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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.  
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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 
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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       

 

P. Rezaie and U.-K. Hanisch



15

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 ). 
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 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). 

P. Rezaie and U.-K. Hanisch



21

 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.     

   References 

     Achúcarro N (1908) Sur la formation de cellules à bâttonnet (Stäbchenzellen) et d’autres elements 
similaires dans le système nerveux central. Trab Lab Invest Biol Univ Madrid 6:97–122 [In 
French]  

    Achúcarro N (1909) Cellules allongées et Stäbchenzellen, cellules névrologique et cellules 
granulo-adipeuses à la corne d’Ammon du lapin. Trab Lab Invest Biol Univ Madrid 7:201–215 
[In French]  

     Achúcarro N (1910) Algunos datos relativos a la naturaleza de las células en bastoncito de la cor-
teza cerebral humana obtenidos con el método de Cajal. Trab Lab Invest Biol Univ Madrid 8:8 
[In Spanish]  

      Achúcarro N (1911) Neuroglía y elementos intersticiales patológicos del cerebro impregnados por 
los métodos de reducción de la plata o por sus modifi caciones. Trab Lab Invest Biol Univ 
Madrid 9:161–179 [In Spanish]  

      Ajami B, Bennett JL, Krieger C, Tetzlaff W, Rossi FM (2007) Local self-renewal can sustain CNS 
microglia maintenance and function throughout adult life. Nat Neurosci 10:1538–1543  

    Aldskogius H (2001) Regulation of microglia—potential drug targets in the CNS. Expert Opin 
Ther Targets 5:655–668  

    Alliot F, Godin I, Pessac B (1999) Microglia derive from progenitors, originating from the yolk 
sac, and which proliferate in the brain. Brain Res Dev Brain Res 117:145–152  

     Alpers BJ (1930) The reaction of the central nervous system to experimental urea intoxication. 
Arch Neurol Psychiatry 24:492–508  

      Andres-Barquin PJ (2002) Santiago Ramón y Cajal and the Spanish school of neurology. Lancet 
Neurol 1:445–452  

    Andrew W, Ashworth CT (1945) The Adendroglia. A new concept of the morphology and reac-
tions of the smaller neuroglial cells. J Comp Neurol 82:101–127  

     Andriezen WL (1893) The neuroglia elements in the human brain. Br Med J 2:227–230  
     Aschoff L (1924) Reticulo-endothelial system. Lectures on pathology. Hoeber, New York, pp 1–33  
    Bailey P, Hiller G (1924) The interstitial tissues of the central nervous system: a review. J Nerv 

Ment Dis 59:337–361  
    Banati RB (2002) Visualising microglial activation in vivo. Glia 40:206–217  

P. Rezaie and U.-K. Hanisch



33

    Banati RB (2003) Neuropathological imaging: in vivo detection of glial activation as a measure of 
disease and adaptive change in the brain. Br Med Bull 65:121–131  

    Banati RB, Hoppe D, Gottmann K, Kreutzberg GW, Kettenmann H (1991) A subpopulation of 
bone marrow-derived macrophage-like cells share a unique ion channel pattern with microglia. 
J Neurosci Res 30:593–600  

    Banati RB, Gehrmann J, Schubert P, Kreuzberg GW (1993) Cytotoxicity of microglia. Glia 
7:111–8  

    Banati RB, Graeber MB (1994) Surveillance, intervention and cytotoxicity: is there a protective 
role of microglia Dev Neurosci 16:114–27  

    Banati RB, Myers R, Kreutzberg GW (1997) PK (‘peripheral benzodiazepine’)—binding sites in 
the CNS indicate early and discrete brain lesions: microautoradiographic detection of [3H]
PK11195 binding to activated microglia. J Neurocytol 26:77–82  

     Banati RB, Newcombe J, Gunn RN, Cagnin A, Turkheimer F, Heppner F, Price G, Wegner F, 
Giovannoni G, Miller DH, Perkin GD, Smith T, Hewson AK, Bydder G, Kreutzberg GW, Jones 
T, Cuzner ML, Myers R (2000) The peripheral benzodiazepine binding site in the brain in 
multiple sclerosis: quantitative in vivo imaging of microglia as a measure of disease activity. 
Brain 123:2321–2337  

    Barron KD (1995) The microglial cell. A historical review. J Neurol Sci 134(Suppl):57–68  
     Belezky WK (1931) Die PyridinsodamethodezurImprägnation der Mesoglia (Hortegazellen, 

Oligodendroglia, Drenagzellen) und Reticuloendothel-zellen (fürGelatin und Celloidinschnitte). 
Virchows Arch Pathol Anat Physiol Klin Med 282:214–224 [In German]  

     Belezky WK (1932) Über die Histogenese der Mesoglia. Virchows Arch Pathol Anat Physiol Klin 
Med 284:295–311 [In German]  

    Bevan-Lewis W (1899) Textbook of mental diseases, 2nd edn. Charles Griffi n and Company, 
London  

     Bevan-Lewis W (1906) The neuron theory—fatigue, rest and sleep. J Ment Sci 52:661–673  
    Biber K, Neumann H, Inoue K, Boddeke HW (2007) Neuronal ‘on’ and ‘off’ signals control 

microglia. Trends Neurosci 30:596–602  
   Bilbo SD, Schwarz JM (2009) Early-life programming of later-life brain and behavior: a critical 

role for the immune system. Front Behav Neurosci 3:14  
   Blakemore WF (1975) The ultrastructure of normal and reactive microglia. Acta Neuropathol 

Suppl 6:273–278  
    Blinzinger K, Hager H (1962) Electron microscope studies on the fi ne structure of resting and 

progressive microglia cells in the mammalian brain. Beitr Pathol Anat Allg Pathol 127:
173–192 [In German]  

     Blinzinger K, Kreutzberg H (1968) Displacement of synaptic terminals from regenerating moto-
neurons by microglial cells. Z Zellforsch Mikrosk Anat 85:145–157, (journal was later renamed 
Cell & Tissue Research) [In English]  

    Bocchini V, Artault JC, Rebel G, Dreyfus H, Massarelli R (1988) Phagocytosis of polystyrene latex 
beads by rat brain microglia cell cultures is increased by treatment with gangliosides. Dev 
Neurosci 10:270–276  

    Boggio EM, Lonetti G, Pizzorusso T, Giustetto M (2010) Synaptic determinants of Rett syndrome. 
Front Synaptic Neurosci 2:28, 11 p  

    Bolsi D (1936) Il problema della origine della microglia. Riv Patol Nerv Ment 48:1 [In Italian]  
    Booth PL, Thomas WF (1991) Evidence for motility and pinocytosis in ramifi ed microglia in 

 tissue culture. Brain Res 548:163–171  
    Boucsein C, Kettenmann H, Nolte C (2000) Electrophysiological properties of microglial cells in 

normal and pathologic rat brain slices. Eur J Neurosci 12:2049–2058  
    Boya J (1975) Contribution to the ultrastructural study of microglia in the cerebral cortex. Acta 

Anat 92:364–375  
    Boya J, Calvo J, Prado A (1979) The origin of microglial cells. J Anat 129:177–186  
    Bullo J (1945) Contribuciones de la escuela de Cajal sobre histopatologia de la neuroglia y microg-

lia. Arch Histol Norm Patol 2:425–445 [In Spanish]  

2 Historical Context



34

   Bustamante M (1982) Nicolás Achúcarro: the man and his work. Arch Neurobiol 45:55–72 
[In Spanish]  

    Cagnin A, Brooks DJ, Kennedy AM, Gunn RN, Myers R, Turkheimer FE, Jones T, Banati RB 
(2001) In vivo measurement of activated microglia in dementia. Lancet 358:461–467  

    Cagnin A, Gerhard A, Banati RB (2002) In vivo imaging of neuroinfl ammation. Eur 
Neuropsychopharmacol 12:581–586  

    Cagnin A, Kassiou M, Meikle SR, Banati RB (2007) Positron emission tomography imaging of 
neuroinfl ammation. Neurotherapeutics 4:443–452  

       Cajal SR (1913) Contribución al conocimiento de la neuroglía del cerebro humano. Trab Lab 
Invest Biol Univ Madrid 11:55–315 [In Spanish]  

         Cajal SR (1920a) Algunas consideraciones sobre la mesoglia de Robertson y Rio-Hortega. Trab 
Lab Invest Biol Univ Madrid 18:109–127 [In Spanish]  

      Cajal SR (1920b) Una modifi cación del método de Bielschowsky para la impregnación de la neu-
roglía común y mesoglía y algunos consejos acerca de la técnica del oro-sublimado. Trab Lab 
Invest Biol Univ Madrid 18:129–141 [In Spanish]  

         Cajal SR (1925) Contribution a la connaissance de la névroglie cérébrale et cérébelleuse dans la 
paralysie générale progressive. Avec quelques indications techniques sur l‘imprégnation argen-
tique du tissu nerveux pathologique. Trab Lab Invest Biol Univ Madrid 23:157–216 [In French]  

    Cajal SR, Marañón G, Gasset JO (1968) Nicolás Achúcarro (1880–1918): su vida y su obra. Taurus 
Ed, Madrid  

    Cammermeyer J (1965a) Juxtavascular karyokinesis and microglia cell proliferation during retro-
grade reaction in the nouse facial nucleus. Ergeb Anat Entwicklungsgesch 38:1–22 [In German]  

    Cammermeyer J (1965b) Histiocytes juxtavascular mitotic cells and microglia cells during retro-
grade changes in the facial nucleus of rabbits of varying age. Ergeb Anat Entwicklungsgesch 
38:195–229 [In German]  

     Cammermeyer J (1970) The life history of the microglial cell: a light microscopic study. Neurosci 
Res 3:43–129  

    Cannon DF (1949) Explorer of the human brain: the life of Santiago Ramón y Cajal (1852–1934). 
H. Schuman, New York  

    Cardona F (1937) Sui quadri iso-patologici della microglia cerebrale umana. Riv Patol Nerv Ment 
50:461–472 [In Italian]  

    Carmichael EA (1929) Microglia: an experimental study in rabbits after intracerebral injection of 
blood. J Neurol Psychopathol 9:209–216  

       Chan WY, Kohsaka S, Rezaie P (2007) The origin and cell lineage of microglia: new concepts. 
Brain Res Rev 53:344–354  

   Chen SK, Tvrdik P, Peden E, Cho S, Wu S, Spangrude G, Capecchi MR (2010) Hematopoietic 
origin of pathological grooming in Hoxb8 mutant mice. Cell 141:775–785  

    Choi J, Ifuku M, Noda M, Guilarte TR (2011) Translocator protein (18kDa)/peripheral benzodiaz-
epine receptor specifi c ligands induce microglia functions consistent with an activated state. 
Glia 59:219–230  

    Cone W (1928) Acute pathologic changes in neuroglia and in microglia. Arch Neurol Psychiatry 
20:34–72  

    Costero I (1925) Conocimientos actuales sobre el tercer elemento de los centros nerviosos. Clin 
Lab 29:386–406 [In Spanish]  

         Costero I (1930a) Studien an Mikrogliazellen (sogenanten Hortegazellen) in Gewebskulturen von 
Gehirn. Arb Staatinstit Exp Ther Frankf 23:27–37 [In German]  

         Costero I (1930b) Cultivo “in vitro” de microglía. Bol R Soc Esp Hist Nat 30:165–171 [In Spanish]  
      Costero I (1930c) Estudio del comportamiento de la microglía “in vitro”. Mem Real Soc Esp Hist 

Nat 14:125–127 [In Spanish]  
       Costero I (1931) Experimenteller Nachweis der morphologischen und funktionellen Eigenschaften 

und des mesodermischen Charakters der Mikroglia. Z Gesamte Neurol Psychiatr 132:371–406 
[In German]  

    Costero I (1951) Reaction of cerebral microglia in rheumatism. Gac Med Mex 81:49–70 [In 
Spanish]  

P. Rezaie and U.-K. Hanisch



35

    Costero I (1952) Contribution to the study of reactions of microglia of the central nervous system 
in acute rheumatism. Arch Mal Coeur Vaiss 45:143–146 [In French]  

     Creutzfeldt HG, Metz A (1926) Űber Gestalt und Tätigkeit der Hortegazellen bei Pathologischen 
Vorgängen. Z Gesamte Neurol Psychiatr 106:18–53 [In German]  

    Cuadros MA, Navascués J (1998) The origin and differentiation of microglial cells during 
 development. Prog Neurobiol 56:173–189  

    Cuadros MA, Navascués J (2001) Early origin and colonization of the developing central nervous 
system by microglial precursors. Prog Brain Res 132:1–9  

    Czeh M, Gressens P, Kaindl AM (2011) The yin and yang of microglia. Dev Neurosci 
33:199–209  

    Dailey ME, Waite M (1999) Confocal imaging of microglial cell dynamics in hippocampal slice 
cultures. Methods 18:222–230  

    Dalmau I, Vela JM, González B, Finsen B, Castellano B (2003) Dynamics of microglia in the 
developing rat brain. J Comp Neurol 458:144–157  

        Davalos D, Grutzendler J, Yang G, Kim JV, Zuo Y, Jung S, Littman DR, Dustin ML, Gan WB 
(2005) ATP mediates rapid microglial response to local brain injury in vivo. Nat Neurosci 
8:752–758  

    de Haas AH, Boddeke HW, Biber K (2008) Region-specifi c expression of immunoregulatory pro-
teins on microglia in the healthy CNS. Glia 56:888–894  

    del Río-Hortega P (1918) Noticia de un nuevo fácil método para la coloración de la neuroglía y del 
tejido conectivo. Trab Lab Invest Biol Univ Madrid 15:367–368 [In Spanish]  

    del Río-Hortega P (1919) El “tercer elemento” de los centros nerviosos. I. La microglía en estado 
normal. II. Intervención de la microglía en los procesos patológicos (células en bastoncito y 
cuerpos gránulo-adiposos). III. Naturaleza probable de la microglía. Bol Soc Esp Biol 69–120 
[In Spanish]  

     del Río-Hortega P (1919b) Poder fagocitario y movilidad de la microglía. Bol Soc Esp Biol 9:
154–166 [In Spanish]  

    del Río-Hortega P (1919c) Coloración rápida de tejidos normales y patológicos con carbonato de 
plata amoniacal. Bol Soc Esp Biol 9:7–14 [In Spanish]  

      del Río-Hortega P (1920a) Estudios sobre la neuroglía. La microglíay su transformación en células 
en bastoncito y cuerpos gránulo-adiposos. Trab Lab Invest Biol Univ Madrid 18:37–82 
[In Spanish]  

  del Río-Hortega P (1920b) Coloración de tejidos normales y patológicos con carbonato de plata 
amoniacal. Trab Lab Invest Biol Univ Madrid 18 [In Spanish]  

       del Río-Hortega P (1921a) Histogénesis y evolucíon normal, éxodo y distribución regional de la 
microglía. Mem Real Soc Esp Hist Nat 11:213–268 [In Spanish]  

     del Río-Hortega P (1921b) La glía de escasas radiaciones (oligodendroglía). Bol Real Soc Esp Hist 
Nat 21:63–92 [In Spanish]  

       del Río-Hortega P (1932) Microglia. In: Penfi eld W (ed) Cytology and cellular pathology of the 
nervous system, vol 2. Hoeber, New York, pp 483–534  

       del Río-Hortega P (1939) The microglia. The Lancet 233:1023–1026  
     del Río-Hortega P (1943a) El método del carbonato argéntico. Revisión general de sus técnicas y 

aplicaciones en histología normal y patológica I. Arch Hist Normal Patol 1:165–206 [In 
Spanish]  

     del Río-Hortega P (1943b) El método del carbonato argéntico. Revisión general de sus técnicas y 
aplicaciones en histología normal y patológica II. Arch Hist Normal Patol 1:329–363 [In 
Spanish]  

     del Río-Hortega P (1944a) El método del carbonato argéntico. Revisión general de sus técnicas y 
aplicaciones en histología normal y patológica III. Arch Hist Normal Patol 2:231–244 [In 
Spanish]  

     del Río-Hortega P (1944b) El método del carbonato argéntico. Revisión general de sus técnicas y 
aplicaciones en histología normal y patológica IV. Arch Hist Normal Patol 2:577–604 [In 
Spanish]  

2 Historical Context



36

   del Río-Hortega P (1986) El Maestro y yo. Consejo Superior del Investigaciones Científi cas 
(CSIC), Madrid, 1986 [In Spanish]  

    del Río-Hortega P, Jiménez de Asúa F (1921) Sobre la fagocitosis en los tumores y en otros pro-
cesos patológicos. Arch Cardiol Hematol 2:161–220 [In Spanish]  

      del Río-Hortega P, Penfi eld WG (1927) Cerebral cicatrix. The reaction of neuroglia and microglia 
to brain wounds. Bull John Hopkins Hosp 41:278–303  

    Derecki NC, Cronk JC, Lu Z, Xu E, Abbott SB, Guyenet PG, Kipnis J (2012) Wild-type microglia 
arrest pathology in a mouse model of Rett syndrome. Nature 484:105–109  

     Dougherty TF (1944) Studies on the cytogenesis of microglia and their relation to cells of the 
reticulo-endothelial system. Am J Anat 74:61–97  

    Draheim H, Prinz M, Weber JR, Weiser T, Kettenmann H, Hanisch UK (1999) Induction of K +  
channels in mouse brain microglia: cells acquire responsiveness to pneumococcal cell wall 
components during late development. Neuroscience 89:1379–1390  

    Duke DC, Moran LB, Turkheimer FE, Banati R, Graeber MB (2004) Microglia in culture: what 
genes do they express? Dev Neurosci 26:30–37  

    Dunning HS, Furth J (1935) Studies on the relation between microglia, histiocytes and monocytes. 
Am J Pathol 11:895–914  

    Dunning HS, Stevenson L (1934) Microglia-like cells and their reaction following injury to the 
liver, spleen and kidney. Am J Pathol 10:343–348  

      Eder C, Schilling T, Heinemann U, Haas D, Hailer N, Nitsch R (1999) Morphological, immuno-
phenotypical and electrophysiological properties of resting microglia in vitro. Eur J Neurosci 
11:4251–4261  

    Esiri MM, Booss J (1984) Comparison of methods to identify microglial cells and macrophages in 
the human central nervous system. J Clin Pathol 37:150–156  

    Fain NG (1963) On the method of impregnating microglia in celloidin sections. Arkh Patol 25:
52–54 [In Russian]  

    Färber K, Kettenmann H (2005) Physiology of microglial cells. Brain Res Rev 48:133–143  
     Fernández-Guardiola A (1997) Isaac Costero Tudanca. In: Las Neurociencias en el Exilio Español 

en México .  La Ciencia para Todos 153; Fondo de Cultura Económica (FCE), Mexico [In 
Spanish]  

    Ferrer D (1973) Microglia (mesoglia or Rio Hortega cells) yesterday and today. Rev Med Univ 
Navarra 17:145–161 [In Spanish]  

    Field EJ (1955) Observations on the development of microglia together with a note on the infl u-
ence of cortisone. J Anat 89:201–208  

    Flügel A, Bradl M, Kreutzberg GW, Graeber MB (2001) Transformation of donor-derived bone 
marrow precursors into host microglia during autoimmune CNS infl ammation and during the 
retrograde response to axotomy. J Neurosci Res 66:74–82  

    Ford AL, Goodsall AL, Hickey WF, Sedgwick JD (1995) Normal adult ramifi ed microglia sepa-
rated from other central nervous system macrophages by fl ow cytometric sorting. Phenotypic 
differences defi ned and direct ex vivo antigen presentation to myelin basic protein-reactive 
CD4+ T cells compared. J Immunol 154:4309–4321  

    Fujita S, Kitamura T (1975) Origin of brain macrophages and the nature of the so-called microglia. 
Acta Neuropathol Suppl 6:291–296  

    Fujita S, Tsuchihashi Y, Kitamura T (1981) Origin, morphology and function of the microglia. 
Prog Clin Biol Res 59A:141–169  

    Fujita H, Tanaka J, Toku K, Tateishi N, Suzuki Y, Matsuda S, Sakanaka M, Maeda N (1996) Effects 
of GM-CSF and ordinary supplements on the ramifi cation of microglia in culture: a morpho-
metric study. Glia 18:269–281  

     Gallyas F (1963) Silver impregnation method for microglia. Acta Neuropathol 3:206–209  
    Gans A (1923) Del Rio-Hortega’s Derde Element in het centrale zenuwstelsel. Ned Tijdschr 

Geneeskd 67:1024–1027  
    García-Albea E, Wilder G (2004) Penfi eld en la Residencia de Estudiantes (Madrid, 1924). Rev 

Neurol 39:872–878 [In Spanish]  

P. Rezaie and U.-K. Hanisch



37

     García-Marín V, García-López P, Freire M (2007) Cajal’s contributions to glia research. Trends 
Neurosci 30:479–487  

     Garcia-Segura LM (2002) Cajal and glial cells. Prog Brain Res 136:255–260  
    Gehrmann J, Banati RB, Kreutzberg GW (1993) Microglia in the immune surveillance of the brain: 

human microglia constitutively express HLA-DR molecules. J Neuroimmunol 48:189–198  
    Gehrmann J, Matsumoto Y, Kreutzberg GW (1995) Microglia: intrinsic immuneffector cell of the 

brain. Brain Res Rev 20:269–287  
    Geissmann F, Manz MG, Jung S, Sieweke MH, Merad M, Ley K (2010) Development of mono-

cytes, macrophages, and dendritic cells. Science 327:656–661  
      Gill AS, Binder DK (2007) Wilder Penfi eld, Pio del Rio-Hortega and the discovery of oligoden-

droglia. Neurosurgery 60:940–948  
     Ginhoux F, Greter M, Leboeuf M, Nandi S, See P, Gokham S, Mehler MF, Conway SJ, Ng LG, 

Stanley ER, Samokhvalov IM, Merad M (2010) Fate mapping analysis reveals that adult 
microglia derive from primitive macrophages. Science 330:841–845  

    Ginhoux F, Lim S, Hoeffel G, Low D, Huber T (2013) Origin and differentiation of microglia. 
Front Cell Neurosci 7:45, 14 p  

     Giulian D (1987) Ameboid microglia as effectors of infl ammation in the central nervous system. 
J Neurosci Res 18:155–171  

    Giulian D, Baker TJ (1985) Peptides released by ameboid microglia regulate astroglial prolifera-
tion. J Cell Biol 101:2411–2415  

    Giulian D, Baker TJ (1986) Characterisation of ameboid microglia isolated from developing mam-
malian brain. J Neurosci 6:2163–2178  

    Giulian D, Ingeman JE (1988) Colony-stimulating factors as promoters of ameboid microglia. 
J Neurosci 8:4707–4717  

    Giulian D, Young DG, Woodward J, Brown DC, Lachman LB (1988) Interleukin-1 is an astroglial 
growth factor in the developing brain. J Neurosci 8:709–714  

    Giulian D, Li J, Leara B, Keenen C (1994) Phagocytic microglia release cytokines and cytotoxins 
that regulate the survival of astrocytes and neurons in culture. Neurochem Int 25:227–33  

    Giulian D, Bartel S, Broker J, Li X, Kirkpatrick JB (1995) Cell surface morphology identifi es 
microglia as a distinct class of mononuclear phagocyte. J Neurosci 15:7712–7726  

    Glanzer JG, Enose Y, Wang T, Kadiu I, Gong N, Rozek W, Liu J, Schlautman JD, Ciborowski PS, 
Thomas MP, Gendelman HE (2007) Genomic and proteomic microglial profi ling: pathways for 
neuroprotective infl ammatory responses following nerve fragment clearance and activation. 
J Neurochem 102:627–645  

    Glees P (1953) Neuroglia: morphology and function. Charles C. Thomas, Springfi eld, IL  
    Glenn JA, Ward SA, Stone CR, Booth PL, Thomas WE (1992) Characterisation of ramifi ed 

microglial cells: detailed morphology, morphological plasticity and proliferative capability. 
J Anat 180:109–118  

    Goldmann T, Wieghofer P, Müller PF, Wolf Y, Varol D, Yona S, Brendecke SM, Kierdorf K, 
Staszewski O, Datta M, Luedde T, Heikenwalder M, Jung S, Prinz M (2013) A new type of 
microglia gene targeting shows TAK1 to be pivotal in CNS autoimmune infl ammation. Nat 
Neurosci 16:1618–1626  

    Gomez Perdiguero E, Schulz C, Geissmann F (2013) Development and homeostasis of ‘resident’ 
myeloid cells: the case of the microglia. Glia 61:112–120  

    Gonzalez C (1971) El merecido homenaje a Don Pío del Río Hortega. Anal Real Acad Med Cir 
Valladolid 9:70–73 [In Spanish]  

    Graeber MB (1993) Microglia, macrophages and the blood–brain barrier. Clin Neuropathol 
12:296–297  

    Graeber MB (2010) Changing face of microglia. Science 330:783–788  
    Graeber MB, Mehraein P (1994) Microglia rod cells. Neuropathol Appl Neurobiol 20:

178–18014  
     Graeber MB, Streit WJ (1990a) Microglia: immune network in the CNS. Brain Pathol 1:2–5  
     Graeber MB, Streit WJ (1990b) Perivascular microglia defi ned. Trends Neurosci 13:366  

2 Historical Context



38

     Graeber MB, Tetzlaff W, Streit WJ, Kreutzberg GW (1988) Microglial cells but not astrocytes 
undergo mitosis following rat facial nerve axotomy. Neurosci Lett 85:317–321  

    Graeber MB, Streit WJ, Büringer D, Sparks DL, Kreutzberg GW (1992) Ultrastructural location of 
major histocompatibility complex (MHC) class II positive perivascular cells in histologically 
normal human brain. J Neuropathol Exp Neurobiol 51:303–311  

     Graeber MB, Bise K, Mehraein P (1993) Synaptic stripping in the human facial nucleus. Acta 
Neuropathol 86:179–181  

     Graeber MB, López-Redondo F, Ikoma E, Ishikawa M, Imai Y, Nakajima K, Kreutzberg GW, 
Kohsaka S (1998) The microglia/macrophage response in the neonatal rat facial nucleus 
 following axotomy. Brain Res 813:241–253  

    Graeber MB, Li W, Rodriguez ML (2011) Role of microglia in CNS infl ammation. FEBS Lett 
3585:3798–3805  

    Greaves DR, Gordon S (2002) Macrophage-specifi c gene expression: current paradigms and future 
challenges. Int J Hematol 76:6–15  

     Grenier Y, Ruijs TC, Robitaille Y, Olivier A, Antel JP (1989) Immunohistochemical studies of adult 
human glial cells. J Neuroimmunol 21:103–115  

    Greter M, Merad M (2013) Regulation of microglia development and homeostasis. Glia 
61:121–127  

    Grinberg YY, Milton JG, Kraig RP (2011) Spreading depression sends microglia on Lévy fl ights. 
PLoS One 6:e19294. doi:  10.1371/journal.pone.0019294      

    Grossmann R, Stence N, Carr J, Fuller L, Waite M, Dailey ME (2002) Juxtavascular microglia 
migrate along brain microvessels following activation during early postnatal development. Glia 
37:229–240  

     Haas CA, Donath C, Kreutzberg GW (1993) Differential expression of immediate early genes after 
transection of the facial nerve. Neuroscience 53:91–99  

    Hafner (1965) refers to the New York-based publishers who reprinted Wilder Penfi eld’s original 
(1932) set of three volumes for Cytology and Cellular Pathology of the Nervous system in 
1965. 652–653   http://www.worldcat.org/title/cytology-cellular-pathology-of-the-nervous-sys-
tem/oclc/187412121      

    Hager H (1968) Ultrastructural pathology of the macro- and microglia. Acta Neuropathol Suppl 
4:86–97 [In German]  

    Hailer NP, Jarhult JD, Nitsch R (1996) Resting microglial cells in vitro: analysis of morphology 
and adhesion molecule expression in organotypic hippocampal slice cultures. Glia 18:
319–331  

      Hanisch UK (2002) Microglia as a source and target of cytokines. Glia 40:140–155  
    Hanisch UK (2013a) Factors controlling microglial activation. In: Kettenmann H, Ransom B (eds) 

Neuroglia, 3rd edn. Oxford University Press, New York, pp 614–625, Chapter 48  
     Hanisch UK (2013b) Functional diversity of microglia—how heterogeneous are they to begin 

with? Front Cell Neurosci 7:65, 18 p  
     Hanisch UK (2013c) Proteins in microglial activation—inputs and outputs by subsets. Curr Protein 

Pept Sci 14:3–15  
      Hanisch UK, Kettenmann H (2007) Microglia: active sensor and versatile effector cells in the 

normal and pathologic brain. Nat Neurosci 10:1387–1394  
    Harrison JK, Jiang Y, Chen S, Xia Y, Maciejewski D, McNamara RK, Streit WJ, Salafranca MN, 

Adhikari S, Thompson DA, Botti P, Bacon KB, Feng L (1998) Roles for neuronally-derived 
fractalkine in mediating interactions between neurons and CX3CR1-expressing microglia. 
Proc Natl Acad Sci U S A 95:10896–10901  

    Harry GJ, Kraft AD (2012) Microglia in the developing brain: a potential target with lifetime 
effects. Neurotoxicology 33:191–206  

    Hayes GM, Woodroofe MN, Cuzner ML (1988) Characterisation of microglia isolated from adult 
human and rat brain. J Neuroimmunol 19:177–189  

    Haymaker W, Sánchez-Pérez M (1935) Rio-Hortega’s double silver impregnation technique 
adapted to the staining of tissue cultures. Science 82:355–356  

P. Rezaie and U.-K. Hanisch

http://dx.doi.org/10.1371/journal.pone.0019294
http://www.worldcat.org/title/cytology-cellular-pathology-of-the-nervous-system/oclc/187412121
http://www.worldcat.org/title/cytology-cellular-pathology-of-the-nervous-system/oclc/187412121


39

    Herrera JM (1953) Studies on the problem of microglia genesis. I. Reaction capacity of the microg-
lia of cadaveric encephalon. Arch Med Panamenos 2:161–182 [In Spanish]  

     Hickey WF, Kimura H (1988) Perivascular microglial cells of the CNS are bone marrow-derived 
and present antigen in vivo. Science 239:290–292  

    Hirasawa T, Ohsawa K, Imai Y, Ondo Y, Akazawa C, Uchino S, Kohsaka S (2005) Visualization of 
microglia in living tissues using Iba1-EGFP transgenic mice. J Neurosci Res 81:357–362  

    Hoek RM, Ruuls SR, Murphy CA, Wright GJ, Goddard R, Zurawski SM, Blom B, Homola ME, 
Murphy CA, Wright GJ, Goddard R, Zurawski SM, Blom ME, Streit WJ, Brown MH, Barclay 
AN, Sedgwick JD (2000) Down-regulation of the macrophage lineage through interaction with 
OX2 (CD200). Science 290:1768–1771  

    Hughes V (2012) Microglia: the constant gardeners. Nature 485:570–572  
    Hume DA, Perry VH, Gordon S (1983) Immunohistochemical localization of a macrophage- 

specifi c antigen in developing mouse retina: phagocytosis of dying neurons and differentiation 
of microglial cells to form a regular array in the plexiform layers. J Cell Biol 97:253–257  

    Ibrahim MZ, Khreis Y, Kosahyan DS (1974) The histochemical identifi cation of microglia. 
J Neurol Sci 22:211–233  

     Imai Y, Ibata I, Ito D, Ohsawa K, Kohsaka S (1996) A novel gene iba1 in the major histocompati-
bility complex class III region encoding an EF hand protein expressed in a monocytic lineage. 
Biochem Biophys Res Commun 224:855–862  

    Imaizumi M, Briard E, Zoghbi SS, Gourley JP, Hong J, Fujimura Y, Pike V, Innis RB, Fujita M 
(2008) Brain and whole-body imaging in non-human primates of [11C]PBR28, a promising 
PET radioligand for peripheral benzodiazepine receptors. Neuroimage 39:1289–1298  

    Imamoto K, Leblond CP (1978) Radioautographic investigation of gliogenesis in the corpus cal-
losum of young rats. II. Origins of microglial cells. J Comp Neurol 180:139–163  

    Imamura S (1954) Microglia in gliomas. Folia Pyshciatr Neurol Jpn 8:99–126  
    Imamura K, Ito M, Suzumura A, Asai J, Takahashi A (1990) Generation and characterisation of 

monoclonal antibodies against rat microglia and ontogenic distribution of positive cells. Lab 
Invest 63:853–861  

     Ito D, Imai Y, Ohsawa K, Nakajima K, Fukuuchi Y, Kohsaka S (1998) Microglia-specifi c localisa-
tion of a novel calcium binding protein, Iba1. Mol Brain Res 57:1–9  

    Jelliffe SE (1919) Nicolas Achúcarro. Obituary J Nerv Ment Dis 49:271–272  
     Jiménez de Asúa F (1927) Die Mikroglia (Hortegasche Zellen) und das Reticulo-endotheliale 

System. Z Neurol Psychiatr 109:354–379 [In German]  
     Juba A (1933) Untersuchungen über die Entwicklung der Hortegaschen Mikroglia des Menschen. 

Arch Psychiatr Nervenkr 101:577–592 [In German]  
    Juba A (1934) Das erste Erscheinen und die Urformen der Hortegaschen Mikroglia im 

Zentralnervensystem. Arch Psychiatr Nervenkr 102:225–232 [In German]  
    Jufe R (1957) Changes in the microglia of the plexiform ganglion in rabies. Arch Histol Norm 

Patol 7:51–59 [In Spanish]  
    Kaur C, Ling EA, Wong WC (1985) Transformation of ameboid microglial cells into microglia in 

the corpus callosum of the postnatal rat brain—an electron microscopical study. Arch Histol 
Jpn 48:17–25  

    Kaur C, Hao AJ, Wu CH, Ling EA (2001) Origin of microglia. Microsc Res Tech 54:2–9  
     Kershman J (1939) Genesis of microglia in the human brain. Arch Neurol Psychiatr 41:24–50  
    Kettenmann H (1994) Electrophysiological behavior of microglia. Neuropathol Appl Neurobiol 

20:177–178  
    Kettenmann H (2006) Triggering the brain’s pathology sensor. Nat Neurosci 9:1463–1464  
   Kettenmann H (2007) Neuroscience: the brain’s garbage men. Nature 446:987–9  
    Kettenmann H, Hoppe D, Gottmann K, Banati R, Kreutzberg G (1990) Cultured microglial cells 

have a distinct pattern of membrane channels different from peritoneal macrophages. J Neurosci 
Res 26:278–287  

    Kettenmann H, Banati R, Walz W (1993) Electrophysiological behavior of microglia. Glia 
7:93–101  

2 Historical Context



40

      Kettenmann H, Hanisch U-K, Noda M, Verkhratsky A (2011) Physiology of microglia. Physiol 
Rev 91:461–553  

     Kettenmann H, Kirchhoff F, Verkhratsky A (2013) Microglia: new roles for the synaptic stripper. 
Neuron 77:10–18  

    Kierdorf K, Erny D, Goldmann T, Sander V, Schulz C, Perdiguero EG, Wieghofer P, Heinrich A, 
Riemke P, Holscher C, Muller DN, Luckow B, Brocker T, Debowski K, Fritz G, Opdenakker 
G, Diefenbach A, Biber K, Heikenwalder M, Geissmann F, Rosenbauer F, Prinz M (2013) 
Microglia emerge from erythromyeloid precursors via Pu.1- and Irf8-dependent pathways. Nat 
Neurosci 16:273–80  

     Kitamura T (1969) Re-examination of the concept of microglia. Shinkei Kenkyu No Shimpo 
13:355–364 [In Japanese]  

    Kitamura T (1973) The origin of brain macrophages—some considerations on the microglia  theory 
of del Rio-Hortega. Pathol Int 23:11–26  

    Kitamura T, Hattori H (1972) Re-examination of the origin, function and morphology of  microglia. 
3. Role of perivascular cells in relation to macrophages. Shinkei Kenkyu No Shimpo 16:
447–451 [In Japanese]  

    Kloss CU, Kreutzberg GW, Raivich G (1997) Proliferation of ramifi ed microglia on an astrocyte 
monolayer: characterization of stimulatory and inhibitory cytokines. J Neurosci Res 49:
248–254  

    Koenig H (1958) An autoradiographic study of nucleic acid and protein turnover in the mamalian 
neuraxis. J Biophys Biochem Cytol 4:785–792  

    Kraśnicka Z, Renhawek K (1969) Morphology and histochemistry of microglia in tissue culture 
studied in normal and pathological conditions. Neuropatol Pol 7:73–90 [In Polish]  

    Kraśnicka Z, Renhawek K (1970) Morphology and histochemistry of microglia cultured in normal 
and pathological conditions. Pol Med J 9:96–212 [In Polish]  

    Kreutzberg GW (1963) Changes of coenzyme (TPN) diaphorase and TPN-linked dehydrogenase 
during axonal reaction of the nerve cell. Nature 199:393–394  

    Kreutzberg GW (1967) Autoradiographic study on incorporation of leucine-H3 in peripheral 
nerves during regeneration. Experientia 23:33–34  

    Kreutzberg GW (1968) Autoradiographic studies on perineuronal microgliocytes. Acta Neuropathol 
Suppl 4:141–145 [In German]  

    Kreutzberg GW (1972) Experimental studies on nerve regenerarion. Fortschr Med 90:910–912 
[In German]  

    Kreutzberg GW (1995) Microglia, the fi rst line of defence in brain pathologies. Arzneimittelforschung 
45:357–360 [In German]  

     Kreutzberg GW (1996) Microglia: a sensor for pathological events in the CNS. Trends Neurosci 
19:312–318  

     Kreutzberg GW, Barron KD (1978) 5′-Nucleotidase of microglial cells in the facial nucleus during 
axonal reaction. J Neurocytol 7:601–610  

    Kurobane T (1950) Microglia in gliomas; a contribution to the study of microglia. Folia Psychiatr 
Neurol Jpn 4:123–131  

    Kurpius D, Wilson N, Fuller L, Hoffman A, Dailey ME (2006) Early activation, motility and hom-
ing of neonatal microglia to injured neurons does not require protein synthesis. Glia 54:58–70  

    Lassmann H, Hickey WF (1993) Radiation bone marrow chimeras as a tool to study microglia 
turnover in normal brain and infl ammation. Clin Neuropathol 12:284–285  

    Lassmann H, Schmied M, Vass K, Hickey WF (1993) Bone marrow derived elements and resident 
microglia in brain infl ammation. Glia 7:19–24  

    Lauro GM, Babilono D, Buttarelli FR, Starace G, Cocchia D, Ennas MG, Sogos V, Gremo F 
(1995) Human microglia cultures: a powerful model to study their origin and immunoreactive 
capacity. Int J Dev Neurosci 13:739–752  

    Lavisse S, Guillermier M, Hérard AS, Petit F, Delahaye M, Van Camp N, Ben Haim L, Lebon V, 
Remy P, Dollé F, Delzescaux T, Bonvento G, Hantraye P, Escartin C (2012) Reactive astrocytes 

P. Rezaie and U.-K. Hanisch



41

overexpress TSPO and are detected by TSPO positron emission tomography imaging. 
J Neurosci 32:10809–10818  

    Lawson LJ, Perry VH, Dri P, Gordon S (1990) Heterogeneity in the distribution and morphology 
of microglia in the normal adult mouse brain. Neuroscience 39:151–170  

    Lawson LJ, Perry VH, Gordon S (1992) Turnover of resident microglia in the normal adult mouse 
brain. Neuroscience 48:405–415  

    Lebowich RJ (1934) Phagocytic behavior of interstitial cells of brain parenchyma of adult rabbit 
toward colloidal solutions and bacteria. Arch Pathol 18:50–71  

    Lee SC, Liu W, Brosnan CF, Dickson DW (1992) Characterisation of primary human fetal dissoci-
ated cultures with an emphasis on microglia. Lab Invest 67:465–476  

    Leong SK, Ling EA (1992) Ameboid and ramifi ed microglia: their interrelationship and response 
to brain injury. Glia 6:39–47  

    Ling EA (1976a) Electron microscopic identifi cation of ameboid microglia in the spinal cord of 
newborn rats. Acta Anat 96:600–609  

    Ling EA (1976b) Some aspects of ameboid microglia in the corpus callosum and neighbouring 
regions of neonatal rats. J Anat 121:29–45  

     Ling EA (1979) Transformation of monocytes into ameboid microglia in the corpus callosum of 
postnatal rats, as shown by labelling monocytes by carbon particles. J Anat 128:847–858  

    Ling EA, Tan CK (1974) Ameboid micriglial cells in the corpus callosum of neonatal rats. Arch 
Histol Jpn 36:265–280  

    Ling EA, Wong WC (1993) The origin and nature of ramifi ed and ameboid microglia: a historical 
review and current concepts. Glia 7:9–18  

    Liu W, Brosnan CF, Dickson DW, Lee SC (1994) Macrophage colony-stimulating factor mediates 
astrocyte-induced microglial ramifi cation in human fetal central nervous system culture. Am J 
Pathol 145:48–53  

    Maciejewski-Lenoir D, Chen S, Feng L, Maki R, Bacon KB (1999) Characterisation of fractalkine 
in rat brain cells: migratory and activation signals for CX3CR1-expressing microglia. 
J Immunol 163:1628–1635  

    Malik V (1964) Impregnation of microglia and oligodendroglia in paraffi n sections. Cesk Morfol 
12:214–219 [In Czech]  

     Maximow AA (1928) The macrophage or histiocytes. In: Cowdry EV (ed) Special cytology, vol 1. 
Hoeber, New York, pp 427–484  

    Mazzi V (1952) Macrophages and microglia in the brain of teleosts. Arch Ital Anat Embriol 
57:330–348 [In Italian]  

    McCarter JC (1940) A silver carbonate staining method for oligodendrocytes and microglia for 
routine use. Am J Pathol 16:233–235  

    McGeer PL, McGeer EG (2011) History of innate immunity in neurodegenerative disorders. Front 
Pharmacol 2:77  

    Meo L (1950) Cerebral changes and microglioblastic reactions in leukemia, with several consider-
ations on the histogenesis of microglia. Riv Anat Patol Oncol 3:1060–1088 [In Italian]  

      Metz A, Spatz H (1924) Die Hortegaschen Zellen (das sogenannte ‘dritte element’) und über ihre 
funktionelle Bedeutung. Z Neurol Psychiatr 89:138–170 [In German]  

     Mildner A, Schmidt H, Nitsche M, Merkler D, Hanisch UK, Mack M, Heikenwalder M, Brück W, 
Priller J, Prinz M (2007) Microglia in the adult brain arise from Ly-6ChiCCR2+ monocytes 
only under defi ned host conditions. Nat Neurosci 10:1544–1553  

    Mladenov S, Gerebtzoff MA (1967) Histochemical research methods on reactive microglia in the 
rat brain. C R Séances Soc Biol ses Fil 161:1467–1469  

     Moran LB, Graeber MB (2004) The facial nerve axotomy model. Brain Res Rev 44:154–178  
    Moran LB, Duke DC, Turkheimer FE, Banati RB, Graeber MB (2004) Towards a transcriptome 

defi nition of microglial cells. Neurogenetics 5:95–108  
    Mori S, Leblond CP (1969) Identifi cation of microglia in light and electron microscopy. J Comp 

Neurol 135:57–80  
    Mrak RE (2009) Neuropathology and the neuroinfl ammation idea. J Alzheimers Dis 18:473–481  

2 Historical Context



42

     Naoumenko J, Feigin I (1963) A modifi cation for paraffi n sections of silver carbonate impregna-
tion for microglia. Acta Neuropathol 3:402–406  

   Nakajima K, Kohsaka S (1993a) Functional roles of microglia in the brain. Neureosci Res 
17:187–203  

   Nakajima K, Kohsaka S (1993b) Characterization of brain microglia and the biological signifi -
cance in the central nervous system. Adv Neurol 60:734–43  

   Nakajima K, Kohsaka S (1998) Functional roles of microglia in the central nervous system. Hum 
Cell 11:141–55  

   Nakajima K, Kohsaka S (2001) Microglia: activation and their signifi cance in the central nervous 
system. J Biochem 130:169–75  

   Nakajima K, Kohsaka S (2004) Microglia: neuroprotective and neurotrophic cells in the central 
nervous system. Curr Drug Targets Cardiovasc Haematol Disord 4:65–84  

    Neumann H (2001) Control of glial immune function by neurons. Glia 36:191–199  
   Neumann H, Takahashi K (2007) Essential role of the microglial triggering receptor expressed 

on myeloid cells-2 (TREM2) for central nervous system tissue immune homeostasis. 
J Neuroimmunol 184:92–99  

   Nimmerjahn A (2012) Two-photon imaging of microglia in the mouse cortex in vivo. Cold Spring 
Harb Protoc 2012(5). pii: pdb.prot069294. doi:  10.1101/pdb.prot069294      

        Nimmerjahn A, Kirchhoff F, Helmchen F (2005) Resting microglial cells are highly dynamic sur-
veillants of brain parenchyma in vivo. Science 308:1314–1318  

    Obrador S (1975) Penfi eld and the school of Cajal. Penfi eld and his relation to Cajal and Rio- 
Hortega. Rev Esp Otoneurooftalmol Neurocir 33:39–53 [In Spanish]  

    Oehmichen M, Wiethölter H, Greaves MF (1979) Immunological analysis of human microglia: 
lack of monocytic and lymphoid membrane differentiation antigens. J Neuropathol Exp Neurol 
38:99–103  

    Ohsawa K, Kohsaka S (2011) Dynamic motility of microglia: purinergic modulation of microglial 
movement in the normal and pathological brain. Glia 59:1793–1799  

    Olah M, Biber K, Vinet J, Boddeke HW (2011) Microglia phenotype diversity. CNS Neurol Disord 
Drug Targets 10:108–118  

    Olah M, Amor S, Brouwer N, Vinet J, Eggen B, Biber K, Boddeke HW (2012) Identifi cation of a 
microglia phenotype supportive of remyelination. Glia 60:306–321  

     Ortíz Picón JM (1971) La obra neurohistológica del doctor Pío del Río Hortega (1882–1945). Arch 
Neurobiol 34:39–70 [In Spanish]  

    Ortíz Picón JM (1983) Pío del Río Hortega. Un estudio biográfi co. Arch Neurobiol 46:209–226 
[In Spanish]  

    Palmero JR (2005) Pío del Río Hortega en la Universidad de Valladolid. ARBOR Cien Pensamento 
Cultura 181:181–197 [In Spanish]  

   Palmero JR, del Río-Hortega J (2004) Pío Del Río-Hortega y la Institucionalización de la ciencia 
en España. In: Actas VIII Congreso de la Sociedad Española de Historia de las Ciencias y de 
las Técnicas, pp 161–199 [In Spanish]  

    Paolicelli RC, Gross CT (2011) Microglia in development: linking brain wiring to brain environ-
ment. Neuron Glia Biol 7:77–83  

    Paolicelli RC, Bolasco G, Pagani F, Maggi L, Scianni M, Panzanelli P, Giustetto M, Ferreira TA, 
Guiducci E, Duman L, Ragozzino D, Gross CT (2011) Synaptic pruning by microglia is neces-
sary for normal brain development. Science 333:1456–1458  

    Parakalan R, Jiang B, Nimmi B, Janani M, Jayapal M, Lu J, Tay SS, Ling EA, Dheen ST (2012) 
Transcriptome analysis of ameboid and ramifi ed microglia isolated from the corpus callosum 
of rat brain. BMC Neurosci 13:64  

         Penfi eld W (1924a) Oligodendroglia and its relation to classical neuroglia. Brain 47:430–452  
      Penfi eld W (1924b) Microglie et son rapport avec la dégénération névrogliale dans un gliome. Trav 

Lab Rech Biol Univ Madrid 22:277–293 [In French]  
      Penfi eld W (1925) Microglia and the process of phagocytosis in gliomas. Am J Pathol 1:77–89  
      Penfi eld W (1928) A method of staining oligodendroglia and microglia (combined method). Am J 

Pathol 28:153–157  

P. Rezaie and U.-K. Hanisch

http://dx.doi.org/10.1101/pdb.prot069294


43

    Penfi eld W (1932) Neuroglia: normal and pathological. In: Penfi eld W (ed) Cytology and cellular 
pathology of the nervous system, vol 2. Hoeber, New York, pp 423–479  

   Penfi eld W (1977) No man alone. A neurosurgeon’s life. Little, Brown Company, Boston  
   Penfi eld W, Cone W (1937) Neuroglia and microglia (the metallic methods). In: McClung CE (ed). 

Paul B. Hoeber, New York, p 489–521.  
    Perry VH (1994) Modulation of microglia phenotype. Neuropathol Appl Neurobiol 20:177  
    Perry VH, Gordon S (1988) Macrophages and microglia in the nervous system. Trends Neurosci 

11:273–277  
    Perry VH, O’Connor V (2010) The role of microglia in synaptic stripping and synaptic degenera-

tion: a revised perspective. ASN Neuro 2:e00047. doi:  10.1042/AN20100024      
    Perry VH, Hume DA, Gordon S (1985) Immunohistochemical localisation of macrophages and 

microglia in the adult and developing mouse brain. Neuroscience 15:313–326  
    Petersen MA, Dailey ME (2004) Diverse microglial motility behaviors during clearance of dead 

cells in hippocampal slices. Glia 46:195–206  
    Pickering JE, Vogel FS (1956) Demyelinization in the brains of monkeys by means of fast neu-

trons; pathogenesis of the lesion and comparison with the lesions of multiple sclerosis and 
Schilder’s disease. J Exp Med 104:435–442  

     Pocock JM, Kettenmann H (2007) Neurotransmitter receptors on microglia. Trends Neurosci 
30:527–535  

    Polderman H (1926) Die Entdeckung der Mikroglia und ihre Bedeutung für die Neurogliafrage. 
Nederland Tijdschr v Geneesk 70:537–549 [In German]  

    Politis M, Su P, Piccini P (2012) Imaging of microglia in patients with neurodegenerative disor-
ders. Front Pharmacol 3:96  

   Priller J, Flügel A, Wehner T, Boentert M, Haas CA, Prinz M, Fernández-Klett F, Prass K, 
Bechmann I, deBoer BA, Kreutzberg GW, Persons DA, Dirnagl U (2001) Targeting 
 gene- modifi ed hematopoietic cells to the central nervous system: use of green fl uorescent 
 protein uncovers microglial engraftment. Nat Med 7:1356–1361  

    Prinz M, Kann O, Draheim HJ, Schumann RR, Kettenmann H, Weber JR, Hanisch UK (1999) 
Microglial activation by components of gram-positive and -negative bacteria: distinct and com-
mon routes to the induction of ion channels and cytokines. J Neuropathol Exp Neurol 58:
1078–1089  

    Prinz M, Priller J, Sisodia SS, Ransohoff RM (2011) Heterogeneity of CNS myeloid cells and their 
roles in neurodegeneration. Nat Neurosci 13:1227–1235  

    Pruijs WM (1927) Über Mikroglia, ihre Herkunft, Funktion und ihr Verhältnis zu anderen 
Glialelementen. Z Neurol Psychiatr 108:298–331 [In German]  

   Raivich G (2005) Like cops on the beat: the active role of resting microglia. Trends Neurosci 28:
571–573  

     Raivich G, Gehrmann J, Moreno-Floros M, Kreutzberg GW (1993) Microglia: growth factor and 
mitogen receptors. Clin Neuropathol 12:293–295  

     Rand CW, Courville CB (1932) Histologic changes in the brain in cases of fatal injury to the head. 
III. Reaction of microglia and oligodendroglia. Arch Neurol Psychiatry 27:605–644  

    Rangroo Thrane V, Thrane AS, Chanag J, Alleluia V, Nagelhus EA, Nedergaard M (2012)  Real- time 
analysis of microglial activation and motility in hepatic and hyperammonemic encephalopathy. 
Neuroscience 220:247–255  

    Ransohoff RM, Perry VH (2009) Microglial physiology: unique stimuli, specialised responses. 
Annu Rev Immunol 27:119–145  

     Rezaie P (2003) Microglia in the human nervous system during development. Neuroembryology 
2:18–31  

     Rezaie P (2007) Microglia: from origins to differentiation, distribution and dynamics. In: Dheen 
ST, Ling EA (eds) Trends in glial research—basic and applied. Research Signpost, Kerala, 
pp 1–41  

            Rezaie P, Male D (2002a) Mesogia and microglia. A historical review of the concept of mononu-
clear phagocytes within the central nervous system. J Hist Neurosci 11:325–374  

2 Historical Context

http://dx.doi.org/10.1042/AN20100024


44

     Rezaie P, Male D (2002b) Differentiation, ramifi cation and distribution of microglia within the 
central nervous system examined. Neuroembryology 1:29–43  

    Rezaie P, Cairns NJ, Male DK (1997) Expression of adhesion molecules on human fetal cerebral 
vessels: relationship to microglial colonisation during development. Dev Brain Res 104:
175–189  

     Rezaie P, Patel K, Male DK (1999) Microglia in the human fetal spinal cord—patterns of distribu-
tion, morphology and phenotype. Dev Brain Res 115:71–81  

     Rezaie P, Trillo-Pazos G, Greenwood J, Everall IP, Male DK (2002) Motility and ramifi cation of 
human fetal microglia in culture: an investigation using time-lapse video microscopy and 
image analysis. Exp Cell Res 274:68–82  

   Rezza A (1925) Le cellule di Del Rio Hortega. Quistioni intorno alla nevroglia. Rass Studi Psichiatr 
14;307–335 [In Italian]. http://www.cbt.biblioteche.provincia.tn.it/oseegenius/resource?uri=6
253037&v=l&dcnr=8   

    Rieske E, Graeber MB, Tetzlaff W, Czlonkowska A, Streit WJ, Kreutzberg GW (1989) Microglia 
and microglia-derived brain macrophages in culture: generation from axotomized rat facial 
nuclei, identifi cation and characterisation in vitro. Brain Res 492:1–14  

    Robertson WF (1897) The normal histology and pathology of neuroglia (in relation specially to 
Mental Diseases). J Ment Sci 43:733–752  

     Robertson WF (1898) The normal histology and pathology of neuroglia (in relation specially to 
mental diseases). Edinb Hosp Rep 5:240–271  

     Robertson WF (1899) On a new method of obtaining a black reaction in certain tissue-elements of 
the central nervous system (platinum method). Scottish Med Surg J 4:23–30  

     Robertson WF (1900a) A microscopic demonstration of the normal and pathological histology of 
mesoglia cells. J Ment Sci (Br J Psychiatr) 46:724  

      Robertson WF (1900b) A textbook of pathology in relation to mental diseases. W.F. Clay, 
Edinburgh  

    Rosenstiel P, Lucius R, Deuschl G, Sievers J, Wilms H (2001) From theory to therapy:  implications 
from an in vitro model of ramifi ed microglia. Microsc Res Tech 54:18–25  

      Russell DS (1929) Intravital staining of microglia with trypan blue. Am J Pathol 5:451–458  
    Rydberg E (1932) Cerebral injury in new-born children consequent on birth trauma; with an 

inquiry into the normal and pathological analtomy of the neuroglia. Acta Pathol Microbiol 
Scand Suppl 10:1–247  

    Saijo K, Glass CK (2011) Microglial cell origin and phenotypes in health and disease. Nat Rev 
Immunol 11:775–787  

    Sawada M, Itoh Y, Suzumura A, Marunouchi T (1993) Expression of cytokine receptors in cultured 
neuronal and glial cells. Neurosci Lett 160:131–134  

    Schafer DP, Lehrman EK, Kautzman AG, Koyama R, Mardinly AR, Yamsaki R, Ransohoff RM, 
Greenberg M, Barres BA, Stevens B (2012) Microglia sculpt postnatal neural circuits in an 
activity and complement-dependent manner. Neuron 74:691–705  

    Schaffer K (1926) Über die Hortegasche Mikroglia. Z Anat Entwicklungsgesch 81:715–719 [In 
German]  

    Scheffel J, Regen T, Van Rossum D, Seifert S, Ribes S, Nau R, Parsa R, Harris RA, Boddeke HW, 
Chuang HN, Pukrop T, Wessels JT, Jürgens T, Merkler D, Brück W, Schnaars M, Simons M, 
Kettenmann H, Hanisch UK (2012) Toll-like receptor activation reveals developmental reorga-
nization and unmasks responder subsets of microglia. Glia 60:1930–1943  

    Schilling T, Nitsch R, Heinemann U, Haas D, Eder C (2001) Astrocyte-released cytokines induce 
ramifi cation and outward K+ channel expression in microglia via distinct signalling pathways. 
Eur J Neurosci 14:463–473  

    Schmid CD, Sautkulis LN, Danielson PE, Cooper J, Hasel KW, Hilbush BS, Sutcliffe JG, Carson 
MJ (2002) Heterogeneous expression of the triggering receptor expressed on myeloid cells-2 
on adult murine microglia. J Neurochem 83:1309–1320  

    Schulz C, Gomez Perdiguero E, Chorro L, Szabo-Rogers H, Cagnard N, Kierdorf K, Prinz M, Wu 
B, Jacobsen SE, Pollard JW, Frampton J, Liu KJ, Geissmann F (2012) A lineage of myeloid 
cells independent of Myb and hematopoietic stem cells. Science 336:86–90  

P. Rezaie and U.-K. Hanisch



45

     Sedgwick JD, Schwender S, Imrich H, Dörries R, Butcher GW, terMeulen V (1991) Isolation and 
direct characterization of resident microglial cells from the normal and infl amed central ner-
vous system. Proc Natl Acad Sci U S A 88:7438–7442  

    Shepard JL, Zon LI (2000) Developmental derivation of embryonic and adult macrophages. Curr 
Opin Hematol 7:3–8  

    Sievers J, Parwaresch R, Wottge HU (1994) Blood monocytes and spleen macrophages differenti-
ate into microglia-like cells on monolayers of astrocytes: morphology. Glia 12:245–258  

    Simard AR, Rivest S (2004) Bone marrow stem cells have the ability to populate the entire central 
nervous system into fully differentiated parenchymal microglia. FASEB J 18:998–100  

    Skaper SD (2011) Ion channels on microglia: therapeutic targets for neuroprotection. CNS Neurol 
Disord Drug Targets 10:44–56  

    Somjen JS (1988) Nervenkitt: notes on the history of the concept of neuroglia. Glia 1:2–9  
    Stence N, Waite M, Dailey ME (2001) Dynamics of microglial activation: a confocal time-lapse 

analysis in hippocampal slices. Glia 33:256–266  
     Streit WJ, Graeber MB (1993) Heterogeneity of microglial and perivascular cell populations: 

insights gained from the facial nucleus paradigm. Glia 7:68–74  
   Streit WJ, Kreutzberg GW (1987) Lectin binding by resting and reactive microglia. J Neurocytol 

16:249–260  
    Streit WJ, Graeber MB, Kreutzberg GW (1988) Functional plasticity of microglia: a review. Glia 

1:301–307  
    Streit WJ, Graeber MB, Kreutzberg GW (1989) Peripheral nerve lesion produces increased levels 

of major histocompatibility complex antigens in the central nervous system. J Neuroimmunol 
21:117–123  

    Streit WJ, Mrak RE, Griffi n SE (2004a) Microglia and neuroinfl ammation: a pathological perspec-
tive. J Neuroinfl ammation 1:14  

   Streit WJ, Sammons NW, Kuhns AJ, Sparks DL (2004b) Dystrophic microglia in the aging human 
brain. Glia 45:208–212  

    Suzumura A, Mezitis SG, Gonatas NK, Silberberg DH (1987) MHC antigen expression on bulk 
isolated macrophage-microglia from newborn mouse brain: induction of Ia antigen expression 
by gamma-interferon. J Neuroimmunol 15:263–278  

     Suzumura A, Sawada M, Yamamoto H, Marunouchi T (1990) Effects of colony stimulating factors 
on isolated microglia in vitro. J Neuroimmunol 30:111–120  

     Suzumura A, Marunouchi T, Yamamoto H (1991) Morphological transformation of microglia 
in vitro. Brain Res 545:301–306  

    Takahashi K, Rochford CD, Neumann H (2005) Clearance of apoptotic neurons without infl amma-
tion by microglial triggering receptor expressed on myeloid cells-2. J Exp Med 201:647–657  

    Takahashi K, Prinz M, Stagi M, Chechneva O, Neumann H (2007) TREM2-transduced myeloid 
precursors mediate nervous tissue debris clearance and facilitate recovery in an animal model 
of multiple sclerosis. PLoS Med 4:e124  

    Tanaka J, Maeda N (1996) Microglial ramifi cation requires nondiffusible factors derived from 
astrocytes. Exp Neurol 137:367–375  

     Theele DP, Streit WJ (1993) A chronicle of microglial ontogeny. Glia 7:5–8  
    Timmer AP (1925) Der Anteil der Mikroglia und Makroglia am Aufbau der Senilen Plaques. Z 

Neurol Psychiatr 98:43–58 [In German]  
    Tremblay M-E (2011) The role of microglia at synapses in the healthy CNS: novel insights from 

recent imaging studies. Neuron Glia Biol 7:67–76  
     Tremblay M-E, Lowery R, Majeewska AK (2010) Microglial interactions with synapses are modu-

lated by visual experience. PLoS Biol 8:e1000527  
    Tremblay M-E, Stevens B, Sierra A, Wake H, Bessis A, Nimmerjahn A (2011) The role of microg-

lia in the healthy brain. J Neurosci 31:16064–16069  
    Tsypkin LB (1959) Microglial reaction in senile dementia and the role of the microglia in the 

structural genesis of senile plaques. Zh Nevropatol Psikhiatr Im SS Korsakova 59:1325–1331 
[In Russian]  

2 Historical Context



46

    Turner J (1905) A note concerning mesoglia cells. Rev Neurol Psychiatr 3:773–775  
     Unger ER, Sung JH, Manivel JC, Chenggis ML, Blazar BR, Krivit W (1993) Male donor-derived 

cells in the brains of female sex-mismatched bone marrow transplant receipients: a 
Y-chromosome specifi c in situ hybridization study. J Neuropathol Exp Neurol 52:460–470  

    Vaughn JE, Peters A (1968) A third neuroglial cell type. An electron microscopic study. J Comp 
Neurol 133:269–288  

    Vazquez-Lopez E (1942) The existence of microglia in the neurohypophysis. J Anat 76:178–186  
   Veremeyko T, Starossom SC, Weiner HL, Ponomarev ED (2012) Detection of microRNAs in 

microglia by real-time PCR in normal CNS and during neuroinfl ammation. J Vis Exp 
20165:e4097. doi:  10.3791/4097     [Video Journal Article]  

    Visintini F (1931) Sulla presenza di cellule ramifi cate simili alla microglia, nel cuore, nei muscoli 
volontari e nella vescica urinaria. Riv Patol Nerv Ment 37:36–47 [In Italian]  

     von Mihálik P (1935) Über die Nervengewebekulturen, mit besonderer Berücksichtigung der 
Neuronenlehre und der Mikrogliafrage. Arch Exp Zellforsck 17:119–176 [In German]  

     von Sántha K (1932) Untersuchungen über die Entwicklung der Hortegaschen Mikroglia. Arch 
Psychiatr Nervenkr 96:36 [In German]  

    von Sántha K, Juba A (1933) Weitere Untersuchungen über die Entwicklung der Hortegaschen 
Mikroglia. Arch Psychiatr Nervenkr 98:598–613 [In German]  

    Walton MR, Gibbons H, MacGibbon GA, Sirimanne E, Saura J, Gluckman PD, Dragunow M 
(2000) PU.1 expression in microglia. J Neuroimmunol 104:109–115  

    Wang Y, Szretter KJ, Vermi W, Gilfi llian S, Rossini C, Cella M, Barrow AD, Diamond MS, 
Colonna M (2012) IL-34 is a tissue-restricted ligand of CSF1R required for the development of 
Langerhans cells and microglia. Nat Immunol 13:753–760  

     Ward SA, Ransom PA, Booth PL, Thomas WE (1991) Characterisation of ramifi ed microglia in 
tissue culture: pinocytosis and motility. J Neurosci Res 29:13–28  

       Wells AQ, Carmichael EA (1930) Microglia: an experimental study by means of tissue culture and 
vital staining. Brain 53:1–10  

    Williams K, Bar-Or A, Ulvestad E, Olivier A, Antel JP, Yong VW (1992) Biology of adult 
human microglia in culture: comparisons with peripheral blood monocytes and astrocytes. 
J Neuropathol Exp Neurol 51:538–549  

    Williams K, Alvarez X, Lackner AA (2001) Central nervous system perivascular cells are immu-
noregulatory cells that connect the CNS with the peripheral immune system. Glia 36:156–164  

    Wilson D (2005) The early history of tissue culture in Britain: the interwar years. Soc Hist Med 
18:225–243  

     Winkler A, de Bedo, Purves-Stewart J, Negro F (1931) Eleventh annual international neurologic 
assembly—society transactions. Arch Neurol Psychiatr 1931;25:653–666  

    Wolman M (1958) Studies on the impregnation of nervous tissue elements. IV. Mechanism of 
impregnation of oligodendroglia and microglia. Lab Invest 7:52–57  

    Wu CH, Wen CY, Shieh JH, Ling EA (1992) A quantitative and morphomteric study of the trans-
formation of ameboid microglia into ramifi ed microglia in the developing corpus callosum in 
rats. J Anat 181:423–430  

    Yasuzumi G, Tsubo I, Sugihara R, Nakai Y (1964) Analysis of the development of Japanese B 
Encephalitis (JBE) Virus. I. Electron microscope studies of microglia infected with JBE virus. 
J Ultrastruct Res 11:213–229  

    Yona S, Kim KW, Wolf Y, Mildner A, Varol D, Breker M, Strauss-Ayali D, Viukov S, Guilliams M, 
Misharin A, Hume DA, Perlman H, Malissen B, Zelzer E, Jung S (2013) Fate mapping reveals 
origins and dynamics of monocytes and tissue macrophages under homeostasis. Immunity 
38:79–91  

    Zhang H, Wang FW, Yao LL, Hao AJ (2011) Microglia—friend or foe. Front Biosci 3:869–883    

P. Rezaie and U.-K. Hanisch

http://dx.doi.org/10.3791/4097

	Chapter 2: Historical Context
	2.1 Introduction
	2.2 The ‘Dawn’ and ‘Early’ Phases of Microglia Research
	2.3 The ‘Renaissance’ Period
	2.4 The Period of ‘Awakening’
	2.5 The Turn of the Twenty-first Century and the New Millennium
	2.6 The Technical Bases
	2.7 Looking to the Future
	References


