mitochondria may not respond to sudden 
increases in ATP demands, which has been speculated to lead to impaired perfor-
mance in behavioral tests (Navarro et al.  2002 ). Whether this impairment also 
occurs in aged microglia is not known, but it is likely that alterations in mitochon-
drial function result in a decreased microglial motility and phagocytosis, as they are 
energy-requiring events (Fig.  13.2 ). However, this hypothesis needs to be experi-
mentally determined. Microglia with highly branched fi ne processes are now being 
considered as active players in the normal healthy brain (see Chaps.   3    ,   4     and   9     for 
further information). Therefore, the accumulation of damaged ROS-hypergenerating 
mitochondria in microglia might limit microglial cell defensive behaviors, including 
motility and phagocytosis, during aging.  

13.8     Alternative Strategies for Preventing or Reversing 
Microglial Cell Aging 

 There is accumulating evidence that exercise and caloric restriction can play a role 
in reducing microglial activation and “priming” during aging. In aged animals, 
small amounts of exercise were found to prevent the infection-induced exaggerated 
neuroinfl ammatory response, which is associated with increased cytokine produc-
tion and increased cognitive defi cits (Barrientos et al.  2011 ). Moreover, voluntary 
exercise was found to abrogate the age-related “priming” of microglia (Barrientos 
et al.  2011 ; Kohman et al.  2013 ), suggesting that exercise might be an effective 
intervention to prevent or reverse microglial cell aging. These benefi cial effects of 
exercise may, in part, result from its induction of brain-derived neurotrophic factor 
(BDNF), which is a potent regulator of synaptic development and plasticity 
(Barrientos et al.  2011 ). On the other hand, caloric restriction could also attenuate 
the age-related activation of microglia, resulting in benefi cial effects on neurode-
generation and cognitive decline (Morgan et al.  2007 ). Caloric restriction has 
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anti- infl ammatory and anti-apoptotic properties (Loncarevic-Vasiljkovic et al.  2012 ). 
Interestingly, both exercise and caloric restriction were recently shown to promote 
mitochondrial biogenesis and expression of TFAM in the rat brain (Picca et al. 
 2012 ; Zhang et al.  2012 ). Collectively, both exercise and caloric restriction may 
effectively slow down the brain aging through preventing or reversing microglial 
aging. However, their exact underlying mechanisms remain unknown.  

13.9     Conclusion 

 During normal aging, microglia undergo several morphological and functional 
changes, affecting their neuronal environment and facilitating the appearance of 
cognitive impairments. Among these changes, increased production of ROS and 
pro-infl ammatory cytokines by microglia and other resident and infi ltrating cells, 
including monocytes, could facilitate the onset of neurodegenerative diseases. 
Decline of both lysosomal function and mitochondrial DNA damage in these cells 
results in an exacerbated generation of ROS and pro-infl ammatory mediators, 
which could represent the cellular basis of microglia aging. Therefore, molecules 
implicated in lysosomal and mitochondrial dysfunction, such as CatB and TFAM, 
may be considered as potential therapeutic targets. Further research would be nec-
essary, however, to develop effective pharmacological interventions against brain 
aging. Within this perspective, pharmacological approaches aimed to rejuvenate 
old microglia in the elderly brain may constitute a promising future research avenue 
for slowing senescence. Furthermore, non-pharmacological strategies, like exercise 
and dietary restriction, could promote a healthy aging through their effects on 
promoting microglial surveillance and physiological functions, while reducing 
infl ammation and ROS production.     
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    Chapter 14   
 Neurodevelopmental and Neuropsychiatric 
Disorders 

             Akira     Monji      ,     Izumi     Maezawa      ,     Yoshito     Mizoguchi      ,     Takahiro     A.     Kato      , 
and     Lee-Way     Jin     

    Abstract     The etiology of neuropsychiatric disorders such as autism spectrum 
disorders (ASDs) and schizophrenia remains unclear. However, many aspects of 
their neuropathology were recently reported to be closely associated with microglial 
dysfunction. Microglia, which are the major players of innate immunity in the 
central nervous system, respond rapidly to pathological changes, even minor ones, 
and contribute directly to neuroinfl ammation by producing various cytokines and 
free radicals. Recent studies revealed that microglia become activated over the 
course of ASDs and schizophrenia, using brain neuroimaging and postmortem ana-
lyzes. Recent studies have also shown inhibitory effects of some antipsychotics on 
the release of infl ammatory cytokines and free radicals from activated microglia, 
causing synaptic and white matter abnormalities as seen in ASDs and schizophrenia 
postmortem brains. In addition, recent evidence strongly suggests a neurodevelop-
mental role for microglia in regulating the formation/function of neuronal circuits by 
their phagocytic activity and structural interactions with synapses. In Rett syndrome 
(RTT) particularly, microglia become dysfunctional and neurotoxic, thus contributing 
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to abnormal brain development. Populating the brain of RTT mice with wild-type 
microglia was also found to arrest the disease, indicating an essential role of microg-
lia in regulating the neurodevelopmental trajectory. In summary, emerging evidence 
indicates that microglia are closely related to the progression and outcome of ASDs 
and schizophrenia. Understanding microglial pathology may shed new light on the 
most promising therapeutic strategies for ASDs and schizophrenia, among other 
neuropsychiatric disorders.  

  Keywords     Microglia   •   Schizophrenia   •   Autism spectrum disorders   •   Rett syndrome   
•   Neuroinfl ammation   •   Cytokines   •   Free radicals   •   Phagocytosis   •   Antipsychotics  

      Bullet Points  

•      An accumulating body of evidence points to the signifi cance of neuroinfl ammatory 
processes in the etiology of autism spectrum disorders (ASDs) and schizophrenia.  

•   In the central nervous system, their neuropathology is closely associated with 
microglial dysfunction, including release of pro-infl ammatory and neurotoxic 
mediators, and impaired phagocytosis.  

•   Antipsychotics, minocycline, non-steroidal anti-infl ammatory drugs, and inhibi-
tors of the mammalian target of rapamycin (mTOR) signaling pathway inhibit 
release of pro-infl ammatory and neurotoxic mediators from microglia and cells 
of the peripheral immune system.  

•   Controlling microglial activation and rescuing their normal physiological properties 
may shed new light on the therapeutic strategies for ASDs and schizophrenia.     

14.1     Introduction 

 Research into neuropsychiatric disorders has so far been “neuronocentric”. However, 
several categories of neuropsychiatric disorders show no overt alterations of brain 
architecture, leaving neuropathologists and neuroanatomists clueless. Schizophrenia, 
for example, was famously named “the graveyard of neuropathologists” due to its lack 
of useful pathological features for diagnosis, both at the anatomical or microscopic 
levels (Iritani  2007 ). Similarly, while many neuroimaging and neuropathological 
abnormalities have been described for ASDs, there is no widely validated structural 
abnormality allowing for clinicopathological correlation (Pickett and London  2005 ; 
Casanova  2007 ; Polsek et al.  2011 ). However, recent neurochemical and brain imag-
ing studies have moved microglia into the center of attention. A few radiotracers were 
developed to evaluate changes in microglial function in vivo using positron emission 
tomography (PET), including [11C]-(R)-PK11195, a ligand of peripheral benzodiaz-
epine receptors which predominantly binds to morphologically “activated” microglia 
(Benavides et al.  1988 ; Pike et al.  1993 ). The availability of well-preserved postmor-
tem brain samples and several established microglial histological markers in recent 
years has also allowed neurochemical evaluations of microglia in brain pathologies. 
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At the experimental biology level, innovative molecular genetic and biophotonic 
approaches are now enabling investigators to visualize the dynamic behavior of 
microglial cells in vivo, while introducing microglia- targeted gene deletions and abla-
tions. Therefore, we are at the brink of making fundamental discoveries regarding 
microglial contributions to neuropsychiatric disorders. In this chapter, we will review 
two prominent categories of neuropsychiatric disorders, ASDs and schizophrenia, to 
exemplify the pathological roles of microglia, either acting as primary instigators due 
to genetic defects, or responding aberrantly to prenatal, perinatal, or postnatal insults 
specifi cally associated with the disease, at the interphase between environmental 
alterations and the resulting brain responses.  

14.2     Autism Spectrum Disorders 

 Autism is a complex developmental disability which was fi rst described by Leo 
Kanner in 1943. Although initially considered a rare infantile disorder, recent sur-
veys estimated that as many as one in 80 children in the United States are affected 
by some form of ASDs, an alarming statistics that could mount to an “autism epi-
demic” (Rice  2009 ; Williams  2012 ). Individuals with autism fail to properly share 
emotions or understand how others feel, have problems in verbal and non-verbal 
communications (such as eye contact or smiling), show repetitive behaviors, and 
obsessively follow certain routines. The term ASDs is used to include heteroge-
neous disorders grouped together based on similar features of atypical development 
in socialization, communication, and behavior. These conditions include autistic 
disorder (also called “classic” autism), Asperger syndrome, and pervasive develop-
mental disorder-not otherwise specifi ed (PDD-NOS). Children with Asperger syn-
drome or PDD-NOS have fewer diagnostic symptoms and milder impairment 
compared with classic autism. The clinical heterogeneity of ASDs is perhaps the 
result of etiological heterogeneity; it is now generally agreed upon that autism is the 
consequence of complex interplays between heritable genetic factors and environ-
mental factors infl uencing individual’s epigenome (Geschwind  2011 ; Hallmayer 
et al.  2011 ; LaSalle  2011 ). Symptoms of ASDs typically are present before 3 years 
of age and often are accompanied by abnormalities in cognitive functioning, learn-
ing, attention, and sensory processing (Yeargin-Allsopp et al.  2003 ). 

 There currently is no cure for autism. Although there are a growing number of 
proposed and actually administered treatments for patients with autism (many of 
them without much justifi cation), behavioral intervention programs remain the 
treatment of choice (Vismara and Rogers  2010 ). Major challenges for fi nding a 
cure include the etiological heterogeneity and the lack of consistent and reliable 
genetic or biologic diagnostic markers for accurate classifi cation and early diagno-
sis of ASDs. The behavioral disabilities can be attributed to abnormal functions of 
synapses, which normally show remarkable plasticity throughout life. Functional 
imaging studies have established autism as a disorder of under-connectivity among 
the brain regions participating in cortical networks (Minshew and Keller  2010 ). 
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Studies on the genetic etiology of autism have also uncovered genes that regulate 
synaptic functions (Geschwind  2008 ; Betancur et al.  2009 ). However, these rare 
genetic variants, which by themselves alone might be suffi cient to cause autism, 
only account for 10–20 % of autism cases. The more common neurobiological basis 
of autism seems to be a complex combination of common genetic variants, epigen-
etic regulation, environmental factors, glial cell abnormalities, aberrant developmen-
tal and possibly adult neurogenesis, blood factors (for example, auto-antibodies), to 
name just a few. These risk factors are interrelated, and it has been argued previously 
that microglia and associated neuroinfl ammation play an important role in mediating 
the heterogeneous effects of various insults, especially environmental ones, on the 
neurodevelopmental trajectory leading to autism (Maezawa et al.  2011 ). 

14.2.1      Immune Dysregulation in ASDs 

 Perinatal exposures, obstetric complications, and environmental toxins are all 
known to impose risks to autism, thus pointing to an immune/infl ammatory etiology 
(   Goines et al.  2011a ,  b ), similar to schizophrenia as discussed below. Indeed, sys-
temic immune dysregulation is an inherent component of ASDs. For example, many 
patients with ASDs have food allergies and allergy-like symptoms without positive 
objective test results. The rather common presentation of gastrointestinal problems 
is often attributed to dietary allergy. Patients with ASD frequently have infl amma-
tory bowel disorders of various severities, showing lymphoid hyperplasia. Peripheral 
blood profi les often present irregularities including decreased numbers of B and T 
lymphocytes, reduced lymphocytic response to stimulation, increased numbers of 
monocytes, abnormal cytokine profi les, abnormal immunoglobulin levels, and 
increased myeloid dendritic cell densities (Goines et al.  2011a ,  b ; Breece et al. 
 2013 ). Numerous studies of serum cytokines demonstrated lower levels of trans-
forming growth factor β (TGFβ) and higher levels of macrophage inhibitory factor, 
leptin, interleukin 1β (IL-1β), IL-6, interferon γIFNγ, and IL-12 in various age 
groups of patients with ASDs (Goines et al.  2011a ,  b ; Goines and Ashwood  2013 ). 
Skewed cytokine levels were also observed in brain and gastrointestinal specimens, 
in circulating immune cells isolated from ASD subjects, and in amniotic fl uid sam-
ples from mothers giving birth to a child with ASD. Although ASD patients rarely 
present defi ned auto-immune disorders, several groups have independently discov-
ered auto-antibodies against various components of the central nervous system 
(CNS). These antibodies have diverse brain-specifi c targets, such as myelin basic 
protein (MBP), brain serotonin receptors, brain endothelial cell proteins, brain- 
derived neurotrophic factor, neurofi lament proteins, heat shock proteins, Purkinje 
cell proteins, cerebellar Golgi cell proteins, and proteins in caudate nucleus, hypo-
thalamus, and thalamus (Goines et al.  2011a ,  b ). How the above-described aberrant 
immune activities contribute to the core symptoms and comorbidities of ASDs is 
unknown, but they are clear signs of immune dysregulation that likely promotes 
neuroinfl ammation.  
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14.2.2      ASDs and Microglial Activation 

 The pioneer work of Vargas and colleagues and subsequent studies revealed an active 
neuroinfl ammatory phenotype for microglia in the postmortem brains of patients 
with autism (Vargas et al.  2005 ; Zimmerman et al.  2005 ; Chez et al.  2007 ; Morgan 
et al.  2010 ). Marked changes in microglial morphology, accompanied by a unique 
profi le of pro-infl ammatory cytokines were seen in the cerebral cortex, white matter, 
and cerebellum. Two cytokines in particular, the pro-infl ammatory macrophage che-
moattractant protein 1 (MCP-1) and the anti-infl ammatory TGFβ, both derived from 
microglia and astrocytes, were the most prevalent cytokines in autism brain tissues. 
Cerebrospinal fl uid (CSF) samples from patients with autism also showed an increase 
in MCP-1 (Vargas et al.  2005 ) and TNFα (Chez et al.  2007 ). The presence of high 
levels of MCP-1 and TGFβ is indicative of a chronic infl ammatory state involving a 
cascade of pro- and anti-infl ammatory responses in autism. The implications of these 
fi ndings could be highly signifi cant when interpreted in the context of the above-
described systemic immune dysregulation in autism. These fi ndings could provide a 
link between the peripheral immune abnormalities and the neurotoxic events in the 
brain. For example, activated microglia were observed to be intimately associated 
with Purkinje cells undergoing apoptosis in cerebellar organotypic cultures during 
normal development. This could be consistent with a role for microglia in develop-
mentally regulated neuronal death by promoting Purkinje cell apoptosis (Marin-Teva 
et al.  2004 ) (see Chap.   7     for further reading), an important physiological activity 
which could be impaired in autism. Microglial abnormality could also result from 
CNS or peripheral immune signals, such as auto-antibodies as discussed above 
(Wills et al.  2009 ; Goines et al.  2011a ,  b ), or from peripheral chemokines/cytokines 
(such as IL-1β, IL-6, and TNFα) up-regulated in autism (Gupta et al.  1998 ; Jyonouchi 
et al.  2001 ; Vargas et al.  2005 ). The chemotactic/phagocytic activity of microglia 
could also be impaired, further aggravating the symptoms by insuffi cient clearance 
of cellular debris (Derecki et al.  2013 ). (see discussion below in Sect.  2.3 .) Excessive 
microglia activation in vivo in young adults (age 18–31) affected by ASDs was 
confi rmed by Suzuki and colleagues using PET with [11C]-(R)-PK11195. In this 
study, ASD brain regions showing increased binding of the radiotracer included the 
cerebellum, midbrain, pons, fusiform gyri, and the anterior cingulate and orbito-
frontal cortices. The most prominent increase was observed in the cerebellum 
(Suzuki et al.  2013 ).  

14.2.3      The Central Role of Microglia in Rett Syndrome, 
A Syndromic ASD 

 RTT is one of the “syndromic” ASDs. These are a group of genetically diverse 
neurodevelopmental disorders with high penetrance of ASD diagnosis (Levitt 
and Campbell  2009 ) that include fragile X (FXS), Rett, Angelman, Prader-Willi, 
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15q duplication, Timothy, and Smith-Lemli-Opitz syndromes, as well as neurofi -
bromatosis and tuberous sclerosis complex (TSC). Although they represent only a 
minority of children with autism, studying these disorders is likely to lead to impor-
tant clues about the pathogenetic pathways of autism considering that they are rela-
tively homogeneous compared to classic autism and show clear genetic and metabolic 
abnormalities that are amenable to animal modeling (Levitt and Campbell  2009 ). For 
example, autism occurs in approximately 30 % of FXS cases, and PDD-NOS in an 
additional 30 % of FXS cases (Hagerman et al.  2010 ). Similarly, abnormal expres-
sion of methyl CpG-binding protein 2 (MeCP2), the protein that is defi cient in 
patients with RTT due to loss-of-function mutations of the X-linked MECP2, also 
signifi cantly contributes to the development of autism, due to epigenetic dysregula-
tion (Lasalle and Yasui  2009 ). Reduced MeCP2 expression has been observed in 
79 % of autism brain samples, correlating with aberrant methylation of the MECP2 
promoter in male autism samples (Nagarajan et al.  2006 ). 

 RTT primarily affects young girls (Mecp2 −/+  with mosaic expression of MeCP2 
due to X-chromosome inactivation), who develop normally until 6–18 months of 
age, at which time they start a progressive loss of neurodevelopmental milestones. 
This regressive period is characterized by deceleration of brain growth, loss of 
motor skills (including purposeful hand movements), ataxia, loss of vocalization 
skills, loss of cognitive capability, onset of autistic features, seizures, and respira-
tory dysfunction. This regressive course is strikingly similar to that of regressive 
autism (Zoghbi  2003 ). Both RTT and regressive autism share the neuropathological 
basis of dendritic and synaptic abnormalities (Zoghbi  2003 ; Chahrour and Zoghbi 
 2007 ; Shepherd and Katz  2011 ), suggesting that MeCP2 dysregulation could also 
play a role in promoting the regressive course of autism. 

 Remarkably, microglia play an essential role in RTT, as demonstrated by mouse 
model studies. First, Maezawa and Jin identifi ed a neurotoxic activity from highly 
pure MeCP2-defi cient microglia derived from a line of Mecp2-null mice and later 
identifi ed the activity as glutamate, a major excitatory neurotransmitter acting as an 
excitatory neurotoxin when in excess. MeCP2-defi cient microglia produce fi ve 
times more glutamate than wild-type microglia, in part due to a higher expression of 
the mitochondrial enzyme glutaminase which generates glutamate from glutamine 
(Maezawa and Jin  2010 ). The over-produced glutamate was also demonstrated to be 
toxic to neurons, similar to what has been shown in several neurodegenerative 
disorders. In the context of neurodevelopmental disorders, these fi ndings may addi-
tionally point to a possible detrimental effect of elevated glutamate on microglial 
physiological properties, including their motility and phagocytosis activity, as well as 
neuronal and synaptic activity. (see Chaps.   3    ,   4     and   9     for further reading.) Microglia 
processes make brief and direct contacts with synaptic elements (dendritic spines, 
axon terminals) in adolescent and adult cerebral cortex in vivo, at regular frequen-
cies which may depend on neuronal activity (Wake et al.  2009 ; Tremblay et al. 
 2010 ), and presumably on activity-dependent glutamate release, considering 
that microglia express several ionotropic and metabotropic glutamate receptors. 
(see Chap.   3     for more information.) In the larval zebrafi sh, microglial processes 

A. Monji et al.

http://dx.doi.org/10.1007/978-1-4939-1429-6_3
http://dx.doi.org/10.1007/978-1-4939-1429-6_9
http://dx.doi.org/10.1007/978-1-4939-1429-6_4
http://dx.doi.org/10.1007/978-1-4939-1429-6_3


351

preferentially navigate toward and subsequently make bulbous contact with neurons 
exhibiting high levels of spontaneous activity. Increasing neuronal activity by 
glutamate uncaging also steers microglial processes toward the uncaging site while 
inducing the formation of bulbous endings (Li et al.  2012 ). Pharmacological studies 
in retinal explants further revealed that microglial morphological parameters 
(such as size and complexity of dendritic morphology) and process motility were 
increased by ionotropic glutamatergic neurotransmission and decreased by iono-
tropic GABAergic neurotransmission (Fontainhas et al.  2011 ). Interestingly, the net 
consequence of microglia-neuron contact during activity-dependent glutamate 
release was a reduction in neuronal activity (Li et al.  2012 ). Thus, microglia could 
perform a delicate regulation of neuronal activity, using glutamate as an essential 
signaling molecule. Within this perspective, the “hyperactive” phenotype of RTT 
microglia might disturb normal homeostasis by over-producing glutamate, thus 
contributing to the synaptic dysfunction in RTT; however, this hypothesis remains 
to be experimentally determined. 

 Another unexplored aspect is the particular mechanism by which glutamate 
over-production might affect microglial phagocytic activity (Domercq et al.  2013 ). 
In a recent study by Derecki and colleagues, a bone marrow transplant experiment that 
successfully engrafted microglia-like cells from donor wild-type mice into the brains 
of recipient Mecp2-null mice was conducted, leading to the surprising discovery that 
RTT-like pathology could be halted in these mice. The null mice receiving transplant 
showed remarkable improvement in several RTT-like phenotypes including apnea, 
tremors, and locomotor performance, and their lifespan was extended from 8 to 10 
weeks to nearly 1 year. This study further revealed that primary Mecp2-null microglia 
have a striking impairment in their phagocytic ability, while pharmacological inhibi-
tion of phagocytic activity, by using annexin V to block phosphatidylserine residues 
on apoptotic targets, diminished the benefi cial effects of the transplant (Derecki et al. 
 2012 ). The exact microglial mechanism implicated in RTT remains to be deter-
mined, but this study showing that simply providing healthy myeloid cells rescues 
a severe brain pathology strongly supports a central role for systemic and brain 
immune function in ASDs, and possibly other neurodevelopmental disorders affecting 
synaptic connectivity. The evidence for an emerging role of microglial phagocytosis 
of synapses in neurodevelopment is discussed in details in Chap.   9     (Tremblay et al. 
 2010 ; Paolicelli et al.  2011 ; Schafer et al.  2012 ).   

14.3     Schizophrenia 

 Schizophrenia is a severe neuropsychiatric disorder affecting about 1 % of the world 
population. The onset of full-blown schizophrenia is typically in late adolescence or 
early adulthood, with characteristic symptoms which are both positive (delusions, 
hallucinations, and disorganized speech) and negative (affective fl attening, alogia, 
and avolition). Cognitive functioning, working memory, learning, attention, and 
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sensory processing also become impaired, as in autism, sometimes causing great 
emotional distress. In addition to severely disrupting the life of the patient and their 
family, schizophrenia incurs a great cost to society in terms of years lost and 
treatment- related expenses. Many recent neuroimaging studies using magnetic res-
onance imaging (MRI) have provided evidence for a progressive brain atrophy over 
the course of schizophrenia (Davis et al.  2003 ; Kumra et al.  2005 ; Salisbury et al. 
 2007 ; Hulshoff Pol and Kahn  2008 ; Womack et al.  2011 ), thus suggesting neurode-
velopmental and neurodegenerative aspects to the disease, which are together 
resulting in cognitive impairment (Lieberman  1999 ; Perez-Neri et al.  2006 ). 
Increased serum and CSF levels of the calcium-binding protein S100B, a neuroin-
fl ammation marker produced mainly by astrocytes that is associated with the 
destruction of brain tissue in various forms of neurodegeneration, have been reported 
in patients showing negative symptoms (Schmitt et al.  2005 ). In this section we will 
review the roles of neuroinfl ammation and microglial cells particularly in apoptosis 
and white matter disorders in the pathophysiology of schizophrenia and discuss the 
potential therapeutic strategies aimed at targeting microglia (Fig.  14.1 ).
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etc.)

[free radicals]
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  Fig. 14.1     The microglial hypothesis of schizophrenia . Several lines of evidence suggest that 
microglia might be involved in schizophrenia. (see main text for details.) Microglia activated by 
PAMPs and DAMPs (pathogen- and danger-associated molecular patterns), as well as psychoso-
cial stress produce free radicals and pro-infl ammatory cytokines, which contribute to neuronal 
degeneration and white matter abnormality, in addition to reducing neurogenesis. Together, these 
alterations may contribute to the development, onset, or relapse of schizophrenia. Microglial 
infl ammatory activity is reduced by NSAIDs (non-steroidal anti-infl ammatory drugs), antibiotics 
such as minocyline, and antipsychotic drugs. Direct evidence is shown by the  solid arrows , 
whereas hypotheses to be tested are shown by the  dashed arrows        
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14.3.1       Neuroinfl ammation and Schizophrenia 

 Jurius Wagner-Jauregg, who was awarded the Nobel Prize in Medicine in 1927, fi rst 
proposed the use of fever induction as a method for treating mental diseases. His 
well-known “pyrotherapy” might have instigated a fi eld of investigation regarding 
this involvement of the immune system in schizophrenia. An accumulating body of 
evidence points to the signifi cance of neuroinfl ammation in schizophrenia, charac-
terized by an increased serum concentration of several pro-infl ammatory cytokines 
including IL-2, IL-6, and IL-8 (Lin et al.  1998 ; Zhang et al.  2004 ; Drzyzga et al. 
 2006 ; Potvin et al.  2008 ; Meyer  2011 ; Miller et al.  2011 ). A DNA microarray study 
also revealed increased expression of genes related to immune functions in the 
dorsolateral prefrontal cortex (involved in sustaining attention and working mem-
ory) of schizophrenic patients (Arion et al.  2007 ), while another investigation of the 
same brain region revealed changes in the molecular substrates of schizophrenia 
from early to chronic stages of disease progression (Narayan et al.  2008 ). In the lat-
ter study, short-term illness was particularly associated with a gene expression pro-
fi le characterized by the disruption of gene transcription, metal-binding, RNA 
expression, and vesicle-mediated transport, whereas long-term illness was associ-
ated with infl ammation, stimulus–response   , and immune functions (Narayan et al. 
 2008 ). Recent genome-wide studies in schizophrenia additionally revealed an asso-
ciation with genetic markers within the major histocompatibility complex (MHC), 
which is involved in antigen presentation (see Chap.   5     for additional information) 
(Stefansson et al.  2009 ; Jia et al.  2010 ). Peripheral infl ammatory responses were 
further linked to variations in the number of circulating monocytes and T-cells in the 
transcriptome of schizophrenic patients (Drexhage et al.  2010 ). Moreover, recent 
reports have shown elevated levels of IL-1β in the CSF of drug-naïve patients 
(Soderlund et al.  2009 ), as well as blood lymphocyte abnormalities in drug-naïve fi rst 
episode psychosis (Miller et al.  2013 ), thus suggesting immune dysfunction through-
out the brain and periphery. With two additional studies demonstrating increased levels 
of infl ammatory markers in schizophrenia (Dean et al.  2013 ; Fillman et al.  2013 ), 
including TNF receptor 1 mRNA (Dean et al.  2013 ), these observations together 
support an important immunological aspect of the disease neuropathology. 

 Several epidemiologic studies demonstrate a signifi cant impact of exposures, 
obstetric complications, and environmental toxins during perinatal development on 
the risk of developing schizophrenia, thus pointing to an immune/infl ammatory 
etiology as in autism. Infection with infl uenza, rubella, herpes simplex virus-type2, 
or toxoplasma gondii during the perinatal period of life acts as a vulnerability factor 
for late-life alterations in the production of pro-infl ammatory cytokines, accompa-
nied by marked changes in cognitive and affective behavior throughout the lifespan. 
Two case-controlled studies revealed an association between elevated serum levels 
of maternal TNFα or IL-8 and increased risk of developing schizophrenia in the 
offspring (Ashdown et al.  2006 ; Nawa and Takei  2006 ; Deverman and Patterson 
 2009 ; Ellman and Susser  2009 ; Brown and Derkits  2010 ). Other known risk factors 
for schizophrenia such as malnutrition and psychological stress during prenatal 
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development are similarly accompanied by upregulation of pro-infl ammatory 
cytokines in the serum of the mother (Deverman and Patterson  2009 ). Evidence 
from recent animal studies suggests that most viral infections do not appear to cross 
the placenta; therefore, their teratogenic infl uence might be more related to mater-
nal, foetal, and/or placental responses to infection. 

 Schizophrenic patients have a reduced lifespan, with cardiovascular disorders 
being the main cause of death. In addition, these patients have a high prevalence of 
type 2 diabetes mellitus, which is a particularly strong risk factor for cardiovascular 
mortality, i.e., a risk equivalent to myocardial infarction, and is linked to neurode-
generative diseases. Diabetes mellitus is a metabolic syndrome characterized by 
high blood sugar that is related to an infl ammatory state in the fat tissue. In recent 
years, there has been an exponential increase in the schizophrenia literature discuss-
ing the high prevalence of type 2 diabetes and pre-diabetic states including meta-
bolic syndrome. These results are very important because insulin resistance has 
been observed in antipsychotic-naïve schizophrenic patients. In addition, second- 
generation antipsychotics such as olanzapine and clozapine have been associated 
with the development of metabolic syndrome which is a cluster of the most danger-
ous heart attack risk factors, and type 2 diabetes (Meyer and Stahl  2009 ; Devaraj 
et al.  2010 ; Nielsen et al.  2010 ). Beumer and colleagues recently suggested that the 
increased serum levels of cytokines, chemokines, and adipokines in schizophrenic 
patients may not only be related to the disease itself, but also to the metabolic syn-
drome (Beumer et al.  2012 ). Lastly, C-reactive protein (CRP) is a pentameric pro-
tein that is generated largely in the liver and secreted in the blood, providing a 
reliable marker of chronic infl ammation in the body. In the blood of schizophrenic 
patients, CRP levels were found to be increased and further associated with the 
cardiovascular risk factors especially in patients treated with antipsychotics of the 
second generation which will be discussed below (Dieset et al.  2012 ; Dickerson 
et al.  2013 ).  

14.3.2     Schizophrenia and Microglial Activation 

 To account for these immunological changes in schizophrenia, Bilbo and colleagues 
hypothesized that a subset of microglial cells could permanently remain in a 
“primed” state following perinatal infection, causing exaggerated release of 
pro- infl ammatory cytokines by the “primed” microglia upon subsequent immune 
challenge (Bilbo and Schwarz  2009 ; Bland et al.  2010 ). Many infections can induce 
symptoms of mental illness, but even though most symptoms generally disappear 
after recovery from the acute illness, some symptoms may persist if the acute infec-
tion becomes chronic. Microbes, which have the ability to permanently reside in the 
body, could permanently disturb brain functions. In the prefrontal cortex of schizo-
phrenic patients, an increased prevalence of DNA from the infecting bacteria 
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Chlamydophila causing microglial activation was indeed reported (Fellerhoff and 
Wank  2011 ), suggesting that chronically infected microglia may permanently 
impair normal brain functions thus represent a mechanism causing illness in schizo-
phrenia. Using an analog of viral double-stranded RNA    (polynsinic-polycytidylic 
acid sodium salt [poly I:C]), a recent study further revealed that maternal infection 
during embryogenesis contributes to exacerbating microglial activation in the off-
spring (Juckel et al.  2011 ). 

 Recent animal studies have additionally shown that psychological stress induces 
changes in microglial morphology suggestive of an altered function. For example, 
microglia become more numerous and display hyper-ramifi ed processes in the 
hippocampus and prefrontal cortex after repeated restraint stress, and they lose 
their processes in the hippocampus, prefrontal cortex, and amygdala following 
repeated social defeat (Frank et al.  2007 ; Schiavone et al.  2009 ; Tynan et al.  2010 ; 
Wohleb et al.  2011 ; Hinwood et al.  2012 ). A combined exposure to prenatal 
immune challenge and variable, unpredictable stress during peripubertal develop-
ment was lastly shown to induce a synergy of pathological effects on adult behavior, 
notably the impairment of associative learning, accompanied by microglial activation, 
including increased numbers of primary processes and branch points in hippocampus 
(Giovanoli et al.  2013 ). 

 Hypoglutamatergic states and impaired  N -methyl- D -aspartate (NMDA) signal-
ing are considered as main contributors to the pathophysiology of schizophrenia. 
NMDA antagonists such as phencyclidine (PCP), ketamine, and MK-801 are com-
monly used for modeling schizophrenia in experimental animals (Javitt  2010 ). 
However, all three NMDA antagonists are known to induce microglial activation in 
rodent brains (Nakki et al.  1995 ,  1996 ). Interestingly, an increased microglial den-
sity is also suggested by postmortem observations, at least in a subpopulation of 
individuals with schizophrenia (Bayer et al.  1999 ; Radewicz et al.  2000 ; Steiner 
et al.  2006 ; Schnieder and Dwork  2011 ). Highly elevated microglial cell numbers 
were measured in the anterior cingulate cortex and mediodorsal thalamus of schizo-
phrenic patients who committed suicide during acute psychosis (Steiner et al.  2006 ). 
By using [11C] (R)-PK11195 to visualize microglial activation in a non-invasive 
manner, researchers have recently reported an increased microglial activation in the 
grey matter or hippocampus of patients with schizophrenia (van Berckel et al. 
 2008a ; Doorduin et al.  2009 ). These PET studies demonstrated that activated 
microglia are present in the early stages of disease putatively associated with ongo-
ing neuronal injury (van Berckel et al.  2008a ,  b ), but also in patients just recovering 
from a psychotic state in which neuroinfl ammation has been proposed to be exacer-
bated (Doorduin et al.  2009 ). Another recent PET study in chronic schizophrenia 
has shown a positive correlation between levels of the [11C] DAA1106 radiotracer, 
binding to the peripheral benzodiazepin receptor similarly to [11C] (R)-PK11195, 
and the positive symptoms scores as well as the illness duration in schizophrenic 
patients (Takano et al.  2010 ). Nevertheless, it remains unclear whether microglial 
activation is neuroprotective or detrimental in schizophrenia.  
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14.3.3     Schizophrenia and Apoptosis 

 Structural brain abnormalities are extensively and consistently documented in 
schizophrenia. Longitudinal studies of brain structure using high-resolution MRI 
found a progressive reduction of brain volumes over time, following the course of 
illness and treatment outcome in schizophrenic patients (Davis et al.  2003 ; Kumra 
et al.  2005 ; Salisbury et al.  2007 ). A recent review proposed that brain tissue pro-
gressively decreases, while lateral ventricle volume increases, in chronically ill 
patients with schizophrenia, until over 20 years after onset of the symptoms 
(Hulshoff Pol and Kahn  2008 ). In fact, multiple lines of evidence combine to impli-
cate an increased susceptibility for apoptotic death in the pathophysiology of 
schizophrenia. Indeed, the well-characterized reduction in neuronal and astrocytic 
numbers, and the decreased volumes of neuropil, is considered as especially caused 
by the loss of synaptic elements. Neuroimaging evidence of progressive gray matter 
loss has been observed early over the course of disorder, as described above, and 
make apoptosis a plausible mechanism explaining the neurodegenerative aspect of 
schizophrenia. The activation of apoptotic processes rapidly can lead to neuronal 
death. However, recent experimental data also indicate that sublethal apoptotic 
activity can trigger the selective elimination of synapses (Jarskog et al.  2005 ; Glantz 
et al.  2006 ). Pro-infl ammatory cytokines such as TNFα are well characterized as 
mediators of oxidative stress, inducing apoptosis of human cortical neuron and 
oligodendrocytes in vitro (Medina et al.  2002 ; Buntinx et al.  2004 ). In addition, 
nitric oxide (NO) has been reported to directly induce neuronal apoptosis mediated 
by pro-infl ammatory cytokines (Palluy and Rigaud  1996 ; Hu et al.  1997 ). Further, 
the interaction between NO and superoxide anion (O2 − ), which can be generated by 
activated microglia, forms the highly toxic peroxynitrite (ONOO − ) that is well 
known for triggering apoptotic cell death. High levels of NO and TNFα could affect 
synaptogenesis, synaptic plasticity, and neuronal connectivity, as well as composi-
tion of synaptic membranes (Sunico et al.  2005 ; Stellwagen and Malenka  2006 ). 
In light of these observations, alteration in the synaptic organization of the brain is 
now emerging as one of the key features of schizophrenia (Roberts et al.  2005 ). 
Several postmortem studies found changes in the density of dendritic spines within 
brain regions showing the greatest indices of gray matter loss in schizophrenia, 
particularly the dorsolateral prefrontal cortex, superior temporal gyrus, and hippo-
campus. These results reveal a strong association between the region-specifi c loss of 
gray matter and reduced density of dendritic spines, respectively, measured in vivo 
using high-resolution MRI and in situ using light microscopy analyzes of postmor-
tem samples, with the hypoactivity measured in vivo using functional MRI (fMRI) 
(Penzes et al.  2011 ). Therefore, it is becoming clear that a synaptic pathology coex-
ists with the infl ammatory response in schizophrenic patients. Nonetheless, direct 
evidence that microglial NO and pro-infl ammatory cytokines are responsible for the 
loss of synapses in these patients is still missing.  
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14.3.4     Schizophrenia and White Matter Disorders 

 Neuroimaging studies using diffusion tensor imaging (DTI), high-resolution MRI, 
and fMRI have shown that fi rst-episode schizophrenic patients also have a signifi cant 
reduction of white matter volume resulting in abnormal brain functional connectiv-
ity (Price et al.  2006 ; Schlosser et al.  2007 ; Lee et al.  2013 ; Wang et al.  2013 ). 
A reduced density and compromised morphology of oligodendroglia as well as 
signs of deviant myelination are also evident in postmortem brains (Uranova et al. 
 2004 ,  2007 ; Bernstein et al.  2009 ). Combined with the evidence showing dysregula-
tion of the myelination-related genes, a disruption of oligodendrocytic function is 
strongly suspected in schizophrenia (McCullumsmith et al.  2007 ). While microglial 
activation in the CNS has been implicated in the pathogenesis of white matter dis-
orders, recently it has been reported that cytotoxicity to oligodendrocytes could be 
mediated through microglial release of molecules related to free radicals such as 
NO and peroxynitrite (Merrill et al.  1993 ; Li et al.  2005 ), and pro-infl ammatory 
cytokines such as TNFα and IFNγ (Buntinx et al.  2004 ). In addition, TNFα has been 
shown to compromise the growth of oligodendrocytes and the expression of mRNA 
for MBP in vitro (Cammer and Zhang  1999 ), and to inhibit the survival and prolif-
eration of oligodendrocytic progenitors, and their subsequent differentiation into 
mature myelinating phenotypes in vitro (Feldhaus et al.  2004 ). These results are 
intriguing because Mittelbronn and colleagues previously demonstrated that 
microglial density differs in the normal adult human brain by up to one order of 
magnitude between regions, with signifi cantly more microglia observed in white 
matter than in gray matter (Mittelbronn et al.  2001 ). Therefore, it is possible that 
microglial dysfunction in schizophrenic patients leads to alterations in oligodendro-
cytic function resulting in aberrant brain connectivity.   

14.4     Treatments Aiming at Controlling Neuroinfl ammation 

 Although ASDs and schizophrenia are two apparently disparate groups of disorders, 
developing at different stages of the lifespan, they share several clinical characteris-
tics such as a pronounced impairment of social cognition (King and Lord  2011 ; 
Sugranyes et al.  2011 ; Lugnegard et al.  2013 ). A recent complex network and com-
putational analysis suggests that genetic variations associated with ASDs and schizo-
phrenia occur in the same molecular pathways and functional domains (Cristino 
et al.  2014 ). From the above discussion, it is clear that abnormal microglial activation 
or intrinsic abnormalities, possibly resulting from maternal stress, infections, and 
obstetric complications, are also a shared feature of these disorders. Taming microg-
lia-associated neuroinfl ammation as a therapeutic approach has been extensively 
studied in schizophrenia, but only recently proposed or tested for ASDs. 
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14.4.1     Anti-infl ammatory Strategy for Schizophrenia 

 Second-generation, also named atypical, antipsychotics such as olanzapine and 
risperidone are becoming standard drugs for alleviating symptoms in schizophrenia 
because of their reduced adverse effects compared with fi rst-generation antipsy-
chotics, and increased effectiveness against negative symptoms. These antipsychot-
ics are acting in various manners on the brain neuromodulatory systems, having 
dopamine D2 receptors antagonistic activity for most of them, and partial D2 recep-
tors agonist activity in the case of aripiprazole, in addition to binding to receptors 
for other neuromodulators such as serotonin (Lieberman et al.  2005 ). Certain 
second- generation drugs also seem to exert positive effects on neuronal cell growth 
and survival by increasing the levels of growth factors, at least in vitro (Lu and 
Dwyer  2005 ), and some of these neuroprotective effects could be mediated through 
their pharmacological infl uence on the immune system, including most notably 
resident microglia as described below and summarized in Fig.  14.2 .

   In particular, in vitro studies comparing the effects of several second-generation 
antipsychotics on microglia have shown that fl upentixol and trifl uperidol reduce 
microglial secretion of TNFα and NO (Kowalski et al.  2003 ), and fl upentixol, trifl u-
peridol, chlorpromazine, and loxapine reduce microglial secretion of IL-1β and IL-2 
(Kowalski et al.  2004 ; Labuzek et al.  2005 ). Olanzapine also inhibits microglial 
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The effect of antipsychotics on microglial activation

  Fig. 14.2     The effect of antipsychotics on microglial activation . First-generation antipsychotics are 
Flupentixol, Trifl uperidol, Chlorpromazine, Loxapine, and Haloperidol, while second-generation 
antipsychotics are Clozapine, Riperidone, Quetiapine, Perospirone, Ziprasidone, and Aripiprazole. 
Aripiprazole is a dopamine-partial agonist while all the rest are dopamine-antagonists       
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release of NO, contrarily to the fi rst-generation antipsychotics haloperidol and 
clozapine (Hou et al.  2006 ). Furthermore, the second-generation antipsychotic ris-
peridone inhibits microglial production of NO, IL-1β, IL-6, and TNFα following 
their stimulation with IFNγ, contrarily to the effects of fi rst-generation haloperidol 
(Kato et al.  2007 ). Moreover, the serum levels of IL-2 and IFN-γ, and their produc-
tion by peripheral blood mononuclear cells (PBMC) stimulated with the mitogen 
phytohemagglutinin (PHA), were reported to be signifi cantly higher in schizophre-
nia (Cazzullo et al.  2001 ). More recently, the same inhibitory effects on IFN-γ- 
induced microglial activation were demonstrated for the second-generation 
antipsychotics perospirone and quetiapine (Bian et al.  2008 ). Sugino and colleagues 
further revealed that clozapine, olanzapine, and risperidone, but not haloperidol, 
suppress production of the pro-infl ammatory cytokines TNFα and IL-6 and up- 
regulate secretion of the anti-infl ammatory cytokine IL-10 in lipopolysaccharide 
(LPS)-treated mice. This study has also shown that clozapine alone can suppress 
poly I:C-induced infl ammation in mice (Sugino et al.  2009 ). Similarly, risperidone 
was recently reported to normalize LPS-induced changes, by decreasing expression 
of IL-1β, TNFα, and the activity of inducible pro-infl ammatory nitric oxide synthase 
(NOS) and cyclooxygenase (COX), while increasing activity of anti- infl ammatory 
pathways involving deoxyprostaglandins and peroxisome proliferator-activated 
receptor γ (PPARγ) (MacDowell et al.  2013 ). 

 Even though aripiprazole is a partial dopamine D2 receptor agonist, contrarily to 
the other second-generation drugs discussed above, it was similarly found to inhibit 
the generation of NO and TNFα from IFNγ-activated microglia in vitro (Kato et al. 
 2008 ). Aripiprazole was also recently demonstrated to inhibit the production of 
superoxide through the nicotinamide dinucleotide phosphate (NADPH) oxidase 
system (NOX) (McKeith  2006 ) in phorbol-myristate-acetate (PMA)-stimulated 
microglia in vitro (Kato et al.  2011 ). These results are very intriguing because social 
isolation has been reported to cause behavioral and pathological alterations resem-
bling the symptoms of schizophrenia by increasing oxidative stress in rats, particu-
larly microglial release of superoxide derived from the NOX system in vivo 
(Schiavone et al.  2009 ). Additionally, the loss of fast-spiking, parvalbumin (PV)-
positive interneurons found in the prefrontal cortex following rodent administration 
of ketamine, as a model of schizophrenia, was shown to be mediated by increased 
levels of oxidative stress through the NOX system. Repetitive adult exposure to 
ketamine has also been reported to increase the levels of IL-6 in the brain of rodents, 
through activation of the NOX system, leading to a loss of the GABAergic pheno-
type in PV-interneurons and to a decreased inhibitory activity in the prefrontal cor-
tex (Behrens et al.  2007 ; Behrens and Sejnowski  2009 ; Powell et al.  2012 ). 

 Together these studies suggest that some antipsychotics may have a potentially 
useful therapeutic infl uence on patients with schizophrenia by reducing infl amma-
tory reactions, which might be implicated in the apoptotic process and white matter 
abnormalities described above (Lieberman et al.  2005 ). Surprisingly, not only anti-
psychotics with dopamine D2 receptor antagonism such as olanzapine and risperi-
dol but also the dopamine D2 receptor partial agonist aripiprazole was found to 
exert anti-infl ammatory effects by causing inhibition of microglial activation. 
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However, recent reports have also shown that antipsychotics can increase the 
production of pro-infl ammatory cytokines, either in patients treated with clozapine 
or olanzapine, two antipsychotics associated with fever induction, or in human 
blood stimulated with toxic shock syndrome toxin (TSST-1) supplemented with 
antipsychotics in vitro (Kluge et al.  2009 ; Himmerich et al.  2011 ). Other recent 
reports have additionally demonstrated the possible antipsychotic effect of minocy-
cline, a potent but non-specifi c antibiotic associated with the inhibition of microg-
lial activation. In these studies, adjunctive therapy of minocycline with antipsychotics 
was found to be benefi cial (Miyaoka et al.  2007 ,  2008 ; Levkovitz et al.  2010 ; Kelly 
et al.  2011 ), predominantly improving the negative symptoms which are usually 
resistant to antipsychotics (Chaudhry et al.  2012 ). 

 A putative mechanism contributing to the neurodevelopmental, neurodegenera-
tive, and cognitive defi cits associated with schizophrenia is microglial secretion of 
neurotrophic factors, especially of brain-derived neurotrophic factor (BDNF) which 
is a potent regulator of synaptic development and plasticity (Weickert et al.  2003 ). 
Recently, BDNF was shown to induce a sustained mobilization of intracellular cal-
cium in primary microglial cells derived from postnatal rats and to further reduce 
the release of NO from activated microglia stimulated with INFγ (Mizoguchi et al. 
 2009 ). These observations suggest that BDNF could induce neuroprotection by 
steering microglia towards an anti-infl ammatory phenotype. Additionally, a recent 
study has shown that an α7 nicotinic acetylcholine receptor agonist (α7nAChR) 
induces a sustained elevation of intracellular calcium, while suppressing the release 
of TNFα from LPS-activated microglia in vitro (Suzuki et al.  2006 ). These results 
are particularly relevant because α7nAChR agonists have recently emerged as a 
promising new treatment for improving cognitive dysfunction in schizophrenic 
patients (Lieberman et al.  2008 ). Lastly, dietary omega-3 fatty acids, which can 
inhibit microglial activation, were recently reported to reduce the rate of progres-
sion towards a fi rst psychosis episode (Amminger et al.  2010 ; Lu et al.  2010 ). 
Based on the above results, elucidating the changes in microglial phenotype over 
the course of schizophrenia pathogenesis, including negative and positive symp-
toms, could help to discover new targets for the prevention and treatment of 
schizophrenia. 

 In this regard, immunomodulatory drugs such as cyclooxygenase-2 (COX-2) 
inhibitors were recently acknowledged for their benefi cial effects on the symptoms 
of schizophrenia. A randomized, double-blind, placebo-controlled trial revealed 
that adjuvant therapy with the non-steroidal anti-infl ammatory agents (NSAID) 
acetylsalicylic acid, commonly known as aspirin, can reduce the symptoms of 
schizophrenia (Muller et al.  2005 ,  2010 ; Akhondzadeh et al.  2007 ; Laan et al.  2010 ). 
A recent meta-analysis on the use of NSAIDs in schizophrenia additionally proposed 
NSAID augmentation as a potentially useful strategy for treating both the positive 
and negative symptoms, also considering the additional benefi ts of aspirin on reduc-
ing cardiac and cancer mortality (Sommer et al.  2012 ). Within this perspective, 
immunosuppressive or immunomodulatory drugs might prove to be benefi cial, at 
least for the treatment of acute schizophrenia (Knight et al.  2007 ), but again, direct 
evidence in support of this hypothesis is missing.  
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14.4.2     Anti-infl ammatory Strategies for ASDs 

 Second-generation antipsychotics, now standard drugs for schizophrenia, are also 
fi rst-line pharmacological agents for the treatment of irritability and associated 
behaviors in children with autism (Chavez et al.  2007 ; McDougle et al.  2008 ; Politte 
and McDougle  2014 ). Currently, aripiprazole and risperidone are the only approved 
medications for treating irritability in autistic disorder by the American Food and 
Drug Administration (McCracken et al.  2002 ; Owen et al.  2009 ; Ghanizadeh et al. 
 2014 ). It would be interesting to determine if the microglial modulating actions 
of aripiprazole and risperidone described above also infl uence the pathophysiology 
of autism. 

 As mentioned above, minocycline, a potent but non-specifi c inhibitor of microg-
lial activation, was reported to be benefi cial for the treatment of schizophrenia 
when administered in conjunction with antipsychotics. Minocycline also provides 
signifi cant functional benefi ts to patients with FXS (Paribello et al.  2010 ; Dansie 
et al.  2013 ; Leigh et al.  2013 ). However, a pilot open-label trial of minocycline in 
patients with autism and regressive features showed only negligible clinical 
improvements. Following treatment, only the chemokine CXCL8 (IL-8) was sig-
nifi cantly different while no signifi cant changes in chemokines such as MCP-1 or 
cytokines such as TNFα, CD40L, IL-6, IFNγ, and IL-1β were observed in CSF or 
serum (Pardo et al.  2013 ). Possible explanations for this apparent lack of anti-
infl ammatory effects of minocycline in autism may include the relatively late age of 
intervention (mean age 7.19 years; range 3–12 years) and unique pathways of 
microglial abnormalities in autism. 

 Other immunomodulatory reagents mentioned for schizophrenia in the above 
section may also be benefi cial to children with autism. A COX2 inhibitor, cele-
coxib, was recently used as adjunctive treatment to risperidone in children with 
autism in a randomized, double-blind, placebo-controlled trial. It was found that 
the combination of risperidone and celecoxib was superior to risperidone alone in 
treating irritability, social withdrawal, and stereotypy of children with autism 
(Asadabadi et al.  2013 ). The anti-oxidant  N -acetylcysteine (NAC) was also reported 
to effectively reduce irritability in patients with ASDs as an augmentation therapy 
adjunctive to resperidone in a randomized, double-blind, placebo-controlled trial 
(Ghanizadeh and Moghimi-Sarani  2013 ). 

 One potential anti-infl ammatory approach is through the mTOR (mammalian tar-
get of rapamycin) pathway. mTOR is a key regulator of protein synthesis, and itself 
a serine/threonine kinase activated by the phosphoinositide-3 kinase (PI3K) path-
way. The proteins encoded by TSC1/TSC2, NF1, and PTEN genes, the mutations of 
which cause syndromic ASDs such as TSC, neurofi bromatosis type 1, and PTEN 
harmatoma tumor syndromes (Zafeiriou et al.  2013 ), act as negative regulators of 
mTOR complex 1. In addition, the mTOR downstream pathway is upregulated in 
patients with FXS, a frequent cause of autism. As discussed above, the pathological 
pathways of these genetic syndromes may converge upon common pathogenesis 
of ASDs (Zafeiriou et al.  2013 ). Activation of the mTOR pathway was found to cause 
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proliferation and survival of mast cells and infl ammatory microglia in vitro (Shang 
et al.  2013 ; Theoharides  2013 ; Theoharides et al.  2013 ). Mast cells, although best 
known for their role in allergy and anaphylaxis in the periphery, reside also in the 
brain and are able to release various mediators activating microglia. They serve a 
potentially important peripheral immune signaling link to the brain in an infl ammatory 
setting (Skaper et al.  2012 ,  2014 ) and, in the context of the above mTOR-activating 
mutations of ASDs, could aggravate microglia-mediated neuroinfl ammation (Skaper 
et al.  2012 ). Since mTOR inhibitors have shown effi cacy in tuberous sclerosis 
patients and experimental animals, they could also have an effi cacy in patients with 
autism (Ehninger and Silva  2011 ; Curatolo and Moavero  2012 ; Sahin  2012 ; Wang and 
Doering  2013 ). Two open-label pilot trials of an anti- infl ammatory mTOR inhibitor 
called luteolin found encouraging improvement in several outcome domains as well 
as gastrointestinal and allergy symptoms in patients with ASDs (Theoharides et al. 
 2012 ; Taliou et al.  2013 ). 

 Although our attention here is on microglia, we need to keep in mind that the 
CNS is by no means immune-privileged as previously thought. Cells instrumental 
in peripheral immune regulation such as dendritic cells and mast cells also reside in 
the brain parenchyma (Skaper et al.  2012 ; Colton  2013 ), and various leukocytes can 
migrate into the brain through discreet and highly regulated portals in immune sur-
veillance to help initiate neuroinfl ammation (Kivisakk et al.  2003 ; Galea et al.  2007 ; 
Reboldi et al.  2009 ). Therefore, the pharmacological actions of the above described 
antipsychotics, minocycline, NSAIDs, and mTOR inhibitors should be considered 
in the broader context of immune interactions between CNS microglia (and even 
neurons and astrocytes) and cells of the peripheral immune system. In this spirit, 
the systemic immune dysregulation and aberrant microglia activation seen in autism 
(see Sects.  2.1  and  2.2 ) are interrelated, and anti-infl ammatory strategies to treat 
allergic gastrointestinal symptoms, for example, could also be effective in amelio-
rating neuroinfl ammation in ASDs.   

14.5     Conclusions 

 In many aspects, the neuropathology of schizophrenia and ASDs is closely associated 
with neuroinfl ammation, especially microglial activation. As described above, their 
respective anti-infl ammation therapies are also strikingly similar. Our understand-
ing about the connection between microglial abnormalities and neuropsychiatric 
disorders is at its infant stage, but we foresee the tremendous potential of therapeu-
tic approaches targeting microglia. This anticipation is based on two considerations. 
First, microglia quickly respond to various stimuli with an amazingly dynamic 
behavioral repertoire, therefore these immune cells are highly transmutable for 
therapeutic interventions. Second, our view of the brain being “immune privileged” 
has fundamentally changed in recent years, with the realization that the systemic 
immune system is able to modulate multiple brain functions (Lynch and Mills 
 2012 ), in part through interactions of peripheral immune cells such as dendritic cells 
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and mast cells with their CNS counterparts, such as microglia. Therefore, approaches 
to modify the neuroinfl ammatory environment that is conducive to neuropsychiatric 
disorders can be launched peripherally. Peripheral immune cells are relatively 
straightforward to isolate and manipulate ex vivo, and they can enter the CNS via 
endogenous mechanisms (Derecki et al.  2013 ), providing a foundation for the devel-
opment of novel cell-based therapies or “vaccines”. To achieve this goal, a fundamen-
tal question that needs to be investigated in depth is how peripheral immune modulation 
of microglial physiological properties affects normal brain function and dysregulation 
in diseases. In our view, ASDs and schizophrenia provide excellent opportunities for 
gaining such understanding of the complex interactions between CNS and systemic 
immune system, a gateway to a true “mind-body” problem.     
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    Chapter 15   
 Human Immunodefi ciency Virus 

             Daniel     F.     Marker      ,     Shao-Ming     Lu      , and     Harris     A.     Gelbard     

    Abstract     Microglia have been known to be the resident immune cells in the brain for 
quite some time, but their role as pathologic players in neurological infectious disease 
has only recently been studied. For example, microglial activation has recently been 
shown to be a strong driver of neurological impairment in human immunodefi ciency 
virus (HIV)-associated neurocognitive disorders (HAND). Studying the interactions 
between microglia and synaptic networks during chronic HIV infection is pivotal to 
understanding why normal synaptic communication is impaired and is the etiologic 
substrate for HIV-associated neurocognitive defi cits, despite successful control of 
viral replication by combination antiretroviral therapy (cART). In this chapter we 
focus on the phenomenology of these interactions and suggest that upregulation of 
mixed lineage kinase type 3 (MLK3) and leucine-rich repeat kinase 2 (LRRK2) 
activity plays a pivotal role in microglial activation and synaptic dysfunction that give 
rise to HAND. We further discuss the rationale for targeting pathologic activation of 
these kinases in creating disease-modifying strategies for the treatment of HAND.  

  Keywords     Microglia   •   Human immunodefi ciency virus   •   Human immunodefi -
ciency virus-associated neurocognitive disorder   •   Mixed lineage kinase type 3   
•   Leucine-rich repeat kinase 2   •   Infl ammation   •   Phagocytosis   •   Synapses  

      Bullet Points  

•      Microglial activation is a strong driver of neurological impairment in human 
immunodefi ciency virus (HIV)-associated neurocognitive disorders (HAND).  

•   HIV infection of perivascular macrophage and microglia alters their secretome, 
including pro-infl ammatory cytokines and chemokines.  

•   HIV infection enhances macrophage and microglial phagocytosis of synaptic elements.  
•   Mixed lineage kinase type 3 (MLK3) and leucine-rich repeat kinase 2 (LRRK2) 

are key enzymes involved in this neuroinfl ammatory response to HIV.     
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15.1     Introduction 

 In 1960, there was a single article entitled “Reactional aspects of the microglia in 
spontaneous granulomatous encephalitis” (de Amorim  1960 ); by the middle of 
2013, a PubMed search cross-referencing central nervous system (CNS) infections 
and microglia yielded 1,572 references. This chapter will focus on a single type of 
infection of microglia with the lentivirus, human immunodefi ciency virus (HIV), to 
describe the remarkably pleiotropic effects on normal neuroimmune signaling 
between microglia and neurons that are hijacked during infection. The fi rst report of 
microglial infection with HIV-1 (Price et al.  1988 ) in 1988 has been followed by 
over 300 studies that highlight the diversity of roles that microglia can play in both 
infectious disease and neuroimmune signaling in the CNS. The disease complex 
known as HIV-associated neurocognitive disorders (HAND) has continued to infl ict 
people living with HIV infection, despite combination antiretroviral therapy (cART) 
achieving an effi cacious reduction of productive viral infection. HAND is thought 
to affect over 50 % of people living with HIV-1 in the USA, and with a worldwide 
incidence of approximately 40,000,000 people, continues to be a problem of 
pandemic importance. Thus, this chapter will emphasize why the microglial reser-
voir in the CNS remains such a compelling target for investigation and disease- 
modifying therapies in people living with HIV and HAND.  

15.2     Human Immunodefi ciency Virus-Associated 
Neurocognitive Disorder: Clinical Presentation 

 HIV is a lentivirus that primarily infects and kills CD4 +  T-cells, leading to the even-
tual destruction of the adaptive immune response. CD4 +  T-cells, also known as 
helper T-cells, are responsible for facilitating cell-mediated immunity through the 
secretion of cytokines that promote cytotoxic T-cell function and B-cell maturation. 
The CD4 surface glycoprotein is a co-receptor that plays an important role in cell to 
cell interactions between CD4 +  T-cells and antigen presenting cells. In addition to 
infecting CD4 +  T-cells, HIV can infect other subsets of cells that have lower levels 
of CD4 expression. These cell types include monocytes and perivascular macro-
phages, and specifi cally in the CNS, microglia and astrocytes. Primary HIV infec-
tion is characterized by four stages: (1) an asymptomatic incubation phase of up to 
4 weeks in duration during which the virus divides exponentially, (2) an acute infec-
tion stage, in which the patient’s immune system begins to combat the virus and the 
patient may experience constitutional symptoms including fever, fatigue, lymph-
adenopathy, etc., for up to 2 weeks, (3) an asymptomatic latency stage that can last 
for years during which time there is a progressive loss of the CD4 +  T-cell population 
leading to   , (4) the acquired immunodefi ciency syndrome (AIDS), when the patient 
is at severe risk of opportunistic infection, cancer, and death (Ellis et al.  2009 ; 
Kahn and Walker  1998 ). Early HIV infection can also present as an acute 
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meningoencephalitis, which is of particular relevance to HIV-associated brain 
 disease, as it suggests very early viral entry into the brain (Li et al.  2002 ; Pascual- 
Lozano et al.  2005 ; del Saz et al.  2008 ). 

 Today, HIV can be effectively treated, but not cured, through drug regimens 
known as cART. Because of the high viral mutation rate imparted by HIV’s error- 
prone reverse transcriptase, it rapidly develops resistance to single drug regimens, 
making multiple drugs that target multiple steps in the viral life cycle necessary for 
effective long-term treatment (Ellis et al.  2009 ). With cART treatment, there is sig-
nifi cant reduction in HIV-associated morbidity and mortality (Palella et al.  1998 ) 
and signifi cant improvement in immune function (Gulick et al.  1997 ). Unfortunately, 
while modern cART is able to suppress viral replication to undetectable levels 
(fewer than 50 viral RNA copies per milliliter of blood) for years, it is not a curative 
treatment. It is unable to eradicate the virus for a number of reasons, including: (1) 
HIV’s ability to integrate into the cellular genomes of long lived cell types and stem 
cell populations (McNamara et al.  2012 ), (2) its ability to enter and emerge from 
long-term latent phases without productive viral production, and (3) its ability to 
infect cells in cellular reservoirs that are protected from many antiretroviral drugs 
by endothelial barriers, such as the testes and the brain (Valcour et al.  2011 ). 

 Along with the progressive destruction of the peripheral adaptive immune system, 
HIV also infects cells in the CNS, where it can cause a spectrum of disorders known 
today as HAND. Untreated, HIV infection in the brain can lead to acute encephalitis, 
rapid onset dementia, and death (Boisse et al.  2008 ). By signifi cantly decreasing viral 
load, the development of cART has greatly reduced the prevalence of these severe 
HIV sequelae (Dore et al.  2003 ; Mirza and Rathore  2012 ). Recent large-scale studies 
of cART-treated HIV-infected patients have shown, however, that mild to moderate 
neurologic impairment persists despite effective antiviral treatment. For instance, 
the “CNS HIV antiretroviral therapy effects research” (CHARTER) study prospec-
tively and longitudinally examined a population of greater than 1,500 HIV-infected 
individuals with various comorbidities and differing rates of adherence to cART for 
neuropsychological impairment. They found that over 40 % of patients with undetectable 
viral load and minimal other comorbidities still experienced either mild or moderate 
neuropsychological defi cit (Heaton et al.  2010 ). This study confi rmed the fi ndings of 
a number of previous smaller studies that demonstrated that cART treatment alone 
could not eliminate HAND (Marra et al.  2009 ; Cysique et al.  2004 ). 

 Comparison of the CHARTER study to comparable pre-cART studies using 
more contemporary operational criteria for HAND (Antinori  2007 ) demonstrated 
that patients with asymptomatic HIV infection in the post-cART era actually have 
signifi cantly higher rates of HAND than those in the pre-cART era [36 % post- 
cART vs. 25 % pre-cART (Heaton et al.  2011 )]. This increase refl ects the fact that 
as the lifespan of HIV-infected individuals increases under antiretroviral treatment, 
CNS disease continues to progress despite treatment (Heaton et al.  2010 ,  2011 ; 
Mothobi and Brew  2012 ). It is therefore necessary to develop adjunctive therapies 
with targets other than the viral life cycle to slow, stop, or reverse the progression of 
HAND, such as normalizing pathologic microglia-neuron interactions, as will be 
discussed later in the chapter.  
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15.3     Neuropathologic Basis of HAND 

 HIV enters the brain during the initial incubation phase of infection, either by 
directly crossing the blood-brain barrier (BBB) or primarily through the entry of 
infected patrolling peripheral monocytes and T-cells (Kure et al.  1990 ; Anderson 
et al.  2002 ). Once in the brain, the virus can productively infect brain-resident 
microglia and perivascular monocytes (Ho et al.  1985 ; Koenig et al.  1986 ) via 
CD4 receptors and CCR3, CCR5, and CXCR4 chemokine receptors. These 
immune cell surface receptors are normally involved in cell to cell communication 
and chemotaxis through various soluble factors known as chemokines. 
Interestingly, people with a double allelic loss of CCR5 are for all practical pur-
poses immune to HIV infection. One of the pathologic hallmarks of HIV infection 
in the CNS is microgliosis, which is an increase in the total microglial number and 
volume, and is seen in a number of models of CNS injury. The presence of the 
virus activates microglia-inducing morphologic changes that include an increase 
in number and thickness of cell processes, as demonstrated in autopsy samples of 
patients infected with HIV (Gelman  1993 ). Additionally, HIV infection in the 
brain drives increased production of infl ammatory cytokines, such as tumor necro-
sis factor alpha (TNFα) and interleukin 1 beta (IL-1β), and chemokines, such as 
monocyte chemoattractant protein 1 (MCP-1), by brain-resident microglia and 
astrocytes, based on analysis of cerebrospinal fl uid (CSF) from HIV- infected indi-
viduals and in situ hybridization analysis of autopsy samples (Mintz et al.  1989 ; 
Wesselingh et al.  1993 ). In vitro cellular models and in vivo animal models based 
on this human subject data have further shown that this neuroinfl ammatory 
response can lead to BBB destruction (Kanmogne et al.  2007 ) and peripheral 
monocyte recruitment (Clay et al.  2007 ; Chaudhuri et al.  2008 ), which further 
drives viral invasion of the CNS. The virus can also nonproductively infect astro-
cytes, with expression of early phase regulatory gene products (Ranki et al.  1995 ), 
but without production of virions. Regulatory gene products can in turn upregulate 
chemokine gradients to further attract peripheral monocytes into the CNS (Weiss 
et al.  1999 ), which in turn may amplify HAND progression (Churchill et al.  2009 ). 
HIV does not directly infect oligodendrocytes or neurons, as these cells lack the 
necessary CD4 and cofactor expression. 

 In the early 1990s, there was a signifi cant push to discover the CNS pathologic 
correlate of HAND severity. Postmortem tissue analysis from the brains of patients 
with HIV infection consistently demonstrated the presence of infected monocytes, 
multi-nucleated giant cells (multiple activated monocyte lineage cells that merge 
into a single soma), gliosis, and diffuse loss of white matter (Boisse et al.  2008 ). 
Patients with advanced infection also had damage to synaptodendritic architecture 
in frontal cortex (Everall et al.  1999 ; Masliah et al.  1992 ) and signifi cant neuronal 
loss (Everall et al.  1991 ,  1993 ). Of all these immune and neuronal-related  pathologic 
fi ndings, only synaptodendritic density (Everall et al.  1994 ; Glass et al.  1993 ; 
Masliah et al.  1997 ) and total monocyte/microglia number (Glass et al.  1995 ) actu-
ally correlated with neurocognitive impairment. Surprisingly, loss of neuronal cell 
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bodies (i.e., neuronal death) did not correlate with neurologic disease severity 
(Everall et al.  1991 ,  1994 ). As the synaptodendritic arbor is plastic with the ability 
to regenerate following injury, whereas neuronal loss is permanent, these fi ndings 
helped to explain the reversible nature of HAND when patients were started on 
cART. The phenomenon of dendritic regeneration has been particularly well studied 
in in vivo stroke models, with damaged dendritic arbors reconstituting in minutes to 
hours after reperfusion (Murphy et al.  2008 ; Zhang et al.  2005 ). The studies of den-
dritic damage in patients with HIV agreed with earlier fi ndings in Alzheimer’s 
dementia (DeKosky and Scheff  1990 ; Terry et al.  1991 ); synapse loss or damage is 
a major correlate of neurologic disease severity. It was also interesting that the total 
number of monocyte lineage cells present in the CNS correlated with disease sever-
ity, whereas the number of HIV-infected monocyte cells did not. This suggests that 
the host immune response to the viral presence may play a greater role in disease 
progression than the virus itself. In hindsight, these data support the fi ndings of the 
CHARTER study; that viral suppression by cART alone does not halt the progres-
sion of HAND.  

15.4     Molecular Basis of Synaptic Damage in HAND: 
Direct Viral Protein Toxicity 

 HIV damages neuronal architecture through two main mechanisms: (1) direct neu-
ronal toxicity of the HIV proteins and, (2) immune cell activation and subsequent 
damage from soluble mediators or direct cellular actions. In terms of direct viral 
neurotoxicity, the two most well-studied HIV proteins are the envelope glycopro-
tein 120 (gp120) and the trans activator of transcription (Tat). 

 The envelope protein gp120 is encoded by the HIV  env  gene and, along with 
gp41, forms a heterotrimeric spike, which is located on the outer envelope of the 
virus, and is essential for the virus to bind CD4 and fuse with the target cell (Gallo 
et al.  2003 ; Zhu et al.  2008 ). In the brain, gp120 causes neuronal damage through 
two potential mechanisms. First, gp120 inhibits the production of brain-derived 
neurotrophic factor (BDNF) in cultured neurons by decreasing the levels of the 
proteolytic enzyme furin, which cleaves pro-BDNF into its active form (Bachis 
et al.  2012 ). This decrease in active BDNF leads to shortening and simplifi cation of 
neurite arbors (Bachis et al.  2012 ) and could potentially be the cause of the caspase- 
dependent cell death seen in in vivo models of gp120 exposure (Acquas et al.  2004 ). 
This cell death can be reversed by treatment with active BDNF and subsequent anti- 
apoptotic signaling through its receptor TrkB (Bachis et al.  2003 ; Mocchetti and 
Bachis  2004 ). gp120 can also cause calcium-dependent excitotoxic death in  neurons 
by causing increased production of arachidonic acid and sensitization of the 
 N -methyl- D -aspartate receptor (NMDAR) as well as accelerating the surface local-
ization of NMDAR in vulnerable synapses (Dreyer et al.  1990 ; Xu et al.  2011 ; 
Muller et al.  1996 ; Ushijima et al.  1995 ). 
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 The HIV Tat gene is encoded in the transactivator region of the HIV genome and 
is essential for transcription of the HIV long terminal repeat promoter and full- 
length viral gene transcription (Campbell and Loret  2009 ). Tat also changes the 
expression of host genes directly by binding to nuclear factor κβ (NFκβ) enhancer 
sequences (Dandekar et al.  2004 ). NFκβ is a transcription factor that is present in 
nearly all cell types and controls important cellular functions such as response path-
ways to cytokine signals, infl ammatory mediators, and immune mediators. 

 HIV Tat is of particular interest in HAND for two reasons: (1) it is continually 
produced in the CNS by cellular reservoirs that are likely to include microglia, peri-
vascular macrophages, and astrocytes even in the presence of cART (Cowley et al. 
 2011 ; Li et al.  2009 ), and (2) it is secreted from infected cells and, because of its 
protein transduction domain, Tat can enter any cell type (Campbell and Loret  2009 ). 
This means that Tat can directly enter neurons and alter gene transcription and inter-
fere with normal function. Once secreted from infected cells in the CNS, Tat can 
directly induce neuronal damage in a number of ways. Tat has been shown to interact 
with the low-density lipoprotein receptor-related protein (LRP), resulting in 
Tat uptake into neurons (Liu et al.  2000 ). In the process of this binding and uptake, 
Tat prevents the normal transport function of LRP, inducing metabolic imbalance, 
neuronal dysfunction, and apoptosis. Further studies demonstrated that Tat treat-
ment of neuronal cultures induced a complex of LRP, NMDAR, post-synaptic den-
sity 95 (PSD95), and neuronal nitric oxide synthase (nNOS) (Eugenin et al.  2007 ). 
In this complex, LRP potentiated calcium infl ux through the NMDAR, activating 
nNOS, leading to the production of radical oxygen species (ROS) and subsequent 
neuronal apoptosis. Blockade of LRP (preventing Tat uptake), NMDAR (preventing 
calcium infl ux), or nNOS (preventing ROS generation) all protected the neurons 
from Tat- induced apoptosis. This process has since been demonstrated in in vitro 
models of Tat-induced reversible synapse loss prior to irreversible induction neuro-
nal apoptosis (Kim et al.  2008 ; Shin and Thayer  2012 ). 

 Tat can also interfere directly with normal microtubule dynamics in neurons and 
other cell types (de Mareuil et al.  2005 ; Butler et al.  2011 ). Cultured neurons 
exposed to Tat experienced rapid destabilization of the cytoskeleton. Specifi cally, 
Tat rapidly caused proteasome-dependent destruction of microtubule-associated 
protein 2 (Map-2), a cytoskeletal protein found only in neuronal dendrites, destabi-
lizing the neurite structure (Aprea et al.  2006 ). These results are of particular inter-
est because dystrophic Map-2 staining is a pathologic hallmark of CNS tissue from 
HAND patients (Aprea et al.  2006 ; Bellizzi et al.  2005 ; Everall et al.  1999 ; Masliah 
et al.  1997 ). Finally, this Tat-induced microtubule disruption has been linked to 
apoptosis, through a mitochondrial caspase-dependent mechanism (Giacca  2005 ). 

 Overall, these studies provide compelling evidence that HIV proteins can directly 
damage neuronal architecture by interfering with neurotrophic signaling, damaging 
cytoskeletal components, or inducing excitotoxicity. HIV Tat is of particular interest 
in the modern cART era, as it is an early response gene that is continually produced 
and released from infected cells even in the presence of effective cART, whereas 
gp120 requires full viral particle production to exit infected cells and exert direct and 
indirect (i.e., stimulation of pro-infl ammatory mediators from mononuclear cells) 
neurotoxic effects.  
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15.5     Molecular Basis of Synaptic Damage in HAND 
Revisited: Immune Cell Activation and Interaction 
with Neuronal Elements 

 With the failure of treatment strategies aimed at directly preventing HIV neurotoxicity, 
there has been a renewed focus on the role of the host immune response in 
HAND. HIV infection rapidly leads to alteration in cytokine production by glia and 
immune cells in the infected CNS, notably inducing TNFα and IL-1β (Mintz et al. 
 1989 ; Wesselingh et al.  1993 ). These factors are produced by infected astrocytes, 
monocytes, and microglia, as well as uninfected cells that are exposed to HIV viral 
proteins. Pathologic levels of TNFα can inhibit glutamate uptake by astrocytes, 
leading to a build-up of glutamate at the synapse and eventual excitotoxic cell death 
(Fine et al.  1996 ). Work with rodent brain slice models has demonstrated that even 
slightly elevated levels of TNFα can interfere with the development of early phase 
long-term potentiation (LTP), a process thought to be the molecular basis of learn-
ing and memory (Tancredi et al.  1992 ; Xiong et al.  1999 ; Butler et al.  2004 ). In 
rodent models, IL-1β damages neurons by inducing astrocytic production of TNFα 
and inducible nitric oxide synthase (iNOS), leading to ROS production, in addition 
to further increasing the activation of microglia and monocytes (Brabers and Nottet 
 2006 ; Zhao et al.  2001 ). The role of IL-6, another important immune cytokine that 
is signifi cantly upregulated in the brains of patients with HIV, is less clear, with 
potentially both neuroprotective and neurodegenerative effects (Erta et al.  2012 ). 

 HIV infection also results in immune-mediated increases in the production of 
pro-infl ammatory lipids including arachidonic acid and platelet-activating factor 
(PAF) (Gelbard et al.  1994 ; Genis et al.  1992 ). PAF is of particular interest in HAND 
because it plays a physiologic role in the development of LTP, being produced by 
post-synaptic neurons as a result of NMDAR activation and acting pre-synaptically 
to increase glutamate release (Wieraszko et al.  1993 ; Kato et al.  1994 ). However, 
patients with HAND have signifi cantly elevated levels of PAF expression in their 
CSF when compared to HIV seronegative patients or patients infected with HIV 
devoid of neurologic impairment, indicating a potential role specifi cally in the 
development of HAND (Gelbard et al.  1994 ). Further work demonstrated that 
pathologic levels of PAF produce dendritic spine loss and dendritic beading in 
cultured neurons, two pathologic hallmarks of HAND (Bellizzi et al.  2005 ). This 
dendritic beading is associated with impaired development of LTP and occurs in a 
calcium-dependent manner, thus indicating a potential excitotoxic mechanism. 
These fi ndings are further supported by autopsy studies of brain tissue from HAND 
patients, where there is strong expression of PAF receptor on neurons that have 
beaded dendrites and dendritic spine loss (Bellizzi et al.  2005 ). 

 There have been several randomized controlled clinical trials based on the mech-
anisms of viral neurotoxicity listed in the previous section, including a number that 
have progressed to Phase II studies of effi cacy. The fi rst trials were based on protect-
ing neurons by scavenging or reducing the production of ROS, as this was shown to 
have neuroprotective effects on Tat-exposed neurons in vitro (Eugenin et al.  2007 ). 
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The most promising study examined the use of the FDA approved drug selegiline, 
a monoamine oxidase B (MAO-B) inhibitor that is used to increase dopamine avail-
ability and reduce the symptoms of early Parkinson’s disease (PD) or depression. 
Aside from its MAO-B inhibition, selegiline also increases ROS scavenging 
(Carrillo et al.  1994 ) and protects neurons from death after axotomy or neurotoxin 
exposure in vivo (Salo and Tatton  1992 ; Tatton  1993 ), possibly by stimulating neu-
rotrophic support. These mechanisms of action seemed to counteract many of the 
effects caused by gp120 and Tat exposure, which are outlined in the previous sec-
tion. Despite apparent initial success in a small randomized controlled trial (Sacktor 
et al.  2000 ), selegiline for the treatment of HAND failed in Phase II clinical trials 
due to lack of effi cacy (Evans et al.  2007 ; Schifi tto et al.  2007 ). Other trials with 
antioxidants that demonstrated neuroprotection in preclinical models similarly failed 
due to lack of effi cacy (The Dana Consortium on the Therapy of HIV Dementia and 
Related Cognitive Disorders  1997 ; Clifford et al.  2002 ), suggesting that ROS reduc-
tion alone does not prevent the progression of HAND or that these treatments could 
not restore redox homeostasis in critical intracellular compartments such as mitochon-
dria or rough endoplasmic reticulum of vulnerable neurons. 

 Other trials attempted to treat HAND by blocking the NMDAR-dependent excito-
toxicity caused by exposure to HIV viral proteins. Because of its importance in excit-
atory neuronal signaling throughout the CNS, it can be diffi cult to antagonize NMDAR 
signaling without adverse effects. Therefore, these studies used the drug memantine, 
a low affi nity non-competitive antagonist of glutamate and NMDAR signaling (Chen 
et al.  1992 ; Chen and Lipton  1997 ). Memantine is generally well tolerated and has 
proven to be marginally effective in slowing the progression of moderate to severe 
Alzheimer’s disease in multiple large-scale clinical trials (Reisberg et al.  2006 ; Tariot 
et al.  2004 ). The relative success of memantine in Alzheimer’s disease, coupled with 
memantine’s protection in various models of HAND (Nath et al.  2000 ; Toggas et al. 
 1996 ), led to a placebo-controlled open-label Phase II trial of memantine in patients 
with HAND. While the drug was well tolerated, there was no signifi cant improvement 
seen in patients with HAND treated with memantine compared to placebo control in 
any neurologic measures (Zhao et al.  2010 ). 

 To date, there has been no successful clinical therapy based on targets that infl u-
ence the direct toxicity of HIV products to neurons. These fi ndings demonstrate that 
while there is no doubt that HIV itself is toxic to neurons and interferes with neuro-
nal function, this toxicity may not be the main driving force for the progression of 
HAND, especially in the cART era. Recent evidence indicates that the pathologic 
substrate of HAND may be better explained by direct interaction between microg-
lia, invasive peripheral immune cells, and synaptic elements (Lu et al.  2011 ). A 
single exposure to HIV Tat in the CNS of mice leads to a rapid transient infl ux of 
neutrophils and a sustained infl ux of peripheral monocytes, as well as sustained 
microglial activation as determined by persistently altered morphology, in the form 
of a simpler, thicker process arbor and possible increase in cell volume, weeks after 
exposure. The invading immune cells and activated microglia directly contact and 
engulf  neuronal components, potentially leading to neuronal process simplifi cation 
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through phagocytosis (Lu et al.  2011 ; Marker et al.  2013 ). Specifi cally, studies with 
in vivo two-photon microscopy show sustained direct contact and apparent engulf-
ment of intact neuronal elements by microglia. Microglial phagocytosis of neuronal 
elements was confi rmed at the ultrastructural level using immuno-electron micros-
copy, with a signifi cant increase in neuronal inclusions in monocyte lineage cells 
24 h and 7 days after Tat exposure. Interestingly, axonal components seemed most 
susceptible to phagocytosis in vivo, a fi nding that is supported by in vitro microglia/
neuronal co-culture experiments (Marker et al.  2013 ). While these results are very 
intriguing, it is still unclear whether microglia phagocytosis of neuronal compo-
nents is a driving force in the pathology of HAND, or if it is merely a response to 
neuronal death caused through some other mechanism. Further work will be needed 
in this area to determine causality. 

 Activated microglia may also damage neurons directly through the local patho-
logic release of matrix metalloproteinases (MMPs). Physiologically, MMPs in the 
CNS are produced by neurons, astrocytes, and microglia, and they are important for 
synaptic plasticity as required for learning and memory (Nagy et al.  2006 ; 
Dziembowska and Wlodarczyk  2012 ). In HIV infection, however, MMP activity 
can disrupt the BBB integrity, facilitating peripheral immune invasion into the CNS 
and furthering CNS HIV infection. MMP9, specifi cally, is upregulated in the brains 
of patients with severe HAND in autopsy immunohistological studies, particularly 
in areas close to the vasculature and activated monocyte lineage cells (Ghorpade 
et al.  2001 ). Further in vitro studies based on these fi ndings showed that HIV Tat 
exposure leads to MMP9 production and release from cultured astrocytes in a 
MAPK-dependent manner (Ju et al.  2009 ). Additionally, widespread MMP activity 
can result in the cleavage of extracellular adhesion proteins and basement mem-
branes, resulting in the loss of neuronal processes (Conant et al.  2012 ; Ghorpade 
et al.  2001 ; Ju et al.  2009 ). 

 Finally, there is also a complicated interplay between the invading immune cells 
and resident microglia, with widespread total engulfment of invading peripheral 
neutrophils by distal microglial processes, as well as partial neutrophil engulfment 
of microglia (Lu et al.  2011 ). The signifi cance and molecular underpinnings of 
these cross lineage phagocytic interactions currently remain unclear, although it is 
possible that microglial engulfment of peripheral cells acts as a mechanism to limit 
the extent of the peripheral immune reaction. Immune cell activation, recruitment, 
and cytokine production all play important roles in HAND progression. The current 
evidence supports a scenario in which HIV exposure causes production of infl am-
matory mediators and peripheral immune chemoattractants, such as MCP-1 in 
microglia and astrocytes (Weiss et al.  1999 ), which drives peripheral monocyte and 
neutrophil invasion into the infl amed CNS. This could potentially lead to a positive 
feedback cycle in which HIV exposure leads to increase in infl ammatory mediators, 
which in turn attracts more peripheral monocytes to the CNS, in turn leading to 
more infl ammation. In this scenario, infl ammatory cytokine production would serve 
to initiate and perpetuate direct immune cell damage to the neuronal arbor, even in 
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the absence of active viral replication. It also presents a unique opportunity for 
treatment, with the potential for a therapeutic agent to break the infl ammatory cycle 
and allow for neuronal recovery, or to directly prevent pathologic immune cell inter-
actions with neurons.  

15.6     Mixed Lineage Kinase 3: A Target That Mediates 
Neuroinfl ammation 

 One promising target in the treatment of neuroinfl ammatory disease is mixed lineage 
kinase 3 (MLK3, aka MAP3K11). MLK3 is a serine/threonine mitogen- associated 
protein kinase kinase kinase (MAPKKK) (Gallo et al.  1994 ), which controls a signal-
ing cascade that activates the downstream MAP kinase Jun-n- terminal kinase (JNK), 
a pivotal kinase in the control of the innate immune response (Arthur and Ley  2013 ; 
Tibbles et al.  1996 ). MLK3 is expressed at basal levels in peripheral immune cells 
(Handley et al.  2007 ), microglia (Wang et al.  2010 ), and neurons (Maroney et al. 
 2001 ), among other cell types. In neurons, MLK3 is upregulated and phosphorylated 
in response to trophic factor withdrawal, ROS exposure, and ultra violet radiation, 
three classical activators of JNK (Xu et al.  2001 ; Lotharius et al.  2005 ). This increase 
in MLK3 activity results in JNK-dependent c-Jun upregulation and activation, upreg-
ulation and activation of many pro-apoptotic genes and proteins, and eventual neuro-
nal apoptosis (Dhanasekaran and Reddy  2008 ). Additionally, JNK activation has been 
strongly implicated in the pathology of Alzheimer’s disease, PD, and other neurode-
generative disease states (Borsello and Forloni  2007 ). 

 MLK3 plays a signifi cant role in HIV infection and HAND progression. MLK3 
was identifi ed in a genome-wide screen as a potent enhancer of HIV infection 
(Nguyen et al.  2007 ). The same study demonstrated that MLK3 over-expression 
increased Tat-dependent gene transcription at the HIV long terminal repeat, the 
major promoter for HIV replication, sevenfold over control, and this increase was 
dependent on the MLK3 protein having an intact kinase region. Furthermore, 
genetic silencing of MLK3 inhibited viral replication in vitro (Nguyen et al.  2007 ). 
The mechanism by which MLK3 increased viral replication appears to be mediated 
through NFκβ, which can be activated by MLK3 (Hehner et al.  2000 ) and directly 
enhances viral transcription at the LTR (Yang et al.  1999 ). Additionally, HIV Tat 
and gp120 have been shown to induce autophosphorylation of MLK3 (Sui et al. 
 2006 ). HIV Tat- and gp120-induced neuronal apoptosis appears to be dependent on 
MLK3, as both genetic ablation and small molecule inhibition of MLK3 are neuro-
protective in vitro (Bodner et al.  2002 ; Sui et al.  2006 ). Finally, Tat- and gp120- 
induced MLK3 activation in monocytes results in increased production of TNFα 
(Sui et al.  2006 ). Some of these relationships are depicted in the cartoon in Fig.  15.1 . 
In conclusion, these studies indicate that HIV proteins increase the activity of 
MLK3 as a mechanism to enhance viral replication in an NFκβ-dependent manner. 
This increase in MLK3 activity is both directly neurotoxic and neuroinfl ammatory 
and may therefore be a major contributor to HAND.
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15.7        Leucine-Rich Repeat Kinase 2: An Emerging Target 
in Neuroinfl ammation 

 Another promising kinase target recently implicated in neuroinfl ammation is the 
leucine-rich repeat kinase 2 (LRRK2). LRRK2 was discovered through genetic 
screening in families with autosomal-dominant PD (Funayama et al.  2002 ; Zimprich 
et al.  2004 ), and the most common mutation, G2019S, was further identifi ed as a 
major cause of sporadic PD as well (Goldwurm et al.  2005 ). LRRK2 is a large 
GTPase with many functional domains, including a MAPKKK-like kinase domain 
(Zimprich et al.  2004 ). Many of the mutations in LRRK2 associated with PD are 
gain of function mutations, meaning they increase phosphorylation and activation 
of the LRRK2 kinase at baseline. LRRK2 is expressed both in neurons and non- 
neuronal cell populations in the brain; however, this study did not include co- 
localization markers for microglia (Han et al.  2008 ). Although direct substrates of 
LRRK2 have yet to be conclusively identifi ed, there is signifi cant evidence that 
mutant LRRK2 can lead to the phosphorylation and activation of MAP kinase 
kinases (MAPKKs) 3/6 and 7, which are directly upstream of MAPKs p38 and 
JNK, respectively (Gloeckner et al.  2009 ; Hsu et al.  2010 ; Chen et al.  2012 ). 

 Although the bulk of the current research has centered on LRRK2’s function in 
neurons in PD, there has been a recent focus on its role in the immune system, par-
ticularly on its role in neuroinfl ammation. To date, these studies have found that 
LRRK2 is expressed by many peripheral immune cells, in particular peripheral 
monocytes, and is upregulated in response to microbial antigen presentation (Hakimi 
et al.  2011 ). LRRK2 is also involved in the maturation and differentiation of periph-
eral monocytes (Thevenet et al.  2011 ). Finally, increased LRRK2 protein levels were 
demonstrated in LPS-stimulated microglia, both in vitro and in vivo (Kim et al.  2012 ; 
Moehle et al.  2012 ). Further, LRRK2 kinase inhibition or genetic knockdown less-
ened microglial cytokine release and ROS production in response to LPS exposure 
(Kim et al.  2012 ; Moehle et al.  2012 ). LRRK2 has been recently linked to HAND, as 
recent studies further suggest that LRRK2 activation in microglia is instrumental for 
Tat-mediated neuroinfl ammation as well as phagocytosis of neuronal elements, 
which is in part due to the presence of phosphatidylserine groups on axons (Marker 
et al.  2012 ). Some of these relationships are depicted in the cartoon in Fig.  15.1 .  

15.8     Conclusions 

 The failure of anti-excitotoxic therapies for the treatment of HAND has led to a 
re- examination of the existing paradigms related to its neuropathogenesis. In par-
ticular, the notion that innate and adaptive immune responses shape normal relation-
ships between microglia and synaptic architecture/function and that presence of the 
lentivirus HIV can disrupt the homeostasis between microglia and synapses by 
altering these relationships has profound consequences for the understanding of the 
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  Fig. 15.1    Working models of pathologic synaptic pruning, mixed lineage kinase type 3 (MLK3) 
signaling, and leucine-rich repeat kinase 2 (LRRK2) signaling in HAND. ( a ) Diagram summarizing 
the effects of Tat on microglia and neurons. Tat exposure stimulates microglia to release many infl am-
matory cytokines that can damage nearby neuronal structures. Tat also directly damages neuronal 
structures and induces excitotoxic events. ( b ) Diagram showing hypothesized direct interaction 
between microglia and neurons in an infl ammatory environment. Sub-apoptotic neuronal damage 
caused by HIV protein exposure or cytokines results in release of nucleotides, which are potent che-
moattractants for microglia (Gyoneva et al.  2009 ), and local  membrane exposure of phosphatidylser-
ine (PS) in synaptic elements, which is a classic signal for phagocytosis (Ravichandran  2011 ). ( c ) This 
process results in activated microglia “stripping” neuronal synaptic components. ( d ) Signaling dia-
gram showing the proposed signaling pathways for LRRK2 and MLK3 in microglia and neurons 
exposed to HIV Tat          
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pathogenesis of HAND and its treatment. Identifi cation of pathologic ingestion of 
synaptic elements by microglia is a fi rst step in understanding which key molecular 
entities may be involved in this phenomenon; investigating signaling through kinase 
“control hubs” for infl ammation such as MLK3 and LRRK2 is the second step in 
devising rational strategies to restore homeostasis between microglia and synapses. 
In doing this, a framework for moving from a position of treating symptoms to an 
approach for modifi cation of the course of disease in conditions such as HAND can 
be constructed.     
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    Chapter 16   
 Multiple Sclerosis 

             Yoshifumi     Sonobe       and     Akio     Suzumura     

    Abstract     Multiple sclerosis (MS) is an infl ammatory disease characterized by 
demyelination and axonal degeneration in the central nervous system (CNS). 
Although MS is considered an autoimmune disease against myelin antigens, its 
pathogenesis still remains unclear. Microglia are macrophage-like cells in the CNS 
which play a critical role in innate immunity, in addition to activating pathways 
associated with adaptive immunity. Microglia produce pro-infl ammatory and anti- 
infl ammatory mediators, including cytokines and chemokines, and phagocytose 
various types of cellular debris. In MS, microglia critically contribute to the infl am-
matory milieu, but also participate in disrupting the blood–brain barrier integrity, 
thus inducing the migration of various types of immune cells such as T and B lym-
phocytes, macrophages, and neutrophils into the CNS. In this disease, microglia 
may additionally behave as antigen-presenting cells and function as effector cells 
causing demyelination and axonal degeneration. However, recent evidence also 
indicates that microglia could play a benefi cial role in remyelination and neuropro-
tection in MS. In this chapter, we will discuss about microglial involvement in MS, 
with an emphasis on the experimental autoimmune encephalomyelitis (EAE) 
animal model and describe the cellular and molecular mechanisms which could be 
specifi cally implicated in the pathogenesis.  

  Keywords     Microglia   •   Infl ammation   •   Cytokine   •   Chemokine   •   Blood–brain barrier   
•   Antigen presentation   •   Demyelination   •   Neurodegeneration   •   Multiple sclerosis   • 
  Experimental autoimmune encephalomyelitis  

      Bullet Points  

•      Microglia, macrophage-like cells in the central nervous system (CNS), play a 
substantial role in the pathogenesis of multiple sclerosis (MS).  

•   In MS, microglia contribute to the development of neuroinfl ammation by pro-
ducing both pro-infl ammatory and anti-infl ammatory mediators.  
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•   Microglia also promote the migration of peripheral immune cells into the CNS 
and might additionally behave as antigen-presenting cells in MS.  

•   Microglia could lastly infl uence by their effector functions the demyelination 
and axonal degeneration observed in MS.     

16.1     Introduction 

 Multiple sclerosis (MS) is a chronic demyelinating disease of the central nervous 
system (CNS) resulting from an autoimmune response against myelin antigens. It 
affects approximately 2.5 million people worldwide, with a predominance in women 
(ratio of females to males, 2:1). The disease is characterized by a progressive loss of 
neurological functions caused by the destruction of axonal myelin sheaths through-
out the brain and spinal cord white matter. The loss of myelin translates into clinical 
symptoms ranging from paralysis, muscle spasms, and optic neuritis, to neuropathic 
pain. Pathological features of MS lesions include increased blood–brain barrier 
(BBB) permeability, axonal degeneration, glial scar formation, and the prevalence 
of peripheral immune cells such as T and B lymphocytes, macrophages, and neutro-
phils within the CNS (Williams et al.  2007 ; Jadidi-Niaragh and Mirshafi ey  2011 ). 
The etiology of MS is still unclear. Genetic factors like variations in the HLA- 
DRB1 gene coding for the major histocompatibility complex (MHC) class II com-
plex (DRB1-9 beta chain), and the IL-7R gene coding for the interleukin (IL)-7 
receptor, as well as environmental factors such as exposure to the Epstein-Barr 
virus, low levels of vitamin D, and smoking, have been associated with an increased 
risk of developing MS (Haines et al.  1996 ; Sawcer et al.  1996 ; Teutsch et al.  2003 ; 
Oreja-Guevara et al.  2014 ). Approximately 85 % of MS patients repeatedly undergo 
relapse followed by partial or complete recovery periods (or remissions), a form of 
the disease which is termed relapsing-remitting MS. In more than 50 % of the 
relapse-remitting MS patients, the disease progressively worsens with minor remis-
sions, reaching a stage of secondary progressive MS. In the remaining 10–15 % of 
MS patients, however, the disease only advances without remission, a form of the 
disease which is termed primary progressive MS (Thompson et al.  1997 ; Haines 
et al.  2011 ). 

16.1.1     Infl ammatory Mechanisms in MS/EAE 

 Experimental autoimmune encephalomyelitis (EAE) is commonly used as an animal 
model of MS, being similarly associated with axonal degeneration and chronic 
demyelination, primarily in the spinal cord, resulting in tail and hindlimb paralysis. 
However, similar to MS, the disease symptoms refl ect the anatomical location of the 
infl ammatory lesions and may also include emotional instability, sensory loss, 
ataxia, muscle weakness, and spasms. EAE is generally induced in rodents by 
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immunization with myelin peptides, such as myelin basic protein (MBP), myelin 
proteolipid protein (PLP), and myelin oligodendrocyte glycoprotein (MOG), emul-
sifi ed in an adjuvant (typically complete Freund’s adjuvant) to enhance the immune 
response. EAE is also produced by adoptive transfer of myelin-reactive T lympho-
cytes expressing CD4 glycoproteins on their surface (CD4 +  T cells), isolated from 
mice immunized with myelin peptides, and further stimulated in vitro with myelin 
peptides. Depending on the nature of the antigens, and on the background of the 
animals, an acute stretch of EAE, a relapsing-remitting form, or chronic EAE can 
be induced (Rangachari and Kuchroo  2013 ). 

 In both EAE and MS, the infi ltration of T and B lymphocytes, macrophages, and 
neutrophils is pronounced around the demyelinating lesions in situ, within the peri-
vascular space and/or parenchyma. In addition, oligoclonal IgGs are commonly 
detected in the cerebrospinal fl uid of EAE mice and MS patients (Mehta et al.  1985 ; 
Tomioka and Matsui  2014 ), thus suggesting the presence of an immune response in 
the CNS. Although the initiation mechanisms of EAE still remain unclear, they 
were shown to be mediated by Th effector T cells, a phenotype of CD4+ cells result-
ing from their activation by antigen-presenting cells (APCs) (Montero et al.  2004 ; 
reviewed in Kawakami et al.  2012 ) (see Chap.   5     for further reading on antigen 
presentation).  

16.1.2     Microglia in MS/EAE 

 It is usually diffi cult to discriminate microglia from infi ltrated macrophages in the 
postmortem brains of MS patients. However, several lines of evidence have sug-
gested that microglia could play a pivotal role in mediating neuroinfl ammation 
in MS. Microglia are macrophage-like cells that reside in the CNS and contribute in 
various manners to maintaining CNS integrity. In the infl amed CNS, microglia can 
also function as immunocompetent cells, particularly involved with the production of 
infl ammatory mediators and/or the presentation of antigens, depending on the 
 context (Ransohoff et al.  2003 ;    Tran and Miller  2003 ;    Raivich and Banati  2004 ; 
Chastain et al.  2011 ). 

 During the development of EAE and MS, microglia display several signs of ‘acti-
vation’ at the morphological and gene expression levels. For instance, microglia have 
larger cell bodies, accumulate around lesions sites, and show immunoreactivity for 
MHC class II and CD68, a lysosomal marker also named ‘macrosialin’ in mouse 
that is upregulated during infl ammation (Minagar et al.  2002 ; Jack et al.  2005 ; 
Marik et al.  2007 ; also see Chap.   10     for additional reading about CD68). In the 
postmortem brains of progressive MS patients, demyelination and neuronal damage 
reportedly correlate with an increased density and clustering of CD68 or MHC class 
II positive cells, a pathological feature commonly referred to as ‘microglial nodules’ 
(   Prineas et al.  2001 ; Singh et al.  2013 ). In addition, microglia have been proposed 
to behave as APCs in MS. They were shown to express MHC class II, display antigens 
on their cellular surface, and colocalize with CD4 +  cells before the onset of EAE, 
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and the infi ltration of myeloid cells in bone marrow chimera in vivo (Ponomarev 
et al.  2005 ). These observations suggest a possible role for microglia in the activa-
tion of T cells in MS, or in their reactivation following antigen presentation in the 
periphery (see Chap.   5     for more information on both processes), although direct 
evidence remains to be shown. In addition, microglia and macrophages contained 
phagocytosed myelin debris around the white matter  demyelinating lesions in MS 
postmortem samples, highlighting their possible involvement, whether detrimental 
or benefi cial, to the demyelination and axonal degeneration (Tanaka et al.  1975 ; 
Bauer et al.  1994 ; also see Napoli and Neumann  2010 ). 

 Moreover, it has been reported that preventing microglial activation could repress 
the development of EAE in vivo (Heppner et al.  2005 ). In particular, Heppner and 
colleagues have generated a mouse model expressing the herpes simplex virus thy-
midine kinase (HSVTK) specifi cally in microglia/macrophages, under the CD11b 
promoter, thus rendering these cells susceptible to ganciclovir cytotoxicity. 
Following transplantation of wild-type bone-marrow cells, to spare the peripheral 
myeloid cell population from ganciclovir treatment, and the subsequent peripheral 
injection of ganciclovir, microglial transformation to amoeboid morphologies was 
found to be arrested, a phenomenon referred to as “microglial paralysis”, which 
resulted in delayed EAE onset and reduced clinical score (Heppner et al.  2005 ). 
These fi ndings strongly suggested that microglia could play a signifi cant role in the 
pathogenesis of EAE and MS. The focus of this chapter is on microglial implication 
in multiple immunological aspects of the disease pathogenesis, including antigen 
presentation, infl ammation, demyelination, and neurotoxicity.   

16.2     Microglia as Antigen-Presenting Cells 

 Dendritic cells (DCs), which are monocyte-derived cells considered as ‘profes-
sional’ APCs, are often encountered in the leptomeninges and white matter 
lesions of MS patients (Ganguly et al.  2013 ; Nuyts et al.  2013 ). However, microg-
lial cells could also behave as APCs in MS as will be discussed below (Smith 
et al.  1998 ) (see Chap.   5     for further reading). After the phagocytosis of antigens, 
such as myelin peptides, APCs become engaged in antigen presentation through 
MHC class II signaling to CD4 +  cells, which express the cognate T cell receptor, 
leading to their activation (or reactivation) and differentiation into various Th 
effector T cell subsets, such as the pro-infl ammatory, encephalitogenic Th1 and 
Th17 cells. Costimulatory molecules such as CD80 and CD86 on APCs, or the 
CD40 ligand (CD40L) expressed on T cells further contribute to activating Th 
cells via CD28 (member of the B7 family), or to activating APCs via CD40, to 
promote cellular expansion and survival. Conversely, the costimulatory 
molecules- programmed cell death-ligand 1 (PD-L1) and PD-L2 suppress Th cell 
activation by acting on their programmed cell death 1 (PD-1) receptor (Keir et al. 
 2008 ; Elgueta et al.  2009 ). 
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 During normal physiological conditions, microglia express undetectable to low 
levels of MHC class II molecules (Wong et al.  1984 ; Suzumura et al.  1987 ) and 
constitutively express low levels of CD80 and high levels of CD86 (Satoh et al. 
 1995 ; Dangond et al.  1997 ). Over the course of EAE, however, the expression of 
MHC class II, CD80 and CD86, was found to be upregulated in CD11b + CD45 low  
microglial cells, isolated from the brains of EAE mice by fl ow cytometry (Ponomarev 
et al.  2005 ; Murphy et al.  2010 ). Expression of MHC class II is also induced in 
cultured microglia/macrophages upon stimulation with interferon (IFN)-γ 
(Suzumura et al.  1987 ). This pro-infl ammatory cytokine produced by Th1 cells, 
T cells expressing the CD8 glycoprotein (CD8 +  T cells), macrophages, DCs, and 
microglial cells in culture, is well known for promoting immune responses against 
viral and bacterial infection, as well as the development of tumors (Munder et al. 
 1998 ; Kawanokuchi et al.  2006 ; Vremec et al.  2007 ). Additionally, treatment of 
cultured microglial cells with the supernatant from IFNγ-producing Th1 cell lines, 
specifi c for MBP, particularly induced microglial expression of MHC class II, 
CD80, CD86, and CD40 in vitro (Seguin et al.  2003 ). The binding of CD40 to 
CD40L induces APCs to produce pro-infl ammatory mediators such as TNF-α, IL-6, 
and IL-12 in vitro (Aloisi et al.  1999 ; Rezai-Zadeh et al.  2008 ). When cultured in 
the presence of IFNγ-stimulated microglial cells, the proliferative capacity of Th 
cells is additionally increased and accompanied by an enhanced production of IL-2 
and IFNγ in vitro (Aloisi et al.  1998 ). On the other hand, IFNγ also induces the 
expression of PD-L1 on microglia, while suppressing Th cell activation and the pro-
duction of IFNγ in vitro (Magnus et al.  2005 ). Together, these fi ndings suggest that 
IFNγ-stimulated microglial cells may not only activate Th cells via the induction of 
CD80 and CD86, or CD40, but also suppress T cell activation via the induction 
of PD-L1 expression, at least in vitro. 

 The cytokine granulocyte macrophage colony-stimulating factor (GM-CSF), 
which is secreted by T cells, as well as astrocytes and macrophages in vitro (Ohno 
et al.  1990 ; Shi et al.  2006 ), may also play a critical role in the induction of APCs 
functions in microglia (Matyszak et al.  1999 ). During EAE, MHC class II expression 
is considerably reduced ex vivo in microglial cells derived from GM-CSF- defi cient 
mice, compared to wild-type mice (Ponomarev et al.  2007 ; Codarri et al.  2011 ), sug-
gesting that GM-CSF regulates microglial expression of MHC class II. Interestingly, 
GM-CSF also promotes DCs-like properties in microglia ex vivo and in vivo, enhanc-
ing their expression of the DCs marker CD11c, as well as MHC class II, CD80, and 
CD86 (Schermer and Humpel  2002 ; Li et al.  2011 ). GM-CSF- stimulated microglia 
also have the ability to induce the proliferation and reactivation of CD4 +  T cells 
in vitro (Fischer et al.  1993 ; Aloisi et al.  2000 ). In GM-CSF-stimulated microglia, 
however, the levels of MHC class II are lower than in DCs and associated with 
reduced Th cells proliferation (Lambert et al.  2008 ), in agreement with the view that 
microglia have limited antigen-presenting capacity (Ransohoff and Engelhardt 
 2012 ). Therefore, GM-CSF-stimulated microglia could be used for stimulating adap-
tive immune responses, such as antigen presentation, in EAE and MS, albeit with a 
limited capacity as compared to monocyte-derived DCs.  
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16.3     Microglia as Infl ammatory Cells 

 Activated microglial cells produce a variety of cytokines and monokines (i.e., cyto-
kines mainly produced by monocytes/macrophages) involved in mediating neuroin-
fl ammation. In particular, the secretion of IL-1β, IL-6, and tumour necrosis factor α 
(TNFα) (Fig.  16.1 ) is upregulated in cultured microglia upon direct contact with 
MBP-primed T cells (Dasgupta et al.  2005 ), while their production of TNFα, IL-6, 
and IL-12 is enhanced by antigen presentation to CD4 +  T cells via the CD40-CD40L 
signaling pathway in vitro (Rezai-Zadeh et al.  2008 ; Aloisi et al.  1998 ). These fi nd-
ings suggest that microglial interactions with T cells could infl uence their contribu-
tion to the neuroinfl ammatory milieu in EAE and MS, specifi cally by modulating 
their release of TNFα, IL-1β, IL-6, and IL-12 as discussed below.

     1.     TNFα  is produced in the MS/EAE brain by microglia as well as macrophages 
(Renno et al.  1995 ) and functions as a pro-infl ammatory mediator in the CNS, by 
inducing the production of chemokines (or  chemo tactic cyto kines ; mediating 

CD4

IL-10

IL-1β

Microglia

MicrogliaAst

Inflammatory cell infiltration
(T cells, monocyte/macrophages, neutrophils)

TNF-α, IL-1β, IL-6

−

IFN-γ

BBB breakdown

MCP-1
RANTES

MIP-1a
MIP-1b
MCP-1
IL-8

CD40L-CD40
interaction

∇

  Fig. 16.1    The role of microglia in neuroinfl ammation. Microglia produce monokines including 
tumor necrosis factor (TNF)-α, interleukin (IL)-1β, and IL-6 when stimulated with CD40 ligand 
(CD40L) expressed on activated T cells and/or T cell-derived cytokines. In addition, activated 
microglia produce a variety of chemokines and induce infl ammatory cell infi ltration. Monokines 
activate microglia and astrocytes to induce the production of chemokines, leading to the infi ltration 
of infl ammatory cells including T cells, monocytes/macrophages, and neutrophils. IL-1β further 
disrupts blood–brain barrier (BBB) and induces the production of the chemokine monocyte che-
moattractant protein (MCP)-1, which contributes to the infi ltration of infl ammatory cells. However, 
TNF-α also induces microglial production of IL-10 via the TNF receptor (TNFR)2, thus exerting 
anti-infl ammatory responses as well       
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the attraction of their responsive cells) such as IL-8, macrophage infl ammatory 
protein (MIP)-1α and MIP-1β in cultured human microglia (Ehrlich et al.  1998 ; 
McManus et al.  1998 ), and the production of monocyte chemoattractant protein 
(MCP)-1 and regulated on activation, normal T cell expressed and secreted 
(RANTES) in cultured rat astrocytes (Guo et al.  1998 ). MIP-1α, MIP-1β, MCP- 1, 
and RANTES are chemotactic for T cells, macrophages, and microglia. 
Interestingly, in mice devoid of CNS expression of TNF receptor 1 (TNFR1), the 
recruitment of macrophages and granulocytes is reduced over the course of EAE, 
induced using MOG-reactive T cells. The levels of MCP-1 and MIP-2, i.e., a 
chemotactic factor for neutrophils produced by macrophages and microglia, 
were also found to be reduced in the CNS of these mice (Gimenez et al.  2006 ). 
These fi ndings suggest that TNFα could enhance neuroinfl ammation in EAE and 
MS by acting on the infi ltration of infl ammatory cells from the periphery, and the 
induction of additional chemokines in microglia or astrocytes. Consistently, 
transgenic mice over-expressing TNFα were shown to spontaneously develop an 
infl ammatory demyelinating disease characterized by the activation of astrocytes 
and microglial cells, together with the infi ltration of CD4 +  and CD8 +  T cells into 
the meninges and CNS parenchyma (Probert et al.  1995 ). TNFα-defi cient mice 
also displayed a delayed EAE onset, but similar to higher levels of EAE severity 
were observed in later phases of the disease (Kassiotis et al.  1999 ), thus suggest-
ing that TNFα could exert distinct roles, either detrimental or benefi cial, depend-
ing on the stage of disease progression.  

 The functions of TNFα are exerted via either TNFR1 or TNFR2 expressed on 
various types of cells (Dopp et al.  1997 ; Baker and Reddy  1998 ; Tracey et al. 
 2008 ; Martin et al.  2014 ). In the healthy CNS, these receptors are found on neu-
rons, astrocytes, and oligodendrocytes (Yang et al.  2002 ; Kuno et al.  2006 ; 
Faustman and Davis  2013 ). In EAE/MS, the infi ltrated lymphocytes, neutro-
phils, macrophages, and MHC class II positive cells additionally express TNFR1 
and TNFR2 around EAE lesions (Kahn et al.  1999 ), while oligodendrocytes 
express TNFR1 around MS lesions (Probert et al.  2000 ). TNFR1, but not TNFR2, 
contains a death domain. The affi nity of TNFα for TNFR1 is signifi cantly greater 
than for TNFR2 (Grell et al.  1998 ). In previous reports, TNFR1-defi cient mice 
were found to be resistant to MOG-induced EAE, whereas TNFR2-defi cient 
mice displayed enhanced CD4 +  and F4/80 +  cells infi ltration in vivo, together 
with an exacerbated EAE outcome (Eugster et al.  1999 ; Suvannavejh et al.  2000 ). 
In addition, TNFR2 stimulation promotes microglial expression of the anti- 
infl ammatory cytokine IL-10 in vitro (Veroni et al.  2010 ). The fi ndings suggest 
that TNFα could mediate neuroinfl ammation in MS and EAE, through the acti-
vation of TNFR1, and anti-infl ammatory responses via TNFR2.   

   2.     IL-1β  is also detected in microglial cells and macrophages during EAE (Bauer 
et al.  1993 ; Cash et al.  1994 ). MBP-primed T cells induce the production of 
IL-1β from murine microglial cells and macrophages in vitro (Dasgupta et al. 
 2005 ). Microinjection of IL-1β into the CNS reportedly increases BBB permea-
bility, accompanied by a pronounced recruitment of neutrophils (Ferrari et al. 
 2004 ). In addition, IL-1β induces the expression of genes favoring blood vessel 
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plasticity, such as the hypoxia-inducible factor 1α (HIF-1α) and its target, vascular 
endothelial growth factor (VEGF)-A, in cultured human astrocytes. This results 
in increased BBB permeability through downregulation of the tight junction pro-
teins claudin 5 and occludin in endothelial cells (Argaw et al.  2012 ). In a mouse 
model of traumatic brain injury, IL-1β similarly induces the invasion of neutro-
phils and T cells into the CNS (Clausen et al.  2009 ). In vitro studies also demon-
strate that IL-1β induces MCP-1, IL-8, MIP-1α, and MIP-1β expression in 
microglial cells (Calvo et al.  1996 ; Ehrlich et al.  1998 ; McManus et al.  1998 ), 
and that of MCP-1 and RANTES in astrocytes (Hayashi et al.  1995 ; Barnes et al. 
 1996 ). Thus, microglia-derived IL-1β could induce disruption of the BBB, 
release of chemoattractant mediators from microglia and astrocytes, and infi ltra-
tion of peripheral infl ammatory cells into the CNS. However, the particular 
involvement of microglia-derived IL-1β as a neuroinfl ammatory mediator in 
EAE and MS remains to be tested experimentally.   

   3.     IL-6  is also a potent inducer of microglia-mediated neuroinfl ammation. In EAE, 
IL-6 is produced by microglial cells as well as T cells and macrophages (Diab 
et al.  1997 ; Wlodarczyk et al.  2014 ). Many reports have suggested that IL-6 
plays an infl ammatory role in the pathogenesis of EAE (Erta et al.  2012 ). Neuron- 
targeted expression of IL-6 has been shown to induce reactive astrogliosis and 
microglial activation in transgenic mice in vivo (Fattori et al.  1995 ). Accordingly, 
IL-6 also induces MCP-1 mRNA expression by rat microglia in vitro (Calvo 
et al.  1996 ). In transgenic mice where the production of IL-6 is restricted to the 
cerebellum, MOG-induced EAE additionally resulted in the activation of infi l-
trated macrophages and microglia, accompanied by severe ataxia, enhanced 
 cerebellum infi ltration of neutrophils and B cells, and expression of RANTES 
(or CCL-5), MCP-5 (or CCL-12), and TNFα in situ (Quintana et al.  2009 ), sug-
gesting its involvement in EAE and MS.   

   4.     IL-12 : IFNγ induces the expression of CD40 on microglia (Aloisi et al.  1998 ), 
while binding of CD40 to its ligand CD40L induces microglial production of 
IL-12p70 in vitro (Aloisi et al.  1999 ). This heterodimeric cytokine, which is 
composed of the IL-12p35 and IL-12p40 subunits, is a crucial differentiation 
factor for pro-infl ammatory Th1 cells, which can trigger infl ammatory responses 
and activate APCs and cytotoxic T cells to attack their target cells (Knutson and 
Disis  2005 ). In addition, microglial cells stimulated with IFNγ in conjunction 
with the Toll-like receptor (TLR) 4 ligand, bacterial lipopolysaccharide (LPS), 
produced IL-12p70 and IL-23 in vitro (Suzumura et al.  1998 ; Sonobe et al. 
 2005 ). IL-23 is a heterodimer consisting of p19 and the IL-12p40 subunit. It 
induces the development of IL-17-producing Th17 cells, another type of pro- 
infl ammatory CD4 +  cells, which play a crucial role in the pathogenesis of EAE 
(Langrish et al.  2005 ). However, more recent studies have suggested that mice 
defi cient in the IL-12p35 subunit are fully susceptible to EAE (Becher et al. 
 2002 ), indicating that factors other than IL-12p70 might be crucial for the induc-
tion of EAE. In contrast, p19-defi cient mice are reportedly resistant to EAE (Cua 
et al.  2003 ), suggesting that IL-23 production is more critical than IL-12p70 
production in the CNS. It is important to note that mice in which the IL-23 
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 subunit IL-23p40 is devoid of CNS expression have decreased EAE severity, 
indicating that IL-23 produced by CNS-resident cells is important for the devel-
opment of EAE (Becher et al.  2003 ). Moreover, expression of the IL-23p19 sub-
unit was observed in APCs including microglia and macrophages localized 
around the lesion sites in MS postmortem brains (Li et al.  2007 ). Because IFNγ 
is also involved with the production of IL-23, IFNγ could regulate the differen-
tiation of both Th1 and Th17 cells.    

  Taken together, these fi ndings suggest that three main monokines secreted by 
microglia, namely TNF-α, IL-1β, and IL-6, could synergistically ‘activate’ glial 
cells and promote infi ltration of peripheral immune cells in the CNS, as observed in 
MS and EAE, while IL-12 and IL-23 could mediate differentiation of the encepha-
litogenic Th cells. Nonetheless, the specifi c contribution of microglial cells to the 
release of these monokines, at different stages of MS and EAE, and their ultimate 
impact on the disease pathogenesis remain unknown.  

16.4     Microglia in Demyelination 

 Microglial cells are recruited to areas of demyelination in MS/EAE, where they 
transform their morphology and actively proliferate. Activated phenotypes are also 
observed in rodents upon feeding with dietary cuprizone, a copper chelator which 
causes demyelination of the corpus callosum (Remington et al.  2007 ; Groebe et al. 
 2009 ). Recent fi ndings suggest that microglia could be directly involved in the 
mechanisms of demyelination, by their release of excitotoxic glutamate, reactive 
oxygen species, pro-infl ammatory cytokines, nitric oxide, and mediators of apopto-
sis as described below (see Fig.  16.2 ).

   The expression levels of glutaminase, an enzyme that converts glutamine into glu-
tamate, were shown to be increased in microglial cells localized within the active MS 
lesions in situ (Werner et al.  2001 ), suggesting a possible role of excitotoxic glutamate 
released from microglia in the demyelination process. LPS-activated microglia also 
increase the extracellular glutamate levels and induce the death of oligodendrocytes 
in vitro (Domercq et al.  2007 ). IL-1β reportedly induces apoptosis in cultures of oligo-
dendrocytes, astrocytes and microglia, and this effect is blocked pharmacologically by 
applying antagonists of the AMPA/kainate glutamate receptors (Takahashi et al.  2003 ). 
The combined fi ndings suggest that glutamate released from microglia could be 
directly involved in demyelination during EAE and MS, by inducing toxicity against 
oligodendrocytes, although this hypothesis remains to be tested. 

 In the brains of MS patients, DNA oxidation and lipid peroxidation are mainly 
observed in the nucleus and cytoplasm of oligodendrocytes, respectively, thus sug-
gesting an ongoing state of oxidative stress (Haider et al.  2011 ). Accordingly, the 
expression levels of several enzymes controlling the respiratory burst, including the 
nicotinamide adenine dinucleotide phosphate-oxidase (NADPH) catalytic subunits 
p91phox, p22phox, and p47phox, were found to be upregulated in MS lesions 
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(Fischer et al.  2012 ). IFNγ- or GM-CSF-stimulated microglial cells reportedly 
 produce reactive oxygen species (ROS) in vitro (Hu et al.  1995 ; Smith et al.  1998 ), 
showing cytotoxicity against cultured oligodendrocytes (Schreibelt et al.  2007 ), thus 
suggesting a possible role for microglial production of ROS in demyelination. 

 Microglial release of TNFα and IL-1β could be specifi cally involved in this 
 process. It has been reported that microglia-secreted TNFα induces the death of 
oligodendrocytes and their progenitor cells in vitro (Zajicek et al.  1992 ; Pang et al. 
 2010 ). Oligodendrocyte-specifi c ablation of TNFR1 also attenuates the clinical 
signs of EAE, suggesting that oligodendrocytic TNFR1 could be involved in demy-
elination (Hovelmeyer et al.  2005 ). On the other hand, using the cuprizone-induced 
demyelinating model, Arnett and colleagues revealed that TNFR2, but not TNFR1, 
is critical for the regeneration of oligodendrocytes in vivo (Arnett et al.  2001 ). These 
observations suggest that microglia-derived TNFα could mediate the death of oligo-
dendrocytes via TNFR1, and their regeneration through TNFR2. 

 In previous reports, IL-1β was also reported to cause demyelination in vivo and 
in vitro, while IL-1β-stimulated microglia exerted an increased oxidative activity in 
vitro (Smith et al.  1998 ), suggesting that IL-1β could damage oligodendrocytes 
through the release of ROS. In addition, IL-1β degrades intracellular sphingomyelin 
to ceramide and induces the apoptosis of oligodendrocytes in vitro (Brogi et al. 
 1997 ). Sphingomyelin, which mainly consists of ceramide and phosphocholine, is a 
component of the myelin sheath. Accordingly, administration of the IL-1 receptor 
antagonist suppressed EAE in rats, while mice defi cient in the IL-1 receptor 1 (IL- 
1R1) showed ameliorated symptoms of EAE (Martin and Near  1995 ; Sutton et al.  2009 ). 
These fi ndings suggest that IL-1β could contribute to demyelination in MS and EAE 
via the induction of oligodendrocyte apoptosis. On the other hand, IL-1β- defi cient 
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  Fig. 16.2    The role of microglia in demyelination. Activated microglia produce soluble factors includ-
ing TNF-α, IL-1β, TNF-related apoptosis-inducing ligand (TRAIL), glutamate, nitric oxide (NO), and 
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mice undergoing the cuprizone-induced demyelination failed to remyelinate, 
 following withdrawal of the dietary cuprizone, suggesting that IL-1β additionally 
contributes to remyelination (Mason et al.  2001 ). This failure of remyelination also 
appears to correlate with a lack of insulin-like growth factor-1 (IGF-1) production 
by microglia and astrocytes, as their mRNA levels were shown to be reduced in 
brain extracts from IL-1β-defi cient mice (Mason et al.  2001 ). Since IGF-1 is also 
required for the differentiation of precursor cells into mature oligodendrocytes, it 
has been speculated that IL-1β could play a crucial role in remyelination through the 
induction of microglial and/or astrocytic IGF-1 (Mason et al.  2001 ). Thus, it is pos-
sible that microglial IL-1β is similarly required in MS for remyelination. 

 Furthermore, in vitro studies have shown that microglia stimulated with IFNγ and/
or LPS produce nitric oxide (NO) and the TNF-related apoptosis-inducing ligand 
(TRAIL) (Chao et al.  1992 ; Zielasek et al.  1992 ; Genc et al.  2003 ). NO reportedly 
causes single-stranded DNA breaks and mitochondrial damage in oligodendrocytes 
in vitro (Mitrovic et al.  1994 ), suggesting another mechanism by which microglia 
could contribute to demyelination in MS and EAE. In addition, TRAIL, which is a 
member of the death-signaling molecule family, reportedly induces human oligoden-
drocyte apoptosis via TRAILR1 in vitro (Matysiak et al.  2002 ). Thus, IFNγ might also 
promote demyelination via the production of NO and TRAIL by microglia. 

 In MS lesions, microglia, infi ltrated macrophages, and T lymphocytes were 
lastly found to express the Fas ligand (FasL), which belongs to the TNF family and 
induces apoptosis upon binding to its receptor FasR (Dowling et al.  1996 ; D’Souza 
et al.  1996 ). Fas ligation with an anti-Fas antibody or the Fas ligand induced oligo-
dendrocyte cell membrane lysis and subsequent cellular death in vitro (D’Souza 
et al.  1996 ). In addition, mice lacking Fas in oligodendrocytes exclusively were 
reported to be partially resistant to EAE (Hovelmeyer et al.  2005 ). Further research 
will test the direct contribution of microglia-derived glutamate, ROS, TNFα, IL-1β, 
IGF-1, NO, TRAIL, and FasL in the processes of oligodendrocyte apoptosis and 
regeneration, as well as concomitant demyelination and remyelination in MS.  

16.5     Microglia in Neurodegeneration 

 MS has long been considered as a chronic infl ammatory demyelinating disease of 
the CNS. However, several lines of evidence also suggest that axonal degeneration 
in MS and EAE could occur independently from demyelination. Even though axonal 
degeneration is widespread in the corpus callosum in EAE (Mangiardi et al.  2011 ), 
the underlying molecular mechanisms still remain unclear. Howell and colleagues 
proposed that microglial cells could be involved, since neurodegeneration is accom-
panied by the presence of activated microglia in MS postmortem brains, showing 
thicker and shorter processes than observed in control microglia (Howell et al.  2010 ). 
The evidence from in vivo and in vitro studies that activated microglia could cause 
‘infl ammation-induced neurodegeneration’ in MS and EAE, via the release of NO, 
ROS, glutamate, and various pro-infl ammatory cytokines, will be reviewed in the 
following section. 
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 Neuronal degeneration is induced in cultures of microglia and neurons upon 
stimulation with LPS and IFNγ and reduced by the addition of NOS inhibitors 
(Chao et al.  1992 ). In addition, heat shock protein (HSP)60 induces microglial pro-
duction of NO via TLR4, in addition to causing extensive axonal loss and neuronal 
death in vitro (Lehnardt et al.  2008 ). Lipoteichoic acid (LPA), an agonist of TLR2 
derived from staphylococcus aureus, which is involved in pathogen recognition and 
has been reported to exacerbate both EAE and MS (Gambuzza et al.,  2011 ), also 
promotes the production of NO and superoxide by microglial cells. LPA addition-
ally induces neuronal death, and this process is blocked by an iNOS inhibitor and a 
peroxynitrite scavenger in vitro, suggesting a direct detrimental contribution of 
microglia-derived NO to neuronal death (Kinsner et al.,  2005 ). 

 In the EAE model, Nikić and colleagues revealed that ROS and reactive nitrogen 
species (RNS) released from activated macrophages/microglia induce focal axonal 
degeneration, using two-photon in vivo imaging (Nikić et al.  2011 ). Microglial 
expression of p47 phox, a cytosolic subunit of NADPH oxidase, was further shown 
to be upregulated in the active lesions of MS postmortem brains (Fischer et al.  2012 ). 
Microglia stimulated with the nucleotide ATP also released superoxides via P2X7 
receptor, a purinergic receptor for ATP, and elicited toxicity against cultured neurons 
(Mead et al.  2012 ). It has been shown that blockade of the P2X7 receptor ameliorates 
EAE (Matute et al.  2007 ). Interestingly, microglia activated with thrombin, which 
induces blood coagulation via converting fi brinogen to fi brin, induce oxidative stress 
resulting in hippocampal neuronal cell death (Choi et al.  2005 ). Prothrombin krin-
gle-2, a domain of prothrombin distinct from thrombin, also induces the loss of corti-
cal neurons and this effect is partially inhibited by a NADPH oxidase inhibitor (Won 
et al.  2009 ). In addition, the leakage of fi brinogen from blood vessels has been shown 
to activate microglia and further induce axonal damage in EAE, using two-photon 
in vivo imaging (Davalos et al.  2012 ) (see Chap.   4     for additional information on 
these observations). It is possible that these blood-derived proteins enter the CNS 
through damaged BBB, thus activating microglia and inducing neurodegeneration 
through the release of ROS. Furthermore, high mobility group box chromosomal 
protein 1 (HMGB1), a chromatin-associated nuclear protein, has been detected in 
active lesions of MS and EAE (Andersson et al.  2008 ). It reportedly induces p47 
phox membrane translocation and microglial production of ROS via MAC1, which 
consists of integrin alpha M and beta 2 (Gao et al.  2011 ). These fi ndings strongly 
suggest that ROS produced by microglia, possibly activated by ATP or thrombin, 
contribute to axonal and neurodegeneration in MS and EAE. 

 Moreover, microglial stimulation with Chromogranin A, a marker of neurodegen-
eration that is released from damaged neurons and elevated in the CSF of MS patients 
(Stoop et al.  2008 ), induced their production of NO and glutamate in vitro. The con-
ditioned medium from Chromogranin A-stimulated microglia also killed rat cerebel-
lar granule cells via caspase-3-dependent apoptosis, blocked with an ionotropic 
glutamate receptor antagonist, thus suggesting that microglia induce neuronal death 
via glutamate release (Kingham et al.  1999 ). In addition, in vitro studies have sug-
gested that LPS and TNFα could induce neurotoxicity through the release of gluta-
mate from activated microglia in vitro (Takeuchi et al.  2006 ; Yawata et al.  2008 ). 
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Neuroinfl ammation, including microglial TNFα production, is associated with neu-
rodegeneration in EAE (Centonze et al.  2009 ). Thus, it is possible that microglia-
derived glutamate exerts toxicity against neurons in EAE and MS.  

16.6     Conclusion 

 In EAE and MS, microglial cells function as APCs, albeit possibly at lower levels 
than professional APCs such as DCs (Fig.  16.3 ). IFNγ and GM-CSF induce expres-
sion of MHC class II and costimulatory molecules of the B7 family in microglia, 

  Fig. 16.3    The role of microglia in neuroinfl ammatory diseases. Microglia are activated by CD4 +  
T cells via CD40L–CD40 interactions and/or soluble factors. In some cases, activated microglia 
express major histocompatibility complex (MHC) class II and costimulatory molecules including 
CD80 and CD86, and possibly behave as antigen presenting cells (APCs) that restimulate infi ltrating 
CD4 +  cells. In another cases, activated microglia produce monokines such as TNF-α, IL-1β, and IL-6, 
which contribute to the activation of astrocytes and bystander microglial cells. Astrocytes and 
microglia activated by the monokines produce chemokines including monocyte chemoattractant pro-
tein (MCP)-1, macrophage infl ammatory protein (MIP)-1α, MIP-1β, regulated on activation, normal 
T cell expressed and secreted (RANTES), and IL-8 which induce chemotaxis of various immune 
cells including monocytes/macrophages, neutrophils, CD4 + , and CD8 +  T cells. Activated microglial 
cells could also induce demyelination via FasL-Fas interactions, and the production of TNF-α, IL-1β, 
NO, glutamate, and ROS. Moreover, activated microglia could further induce neurodegeneration via 
the production of NO, glutamate, and ROS. Abbreviations as in Figs.  16.1  and  16.2        
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activate (or reactivate) myelin-specifi c T cells, and enhance neuroinfl ammation. 
In addition, microglia are activated by monokines such as TNFα, IL-1β, and IL-6 
early in disease. Activated microglia also produce monokines, which in turn act on 
microglia and astrocytes to further enhance neuroinfl ammation via the production 
of cytokines and chemokines. Microglia-derived infl ammatory monokines such as, 
IL-1β and TNFα, and degenerative factors such as ROS, NO, and glutamate could 
additionally induce demyelination. Furthermore, microglia-derived degenerative 
factors, such as ROS, NO, and glutamate, could cause infl ammation-induced neuro-
degeneration. Thus, microglial cells could be considered as conductors that orches-
trate a plethora of neuroinfl ammatory phenomena involved in the pathogenesis of 
EAE and MS. However, many of the discussed studies were performed in vitro. 
Further investigation is needed to clarify the direct contribution of microglia versus 
the other infl ammatory cells in this exciting fi eld.
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    Chapter 17   
 Ischemia and Stroke 

             Raffaela     Cipriani      ,     Maria     Domercq      , and     Carlos     Matute     

    Abstract     Ischemic stroke is a complex brain pathology caused by an interruption of 
blood supply to the brain. It is associated with neurological defi cits (paralysis, mem-
ory disturbances, and thinking, language, and movement defi cits), which refl ect the 
localization and the size of the compromised brain area, and that are the manifesta-
tion of complex cellular events triggered by energy depletion. The major pathogenic 
events involved are excitotoxicity, peri-infarct neuronal depolarization, infl amma-
tion, oxidative stress, and apoptosis. Infl ammation plays a prominent role, worsening 
the injury in the early phase and infl uencing post-stroke recovery in the late phase. 
Activated microglia are one of the most important cellular components of post-stroke 
infl ammation, appearing from the fi rst few hours after hypoxic–ischemic injury and 
persisting for days and weeks thereafter. Activation of microglia could be the major 
cause of delayed neuronal cell death: microglial harmful actions range from the 
release of reactive oxygen species (ROS) and nitric oxide (NO) to pro-infl ammatory 
cytokines and matrix metalloproteinases (MMPs). In addition, microglia responses 
including phagocytosis of cell debris, remodeling of the extracellular matrix as well 
as the release of cytokines and trophic factors can improve the outcome of stroke. 
This knowledge opens a dynamic and possible time- dependent role of microglia in 
the brain response to ischemic injury. 

 In this chapter, we will discuss the nature of the infl ammatory response in the 
hypoxic–ischemic brain, the contribution of microglia to injury and to regenerative 
processes after stroke, and fi nally, how cerebral ischemia directly affect microglial 
functions and survival.  

  Keywords     Microglia   •   Cerebral ischemia   •   Post-ischemic infl ammation   •   Pro- 
infl ammatory cytokines   •   Trophic factor   •   Metalloproteinases   •   Phagocytosis   • 
  Reactive oxygen species  
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       Bullet Points  

•      Stroke is a complex pathology caused by a disturbance in the blood supply to the 
brain; a sequence of pathological events rapidly occurs in the compromised brain 
area, resulting in dysfunction and death of brain cells and neurological defi cits; 
the progression of the damage is dynamic in time and space and depends on the 
severity of the insult and/or reperfusion effi ciency.  

•   The cellular and subcellular events responsible for the onset and progression of 
ischemic neuronal death include excitotoxicity, peri-infarct neuronal depolarization, 
post-ischemic infl ammation, oxidative stress, and apoptosis.  

•   The infl ammatory response in ischemic brain involves resident immune cells, 
like microglia, as well as infi ltrating leukocytes, in particular neutrophils, 
macrophages, and lymphocytes.  

•   Microglia play a fundamental role in developing brain reaction to ischemic 
insults.  

•   Microglial responses in cerebral ischemia are complex. They range from induced 
neurotoxicity to neuroprotection, and depend on the severity of ischemic stress, 
the damage signals released, the duration/timing of the insult, the microenviron-
ment, and the interaction with other brain cells.  

•   Deleterious effects of microglia in ischemic brain injury are mainly associated 
with production of reactive oxygen species (ROS), and release of pro- infl ammatory 
cytokines and matrix metalloproteinases.  

•   The benefi cial roles of microglia after stroke are associated with the release of 
growth factors and anti-infl ammatory cytokines, the clearance of debris, and the 
promotion of late tissue recovery and regeneration.  

•   Stroke directly affects microglial functions and survival.  
•   Knowledge and control of the time course of the benefi cial and deleterious 

effects of microglia will be key to the development of therapeutic drugs acting on 
microglia.     

17.1     Introduction 

 Stroke is a devastating neurological condition derived from the permanent or transient 
interruption of the blood fl ow. It has an important impact on global health, being one 
of the leading causes of death and chronic adult disability worldwide (Green  2008 ; 
Moskowitz et al.  2010 ), and the resulting sensorimotor and cognitive impairment 
deeply affects the quality of life of stroke survivors. Although the severity of the 
neurological defi cits depends on the brain area involved, stroke patients typically 
experience varying degrees of motor and neuropsychological defi cits. Thus, atten-
tion, memory, language, and visuospatial and motor ability are generally affected, 
and the clinical situation is complicated by emotional defi cits and mood disorders, 
particularly depression, which negatively infl uence the rehabilitative capacity 
(Chen et al.  2013 ; Cumming et al.  2013 ). The main risk factors for stroke 
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occurrence are hypertension, atherosclerosis, diabetes, hypercholesterolemia, a 
family history of cerebrovascular diseases, aging, male sex, and Hispanic or Black 
race (Lo et al.  2003 ; Moskowitz et al.  2010 ). 

 Up to 85 % of all strokes are of ischemic origin as a consequence of blood clot-
ting, in most cases affecting one or more cerebral arteries and drastically reducing 
or blocking cerebral blood fl ow (CBF) in the corresponding territory.  Thrombotic 
stroke  occurs when a clot is locally formed in an artery, while  embolic stroke  is typi-
cally the consequence of a clot formed at a distant site within brain blood vessels or 
somewhere else (Moskowitz et al.  2010 ). The majority of human strokes result from an 
occlusion of the middle cerebral artery (Green  2008 ). Less frequently (<15 %), stroke 
is caused by hemorrhage or cardiac arrest (Dirnagl et al.  1999 ; Krafft et al.  2012 ; 
Moskowitz et al.  2010 ).  Hemorrhagic stroke  may be due to intracerebral or 
subarachnoid hemorrhage. 

 In spite of the progression in the knowledge of stroke pathophysiology, the only 
treatment available up to now for patients with ischemic stroke is thrombolysis 
(i.e., the dissolution of a blood clot) with recombinant tissue plasminogen activator 
(rt- PA), which promotes reperfusion and restores normal CBF. The main limitation 
of this therapy is the short therapeutic window (<4.5 h) and a higher risk of symp-
tomatic hemorrhagic complications (Zhang et al.  2012 ). 

 Hemorrhagic stroke is the least treatable type (Hwang et al.  2011 ) and surgery 
may be needed to reduce hematoma and repair the source of bleeding. Palliative 
treatment includes anticonvulsants to control seizures, corticosteroids, or diuretics 
to reduce swelling, painkillers, and anti-hypertensive drugs. However, current surgi-
cal and medical therapies are extremely limited in effi cacy (Arai et al.  2011 ) and the 
prognosis remains poor (Krafft et al.  2012 ). 

 The diffi culty in fi nding effective therapeutic strategies and/or translating suc-
cessful treatments from experimentation to the clinic is largely due to the complex 
sequence of events that occur in the ischemic brain and that evolve over time and 
space (Dirnagl et al.  1999 ). 

 In this section we provide an overview on the processes that lead to ischemic 
injury, with particular emphasis on the infl ammatory mechanisms. 

17.1.1     Overview on the Pathophysiology of Stroke 

 Oxidative phosphorylation is the main source of energy in the central nervous system 
(CNS). The brain has a high metabolic consumption of oxygen and glucose and low 
energy, which makes this organ especially vulnerable to ischemic insults (Dirnagl 
et al.  1999 ; Moskowitz et al.  2010 ). Normal CBF is approximately 50–60 mL/100 g/
min and when the CBF goes below 20 mL/100 g/min neurons stop their normal 
activity and an electrical silence rapidly occurs. CBF lower than 10 mL/100 mg/min 
causes irreversible neuronal injury (Jaffer et al.  2011 ). In focal stroke, the central 
region or  core  of the insult shows a drastic reduction of CBF and neurons die within 
minutes (Dirnagl et al.  1999 ). Between the  core  and the normal brain, the CBF defi cit 
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is lower, residual perfusion persists due to collateral blood vessels, and partial energy 
metabolism is maintained. This area, called  penumbra , is on the edge between life 
and death: it could survive for a certain time, but, without treatment, the tissue in 
the penumbra also becomes progressively damaged (Astrup et al.  1977 ; Lo  2008a ). 
The penumbra is therefore a potentially salvageable tissue, and the target of most 
neuroprotective strategies. 

 Progression of injury and cell death continues over time depending on many 
factors including the vulnerability of the particular brain region affected, its cellular 
constituents, and the extent of residual perfusion (Dirnagl et al.  1999 ; Moskowitz 
et al.  2010 ). For example, in focal cerebral ischemia, tissue damage is located in the 
vascular territory of the brain artery affected, whereas in global cerebral ischemia, 
as seen after cardiac arrest, lesions appear in selectively vulnerable brain regions 
such as the hippocampus, the caudate, thalamus, neocortex, and cerebellum (Back 
et al.  2004 ; Lo  2008a ; Lo et al.  2003 ). On the other hand, many pathological 
events that represent a neurotoxic component at early stages may set in the late 
post- ischemic period the conditions for tissue remodelling and recovery, and this 
complexity increases the diffi culty of defi ning a generalized therapeutic strategy 
(Lo  2008a ,  b ). 

 Immediately after vascular occlusion, affected neurons are unable to maintain 
ion homeostasis and their normal transmembrane ionic gradient, resulting in perma-
nent anoxic depolarization and irreparable tissue damage. In turn, depolarization 
induces the release of excitatory amino acids, particularly glutamate (Glu), which 
accumulates into the extracellular space. The absence of energy-dependent synaptic 
reuptake also contributes to this accumulation. Excitotoxicity is the result of Glu 
receptor over-stimulation and leads ultimately to necrotic or apoptotic cell death 
depending on the intensity of the stimulus and the metabolic state of the neurons 
(Lipton  1999 ; Moskowitz et al.  2010 ). Over-activation of Glu ionotropic receptors 
results in excessive Na +  and H 2 O passive infl ux and massive Ca 2+  entry into neurons. 
Excessive H 2 O causes cell swelling, loss of membrane integrity, and cell demise, 
generally leading to brain edema which negatively affects reperfusion (Dirnagl 
et al.  1999 ; Lipton  1999 ). In turn, Ca 2+  overload in the cytoplasm activates prote-
ases, lipases, and nucleases that rapidly degrade membranes and proteins, leading to 
cell death by necrosis. Moreover, Ca 2+  leads to generation of reactive oxygen spe-
cies (ROS) via the activation of enzymes (like phospholipase A2, cyclooxygenase, 
nitric oxide synthase/NOS) and/or to primary mitochondria alterations (Lo et al. 
 2003 ). ROS directly damage lipids, proteins, nucleic acid, and carbohydrates; in 
addition, they may react with NO to produce highly toxic peroxynitrites. ROS 
impair mitochondrial function leading to generation of further ROS and to the 
release of pro-apoptotic factors such as cytochrome C (Lipton  1999 ; Moskowitz 
et al.  2010 ). Moreover, ROS contribute to the onset of the infl ammatory response 
after ischemia-reperfusion. 

 Typically, the ischemic core rapidly undergoes necrosis as a consequence of bio-
energetic collapse, whereas in the penumbra residual blood fl ow allows the preser-
vation of neuronal resting membrane potentials, although not enough to generate 
action potentials: in this area, neuronal death develops more slowly as a result of 
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excitotoxicity and secondary events, like peri-infarct depolarization, oxidative 
stress, post-ischemic infl ammation, and apoptosis (Dirnagl et al.  1999 ) (Fig.  17.1 ).

   On the other hand, restoring CBF triggers deleterious pathways associated with 
delayed progression of the injury, ROS, and infl ammation being the most prominent 
(Green  2008 ). Although thrombolysis of acute stroke patients is currently the main 
effective therapy, the so-called “reperfusion injury”, a phenomenon referring to a 
cascade of deleterious biochemical processes triggered by reperfusion, must be 
taken into account as highlighted in animal models of transient cerebral ischemia 
(Aronowski et al.  1997 ; Pan et al.  2007 ). Multiple pathological processes are 
involved including oxidative and nitrosative stress, leukocyte infi ltration, platelet 
and complement activation, and breakdown of the blood–brain barrier (BBB) 
(Lo et al.  2003 ; Pan et al.  2007 ).  

  Fig. 17.1    Overview of the pathobiological mechanisms involved in ischemic injury. The ischemic 
cascade comprises a series of deleterious events that evolve over time and space. Acute damage 
occurs in the ischemic core, where neurons rapidly die from the total energy failure and excitotox-
icity. In the ischemic penumbra, more delayed events could extend the damage to this affected but 
potentially salvageable tissue. Among these events, post-ischemic infl ammation has a prominent 
role, with microglia, the immune cells of the Central Nervous System, representing its most impor-
tant player       

 

17 Ischemia and Stroke



418

17.1.2     Nature of the Infl ammatory Response 
in the Post- ischemic Brain 

 Focal cerebral ischemia and subsequent reperfusion are associated with an infl am-
matory response headed initially by resident brain cells, mainly microglia, as well 
as by the infi ltration of peripheral blood immune cells, neutrophils, monocytes/
macrophages, and lymphocytes (Kriz and Lalancette-Hébert  2009 ). The infl amma-
tory response starts few hours after CBF failure, persists for days after stroke and, 
at least early on, is associated with the secondary progression of the ischemic dam-
age. However, infl ammation could also participate in the mechanisms of tissue 
repair and brain function recovery, especially in the late post-ischemic period 
(Kriz  2006 ; Kriz and Lalancette-Hébert  2009 ; Moskowitz et al.  2010 ). In this paragraph, 
we provide a short overview of the mechanisms of post-ischemic infl ammation, 
and in the next section we will focus on the role played by microglial cells. 

 Infl ammation after brain ischemia-reperfusion is the result of events occurring at 
vascular, perivascular, and parenchymal levels and involves a wide array of cell 
types (leucocytes, perivascular macrophages, resident microglia, astrocytes) 
(Iadecola and Anrather  2011 ). As the cerebral blood vessels are the fi rst ones 
affected by a vascular occlusion, the very early phase of the infl ammatory response 
starts at the intravascular compartment. Thus, hypoxia, production of ROS (espe-
cially in the case of reperfusion injury), and changes in shear stress are among the 
main factors priming the activation of platelets (i.e., the non-nucleated blood com-
ponents implicated in the formation of blood clots), endothelial cells, and the com-
plement system, which is a proteolytic cascade composed of several subunits 
eventually leading to cell lysis, enhancing phagocytosis (opsonisation), and mediat-
ing chemotactic recruitment of infl ammatory cells (Iadecola and Anrather  2011 ; 
Yanamadala and Friedlander  2010 ). These events induce the formation of fi brin, a 
protein involved in blood clotting. Fibrin is formed from fi brinogen by the protease 
thrombin, and then polymerised to form a mesh that entangles platelets generally 
forming a clot. In the case of cerebral ischemia, intravascular formation of fi brin, 
and trapping platelets, and leukocytes results in microvascular occlusions (Iadecola 
and Anrather  2011 ), while P-selectin expressed on the membrane of platelets and 
endothelial cells bursts the production of pro-infl ammatory mediators (Iadecola and 
Anrather  2011 ). 

 At the vascular compartment, NO derived from endothelial nitric oxide synthase 
(eNOS) is a potent vasodilator and sustains blood fl ow in the ischemic territory 
(Iadecola et al.  1994 ; Lo  2008b ). Oxidative stress can lead to a reduction of NO pro-
duced by eNOS, and to a constriction of pericytes (contractile cells that wrap around 
the endothelial cells of capillaries and venules), further increasing microvascular 
occlusions and aggravating ischemic injury (Yemisci et al.  2009 ). The permeability 
of BBB is also altered by ROS, infl ammatory mediators, proteases, and downregula-
tion of junctional proteins. 

 In the perivascular compartment, different components of the immune system 
are involved in the brain response to cerebral ischemia. Thus, mast cells within 
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the cerebral microvasculature release their cytoplasmic granules which contain 
vasoactive mediators such as tumor necrosis factor α (TNFα), histamine, hepa-
rin, and proteases (Lindsberg et al.  2010 ). Also, perivascular macrophages in the 
perivascular compartment release pro-infl ammatory cytokines such as TNFα and 
interleukin-1β (IL-1β) (Konsman et al.  2007 ). These vasoactive compounds and 
pro-infl ammatory cytokines act on the basal membrane further contributing to 
damage of the BBB and to the expression of endothelial adhesion molecules 
(e.g., intercellular adhesion molecule-1/ICAM-1, P and E-selectin). These mol-
ecules, along with integrins, drive the infi ltration of leukocytes (neutrophils, 
lymphocytes, and monocytes) into the brain parenchyma, thus promoting brain 
edema, prolonged extravasation, and hemorrhage (Iadecola and Anrather  2011 ; 
Konsman et al.  2007 ; Lindsberg et al.  2010 ). 

 The fi rst cells that adhere to the endothelium and cross the vascular wall to enter 
in the brain parenchyma are neutrophils, followed by monocytes-macrophages and, 
1–2 days after stroke, by lymphocytes (Dirnagl et al.  1999 ; Moskowitz et al.  2010 ). 

 In the brain parenchyma, injured neurons burst the infl ammatory response driven 
by microglia which in the fi rst hours after stroke became activated and undistin-
guishable from circulating macrophages (Schilling et al.  2003 ). Microglia accumu-
late at the site of injury producing pro-infl ammatory cytokines and toxic mediators, 
and phagocytosing cell debris (see below). In addition, several T cell subtypes mod-
ulate secondary infarct progression (Iadecola and Anrather  2011 ). 

 All the above cellular reactions result in early infl ammatory-induced cell death 
along with cerebral infarction progression. The main effectors of cell death in 
infl ammation include direct damage induced by oxidative and nitrosative stress, 
activated complement system, activation of FasL- and TNF-mediated apoptosis, 
perforin cytolysis, and release of the apoptosis inducer granzyme by activated 
microglia and infi ltrating immune cells (Iadecola and Anrather  2011 ). At later 
stages of stroke, the infl ammatory response helps to restore tissue homeostasis by 
removing dead cells and debris by microglia and infi ltrated macrophages, produc-
ing anti-infl ammatory cytokines such as transforming growth factor β(TGF-β) and 
inteleukin-10 (IL-10), and growth factors such as insulin-like growth factor-
1(IGF-1), vascular endothelial growth factor (VEGF), which act in concert with 
metalloproteinases (MMPs) to reorganize and repair damaged tissue.   

17.2     Microglia in Cerebral Ischemia 

 Microglia are cells of myeloid origin derived from primitive hematopoiesis in the 
fetal yolk sac and take up residence in the brain during early fetal development 
(Ginhoux et al.  2010 ; Saijo and Glass  2011 ). Microglia are considered as the 
 resident macrophage population of the CNS, where they maintain surveillance and 
continuously scan the tissue with their processes, ready to act when any type of dis-
turbance occurs (Hanisch and Kettenmann  2007 ). Microglia are the most versatile 
cell population in the brain. Depending on the state of activation, type, and intensity 
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of the stimulus, microglia undergo a plethora of morphological and biochemical 
transformations to mediate the appropriate responses (Hanisch and Kettenmann 
 2007 ; Prinz et al.  2011 ). 

 Microglia play a critical role in the infl ammatory response that occurs after cere-
bral ischemia. Minutes after an ischemic lesion resident microglia shift their activity 
state from a highly ramifi ed phenotype to a more amoeboid morphology, prolifer-
ate, and change the pattern of surface marker expression, becoming indistinguish-
able from macrophages. In this reactive state, microglia migrate to and accumulate 
in the infarct core and in the penumbra, where they drive the infl ammatory response 
and lymphocytes infi ltration, closely affecting later recovery too. Infi ltration of 
reactive microglia in the ipsilateral hemisphere occurs already at 12–24 h after 
experimental ischemia and is followed by neutrophils and macrophages invasion 
(Schilling et al.  2003 ; Weinstein et al.  2010 ). Positron emission tomography (PET) 
and magnetic resonance imaging (MRI) visualization techniques have confi rmed 
the presence of activated microglia and macrophages in the peri-infarct zone during 
the subacute phase of stroke in vivo in humans (Weinstein et al.  2010 ). 

 Microglia may persist in an activated state for weeks after initial injury, with a 
peak in proliferation at 48–72 h (Denes et al.  2007 ; Lalancette-Hébert et al.  2007 ). 

 It is generally assumed that activation of microglial cells in cerebral ischemia is 
neurotoxic and exacerbates ischemic injury. However, microglial responses are 
highly variable and depend on the nature, strength, and duration of the insult, ranging 
from the production of pro-infl ammatory cytokines (TNFα, IL-1β), ROS, and NO, to 
the production of neurotrophic factors and anti-infl ammatory cytokines (glial cell 
line-derived neurotrophic factor/GDNF, brain-derived neurotrophic factor/BDNF, 
basic fi broblast growth factor/bFGF, IGF-1, TGF-β, VEGF) (Lai and Todd  2008 ; 
Kriz and Lalancette-Hébert  2009 ). 

 As in the case of macrophages, two activated phenotypes of microglia have been 
identifi ed: a “classically activated” (also called M1) and an “alternatively activated” 
(also called M2) (Hu et al.  2012 ; Michelucci et al.  2009 ; Perego et al.  2011 ). This 
suggests that microglia can adopt different functional programs in response to spe-
cifi c microenvironmental cues. In vitro stimulation with lipopolysaccharide and 
interferon-γ (IFNγ) promotes the acquisition of a M1 phenotype in microglia/ 
macrophages, typically associated with the release of pro-infl ammatory mediators. 
In contrast, interleukin (IL)-4 and IL-10 induce a M2 phenotype that possesses 
 neuroprotective and anti-infl ammatory properties, with enhanced phagocytic activ-
ity and reduced production of infl ammatory mediators (Durafourt et al.  2011 ; 
Michelucci et al.  2009 ; Olah et al.  2011 ). However, the phenotype-specifi c roles of 
microglia in ischemic brain injury are poorly characterized. It seems that microglia/
macrophages at the ischemic lesion present specifi c phenotypes with distinct spatial 
and temporal features (Perego et al.  2011 ), with local microglia and newly recruited 
macrophages showing the M2 phenotype at the early stages of ischemic stroke and 
gradually transforming into the M1 phenotype at the site of injury (Hu et al.  2012 ). 
This is consistent with the idea that phagocytosis of tissue debris and dying cells, 
and secretion of pro-survival/neurotrophic factors, become relevant to facilitate and/
or initiate the recovery processes and tissue repair. 
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 Microglia are equipped with different receptors to react to homeostatic pertur-
bations. In brain ischemia, microglia sense molecules released from damaged or 
dead neurons. Among them, purines (ATP and UTP) released into the extracellular 
space as a result of injury stimulate purinergic receptors present on the microglial 
membrane (Iadecola and Anrather  2011 ; Yenari et al.  2010 ). Purines transmit their 
signal through two different classes of receptors, P1 (for adenosine) and P2 (for 
ATP, UTP and ADP, UDP). ATP receptors (P2 receptors) are divided into ionotropic 
P2X (P2X1-7) and metabotropic P2Y (P2Y1,2,4,6,11-14) receptors (Abbracchio 
et al.  2009 ). 

 Major subtypes of purinergic receptors expressed by microglia include P2X4, 
P2X7, PXY1, P2Y2, and P2Y12 receptors (Haynes et al.  2006 ; Pocock and 
Kettenmann  2007 ), having important roles in activation, movement, and microglial 
response to injury. Thus, P2X7 receptors in microglia, whose expression is upregu-
lated after brain injury, stimulate proliferation and release of cytokines like IL-1β, 
TNF-α (Brough et al.  2002 ; Monif et al.  2009 ; Suzuki et al.  2004 ), while short-term 
exposure to exogenous ATP reduces their phagocytic capacity through P2X7 recep-
tor activation (Fang et al.  2009 ). Inhibition of P2X7 receptor reduces microglia-
induced infl ammation and brain infarct in global (Chu et al.  2012 ) and focal models 
of cerebral ischemia in rats (Melani et al.  2006 ). P2X4, as well as P2Y12, are 
involved in ATP-induced microglial chemotaxis in vitro (Ohsawa et al.  2007 ). P2X4 
expression is upregulated in reactive microglia in vitro, after oxygen- glucose depri-
vation (OGD) in rat organotypic brain slices, and in vivo, after cerebral ischemia in 
gerbil (Cavaliere et al.  2003 ), suggesting an involvement of P2X4 activation in the 
modulation of microglial cell migration under ischemic conditions. In turn, activa-
tion of P2Y12 is associated with microglial process extension and migration and 
this is the main receptor through which extracellular purines promote directed 
microglial movement following CNS injury, as microglia derived from P2Y12 
knockout mice are unable to polarize, migrate, or extend processes towards nucleo-
tides in vitro or in vivo (Haynes et al.  2006 ), and in vitro stimulation of microglia 
with ATP  regulates process extension through the integrin-β1 activation (Ohsawa 
et al.  2010 ). However, a specifi c role for microglial P2Y12 in cerebral ischemia 
remains to be elucidated. 

 In addition, neurotransmitters released after ischemia and reperfusion may coun-
teract microglial infl ammatory response and reduce cytokines, ROS, and NO pro-
duction. In fact, microglia express receptors for most neurotransmitters including 
Glu, GABA, purines (as mentioned above), and dopamine in vitro (Pocock and 
Kettenmann  2007 ). Typically, neurotransmitters suppress microglial activation 
(Biber et al.  2007 ) and it appears that the local release of neurotransmitter during 
normal brain function may be a mechanism by which microglia can sense the proper 
functioning of neurons. Thus, activation of microglia through GABA, adrenergic, 
adenosine, or cannabinoid receptors suppresses cytokine release and the neurotoxic 
phenotype (Biber et al.  2007 ; Pocock and Kettenmann  2007 ). However, Glu has a 
more complex role since stimulation of ionotropic Glu receptors (iGluR) induces 
microglial proliferation, morphological changes, and release of IL-1β, TNFα, NO, 
and ATP (Biber et al.  2007 ; Pocock and Kettenmann  2007 ; Yenari et al.  2010 ), while 
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metabotropic Glu receptors (mGluRs) can transform microglia into a neuroprotec-
tive (via group III mGluRs) or neurotoxic (via group II mGluRs, particularly 
mGluR2) phenotype (Pocock and Kettenmann  2007 ). In models of cerebral isch-
emia, specifi c types of iGluRs are expressed in reactive microglial cells after isch-
emia (Gottlieb and Matute  1997 ), and a neuroprotective effect for a mGluR5 agonist 
has been demonstrated after acute administration in experimental stroke (Kohara 
et al.  2008 ). 

 Moreover, several intracellular molecules (e.g., hyaluronic acid, fi bronectin, heat 
shock protein 60 (HSP60), and high-mobility group box 1) that are released from 
dying neurons or generated by the action of lytic enzymes activate Toll-like recep-
tors (TLRs) signalling pathway, a family of transmembrane proteins related to rec-
ognition and defence from microorganisms. In particular, activation of TLR4 leads 
to upregulation of an array of proinfl ammatory genes in microglia (Iadecola and 
Anrather  2011 ; Kilic et al.  2008 ; Yenari et al.  2010 ). 

 Cell-to-cell interaction between neurons and microglia keep the latter in a qui-
escent state in normal tissue. After neuronal death, these interactions are lost and 
disrupted signalling causes microglia to become fully reactive (Biber et al.  2007 ; 
Hanisch and Kettenmann  2007 ). This is the case of CD200 and CX3CL1/fractal-
kine. CD200, a cell surface glycoprotein belonging to an immunoglobulin 
 superfamily constitutively expressed on the neuronal membrane in healthy condi-
tions interacts with its receptor CD200R on microglia, enforcing a resting pheno-
type (Hoek et al.  2000 ). As demonstrated in vivo using antibodies against the 
CD200 receptor or CD200-defi cient mice, disruption of this interaction promotes 
a microglial infl ammatory response in several types of experimental neurological 
disorders like experimental autoimmune encephalomyelitis and facial nerve axot-
omy (Biber et al.  2007 ), or in transient middle cerebral artery occlusion (MCAO) 
in rats (Matsumoto et al.  2007 ). The chemokine CX3CL1 plays a similar role. 
CX3CL1 is constitutively expressed by neurons and is synthesized as a transmem-
brane glycoprotein, from which a soluble chemokine can be proteolytically 
released. The interaction with its receptor CX3CR1, expressed only by microglia 
in the healthy CNS, is important for neuron-microglia communication. It has been 
shown that CX3CL1 reduces microglia neurotoxicity and, consequently, neuronal 
damage both in vitro and in in vivo models of neuropathologies and brain infl am-
mation (Cardona et al.  2006 ; Mizuno et al.  2003 ; Zujovic et al.  2000 ). However, 
the role of CX3CL1 in cerebral ischemia appears more complex: in transient focal 
cerebral ischemia, genetic deletion of CX3CL1 (CX3CL1 -/-  mice) reduces post-
ischemic brain injury (Soriano et al.  2002 ) and CX3CR1 defi ciency (CX3CR1 GFP/

GFP  mice, in which the CX3CR1 gene was replaced by GFP) signifi cantly attenu-
ates ischemic and BBB damage, IL-1β, and TNFα release (Dénes et al.  2008 ). On 
the other hand, when CX3CL1 is given exogenously a long-term protective effect 
on the ischemic lesion is observed (Cipriani et al.  2011 ), suggesting a pivotal role 
of the constitutive CX3CL1/CX3CR1 signalling in modulating microglial response 
during cerebral ischemia. 

 Once exposed to injury-released signals, microglia acquire an effector phenotype 
and upregulate the production of infl ammatory mediators (TNFα, iNOS, IL-6) and 
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proteases (MMP3, MMP9) (Dirnagl et al.  1999 ; Yenari et al.  2010 ). NFkB in 
 particular promotes the transcription of many genes involved in infl ammation, 
including TNFα, ICAM-1, cyclooxygenase-2 (COX-2), iNOS, and IL-6 and drives 
the morphological transformation of microglia into their effector phenotype (Yenari 
et al.  2010 ). 

17.2.1     Deleterious Effects of Microglia in Ischemic 
Brain Injury 

 Deleterious effects of microglial activation in brain ischemia are typically associ-
ated with the M1 phenotype. Activated microglia migrate to the site of injury, pro-
liferate, and release cytotoxic substances such as pro-infl ammatory cytokines (i.e., 
IL-1β and TNFα) (Barone et al.  1997 ; Rothwell et al.  1997 ), ROS (superoxide, 
hydrogen peroxide, nitric oxide), MPPs, and Glu (Yenari et al.  2010 ) (Fig.  17.2 ).

   Superoxide is primarily produced by microglia via NAPDH oxidase (NOX) 
(Brown and Neher  2010 ; Chen et al.  2009 ; Surace and Block  2012 ). The main 

  Fig. 17.2    Summary of microglial-mediated responses in cerebral ischemia. Microglial responses 
after cerebral ischemia show both neurotoxic and neuroprotective effects. This dichotomy could 
result from different factors infl uencing the shift from one microglial phenotype to another; among 
these, the severity of neuronal injury and the temporal factor are crucial, with the cytotoxic aspect 
being more important in the acute phase of the ischemic injury and the trophic component in the 
late phase of recovery       
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 cytotoxic role of superoxide derives from the reaction with other molecules to 
 produce other ROS, peroxynitrite and hydroxyl radicals, which are highly toxic to 
neurons. Accordingly, early treatment with NOX inhibitors as apocynin has a pro-
tective effect against experimental cerebral ischemia-reperfusion (Chen et al.  2009 ; 
Yenari et al.  2010 ) and knock-out mice lacking the gp91 subunit of NOX2 present a 
smaller infarct in cerebral ischemia compared with wild-type littermates (Walder 
et al.  1997 ). NOX-derived superoxide could exacerbate BBB injury directly by act-
ing on its constituents, astrocytes and endothelial cells, since inhibiting NOX super-
oxide production with apocynin preserves BBB constituents in vitro and reduces 
BBB disruption and hemorrhage in vivo (Yenari et al.  2006 ). 

 During cerebral ischemia, inducible nitric oxide synthase (iNOS) is upregulated 
in activated microglia resulting in an increased production of NO (Brown and Neher 
 2010 ; Iadecola et al.  1995 ; Yenari et al.  2010 ). Reacting with superoxide, NO leads 
to the formation of peroxynitrite, a molecular species which is highly reactive and 
toxic for neurons (Iadecola et al.  1995 ), and directly inhibits mitochondrial respira-
tion (Mander et al.  2005 ). As in the case of NOX, pharmacological inhibition of 
iNOS with aminoguanidine and iNOS genetic deletion in mice reduces infarct size 
(Iadecola et al.  1995 ; Zhao et al.  2000 ). 

 Microglia are the major source of MMPs released following cerebral ischemia, 
especially MMP3 and MMP9 (del Zoppo et al.  2007 ). MMPs are well known pro-
teases that cleave, in their activated state, extracellular proteins that can directly 
disrupt BBB, thereby contributing to secondary damage (del Zoppo et al.  2007 ). 
Supporting this view, MMP3 or MMP9 knock-out mice display a smaller infarct 
compared to wild-type animals (Asahi et al.  2000 ), whereas acute MMPs inhibition 
reduces infarct size, brain edema and rt-PA-induced haemorrhage in experimental 
stroke (Pfefferkorn and Rosenberg  2003 ). Indeed, rt-PA increases levels of MMPs 
in the ischemic brain, and in particular it upregulates plasma MMP-9 levels, 
which correlate with hemorrhagic conversion after thrombolysis (Lo  2008a ). 
These observations suggest a risk of secondary hemorrhage and edema associated 
with rt-PA treatment in stroke. 

 On the other hand, the antibiotics minocycline and doxycycline, known for their 
ability to reduce microglial infl ammation in vitro and in vivo, protect against cere-
bral ischemia at least in part through the inhibition of MMP9 (Koistinaho et al. 
 2005 ; Lee et al.  2009 ). In addition, these antibiotics, which are BBB-permeable 
and inhibit neurotoxic infl ammatory responses of microglia, are neuroprotective in 
adult (Yrjänheikki et al.  1998 ,  1999 ) as well as in perinatal hypoxia-ischemia 
(Jantzie et al.  2005 ) and in cell culture models of cell death (Tikka et al.  2001 ). The 
effects of tetracyclines on microglia neurotoxic responses include the reduced lev-
els of IL-1β-converting enzyme (ICE, a member of the caspase-family proteases 
that cleaves pro-IL-1β, an inactive precursor, to IL-1β) and iNOS (Yrjänheikki 
et al.  1998 ), the inhibition of caspases (Chen et al.  2000 ; Jantzie et al.  2005 ) and 
COX-2 expression, and of prostaglandin E2 production (Yrjänheikki et al.  1999 ). 
However, non-specifi c effects of minocycline, acting on other cell types such as 
astrocytes and macrophages, should be taken into account (Jin et al.  2014 ; Liu and 
Yang,  2012 ). 
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 Finally, microglia could exacerbate excitotoxic damage through the release of 
Glu in the post-ischemic period, thus adding to the increase in Glu extracellular 
levels caused by the damage to neurons and the failure of reuptake mechanisms 
(Takeuchi et al.  2008 ).  

17.2.2     Benefi cial Effects of Microglia After Stroke 

 Microglia response in cerebral ischemia can also help restoring tissue homeostasis 
and repair (Fig.  17.2 ). Thus, microglia can support neuronal survival through the 
clearance of cell debris by phagocytosis, and the production of neurotrophic factors 
and anti-infl ammatory cytokines, in order to promote tissue recovery and regeneration 
at the lesion site. 

 Proliferating resident microglia are crucial for a better outcome in cerebral ischemia 
since their ablation increases apoptotic neurons and decreases the levels of IGF-1 
(Lalancette-Hébert et al.  2007 ). In addition, exogenous microglia injected into the 
blood stream (Imai et al.  2007 ) or intracerebrally (Kitamura et al.  2004 ) can increase 
post-stroke neuronal survival by producing BDNF and GDNF. 

 In addition to secreting growth factors, microglia can also be protective by 
engulfi ng activated and neurotoxic neutrophils, as shown in organotypic brain slices 
subjected to OGD (Neumann et al.  2008 ). Thus, the rapid increase in mononuclear 
phagocytes numbers at the site of injury during the fi rst 3 days as a consequence of 
microglial proliferation negatively correlates with the extent of ischemic brain dam-
age, as demonstrated in a model of transient MCAO in mice using MRI combined 
with blood-born macrophages labeling techniques to discriminate microglia prolif-
eration from macrophage infi ltration (Denes et al.  2007 ). This amelioration in 
ischemia- reperfusion injury appears to be due to phagocytosis of infi ltrating neutro-
phils and to attenuated infl ammation (Denes et al.  2007 ). On the other hand, benefi -
cial aspects of phagocytic activity of microglia are also associated with the removal 
of necrotic/apoptotic cells and debris in the ischemic tissue (Denes et al.  2007 ; 
Schilling et al.  2005 ). Phagocytosis of dead cells by microglia promotes the produc-
tion of immunomodulatory cytokines, such as TGF-β, that could suppress infl am-
mation by inhibiting helper T-cell responses and promoting regulatory T-cell 
development, and IL-10, that has neuroprotective and anti-infl ammatory properties 
(Iadecola and Anrather  2011 ). These cytokines can facilitate the resolution of 
infl ammation and brain repair, as well as exert direct neuroprotective effects in cere-
bral ischemia (Grilli et al.  2000 ; Lehrmann et al.  1998 ). Other cytokines can also 
have a protective role in ischemia. This is the case of TNFα, a pro-infl ammatory 
cytokine whose main source in the brain are resident-activated microglia and infi l-
trating leucocytes (Lambertsen et al.  2009 ). TNFα is commonly associated with 
neurotoxicity and a detrimental stroke outcome. However, recent evidence suggests 
a dual role for this cytokine. In particular, microglial-derived TNFα reduces the size 
of cortical infarcts and behavioral defi cits, and modulates infl ammatory responses 
after focal cerebral ischemia in mice (Lambertsen et al.  2009 ). The protective role 

17 Ischemia and Stroke



426

of TNFα involves the activation of TNF-p55 receptor as infarction increases in 
TNF-p55 receptor knockout mice compared with TNF-p75 receptor knockout and 
wild-type mice (Lambertsen et al.  2009 ). 

 Finally, microglia have an important role in neurogenesis and neuroplasticity 
after cerebral ischemia. Ischemic stroke caused by MCAO triggers an extensive and 
long-lasting cell proliferation in the rat subventricular zone (SVZ), and the newly 
formed neuroblasts migrate into the damaged striatum producing new striatal neu-
rons (Thored et al.  2009 ). In this model, the production of neuroblasts is accompa-
nied by a long-lasting accumulation of reactive microglia in the SVZ. These microglia 
show a ramifi ed morphology and a proneurogenic phenotype associated with an 
upregulated expression of IGF-1 which infl uences neurogenesis and suggests a sup-
portive role of microglia in the continuous neuroblast production (Thored et al. 
 2009 ). Moreover, activated microglia and reactive astrocytes in the ischemic area 
express monocyte chemoattractant protein-1, which promotes the migration of 
neuroblasts to the damaged area (Yan et al.  2007 ). 

 Conversely, post-ischemic inhibition of the infl ammatory response by minocycline 
reduces neurogenesis (Kim et al.  2009 ). Moreover, following focal cerebral isch-
emia in rats microglia have a supportive role in brain neuroplasticity possibly 
through the production of BDNF. Indeed, pharmacological inhibition of the infl am-
matory response with an inhibitor of the poly(ADP-ribose) polymerase-1 (PARP- 1), 
which contributes to the activation of NFkB, is associated with a long-term reduc-
tion in the expression of two neuronal plasticity proteins, synaptophysin (marker of 
synaptogenesis) and GAP-43 (marker of neuritogenesis), as well as with lower lev-
els of BDNF secretion (Madinier et al.  2009 ). These studies support the hypothesis 
of an involvement of microglia in neurogenesis and synaptic plasticity after stroke 
(For more detailed information on microglial role in neurogenesis and synaptic 
plasticity, see Chaps.   9     and   10    ). 

 Taken together, these studies indicate that the benefi cial functions of microglia 
depend on a plethora of factors, far from being an all-or-none phenomenon. Several 
different “activation states” exist in which microglia may selectively upregulate neu-
roprotective and/or neurotoxic effectors (Czeh et al.  2011 ). The severity of neuronal 
injury determines the type of molecules released by damaged tissue which ultimately 
determines microglial responses (Gomes-Leal  2012 ; Lai and Todd  2008 ). 

 Post-ischemic changes over time are also relevant for determining the detrimen-
tal or protective edge of microglia (Kriz  2006 ). Thus, acute overactivation of 
microglia results in an initial harmful response, and the subsequent resolution of 
infl ammation may shift microglia to a pro-survival phenotype, the M2 phenotype, 
oriented towards the recovery and regeneration of the tissue. At this stage, microglia 
present enhanced phagocytic activity (Hu et al.  2012 ), a reduced production of 
infl ammatory mediators, and the capacity of releasing neurotrophic factors, such as 
GDNF, BDNF, bFGF, IGF-1 TGF-β, and VEGF (Xing et al.  2012 ). A paradigmatic 
example that supports this idea is the role of MMPs in cerebral ischemia. MMPs are 
known to promote injury of BBB by degrading neurovascular matrix. Early MMPs 
inhibition confers neuroprotection, while late inhibition may conversely mediate 
benefi cial plasticity and remodelling during stroke recovery. VEGF generated 
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through MMP-9 processing of pro-VEGF and matrix-bound VEGF is responsible, 
at least in part, since inhibition of MMPs reduces the amount of endogenous VEGF 
in peri-infarct cortex at 14 days after transient MCAO (Zhao et al.  2006 ).  

17.2.3     Altered Functions and Damage to Microglia 
After Stroke 

 The present debate about the role of microglia in stroke is focused on whether its 
depletion or introduction in vivo or ex vivo improves or worsens tissue damage and 
the neurological consequences of stroke. However, few studies have analyzed how 
energy-limiting conditions affect microglia functions and survival directly. In 
response to microdamage in a capillary, microglia rapidly outgrow larger processes 
and migrate to the site of injury to prevent damage expansion (Davalos et al.  2005 ; 
Haynes et al.  2006 ; Hines et al.  2009 ). This outgrowth involves functional purinergic 
P2Y12 receptors and chloride channels and is also actin-dependent (Haynes et al. 
 2006 ; Hines et al.  2009 ). Actin polymerization in motile cells is an ATP- dependent 
process (Atkinson et al.  2004 ) and so, the early spatiotemporal changes in microg-
lial dynamics after ischemia are dramatically affected by CBF (Masuda et al.  2011 ). 
Indeed, after focal and global ischemia the dynamics of microglia in the penumbra 
area are strongly correlated with capillary blood fl ow measured within 10 μm of 
microglial somata. In contrast, changes in blood fl ow around distal microglial pro-
cesses (>30 μm from somata) had no effect on microglial dynamics (Masuda et al. 
 2011 ). Similarly, in an ex vivo model of ischemia, microglia mobility was severely 
reduced during OGD (Eyo and Dailey  2012 ). However, there are still a reduced 
number of microglia cells that maintain their motility capacity intact during the 
ischemic insult (Masuda et al.  2011 ; Eyo and Dailey  2012 ). Restoration of blood 
fl ow or reperfusion leads to partial or total recovery of microglia motility depending 
on the nature of the insult. In ex vivo slices, a transient OGD (2 h) caused a pro-
longed alteration of microglial behavior, with a 50 % reduction of motility and 
migration capacity (Eyo and Dailey  2012 ). 

 In the normal brain, two-photon in vivo imaging recently revealed that microglia 
monitor the functional status of synapses and make transient connections with syn-
apses (approximately 5 min long) resulting in microglial process retraction 
(Tremblay et al.  2010 ; Wake et al.  2009 ). Microglial motility towards synapses is 
modulated by neuronal activity and experience (Tremblay et al.  2010 ; Wake et al. 
 2009 ). After transient cerebral ischemia, the duration of the microglia-synapse con-
tacts in the penumbra is prolonged (approximately 1 h), and these contacts were 
sometimes followed by the complete disappearance of the presynaptic bouton 
(Wake et al.  2009 ). However, the number of microglia process extension–retraction 
events is severely blunted by 76 % in the peri-infarct region after ischemic stroke 
and 24-h reperfusion in mice (Morrison and Filosa  2013 ). In addition, the surveil-
lance function of microglia depends on their extensive arborization of dynamic pro-
cesses. While the withdrawal of microglial processes is generally considered a 
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hallmark of microglial activation and transformation into a phagocytic phenotype, 
as occurring in ischemia, such morphological manifestation of microglial activation 
requires some levels of residual blood fl ow (Masuda et al.  2011 ) and is more evident 
during reperfusion (Morrison and Filosa  2013 ). Microglial process de-ramifi cation 
is driven by upregulation of the G s -coupled A 2A  receptor (Orr et al.  2009 ) concomi-
tant with downregulation of the G i -coupled P2Y 12  receptor following stroke or LPS 
stimulation (Haynes et al.  2006 ). However, whether such morphological changes 
represent an increase in phagocytic activity during ischemia remains to be deter-
mined. A recent study in hippocampal tissue slices demonstrates that the microglia 
surviving the ischemic insult (OGD) can engulf dead cells as revealed by time lapse 
microscopy (Eyo and Dailey  2012 ). 

 Since microglia are necessary to phagocytose dead cells and to promote recov-
ery, damage to microglia could affect the stroke outcome. Pioneer studies have 
already suggested that cultured microglia are vulnerable to ischemia (Lyons and 
Kettenmann  1998 ; Yenari and Giffard  2001 ), despite the fact that cultured cells 
developed a metabolic switch making them more resistant to the insult (Chock and 
Giffard  2005 ). After permanent MCAO some microglia remained intact in the 
 ischemic core 24 h after the insult (Mabuchi et al.  2000 ; Wen et al.  2004 ), suggest-
ing that these cells may survive for some time under permanent ischemia. However, 
transient MCAO in neonates induces a 40 % decrease in microglia cell number in 
the ischemic core relative to the penumbra (Faustino et al.  2011 ). Clear evidences 
about the effects of stroke on microglial viability in vivo are lacking because it is 
diffi cult to estimate microglial cell death due to the concomitant proliferation of 
surviving microglia and the infi ltration of circulating monocytic cells expressing 
very similar markers. However, using ex vivo acute brain slices, it was demon-
strated that OGD, not hypoxia, induces clear damage to microglia (i.e., nearly 44 % 
of microglial cell death after 6 h OGD) and that microglial vulnerability increases 
dramatically with age (Eyo and Dailey  2012 ). Different mechanisms of microglia 
cell death have been described including apoptosis, autophagy (Arroyo et al.  2013 ), 
pyroptosis, programmed cell death triggered by caspase-1 activation by the infl am-
masome, and necroptosis (Fricker et al.  2013 ). However, little is known about the 
signals that regulate microglial cell death in ischemia and its impact on the outcome 
of stroke. One of the signals that regulate microglial cell death after OGD in acute 
neonatal slices is ATP through the activation of the low-affi nity P2X7 receptor 
(Eyo et al.  2013 ).   

17.3     Conclusions 

 In recent years, we have witnessed a tremendous growth of knowledge about the 
cellular and biochemical processes underlying tissue damage in cerebral ischemia. 
In parallel, a large variety of neuroprotectants have proven to be benefi cial in animal 
models of stroke, but this potential therapeutic armamentarium has failed in clinical 
studies with the exception of rt-PA. However, combined therapy targeting several 

R. Cipriani et al.



429

mechanisms with novel drugs during appropriate time windows may result in better 
treatment of stroke. Some novel concepts may be instrumental in developing new 
effective drugs. In particular, pharmacological interventions aimed at restoring nor-
mal communication at the “neurovascular unit”, which includes dynamic interac-
tions between neurons, endothelial cells, vascular smooth muscle, associated tissue 
matrix proteins, and glial cells, will be crucial for halting the progression of isch-
emic injury (Lo et al.  2003 ; Moskowitz et al.  2010 ; del Zoppo  2009 ). Post-ischemic 
infl ammation has a profound impact on the integrity of neurovascular unit, and 
microglia, the main resident immune effectors, are a promising target for the treat-
ment of stroke. However, the biphasic microglial response after ischemia makes 
therapeutic approaches diffi cult. Because of this dual response, it is most important 
to evaluate drug effi cacy at both the initial and later phases post-stroke and to take 
into account the extent of vascular occlusion (Kriz  2006 ). Current research into 
microglia-based therapies endeavours a selective suppression of the deleterious 
effects of microglial activation without affecting mechanisms of neuronal circuits 
repair and remodelling. Very interesting in this respect is the use of specifi c viral 
vector for targeted gene delivery to microglial cells (Balcaitis et al.  2005 ). 

 Minocycline, a BBB-permeable tetracycline antibiotic, is commonly used as 
strong inhibitor of microglia polarization to the proinfl ammatory state M1 without 
infl uencing its apparent M2 phenotype (Kobayashi et al.  2013 ). These properties of 
minocycline make it a good candidate to tame microglial reactions towards a more 
benign response following stroke and warrant further investigations. Indeed, recent 
early phase clinical trials have shown minocycline to be safe and potentially effec-
tive in acute ischemic stroke, alone or in combination with rt-PA (Fagan et al.  2011 ). 
Other pharmacological agents modulating microglial function, such as antagonists 
of TLRs, are also under investigation (Weinstein et al.  2010 ). 

 As demonstrated in experimental models of cerebral ischemia, exogenous mac-
rophages can migrate into the brain parenchyma and protect against neurodegenera-
tion (Imai et al.  2007 ; Kitamura et al.  2004 ,  2005 ; Tanaka et al.  2003 ). Therefore, 
administration of bone-marrow-derived monocytes/microglia might be a potential 
tool for cell or gene therapy in the treatment of stroke. In addition, transplantation 
of bone marrow-derived cells has shown positive results in preclinical models of 
cerebral ischemia in part by modulation of post-ischemic infl ammatory responses 
(Brenneman et al.  2010 ; Ohtaki et al.  2008 ; Ramos et al.  2013 ).     
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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 

18 Neurodegenerative Diseases

http://dx.doi.org/10.1007/978-1-4939-1429-6_4


442

  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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    Chapter 19   
 Spinal Cord and Brain Trauma 

             Samuel     David       and     Phillip     G.     Popovich     

    Abstract     Microglia are the fi rst responders to central nervous system (CNS) trauma. 
They are thought to be a central player in initiating and orchestrating a cascade of 
changes that lead to an elaborate infl ammatory response at the site of injury. 
This infl ammatory response also includes the infl ux of peripheral immune cells into 
the injured CNS. In this chapter we will focus our attention on the microglial response 
to spinal cord injury, but where possible we will include discussion of microglial 
responses after traumatic brain injury. We will discuss the differences in the early and 
late responses of microglia to CNS injury; the signaling molecules, cytokines and 
other factors that modulate their responses, the evidence for their benefi cial and detri-
mental effects, and the effects of their activation at the epicenter of the injury and in 
sites distal to the injury. Attention will also be focused on the evidence of microglial 
changes in chronic spinal cord and brain trauma. We will highlight the preclinical 
evidence for targeting some aspects of the microglial response to treat spinal cord and 
brain trauma and take a look at some future directions to pursue.  

  Keywords     Microglia   •   Spinal cord injury   •   Traumatic brain injury   •   Purinergic 
signaling   •   Damage-associated molecular patterns   •   Toll-like receptors   •   Cytokines   
•   Free radicals   •   Wallerian degeneration   •   Regenerative sprouting  

      Bullet Points  

•      Microglia respond within minutes by sending processes towards the injury.  
•   The early microglial response to micro-lesions is protective and mediated by 

ATP-purinergic receptor, damage-associated molecular patterns (DAMPs)-Toll- 
like receptors (TLRs) signaling, and other factors.  
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•   DAMP-TLR signaling in microglia leads to pro-infl ammatory cytokine 
expression.  

•   Microglia, like peripheral macrophages entering the injured spinal cord, become 
polarized into cytotoxic M1 and non-cytotoxic M2 states.  

•   M1 polarization is predominant in the injured spinal cord.  
•   Microglia respond very slowly in areas of CNS white matter undergoing 

Wallerian degeneration the reasons for which are not fully understood.  
•   Microglia in grey matter regions far removed from the lesion site also respond.  
•   Microglia play a role in synaptic pruning and reorganization of circuits after 

regenerative sprouting.  
•   Chronic activation of microglia can contribute to pain and functional disability.  
•   Chronic microglial activation generates free radicals and other toxic mediators 

that can impair neurological function even years after injury.     

19.1     Introduction 

 Microglia, which are the resident tissue macrophages of the central nervous system 
(CNS), are derived from the yolk sac and populate the CNS during early embryonic 
development (Ginhoux et al.  2010 ). They are widely distributed throughout the 
CNS (Lawson et al.  1990 ; Vela et al.  1995 ). Their number and distribution pattern 
varies between different regions of the CNS and also within the same CNS region, 
e.g., in the cerebellum they are more numerous in the deep nuclei as compared to 
the molecular layer or granule cell layer (Lawson et al.  1990 ; Vela et al.  1995 ). In 
general they appear to be more abundant in the grey than the white matter (Lawson 
et al.  1990 ). Microglia, which are located in the CNS parenchyma, have a ramifi ed 
morphology in the normal, uninjured CNS. In contrast, macrophages in the lepto-
meninges and choroid plexus, which share many antigenic markers with microg-
lia, are rounded or ameboid in shape (David and Kroner  2011 ; Perry et al.  1985 ). 
The shape and extent of microglial ramifi cation is also region-specifi c, with those in 
the cerebral cortex and hippocampus having extensively branched morphologies, 
while those in the white matter have long processes and slender-shaped cell bodies 
(Lawson et al.  1990 ). The overall shape of these cells appears to refl ect the cytoar-
chitecture of the region in which they are found. Microglia in lower vertebrates 
such as zebrafi sh also have a similar branching shape (Sieger et al.  2012 ). In some 
grey matter regions of the mammalian CNS, microglia are so abundant that their 
processes almost    touch each other to give the appearance of “tiling”. This relatively 
close distribution means that microglia in these regions would not need to move far 
in response to perturbations, unlike those in the developing zebrafi sh that migrate to 
regions of damage (Sieger et al.  2012 ). 

 The characteristic branching morphology of microglia gives the appearance that 
these cells are surveying and monitoring the CNS tissue. Two-photon imaging of 
microglia in real-time in the normal mouse cerebral cortex and spinal cord white 
matter revealed rapid extension and retraction of microglial processes from 2 to 8 μm 
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within seconds to minutes (Davalos et al.  2005 ; Dibaj et al.  2010 ) without movement 
of the cell soma (Dibaj et al.  2010 ). These data indicate that the cytoplasmic pro-
cesses of these cells are dynamic and play an active role in constantly monitoring 
their microenvironment. Microglia are quick to respond to any type of perturbation 
of the CNS, whether it be injury or disease (discussed below). Although they often 
respond to CNS alterations by retracting their processes, such morphological changes 
are not an essential feature of all microglial responses as phenotype switching in 
terms of cytokine expression can be induced without morphological changes as seen 
in brains of mice with prion disease after peripheral lipopolysaccharide challenge 
(Perry et al.  2007 ). Microglia in the normal uninjured brain can also be identifi ed by 
the expression of various cell surface and intracellular antigens including CD11b, 
CD45 low , CX3CR1 high , Ly6C low , Gr-1 low  (David and Kroner  2011 ). Against this back-
drop, damage or injury to the CNS causes rapid changes in microglial morphology, 
and expression of cell surface or intracellular antigens and synthesis/release of cyto-
kines. Like infl ammation elsewhere, the infl ammatory response initiated and medi-
ated by microglia after CNS injury is largely meant to control infection and initiate 
wound healing. This response, which is inherently protective as it ensures survival 
against sepsis, can also exacerbate tissue damage and worsen recovery. In this chap-
ter we will discuss some of the salient features of the microglial response to CNS 
injury and its implications for CNS repair, with greater focus on spinal cord injury 
(SCI) and the relationship of microglia to macrophages derived from blood mono-
cytes during the onset of intraspinal infl ammation.  

19.2     Early Responses: Minutes to Hours After Injury 

  Morphological and phenotypic changes at the lesion epicenter : Extreme physical 
forces including blunt trauma, penetrating bone or projectiles (e.g., knife, bullet), 
or rapid acceleration/deceleration (e.g., blast, whiplash) causes shearing of axons, 
dendrites, and blood vessels. At the primary site of injury, bleeding and necrotic and 
apoptotic cell death occur creating a “hot zone” that is often referred to as the injury 
epicenter. Micro-lesions in the brain and spinal cord generated by either high- 
powered laser pulses or with a glass micropipette and then imaged in real-time by 
two-photon live imaging showed striking and unexpectedly rapid changes in motil-
ity of microglial processes. The fi rst paper using this approach showed that instead 
of process retraction, microglia respond within 10–15 min by extending their cyto-
plasmic processes towards the lesion (Davalos et al.  2005 ). By 20–60 min these 
microglial processes form a dense network tightly around the lesion (Davalos et al. 
 2005 ). Other groups have reported similar responses in the cerebral cortex in slice 
cultures (Hines et al.  2009 ) and in vivo in spinal cord white matter microglia (Dibaj 
et al.  2010 ). The studies on the spinal cord laser lesions showed that microglia 
located 50–100 μm from the lesion respond by extending their processes towards 
the lesion, while at the same time process retraction occurred from regions of the 
cell facing away from the lesion (Dibaj et al.  2010 ; Hines et al.  2009 ). The processes 
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that were retracted were restored after ~40 min (Hines et al.  2009 ). In experiments 
done in the spinal cord, some microglia soma in white matter were found to migrate 
towards the lesion within 2 h, sometimes along degenerating axons (Dibaj et al. 
 2010 ). A consistent fi nding is that these microglial responses, regardless of the 
CNS region, create within minutes a dense meshwork of microglial processes that 
wall- off the lesion border. Blocking or preventing this response in slice cultures by 
selective laser ablation of surrounding microglia, preventing actin polymerization, 
or chloride channel blocking causes the lesion to expand three to fourfold (Hines 
et al.  2009 ), indicating that this early and rapid microglial response within the fi rst 
hour after injury is benefi cial and protective. It makes sense that this fi rst and earli-
est response of microglia would be protective, perhaps by participating in lesion 
containment or by rapidly surveying regions where the likelihood of pathogen entry 
is enhanced (e.g., regions of bleeding or tissue barrier compromise). In contrast to 
these small, well-defi ned laser or micropipette lesions, contusion injuries to spinal 
cord or brain cause more extensive damage and it is not known whether microglia 
respond similarly to small or large lesions, mostly because comparative real-time 
studies of this type have not been completed. 

  Molecular control of the rapid microglial response to injury : Glia-derived ATP, and 
damage-associated molecular patterns (DAMPs) from dying and necrotic cells and 
plasma proteins, most notably fi brinogen, are among the most prominent early 
microglia activating factors (Davalos et al.  2012 ; Kigerl and Popovich  2009 ; 
Popovich and Longbrake  2008 ). The rapid microglial process extension towards 
cortical laser or traumatic micro-lesions was shown to be mediated by ATP, as it 
could be inhibited by an ATP-degrading enzyme, or be induced by injection of ATP 
into the cortex (Davalos et al.  2005 ). The injury-induced response but not normal 
resting state motility of microglial processes is mediated by P2Y 12  G-protein- 
coupled purinergic receptors (Haynes et al.  2006 ). In addition, the injury response 
but not the resting state motility of microglial processes also requires functional 
volume-sensitive chloride channels (Hines et al.  2009 ). However, both types of pro-
cess extension require actin polymerization (Hines et al.  2009 ). Interestingly, 
microglial process motility in the normal brain and injury-induced response is 
mediated by ATP released from astrocytes and can be prevented by blocking con-
nexin hemichannels expressed in astrocytes (Davalos et al.  2005 ). These fi ndings 
indicate functional communication between astrocytes and microglia that mediate 
microglial behavior in the normal and injured CNS. Nitric oxide gradients at the 
lesion also contribute to microglial process extension and soma migration, which 
can be augmented by tissue ATP (Dibaj et al.  2010 ). In the developing zebrafi sh 
brain, where microglia are more sparsely distributed, laser lesions induce microglia 
located at a distance to sense signals originating from the lesion and migrate towards 
the site of damage (Sieger et al.  2012 ). These authors have shown that glutamate 
released by damaged cells induce infl ux of intracellular calcium (Ca 2+ ) and the 
spread of Ca 2+  waves in astrocytes that leads to release of ATP that is sensed by 
microglia located at a distance via the P2Y 12  receptors (Sieger et al.  2012 ). Such 
mechanisms may also operate in regions of the mammalian CNS in which microglia 
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are sparsely distributed such as the white matter in the brain (Lawson et al.  1990 ) 
and spinal cord (Carlson et al.  1998 ). 

  DAMPs - TLR-mediated responses : As microglia extend processes towards the site of 
injury, they are likely to interact with intracellular molecules and fragments of 
extracellular molecules (ECM) generated from damaged cells and tissue. These 
DAMPs can signal microglia via binding and activation of various pattern recogni-
tion receptors (PRRs). In response to DAMPs that are liberated by sterile injury, 
such as in non-penetrating, contusion or compression type CNS injury, or pathogens 
that enter the CNS, microglial PRRs respond in a similar manner with the ultimate 
goal of preventing infection and promoting tissue repair. Toll-like receptors (TLRs) 
are one of the major classes of PRRs through which DAMPs signal microglial 
responses. Some of the known DAMPs include intracellular molecules released 
after injury such as heat-shock proteins (Hsp 22, 60, 70 and 72), some members of 
the S100 family of calcium-binding proteins, mRNA and single-stranded RNA 
(ssRNA); fragments of ECM molecules fi bronectin, tenascin, versican, heparan 
 sulfate, and hyaluronic acid; and serum amyloid (Piccinini and Midwood  2010 ). 
Except for mRNA and ssRNA, the other DAMPs listed signal via TLR2 and TLR4. 
Activation of TLR2 and 4 via the MyD88-dependent pathway leads to NFκB activation 
and expression of pro-infl ammatory cytokines such as interleukin 1 β (IL-1β), TNFα, 
as well as expression of cyclooxygenase (COX), inducible nitric oxide synthase, 
and matrix metalloproteinases, all of which are increased after CNS injury. In a 
model of autoimmune demyelination, DAMP-mediated activation of microglia via 
TLR4 and integrin receptors (CD11b/CD18) results in the production of infl amma-
tory chemokines and destructive oxidative bursts (Davalos et al.  2012 ; Smiley et al. 
 2001 ). In vivo two-photon imaging of the spinal cord in experimental autoimmune 
encephalomyelitis (EAE) showed microglia clusters co-localized to zones of fi brin-
ogen leakage in the perivascular space (Davalos et al.  2012 ). These changes pre-
ceded axonal injury and demyelination, which could be inhibited by blocking 
reactive oxygen species (ROS) or deleting the fi brinogen binding site in microglia 
CD11b receptors (Davalos et al.  2012 ). A similar response is likely to occur after 
SCI or traumatic brain injury (TBI) since fi brinogen, albumin, and other as yet to 
be defi ned factors in blood persist at and near the epicenter for extended periods of 
time (days to weeks post-injury). 

 The binding of DAMPs to TLRs induces infl ammatory signaling. When such 
signals persist or when active resolution of infl ammation is impaired, chronic 
infl ammation and pathology ensue resulting in conditions such as rheumatoid 
arthritis, and infl ammatory lung or bowel disease (Piccinini and Midwood  2010 ). 
Spinal cord injuries result in an immediate and abundant availability of DAMPs and 
robust induction of TLRs (Kigerl et al.  2007 ). DAMP-TLR signaling likely contin-
ues chronically after SCI as the period of secondary tissue damage can extend for 
weeks or months, and as components of extracellular matrix molecules involved in 
tissue repair can also act as DAMPs. In addition, resolution of infl ammation is 
impaired in injured spinal cord (Pruss et al.  2011 ). After spinal cord contusion 
injury in mice, there is increased expression of TLR1, 2, 5, and 7 mRNA immediately 
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after spinal cord contusion injury (1–14 days after SCI), in addition to increased 
MyD88 and NFκB (Kigerl et al.  2007 ). Interestingly, mice lacking TLR2 and TLR4 
showed a subtle but noticeable worsening of locomotor control, unusual patterns of 
myelin and axon pathology, and a poorly formed glial limitans after SCI (Kigerl 
et al.  2007 ). In wild-type mice after spinal cord contusion injury, macrophages that 
appear “foamy” due to the breakdown of phagocytosed material (Fig.  19.1 ) often 
remain clustered in the central core of the lesion within a well-defi ned glial bound-
ary. In contrast, TLR-defi cient SCI mice had smaller clusters of phagocytic macro-
phages scattered in the ventral white matter beyond the normal extent of the glial 
limitans (Kigerl et al.  2007 ). This distribution of macrophages in TLR null mice 
may be due to failure of normal wound healing in the CNS that includes the forma-
tion of a glia limitans. The reformation of the glia limitans prevents immune cells 
from entering damaged CNS tissue (Bush et al.  1999 ). These fi ndings suggest that 
DAMP-TLR signaling immediately after SCI prior to the formation of the glia limi-
tans may be protective. Whether this is due to reparative programs that are activated 
in microglia or macrophages by TLR signaling or to the effects of TLR signaling in 
astrocytes which also express TLR2 and 4 (Kigerl et al.  2007 ) is not clear at present. 
Furthermore, the effects of prolonged DAMP-TLR signaling beyond the acute 
period after SCI cannot be known from these studies because signaling mutants or 
conventional knockout mice were used. Studies using conditional deletion TLR2 
and 4 in microglia/macrophages after the fi rst week after injury may help to better 
defi ne the role of TLR signaling in these cell types after SCI.

  Fig. 19.1     Upper : Morphology of microglia prior to injury (resting state) and changes in their 
morphology over time after SCI.  Lower : The  bottom  part of the fi gure is a representation of the 
spatial distribution of these cells in the contused spinal cord about 2 weeks after contusion injury. 
“ Resting ”  microglia : CD11b, CD45 low , CX3CR1 high , Ly6C low , Gr-1 low . “ Activated ”  microglia  ( and 
newly infi ltrating monocytes )  at and near lesion : CD11b, CD45 high , CX3CR1 low , CD68, MHC 
class II, Ly6C high , Gr-1 low .  Microglia located at a distance from lesion : CD11b, CD45, CXCR3, 
CCL21, IL-6, MHC class II       

 

S. David and P.G. Popovich



461

    Expression of pro - infl ammatory cytokines : DAMP-TLR signaling can be expected 
to lead to the early expression of IL-1β and TNFα in microglia after injury. In fact, 
increased expression of these cytokines is seen soon after spinal cord contusion 
injury (Pineau and Lacroix  2007 ; Rice et al.  2007 ). The IL-1β mRNA expressing 
cells increase in number 6 h after contusion injury, peak at 12 h then return to nor-
mal levels by 48 h (Pineau and Lacroix  2007 ). At the peak of expression this cyto-
kine is expressed mainly by microglia and astrocytes (Pineau and Lacroix  2007 ). 
IL-1 receptor antagonist (IL-1ra) is also up-regulated after SCI but at much lower 
levels than IL-1β (Pan et al.  2002 ). Intrathecal treatment with IL-1ra for the fi rst 3 
days after SCI in rats prevented apoptosis and caspase-3 expression (Nesic et al. 
 2001 ) and improved locomotor recovery (Zong et al.  2012 ). After TBI, activated 
microglia also increased expression of IL-1β (Bye et al.  2007 ). Following brain 
ischemic injury, treatment with IL-1ra reduces infarct volume (Loddick and 
Rothwell  1996 ; Relton et al.  1996 ), while treatment with exogenous IL-1β worsens 
brain injury (Lawrence et al.  1998 ; Loddick and Rothwell  1996 ). Furthermore, neu-
tralizing IL-1β with function-blocking antibodies reduces tissue damage and 
improves cognition after brain injury (Clausen et al.  2011 ). 

 TNFα mRNA expressing cells detected by in-situ hybridization are seen within 
15 min after spinal cord contusion injury, reach peak expression at 1 h, and return to 
baseline levels after 2 days. In addition, there is a second period of TNFα expression 
between 14 and 28 days (the maximum time examined) (Pineau and Lacroix  2007 ). 
During the period immediately after injury, TNFα is expressed by microglia rather 
than invading monocytes because of the rapid expression within 1 h, which precedes 
entry of monocytes (Pineau and Lacroix  2007 ). In addition to microglia, astrocytes, 
oligodendrocytes, and neurons also expressed TNFα at this early period after injury 
(Pineau and Lacroix  2007 ). During the second peak of expression at 2–4 weeks after 
injury, microglia and macrophages appear to be the main cells expressing TNFα 
(Pineau and Lacroix  2007 ). In the injured human spinal cord, TNFα protein is also 
detected early at 1–3 h after injury in microglia and neurons (Yang et al.  2005 ). 
There is also evidence that IL-1β and TNFα produced by microglia are associated 
with white matter damage around the ventricles in brain hypoxia injury (Deng et al. 
 2011 ). Blocking TNFα with a monoclonal antibody (Infl iximab) or a TNF recep-
tor–Fc fusion protein (Etanercept) improves histological and locomotor outcomes 
after SCI (Genovese et al.  2006 ,  2008 ). 

  Is the early microglial response benefi cial or detrimental : The two-photon imaging 
studies showing that microglial ablation or prevention of microglial process exten-
sion towards the site of lesion enlarged lesion volume (Hines et al.  2009 ) indicate 
that this early response is benefi cial. The latter work was done with micro- lesions. 
Whether microglial process extension occurs after large lesions such as spinal cord 
contusion injury is not known. Furthermore, if microglial process extension was to 
occur to any extent after contusion injuries, it would be important to assess if it is 
benefi cial in limiting the size of the lesion. The early DAMP-TLR signaling 
response, which serves to alert the body of tissue damage, is thought to be involved 
in restoring tissue homeostasis and effect repair. The evidence obtained from 
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 conventional TLR knockout mice indicates that lack of TLR2 and 4 results in 
noticeable worsening of locomotor control, and a poorly formed glial limitans at the 
injury site with spreading of clusters of phagocytic macrophages beyond the normal 
extent of the glial limitans that surround the lesion core (Kigerl et al.  2007 ). The 
expression of the pro-infl ammatory cytokines IL-1β and TNFα by injured CNS tis-
sue has been shown in a variety of experiments to be detrimental and contributing 
to secondary damage.  

19.3     Late Responses that Occur Days and Weeks 
After Injury 

  Phenotypic and functional polarization of microglia / macrophages : Within 2–3 days 
after SCI, circulating monocytes infi ltrate the injury epicenter where they differenti-
ate into tissue macrophages, i.e., monocyte-derived macrophages (MDMs). Within 
a few days after SCI microglia begin to retract their processes and become phago-
cytic at the site of lesion (Fig.  19.1 ). Within 1 week post-injury, routine phenotypic 
or morphological criteria cannot be used to distinguish between macrophages 
derived from activated microglia or MDMs. In general, a large proportion of mac-
rophage/microglia that are phagocytic (foamy-looking cells) migrate into a cluster 
at the very center of the lesion, while activated microglia with short processes are 
seen in the surrounding areas (Fig.  19.1 ). As these macrophage/microglia accumu-
late, factors in the extracellular milieu will modulate their phenotype with discrete 
effects on neuron survival and axon growth (Kigerl et al.  2009 ; Stout et al.  2005 ). 
For example, cytokines and TLR agonists (e.g., DAMPs) can promote the differen-
tiation of classically activated “M1” or alternatively activated “M2” macrophages. 
The canonical in vitro model for stimulating M1 differentiation is exposure of naive 
myeloid cells to LPS and IFNγ or, to promote M2 differentiation, cells are stimu-
lated with IL-4 (Gordon and Taylor  2005 ). M1 macrophages were originally 
described as potent microbicidal effector cells; a function associated with release of 
infl ammatory cytokines and ROS. M2 macrophages were found to have enhanced 
phagocytic capacity and release cytokines and growth factors that promote revascu-
larization and tissue formation (Gordon and Taylor  2005 ). Both types of macro-
phages can phagocytose dying cells and tissue debris and their phagocytic activity 
is likely infl uenced by the tissue environment. SCI and TBI induce a heterogeneous 
macrophage response that can be defi ned by the increased expression of M1 and M2 
phenotypic markers (Hsieh et al.  2013 ; Kigerl et al.  2009 ). After SCI, M1 macro-
phages dominate at the injury epicenter and nearby penumbra, overwhelming a 
comparatively smaller number and transient M2 macrophage response (Kigerl et al. 
 2009 ). M1 macrophages likely contribute to neurotoxicity and axonal “die-back”. 
Depletion or inhibition of the acute macrophage response, which are likely to be M1 
macrophages, is neuroprotective and reduces axonal retraction at the site of injury 
(Blight  1994 ; Gris et al.  2004 ; Horn et al.  2008 ; Popovich et al.  1999 ). In vitro, 
M2 macrophages can promote long-distance axon growth without causing 
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neurotoxicity (Kigerl et al.  2009 ). Therefore, in theory, any manipulation that biases 
the endogenous response toward an M2 phenotype could limit tissue damage and/or 
enhance tissue repair and perhaps axonal growth/regeneration. In support of this 
hypothesis, recent data show that post-injury administration of substance P, neural 
stem cells, granulocyte-colony-stimulating factor (G-CSF), mesenchymal stem 
cells or acidic- fi broblast growth factor laced peripheral nerve grafts improve recov-
ery and/or promote repair in the injured spinal cord, and in each case, these inter-
ventions enhanced intraspinal M2 macrophage reactions (Guo et al.  2013 ; Jiang 
et al.  2012 ; Nakajima et al.  2012 ). A direct effect of M2 macrophages on mediating 
tissue repair or improving functional recovery has not been proved unequivocally in 
SCI or TBI models. 

  Phenotypic changes : Morphological transformation of microglia is accompanied by 
de novo expression of new membrane and cytoplasmic proteins. Since microglial 
phenotype varies throughout the CNS (de Haas et al.  2008 ), the phenotypic changes 
induced by injury, whether the injury is to brain or spinal cord, will vary as a func-
tion of injury location. For example, in brain and spinal cord, microglia express 
CD11b, CD40, CD45, CD80, CD86, F4/80, TREM-2b, CXCR3, and CCR9, albeit 
at relatively different levels indicating increased migration, phagocytic activity, 
antigen presentation, T and B cell interactions, infl ammatory responses, and others. 
CD11b and CD45 are expressed by both microglia and MDMs, but overall levels of 
CD45 are reduced in microglia. Differential expression of CD45 can be detected 
using fl ow cytometry and is often used to distinguish between microglia and MDMs, 
but such differences cannot be distinguished by immunofl uorescence in tissue sec-
tions. Microglia constitutively express various surface antigens common to other 
cells of the myeloid cell lineage including CX3CR1 and complement receptors. 
Activated microglia increase expression of these proteins and begin to express other 
antigens including major histocompatibility complex class II antigens (MHC class II). 
After SCI and TBI in rats, mice, non-human primates and humans, MHC class II 
expression is increased primarily on microglia found within white matter undergo-
ing degeneration distal to the site of injury called, Wallerian degeneration (Kigerl 
et al.  2006 ; Popovich et al.  1993 ; Schmitt et al.  2000 ; Watanabe et al.  1999 ). There 
is no obvious relationship between MHC class II expression and demyelination in 
these regions, signifying diverse roles for MHC class II in microglia. 

  Mechanisms and functional implications of microglial activation distal to the injury 
epicenter : Axonal degeneration and plasticity also occur at sites distal to the epicen-
ter, either as a result of physical severing of axons or diffuse axonal injury. Severed 
axonal segments located distal to the epicenter, whether they are located in spinal 
cord, brain, or peripheral nerve, undergo Wallerian degeneration. Wallerian degen-
eration is an active process that invariably transforms the phenotype of microglia. 
Several factors produced by Wallerian degenerating axons or their surrounding glia 
activate microglia. Complement proteins, members of the phospholipase A 2  super-
family of enzymes, galectins, and PRRs (e.g., TLRs), among others, all have been 
implicated in microglial activation and/or recruitment of MDMs (Boivin et al.  2007 ; 
Gaudet et al.  2009 ; Lopez-Vales et al.  2008 ; Mietto et al.  2013 ). Although microglia 
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and MDMs phagocytose degenerating axons and myelin debris, whether these cells 
also cause collateral damage to intact axons or directly promote regeneration of 
injured axons remains controversial (Gaudet et al.  2011 ). Clearly, effective regen-
eration of injured peripheral nerve requires infl ammatory signaling in macrophages 
(Boivin et al.  2007 ) that promote rapid clearance of myelin and axonal debris, and 
the secretion of growth promoting factors. In the CNS, the macrophage/microglial 
response that underlie Wallerian degeneration is signifi cantly delayed (George and 
Griffi n  1994 ; Vargas and Barres  2007 ). This delay in Wallerian degeneration is 
thought to contribute to the failure of axon regeneration in the CNS. 

 Microglial activation also occurs in grey matter regions remote from the site of 
injury and can have pathological consequences. For example, after a mid-thoracic 
SCI (e.g., T9), remote activation of microglia occurs over a period of several weeks 
post-injury in lumbar spinal cord (~10 segments below the level of injury), sensory 
relay nuclei in the brainstem (e.g., cuneate nucleus), and the ventral posterolateral 
(VPL) nucleus of the thalamus (Detloff et al.  2008 ; Hains and Waxman  2006 ; 
Koshinaga and Whittemore  1995 ). The microglia in these regions remain process- 
bearing (Fig.  19.1 ) but display other immunohistochemical evidence of activation. 
These responses occur within regions that process and relay sensory information, 
including pain. After SCI, activated microglia are implicated in the onset and 
 prog ression of neuropathic pain (Hulsebosch et al.  2009 ; Tsuda et al.  2005 ) (see 
Chap.   11    ). A novel mechanism for transynaptic microglial activation has been 
described in which injured neurons increase synthesis of CCL21, a chemokine that 
is packaged into vesicles and is transported to presynaptic terminals and activates 
microglia via interactions with CXCR3 (de Jong et al.  2005 ). Transynaptic increases 
in CCL21 after SCI may also regulate microglial contributions to neuropathic pain. 
In a model of mid-thoracic SCI, CCL21 levels increase in neurons and microglia 
below the level of injury and in the VPL of the thalamus (Zhao et al.  2007b ). 
Blocking axonal transmission rostral to the injury site or locally applying anti-
CCL21 antibodies reduces CCL21 in the VPL, impairs microglial activation, and 
attenuates neuropathic pain (Zhao et al.  2007b ). Cortical contusion injuries also 
cause remote microglia activation in cerebellum and spinal cord (Czeiter et al.  2008 ; 
Fukuda et al.  1996 ). These fi ndings suggest that delay in microglial activation in 
white matter tracts undergoing Wallerian degeneration distal to the site of injury 
may contribute to the lack of regeneration in the CNS, while rapid and prolonged 
activation of microglia in grey matter regions distal to the injury site contribute to 
the generation of neuropathic pain. 

  Implications of chronic microglia and macrophage activation : Microglia and mac-
rophages within the epicenter and in regions distal to the injury site remain activated 
for months or even years post-injury. Immunohistochemical analysis of postmortem 
human SCI specimens reveal activated phagocytic macrophage/microglia in degen-
erating white matter distal to the injury epicenter where they cluster or assume 
rounded phagocytic morphologies. These cells increase  de novo  expression of MHC 
class II glycoproteins or the lysosomal protein CD68, which may be functionally 
related to phagocytosis (Fleming et al.  2006 ; Schmitt et al.  2000 ). Identical responses 
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are evident in white matter of SCI rats and mice several weeks after injury (Kigerl 
et al.  2006 ; Popovich et al.  1997 ). SCI also causes chronic microglial activation in 
remote regions of spinal cord gray matter and in the thalamus (Detloff et al.  2008 ; 
Zhao et al.  2007a ,  b ). Expression of infl ammatory signaling proteins including p38 
mitogen-activated protein kinase (MAPK) and phosphorylated extracellular signal 
regulated kinase 1/2 (pERK1/2) increases in microglia in lumbar spinal cord gray 
matter, several segments below the level of a thoracic SCI (Detloff et al.  2008 ; Zhao 
et al.  2007a ). pERK1/2 is an upstream regulator of prostaglandin E2 (PGE2), a lipid 
infl ammatory mediator that is produced downstream of pERK1/2 and 
COX. Pharmacological blocking of PGE2 release in chronically injured spinal cord 
lowers the fi ring threshold for dorsal horn neurons resulting in aberrant sensory 
function including the onset of neuropathic pain (Zhao et al.  2007a ). The neuronal 
chemokine CCL21 which activates microglia is increased in the dorsal horn of the 
spinal cord and VPL of the thalamus after SCI and was shown to induce pain-related 
behaviors (Zhao et al.  2007b ). IL-6 levels are increased 3 weeks and later in regions 
caudal to the site of SCI and may be involved in the maintenance of pain (Detloff 
et al.  2008 ). These fi ndings suggest that microglial activation in regions far removed 
from the site of SCI can contribute to pain and functional disability. 

 Interestingly, blockade of the C5a fragment of complement, a potent microglia 
activator and leukocyte chemoattractant, impairs recovery of locomotor function 
and exacerbates pathology at the site of injury when given beginning at 2 weeks 
post-injury (Beck et al.  2010 ). These data may indicate a role for complement in 
regulating infl ammatory-mediated repair processes or, alternatively, the importance 
of complement in signaling microglia to participate in the surveillance and mainte-
nance of spinal circuitry. Microglial phagocytosis of synapses is triggered by synap-
tic complement proteins expressed by neurons during postnatal development 
(Schafer et al.  2012 ) (see Chap.   9    ). If microglia function is impaired, the formation 
and refi nement of new circuits resulting from regenerative sprouting or therapeutic 
intervention could be adversely affected (Paolicelli et al.  2011 ; Schafer et al.  2012 ; 
Stephan et al.  2012 ). In the adult CNS, microglia strip and phagocytose axon- 
somatic synapses on facial motor neurons after nerve injury (Kreutzberg  1993 ). 

 Chronic activation of microglia or macrophages may predispose the injured 
brain and spinal cord to excess oxidative stress and infl ammatory signaling. Gene 
expression profi ling studies show that a subset of infl ammatory genes expressed 
early after SCI or TBI persist for up to 6 months post-injury and are translated into 
proteins that may have pathogenic signifi cance (Byrnes et al.  2006 ). For example, 
p22 Phox  and gp91 Phox  are components of NADPH oxidase and are increased early 
after injury but expression is maintained for up to 6 weeks (latest time examined). 
NADPH oxidase produces ROS which in turn activates NFκB and MAPK-dependent 
infl ammatory signaling. Chronic activation of microglial NADPH oxidase can 
cause neurotoxicity in vivo (Lull and Block  2010 ). Inhibition of NADPH oxidase 
during the fi rst week post-contusive SCI with diphenylene iodonium reduces the 
normally high levels of NADPH oxidase, as well as other infl ammatory genes and 
proteins, and is associated with a decrease in lesion volume (Byrnes et al.  2011 ). 
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 Chronic oxidative stress also produces a pool of lipid infl ammatory mediators 
that persist in chronically injured spinal cord. Oxidative metabolism of arachidonic 
acid (AA) yields leukotrienes (LTs) and prostaglandins (PGs). LTs and PGs are 
elevated in injured rat spinal cord for up to 9 months post-injury (Dulin et al.  2013 ). 
These infl ammatory mediators are potent activators of microglia and macrophages 
and can elicit infl ammatory signaling that lowers the threshold for neuronal depo-
larization and can result in neuropathic pain. Licofelone, a novel inhibitor of COX 
and 5-lipoxygenase (5-LOX), i.e., the enzymes responsible for LT and PG synthe-
sis, normalized the oxidative and infl ammatory microenvironment associated with 
chronic SCI and reduced post-injury allodynia. Licofelone did not improve motor 
recovery (Dulin et al.  2013 ). 

 Despite evidence that acute neuroinfl ammatory cascades are distinct in injured 
brain and spinal cord (Batchelor et al.  2008 ; Schnell et al.  1999 ), microglia and 
macrophage reactions in the chronic lesion environment of traumatically injured 
brain are remarkably similar to those described above for injured spinal cord. In 
non-human primates, lesions in the primary motor cortex elicit microglial activation 
for up to 1 year post-injury; microglia in cortex exhibit an activated phenotype 
(CD68 + ) with prolonged expression of brain-derived neurotrophic factors (BDNF) 
and tyrosine receptor kinase B (TrkB) receptors evident in cortical and spinal cord 
microglia (Nagamoto-Combs et al.  2007 ). Activated microglia were detected in 
subcortical grey and white matter in humans 11 months or longer after TBI using 
positron emission tomography (PET) for the translocator protein (TSPO), which is 
found in high levels in the mitochondria of activated microglia (Ramlackhansingh 
et al.  2011 ). They found that the magnitude of microglial activation in thalamus cor-
related with cognitive impairment but not structural brain damage (Ramlackhansingh 
et al.  2011 ). In addition, in a post-mortem study of humans with single TBI, acti-
vated microglia detected by immunohistochemistry for CR3-43 and CD68 were 
seen in 28 % of cases in which there was also evidence of white matter damage 
(Johnson et al.  2013 ). Although correlative, these data indicate that chronically acti-
vated microglia could contribute to damage and long-term neurologic impairment. 
If true, microglia-specifi c therapeutic intervention may still be effective for several 
years post-injury.  

19.4     Future Directions 

 Microglia and MDMs are derived from distinct myeloid precursors with discrete 
transcriptional requirements (Ginhoux et al.  2010 ; Kierdorf et al.  2013 ); monocytes 
develop from hematopoietic stem cells in bone marrow, a process that requires the 
transcription factor Myb (Schulz et al.  2012 ). Conversely, microglial development 
from yolk sac myeloid progenitors is Myb-independent (Schulz et al.  2012 ). 
Additional cell-specifi c differences are likely to be discovered and will yield new 
genetic tools that will allow scientists to independently manipulate these distinct 
myeloid cell lineages, further refi ning our knowledge about how these myeloid cell 
subsets contribute to CNS injury and repair. 
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 How aging affects microglia and CNS repair is also an important experimental 
and clinical variable for future consideration, especially since aging affects microg-
lial function (Streit  2006 ) (see Chap.   13    ). Aging can affect hematopoiesis, and acti-
vation of these and other innate immune cells may affect macrophage and microglial 
function (Kovacs et al.  2009 ; Shaw et al.  2010 ). Aging has become an area of intense 
preclinical study and a signifi cant clinical concern after SCI and TBI, especially 
since the effects of injury may accelerate aging of some organ systems such as the 
cardiovascular, endocrine, and musculoskeletal (Hitzig et al.  2011 ). There is little 
known about how aging affects microglia and MDMs after SCI, although this is 
likely to be an area of research that will receive increased attention (Kumamaru 
et al.  2012 ). 

 Why microglia and macrophages remain activated in chronically injured brain 
and spinal cord is also unclear. It is probable that specifi c “on” signals including ATP, 
DAMPs, degenerating axons, myelin debris, and cytokines persist indefi nitely or 
reappear slowly over time creating a pool of ligands that can stimulate microglia and 
macrophages (Biber et al.  2007 ). Chronic activation may also be explained by the 
loss of “off” signals including CD200L or CX3CL1. These proteins are normally 
found on or are released by healthy neurons and effectively inhibit or silence microg-
lia effector functions (Biber et al.  2007 ). The presence of “off” signals indicates that 
the intact nervous system actively regulates microglial function. However, after SCI 
or TBI, infl ammation does not appear to be self-limiting (Pruss et al.  2011 ). 

 It seems intuitive that limiting chronic activation of microglia and MDMs would 
yield better outcomes after SCI or TBI. However, a more in-depth understanding 
about the functional heterogeneity of these cell types in both the acute and chronic 
lesion microenvironment is needed. As treatment and care for SCI and TBI indi-
viduals improve, lifespan is increasing. Thus, the consequences of an aging microglia 
repertoire also need to be considered in order to optimize CNS repair.     
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