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Abstract
Microglia are a heterogeneous group of monocyte-derived cells serving multiple roles within the
brain, many of which are associated with immune and macrophage like properties. These cells are
known to serve a critical role during brain injury and to maintain homeostasis; yet, their defined
roles during development have yet to be elucidated. Microglial actions appear to influence events
associated with neuronal proliferation and differentiation during development, as well as,
contribute to processes associated with the removal of dying neurons or cellular debris and
management of synaptic connections. These long-lived cells display changes during injury and
with aging that are critical to the maintenance of the neuronal environment over the lifespan of the
organism. These processes may be altered by changes in the colonization of the brain or by
inflammatory events during development. This review addresses the role of microglia during brain
development, both structurally and functionally, as well as the inherent vulnerability of the
developing nervous system. A framework is presented considering microglia as a critical nervous
system-specific cell that can influence multiple aspects of brain development (e.g.,
vascularization, synaptogenesis, and myelination) and have a long term impact on the functional
vulnerability of the nervous system to a subsequent insult, whether environmental, physical, age-
related, or disease-related.
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1. Introduction
Microglia are resident cells of the brain involved in regulatory processes critical for
development, maintenance of the neural environment, injury, and repair. These cells were
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initially included in the early description of neuroglia provided by Virchow in the mid-
nineteenth century. This was followed by the observation of non-neural cells in the brain
attributed to infiltration by mesodermally-derived cells during development. In 1899, cells
with rod-shaped nuclei were identified and named Staebchenzellen (Nissl, 1899).
Morphologically distinct from neurons and astrocytes, these cells were classified in 1913 as
a third element of the central nervous system (CNS; Cajal, 1913). A further distinction was
made between microglia and oligodendrocytes by del Rio Hortega (1932). Around this time
the morphological classifications of microglia fell into three types: ramified, intermediate
forms, and amoeboid (del Rio Hortega, 1932; Kershman, 1939). More recent studies have
used a similar classification, but these terms (i.e., quiescent/surveying, reactive/activated,
and amoeboid/phagocytic) have evolved to include a functional connotation.

Microglia are bone marrow-derived cells from the monocyte-macrophage lineage (Davoust
et al., 2008; Ginhoux et al., 2010; Ling et al., 1980) and serve as brain immune cells to
orchestrate innate immune responses; however, they are distinct from other tissue
macrophages due to their relatively quiescent phenotype and tight regulation by the CNS
microenvironment. Microglia actively survey the surrounding parenchyma via dynamic
movement of processes while the soma remains static. This allows each cell to sample its
environment over the course of a few hours (Nimmerjahn et al., 2005). The physical extent
of this surveillance depends upon the distribution of microglia, the level of ramification of
individual cells, and the rate of process remodeling. This surveillance allows the cells to
rapidly respond to changes in the environment, including alterations in brain activity or
disruption to the brain parenchyma. Microglia often provide the first line of defense against
invading microbes and, via interactions with neurons they can be the first to detect critical
changes in neuronal activity and health. In the mature brain, microglia are capable not only
of actively monitoring but also controlling the extracellular environment, walling off areas
of the CNS from non-CNS tissue, and removing dead or damaged cells. In response to tissue
damage, as can occur with trauma, stroke, or chemical exposure, microglia can be beneficial
in the healing phase but may become more detrimental over the course of the injury
depending upon various regulatory processes. While a number of mechanisms have been
proposed microglia responsiveness, many are related to the presence of inwardly-rectifying
potassium (K+) channels (Kettenmann et al., 1993), as well as receptors for adenosine
triphosphate (ATP; Langosch et al, 1994; Walz et al., 1993), calcitonin gene-related peptide
(Priller et al., 1995), and multiple neurotransmitter receptors (for review see Pocock and
Kettenmann, 2007). In addition, microglia express pattern-recognition receptors (van
Rossum and Hanisch, 2004) that can drive the rapid response to insult. The loss of ligand
and receptor activation can also regulate microglia functional state. For example, healthy
neurons maintain microglia in an inactive state via secreted and membrane bound signals
including CD200, CX3CL1 (fractalkine), neurotransmitters and neurotrophins (Biber et al.,
2007; Pocock and Kettenmann, 2007). Thus, with neuronal injury and the loss of these
regulatory signals, microglia may shift out of a quiescent state.

The dynamic behavior of microglia and their specific receptor expression, reflect the
potential key roles these cells play in CNS immune functioning (Perry et al., 1985; Raivich,
2005). In many models of neurodegeneration and neurotoxicity, early events of synaptic
degeneration and neuronal loss are accompanied by an inflammatory response including
activation of microglia, perivascular monocytes, and recruitment of leukocytes and systemic
macrophages. In culture, microglia have been shown to be capable of releasing several
potentially cytotoxic substances, such as reactive oxygen intermediates, nitric oxide,
proteases, arachidonic acid derivatives, excitatory amino acids, and cytokines; however,
they also produce various neurotrophic factors. Microglial functions are associated with a
number of neurodegenerative diseases (Amor et al., 2010) and have been implicated in
response to neurotoxic exposures (Harry and Kraft, 2008; Kraft and Harry, 2011); however,
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it remains unclear as to whether the changes in microglia are an initiating event or a reactive
event.

While a substantial and often overwhelming body of literature is available on the response
of microglia in the adult, there is a relative paucity of studies on the developmental features
of these cells. The evidence of microglia activation in the developing brain of patients with
neurodevelopmental disorders (e.g., autism) and linkage to human disease processes that
have a developmental basis (schizophrenia) have raised questions as to whether
developmental neuroinflammation actively contributes to the disease process. While much
of the available data represents associative rather than causative factors, it raises interesting
questions regarding the role of these “immune-type” cells during normal brain development
and changes that may occur with developmental disorders. Within the area of developmental
neurotoxicology, the potential for environmental factors or pharmacological agents to
directly alter microglia function presents a new set of questions regarding the impact on
brain development. It is our attempt in the following review to provide the background for
features that are known about microglia during brain development, both structurally and
functionally, as well as a discussion of the inherent vulnerability of the developing nervous
system to inflammation/infection. While there are a number of issues related to microglia
that are outside the focus of this review, we hope to set the framework for consideration of
microglia as a critical nervous system-specific cell that can impact multiple aspects of brain
development (e.g., vascularization, synaptogenesis, and myelination). A framework for
consideration is developed, based upon the concept that changes, which occur in microglia
during their maturation into nervous system resident cells, may have a long term impact on
the functional vulnerability of the nervous system to a subsequent insult, whether
environmental, physical, age-related, or disease-based.

2. Mononuclear phagocytes - macrophages
In 1892, Metchnikoff introduced the term “macrophage system,” using the term
“macrophage” to denote cells capable of ingesting large particles and “microphages” to
denote cells that took up smaller particles such as bacteria. This concept was expanded by
Aschoff (1924) to include all cells that can take up vital dyes for the “reticuloendothelial
system”. Based upon morphology, function, and kinetics, highly phagocytic mononuclear
cells and their precursors were grouped into the mononuclear phagocyte system (van Furth
et al., 1972). Mononuclear phagocytes originate from precursor cells in the bone marrow
and are then transported via the peripheral blood as monocytes to eventually become tissue
specific macrophages. Specifically, monocyte-macrophage development closely follows the
development of hemopoiesis. In mice, cells positive for the macrophage-specific plasma
membrane glycoprotein, F4/80, are present in the yolk sac between gestational days (GD) 9
and 10 (Gordon et al., 1992), in liver at GD 10–11, in spleen and around the developing
neuroectoderm at GD 12, and in bone marrow at GD 16. Developing macrophages are
phagocytic, proliferate profusely, and are found outside the blood vessels between
mesenchymal cells. As individual organs develop, macrophages become resident cells of the
connective tissue (Morris et al., 1991). Microglia were originally included in the
mononuclear phagocyte system due to the fact that they are found in the central nervous
system (CNS) only after the tissue has become vascularized (Andersen and Matthiessen,
1966; Hume et al., 1983).

3. Colonization of the brain by microglia
Data from the use of adult congenic bone marrow chimera (Ginhoux et al., 2010) and
parabiotic mice (Ajami et al., 2007; Ginhoux et al., 2010) confirmed that postnatal microglia
represent a defined population of cells that colonize the brain prior to birth and are
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maintained independently of blood-borne hematopoietic progenitors. The precise origin of
microglia during brain development remains in debate; however, immature yolk sac
macrophages have been identified as the predominant source (Ginhoux et al., 2010). The
initial colonization of the brain by microglia corresponds to the vascularization of the CNS
initiated from the encompassing perineural vascular plexus. It demonstrates a caudal-
cephalic gradient commencing at the myelencephalon and ascending through the
metencephalon, mesencephalon, diencephalon, and telecephalon (Marin-Padilla, 1985).
During this time, cell-cell communication continues between microglia and vascular sprouts.
This communication allows for migration of microglia towards developing vessels and
stimulates angiogenic activity (Rymo et al., 2011). Microglia precursors do not appear to
rely solely on the vascular system for penetration into the brain parenchyma as cells appear
in regions of the developing CNS that are devoid of vascularization (Hurley and Streit,
1995). Alternative routes of entry for microglia include via the brain ventricles or across
meninges (review Cuadros and Navascues, 1998).

In the human brain, microglia colonization coincides not only with vascularization but also
with radial glia formation, neuronal migration, and myelination. This tightly orchestrated
process displays a distinct pattern of microglia migration along radial glia, white matter
tracts, and the vasculature (Rezaie and Male, 1999). As early as the mid-to-late first
trimester, a limited number of amoeboid microglia are present (Andjelkovic et al., 1998;
Choi, 1981; Fujimoto et al., 1989). A large accumulation of amoeboid cells with short
processes in the germinal matrix is observed at 13–24 weeks of gestation (Hutchins et al.
1990). Further work demonstrated that fetal microglia located at highly vascularized sites
are associated with the expression of intracellular adhesion molecule (ICAM)-2 on cerebral
endothelium (Rezaie et al., 1997) and that microglia progenitors are closely associated with
the parenchymal wall of penetrating radial blood vessels (Rezaie et al., 2005). They invade
the parenchyma of the telencephalic wall inwards from the marginal layer and then align
within the subplate region of the developing telencephalon. This colonization of the subplate
coincides with the development of subplate neurons, synaptogenesis, and thalamocortical
projection fibers transiently residing in the region (Kostovic and Judas, 2002).

Concurrent with the developmental features of neuronal populations, microglia begin to take
on a ramified morphology (Kostovic and Judas, 2002). While the exact underlying
mechanism responsible for the shift in microglia is not known, it has been speculated that
the association between neuron and microglia during development may be related to the
maturation of neurons and their expression of factors that serve to maintain microglia in a
surveillance phenotype. Thus, one would expect that these factors would be released from
mature neurons fostering differentiation of microglia from the immature amoeboid
phenotype to process-bearing cells. Alternatively, or in conjunction, the decline in apoptosis
of excess neurons with development removes signals from the immediate environment that
otherwise would maintain microglia in an amoeboid phagocytic phenotype. With brain
growth and maturation, the ability of microglia to migrate to their final destination would be
bolstered by a more rounded shape with minimal processes/appendages allowing for contact
related movement. In addition, with brain maturation, the shear increase in cell-cell contact
requirements for microglia may foster a morphological transition of cells that would be more
conducive to performing this task thus, an extension of processes. While each of these
hypotheses is speculative, they are somewhat supported by what is currently known
regarding microglia in the mature brain or in culture, as well as, the region specific
developmental shift in microglia. As an example, up to the beginning of the third trimester,
ramified microglia are observed in the cortex while amoeboid microglia predominate in the
germinal matrix the ventricular zone, subventricular zone, and corpus callosum (Billiards et
al., 2006; Chan et al., 2007). It is not until 35 weeks of gestation that fully developed
microglia are observed (Esiri et al., 1991). With birth, and during the first few postpartum
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weeks, microglia disseminate throughout all parts of the brain, occupying defined spatial
territories without significant overlap (Rezaie and Male, 2003) suggesting a defined area of
surveillance for each cell. The number of nascent round and amoeboid microglia decreases
and an increase is seen in highly ramified cells bearing long, thin, branched processes
(Monier et al., 2006; Wu et al., 1994).

In mice, microglia colonization of the brain follows a similar pattern to that observed in the
human. Between GD 10 and 15, when capillary sprouts perforate the CNS, focal
degeneration and disintegration of subadjacent glial endfeet stimulates the penetration of
endothelial cells and attracts monocytes and macrophages from the blood circulation
(Marin-Padilla, 1985). Myeloid cells expressing the hematopoietic marker, cluster of
differentiation (CD) 45, and the adult macrophage/microglia markers, CD11b, F4/80, and
the fractalkine receptor, CX3CR1 that binds the chemokine, CX3CL1 (fractalkine or
neurotactin), can be detected in the brain beginning at GD 9.5 (Ginhoux et al., 2010). F4/80
positive cells found in the vicinity of CNS capillaries are characterized by a round or
irregular-shaped cell body, with or without pseudopodia (Imamoto and Leblond, 1978).
Similar to the F4/80 cells in the leptomeninges, these cells often display vacuolated
cytoplasm. These cells maintain a highly proliferative state throughout embryonic life
(Ginhoux et al., 2010) and the expression of CD34 and CD45 (PTPRC, protein tyrosine
phosphatase, receptor type, C) support the hypothesis that the cells are myeloid progenitors
(Davoust et al., 2006). It is thought that many of these cells represent precursors of ramified,
brain-resident microglia (Imamoto and Leblond, 1978). In rats, this influx of F4/80 positive
cells occurs slightly later, at GD 15–16. By GD 18–19, ramified F4/80+ cells appear in the
brain parenchyma. Similar to the mouse and human, these cells display a different
morphology than those seen earlier in gestation, becoming more ramified as they fully
differentiate (Kaur and Ling, 1991; Perry et al., 1985). Morphologically, they possess little
cytoplasm and several long processes with multiple branches covered with very fine
protrusions. Whether the increase in ramified microglia with development represents a
transformation of the amoeboid cells is still in question. However, there is an inverse
correlation between the population numbers of ramified and amoeboid mononuclear cells
over time (Ling and Tan, 1974). Again, as mentioned earlier, this would be consistent with
the hypothesis that microglia mature to a ramified phenotype with the maturation of
neuronal populations. While outside of the focus of this review, this timing also coincides
with the maturation of the astrocyte and oligodendrocyte populations suggesting that a
natural interdependence exists between these cells during their maturation and coincident
brain development.

Microglial colonization of brain regions during development has often been considered as a
response of the cells towards programmed neuronal death or axonal degeneration (Perry et
al., 1985; Rakic and Zecevic, 2000). It has been proposed that programmed cell death
stimulates F4/80 cells to migrate into the CNS (Gordon et al., 1992; Ling and Wong, 1993;
Perry et al., 1985; for review Mallat et al., 2005; Schlegelmilch et al., 2011). In support of
this role, transitory phagocytes have been demonstrated to remove naturally occurring dead
neurons in the cerebral cortex of the adult rat (Ferrer et al., 1990). Similarly, these cells,
which display an amoeboid morphology and phenotype, contribute to the highly regulated
process of developmental neuronal death that occurs around time of birth (Wakselman et al.,
2008). It is estimated that only 30% of microglial progenitors persist and differentiate into
ramified microglia in rodents (Wang et al., 2002). Microglia gradually accumulate,
dramatically increasing in number between postnatal days (PND) 5–15. By PND 15, the
entire parenchyma is filled with ramified microglia occupying a defined territory (Lawson et
al., 1990; Perry et al., 1985) (Fig. 1). Work by Schmid et al. (2009) suggested that the CNS
environment serves as a major contributor to the differentiation of these cells to a neural
specific phenotype, thus separating them from mononuclear phagocytes. Once committed to
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the CNS, microglia continue to maintain some features common to their blood-borne
monocyte cells of origin, such as phagocytosis and the expression of Fc (fragment,
crystallizable region) receptors and complement receptor 3 (CR3).

4. Proliferation and Stability of the Microglia Population
Peripheral mononuclear cells maintain a high level of proliferation in the adult animal. For
monocytes-macrophages within the leptomeninges, 60–70% of the cells are replaced in
chimeric mice by donor bone marrow cells within a 2-month period. Twenty percent of the
proliferative population was observed in the choroid plexus and 20–40% in the perivascular
area (Sedgwick et al., 1991). Coincident with a tremendous increase in the number of
microglia present in the parenchyma, radiolabeled tracer studies support earlier anatomical
work demonstrating that microglia develop primarily after birth and mainly between PND 5
to 20 in mice (Perry et al., 1985; Lawson et al., 1990). Injections of 14[C]TdR between PND
10 and 14 resulted in the labeling of approximately 50% of microglia when assessed at PND
45. This significantly decreased to 5% with labeling at PND 15–19 and sparse labeling, if
any, with labeling ≥ PND 20 (Korr, 1980). Similar observations were reported
using 3[H]TdR (Imamoto and Leblond, 1978). These data, with regards to the low
proliferative level of adult microglia, were confirmed with a 30 day infusion of 3[H]TdR in
adult rats (McCarthy and Leblond, 1988) and estimated to be 0.24% following 48 hr of
labeling with methyl-1’,2’ 3[H]TdR (Lawson et al., 1992). Upon initial examination, 5–10%
of the donor cells were seen in the Virchow-Robin space situated along capillaries or along
small vessels between the basement membrane of the endothelial cells and the astroglial foot
processes contacting the glia limitans (Graeber et al., 1989; Lasserman et al., 1991). While
these were initially thought to be microglia, upon further scrutiny, they were identified as
lymphocytes (De Groot et al., 1992; Lassman et al., 1991; Sedgwick et al., 1991). Chimeric
mice examined 1 year past marrow transfer still exhibited only scattered and rare (<1%)
ramified, microglia-like cells expressing the donor MHC class I haplotype (Sedgwick et al.,
1991). Thus, parenchymal microglia constitute a heterogeneous cell population which are
long-living cells with an extremely low turnover rate.

The slow turn-over rate for mature microglia raises an issue related to changes that may
occur in this critical neural cell population. While this has not been a primary issue of
investigation there is limited data suggesting that microglia maintain a history of previous
events. Thus, if this history alters the appropriate functioning of microglia then the effects
could be long lasting. Additionally, a simple change in the number of microglia colonizing
the brain during development, either too many or too few, could have a significant impact on
not only the establishment of the nervous system network but also on critical cell specific
processes later in life.

5. Brain localization of mature microglia and peripheral macrophage-like
cells

Mature microglia constitute 15–20% of the total cell population of the brain (Carson et al.,
2006). In the normal adult rodent brain, “resting” microglia are ramified (highly branched)
with a small amount of perinuclear cytoplasm and a small, dense and heterochromatic
nucleus. In addition, the processes are continuously active and constantly interact with the
surrounding microenvironment (Nimmerjahn et al., 2005). These cells are located outside of
the vascular basement membrane; however, the cytoplasmic processes can be found
intermingled with astrocytic foot processes in the glia limitans (Lassmann et al., 1991). The
presence of microglia in the vicinity of blood vessels has lead to the use of the term
“juxtavascular microglia”, which is a description of parenchymal microglia which happen to
be located near a cerebral blood vessel.
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Microglia are present in all major regions of the mature brain; however, a clear specificity is
observed across regions. This specificity involves morphological differences between white
matter and the parenchyma and between regions of grey matter. Microglia within the myelin
white matter tracts demonstrate a unique morphology characterized by cells that align their
cytoplasmic extensions in parallel with, or at right angles to, nerve processes. In the grey
matter, cells display a more diffuse ramified shape, showing processes extending in multiple
directions. Even within the different grey matter regions, microglia can display distinct
morphologies (Fig. 2). In addition, different regions display variation in microglia density
and distribution. These observations have been reported for the human (Mittelbronn et al.,
2001) and the mouse (Lawson et al., 1990). In mice, a higher relative number of microglia is
observed in the dentate gyrus of the hippocampus, the substantia nigra, and portions of the
basal ganglia, with the highest number of microglia present in the olfactory telencephalon
(Lawson et al., 1990). Microglia show a slightly different phenotype in brain regions lacking
a blood-brain barrier (BBB), including the circumventricular organs (Perry and Gordon,
1987) and Kolmer cells of the choroid plexus suggesting that serum factors influence
microglia morphology.

Regional differences do not appear to be limited to morphology. For example, very few
parenchymal, ramified microglia-like cells are found to express the donor MHC class I
haplotype (Matsumoto and Fujiwara, 1987): rather, positive cells are localized preferentially
in the white matter (Mattiace et al., 1990; Streit et al., 1989). With further investigation into
the heterogeneity of microglia one would assume that a significant number of factors, both
cell membrane and secreted, will be found to be differentially-expressed across the various
subpopulations.

6. Microglia phenotypes
During development, in the normal brain, and in the brain following injury, microglia
display varied morphologies. The morphological differences in microglia are suggested to
represent different functional states; thus, efforts have been made to classify the various
morphological phenotypes. Much of our available data on morphological differences is
derived from studies on the mature brain and changes that can occur with injury. Functional
changes of microglia are often accompanied by a morphological transformation leading
from cells with thin, ramified processes to cells with larger somata and shorter, coarser
cytoplasmic processes. This can eventually progress to amoeboid cells with morphology
similar to macrophages. The concept of a stereotypic and linearly graded phenotypic
reaction of microglia in transition between a process-bearing, or ramified, appearance and a
rounded, or amoeboid morphology has been challenged (Hanisch and Kettenmann, 2007;
Ransohoff and Perry, 2009). Rather, ramified cells are not required to follow a set
progression and can immediately differentiate into amoeboid cells or can return to a ramified
morphology without assuming intermediate morphological phenotypes.

In vivo, the transformation of resident microglia into those with a phagocytic phenotype is
strictly regulated and occurs in response to stimuli such as cell death or accumulated debris,
excess aberrant protein, or the presence of viral or bacterial pathogens. Alternatively, a
differential microglia response can be induced by a variety of input signals and may not
necessarily result in a shift to an amoeboid phenotype. It is now becoming evident that in the
developing brain, many of the standards for microglia morphology/activation may require
readdressing. Given the predominantly amoeboid morphological phenotype of microglia in
the fetal brain and their ability to secrete cytokines, including interleukin 1 (IL-1) and tumor
necrosis factor alpha (TNFα)(Giulian et al., 1988; Munoz-Fernandez and Fresno, 1998), it
was initially thought that immature microglia existed in an activated state and therefore were
unable to mount a full host-response to injury. However, studies have demonstrated both a
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pro-inflammatory cytokine response and phagocytic activity following injury in the perinatal
brain (Hagan et al., 1996; Silverstein et al., 1997). In the case of direct injury, the microglia
demonstrate similar morphologies to those seen in the adult. When more subtle insults are
examined there is also a similar pattern. In the case of stress, both prenatal (Gomez-
Gonzalez and Escobar, 2010) and adult (Sugama et al., 2011), microglia shift to a bushy/
ramified morphology suggesting a similar functional role under stressful conditions
regardless of age. In the adult rodent, ischemia can induce microglia to display either a more
ramified and bushy appearance or an amoeboid morphology depending on the level of
damage and distance from the infarct site(s). In the immature rodent, ischemia-induced
changes in capillary flow or, presumably, altered CNS vascularization can retain the
microglia in an amoeboid phenotype for longer and delay the normal ramification process
(Masuda et al., 2011). It is likely that the nature of the injury drives the prominent
morphology of the microglia. In the case of the adult, this consists of a transient shift to the
amoeboid phenotype, while in the young, the cells retain this rounded morphology for
prolonged periods of time.

In order to try to understand similarities, differences, and the impact of any specific type of
microglia response, efforts are needed to fully characterize the anatomical and functional
phenotype of responding microglia in each specific situation. This is where the use of the
generic term “microglia activation” has served to hinder further understanding of these
diverse and dynamic nervous system specific cells. More recently, there has been a renewed
effort to identify the morphological characteristics and proliferative component of microglia
responses. While claims are often made with regards to an increase in the number of
microglia, such conclusions are somewhat difficult to support given the difficulty to
definitively determine that the apparent increase in number is not simply reflective of an
increase in the ability to immunologically detect the cells. One framework for examining the
morphological change in microglia assumes that the transition between a process-bearing, or
ramified, appearance and a rounded, or amoeboid, appearance occurs along a dynamic
continuum with multiple, functionally-distinct, intermediate stages. The morphological
differences in microglia are suggested to represent different functional states; thus, efforts
have been made to classify the various morphological phenotypes. One approach has been to
utilize the Sholl method of analysis that has been very successful in evaluating neuronal
arborization (Sholl, 1953). While this approach would be useful to identify ramified from
amoeboid cell morphology, it is often found to be limited in distinguishing between the
various ramified morphologies that microglia can assume. As an alternative approach,
morphometric procedures have been developed that involve calculation of a form factor (FF)
or an index of ramification (IR) to assess the shape of immuno-labeled microglia (Wilms et
al., 1997 and Heppner et al., 1998, respectively). Wilms et al. (1997) used a ratio of the
cellular area to perimeter to estimate process complexity: FF = [(4Π)(cell area)] / (cell
perimeter)2; while, Heppner et al. (1998) drew a polygon inscribed by the outermost cellular
process endings (convex area) in relation to the cell area: IR = (cell area) / (convex area).
For both of these measures, values closer to one indicate more amoeboid morphology with a
value of “1” describing a perfectly circular cell. These parameters have been used to
estimate the morphology of microglia in various culture systems, including isolated
microglia cultures (Heppner et al., 1998), microglia co-cultured with astrocytes or other cells
(Wilms et al., 1997), and slice cultures (Kraft et al., 2011). This type of quantification has
been used in vitro to support the notion that morphological “activation” of these cells does
not always correlate with changes in immunological and physiological properties (e.g.,
MHCII expression) and that these properties are independently modified by the stimulating
agent (Beyer et al., 2000). This type of quantification has also been used to assess the degree
of microglia “reaction” following transient global ischemia in vivo (Soltys et al., 2005).
Using 2–4 planes of focus of microglia to capture the full process arborization, the authors
applied a principal component analysis to score nine parameters of microglia morphology,
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including FF, a “ramification factor” based on the ratio of terminal process segments to
primary processes, and a measurement titled “solidity” similar to IR described above. The
FF and solidity (IR) were reliable for discriminating between four microglia morphologies
(i.e., ramified, hypertrophic, bushy, or amoeboid). Overall this general approach provides a
quantitative assessment of morphological differences in microglia and can be used to
establish a morphology scoring system (Fig. 3). While this approach has not been applied to
the developing brain, it offers a method to assess changes that occur with time and one that
has been successfully used to characterize microglia responses in vitro (Kraft et al., 2011) or
to assign a ramification score in vivo (Funk et al., 2011).

Brain macrophages exist in various states of activation within an injured tissue and retain the
capability to shift their functional phenotype within specific stages of the inflammatory
response (Stout et al., 2005). Whether this is represented in the cell morphology is not yet
known. In efforts to characterize functional changes and thus activation states, data from
peripheral macrophages have been recently adapted and proposed to describe the various
stages that brain macrophages undergo during neurodegeneration (Colton and Wilcock,
2010). They include the classical pro-inflammatory phenotype (e.g., TNFα, IL-6, IL-12,
IL-1β and nitric oxide synthase (NOS)2) to alternatively-activated (e.g., IL-4, transforming
growth factor beta (TGFβ)), anti-inflammatory (e.g.,TGFβ, IL-10), and tissue repair and
reconstruction (eg. Arginase 1 (AG1), mannose receptor (MRC), and Chitinase-3-like-1
(Ym1 in rodents)), phenotypes. Molecular profiles of microglia during stages of injury or
disease are just now being generated, with only a limited amount of publications. However,
it is likely that this approach could be applied to the developing brain to generate region
specific molecular profiles representative of the functional phases of microglia and to
determine if microglia phenotypes are similar between the young and the mature brain.

7. Resident microglia versus blood-borne macrophages
7.1. Sources of brain macrophages

The brain has two sources of phagocytic cells, or brain macrophages, namely, the resident
microglia and blood-derived monocytes entering the brain upon vascular injury. Once
colonization of the brain is complete and peripheral monocytes are hindered from crossing
the blood-brain-barrier, those remaining in the brain assume characteristics unique to the
CNS. However, mature microglia continue to share phenotypic characteristics and lineage-
related properties with bone marrow-derived monocytes and macrophages. They also share
innate immunological functions with other mononuclear phagocytes, such as monocytes,
macrophages, and dendritic cells, and they express MHC antigens, T- and B- lymphocyte
markers, and other immune cell antigens (McGeer and McGeer, 1995; Williams et al.,
1994). Microglia can serve as antigen-presenting cells (APCs), although far less effectively
than cells in peripheral organs (Carson et al., 1998).

At the interface between the CNS parenchyma and the blood another macrophage resides.
"Perivascular microglia" or "perivascular macrophages" are terms routinely used to denote
mononuclear cells between the first layer of the basal membrane and the glia limitans (i.e.,
limited to the perivascular space). A subset of these cells is in intimate association with the
vascular element, is a component of the neurovascular unit, and fit the morphological
definition of “pericytes”. Unlike microglia, these elongated cells are not ramified and, rather
than residing in the parenchyma, they are components of the vascular wall and can be
specifically labeled in the rat with an ED2 antibody (Graeber and Streit, 1990). Pericytes
serve to regulate capillary blood flow, clearance and phagocytosis of debris, and form a
mode of communication between the cell membrane and paracrine signaling. They have a
critical influence on the blood-brain-barrier with the integration of endothelial and astrocyte
functions at the neurovascular unit (Armulik et al., 2010; Winkler et al., 2011). In contrast to
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juxtavascular microglia, perivascular microglia exhibit a rapid turnover rate from the
systemic population. Accordingly, as these structural cells cannot be removed via vascular
perfusion, they can present a confounding variable in the interpretation of such changes in
the absence of cellular localization.

Under normal conditions, following various pharmacological intervention/stimulants, or in
the early stages of neurological disorders or neurodegenerative diseases, the job of “brain
macrophage” falls to the resident microglia. However, with any compromise of the blood-
brain barrier, this task is accomplished by both the resident microglia and infiltrating blood-
borne monocytes. With the entry of blood-derived monocytes, the brain not only has
multiple sources of phagocytic cells, or brain macrophages, but also gains a strong presence
of antigen presenting cells (APCs) (Hickey and Kimura, 1988; Carson et al., 1998). When
peripheral monocytes enter the brain upon injury they assume the morphology and protein
expression of microglia, thus, hindering the ability to discriminate between the two cell
types of brain macrophages (Flugel et al., 2001). In addition, the infiltration of peripheral
monocytes, localized damage to the vasculature would allow access of activated pericytes.
With a physical injury such as trauma or ischemia, or during autoimmune events, the barrier
is disrupted and blood-borne immune cells gain access to the brain parenchyma, although
this entry into the brain is limited and delayed as compared to peripheral tissues (Andersson
et al., 1992). As with an autoimmune disease, this entry can occur regardless of the presence
or absence of tissue damage if the blood-brain barrier is compromised (Matsumoto and
Fujiwara, 1987). Alternatively, it has been suggested that infiltrating monocytes may
differentiate to the microglial morphology and remain in the brain tissue for an extended
period of time. In this state they can persist until destroyed by senescence or prompted to
move back into the circulation. In addition to the secondary contribution of cells from the
circulating blood, components of plasma such as fibrinogen can, in and of themselves,
initiate a response of microglia (Adams et al., 2007; Ransohoff and Perry, 2009; Ryu et al.,
2009). A large proportion of the evidence supporting a neurotoxic function of microglia is
derived from animal models that allow entry of blood-borne monocytes (Kokovay and
Cunningham 2005; Liberatore et al., 1999; McCoy et al., 2006; Rodriquez et al., 2007; Wu
et al., 2003; Zhang et al., 2005). Thus, a distinction of central versus peripheral source of
brain phagocytic cells becomes critical in understanding any biological outcome.

7.2. Identification of microglia from macrophages
Compared to resident microglia, cells of the peripheral immune system provide an enriched
source of cytokine and inflammatory factors, and thus, exhibit exaggerated activation
phenotypes as compared to those of microglia. When during life this distinction become
prominent is not known but one would expect that the CNS environment would drive the
distinction of resident microglia early within the colonization period. Two seminal studies
demonstrated that the resident microglia of the CNS are not identical to macrophages that
acutely infiltrate the CNS (Hickey and Kimura, 1988; Sedgwick et al., 1991).

Turn-over rate is one basis for evaluation of the cells. As compared to the infrequent
replacement of resident microglia, a few-week turnover rate is observed for perivascular
microglia, pericytes, and menigneal or choroid plexus macrophages (Hickey and Kimura,
1988). A second characteristic, and one that can be experimentally used to determine cell
populations, is the fact that, while both peripheral macrophages and resident microglia
express the leukocyte common antigen, CD45, much lower levels are observed in the
resident microglia (Carson et al., 1998; Sedgwick et al. 1991). CD45, a protein tyrosine
phosphatase expressed by all nucleated cells of hemopoietic lineage, is an inhibitory
receptor for CD22, a molecule expressed by B cells and neurons that can restrict LPS-
induced TNFα production by microglia (Mott et al., 2004). Development of a flow
cytometry method to discriminate the two cell populations led to the observation that
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resident microglia display a CD11b+/CD45low phenotype with undetectable levels of CD14
(Becher and Antel, 1996; Peterson et al., 1995). This was in contrast to the CD11b+/
CD45high profile of peripheral mononuclear cells. Further flow cytometric characterization
found that freshly-isolated human microglia displayed a profile of CD11b+/CD45low/CD4−/
CD11chigh/MHC class II+/CD26−/CD14− (Dick et al., 1997).

Further distinction between the two cell types is based upon anatomical differences of
cultured cells (Giulian et al., 1995). These authors reported that the presence of fetal bovine
serum or the extracellular matrix protein, laminin, decreased the number of process-bearing
microglia in culture. This same exposure had no effect upon cultured peripheral
mononuclear phagocytes. Consistent with the early description of microglia as having
“wavy processes beset with spines” (Rio-Hortega, 1932), the microglia were distinguishable
by their surface coverage of spines, with <3% showing the ruffled membrane morphology
present on most peritoneal macrophages. In addition, contact between astrocytes and
microglia promoted and increased microglia ramification while the presence of astrocytes
did not alter mononuclear phagocytes (Giulian et al., 1995).

Probably the most definitive method to identify if the microglia response is due to
infiltrating monocytes is through the use of congenic bone marrow chimera (Ginhoux et al.,
2010) or parabiotic mice (Ajami et al., 2007; Ginhoux et al., 2010). To generate bone
marrow chimera mice, young adult animals are whole body irradiated with the head shielded
and the bone marrow reconstituted with a tagged cell population obtained from a donor. This
then allows for the anatomical evaluation of “tagged” cells within the brain parenchyma.
The parabiotic procedure eliminates the confounder of irradiation but, as with the chimera
mice, this procedure is also not conducive for examining the developing brain.

8. Microglia functions potentially impacting brain development
It has been speculated that microglia perform specialized functions critical to the
development of the brain. While a number of these may be unique to development, a greater
number are assumed based upon data from the adult brain or from cells in culture. For
example, microglia appear to influence events associated with neuronal proliferation and
differentiation during development. Neurogenesis of embryonic cortical cells is enhanced in
culture by microglia (Aarum et al., 2003). The exogenous addition of microglia or
conditioned medium from microglia cultures promotes the differentiation of basal forebrain
progenitors into cholinergic neurons (Jonakait et al., 1996, 2000). Similarly, Antony et al.
(2011) suggested that microglia are an important component of embryonic neural precursor
differentiation in the cortex. In the absence of microglia, proliferation of cortical precursors
and astrogenesis is reduced, while an increase in microglia enhances the differentiation of
cortical precursors into astrocytes. Additionally, the release of soluble factors by microglia
can serve to direct neural progenitor cell differentiation toward a neuronal phenotype,
possibly via the expression of the innate pattern recognition receptors, toll-like-receptors
(TLRs; Rolls et al., 2007). Like the mature microglia, fetal microglia are known to secrete
cytokines including IL-1 and TNFα (Giulian et al., 1988; Munoz-Fernandez and Fresno,
1998). However, during development, cytokine patterning occurs in a region specific
manner in the brain and influences normal cell maturation (Brenneman et al., 1992). A role
for microglia in development is not limited to cell proliferation and survival (e.g., microglia
have been reported to modulate axon pathfinding, possibly via modification of the
extracellular matrix by thrombospondin; Chamak et al., 1994).

As an example of the critical nature of microglia during development, in drosophila, CNS
morphogenesis requires a hemocyte-derived macrophage population that clears cellular
debris associated with normal programmed cell death (Sears et al., 2003). In addition to a
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clearance response, microglia have been shown to promote apoptosis of embryonic
cerebellar Purkinje cells (Marin-Teva et al., 2004) and early postnatal hippocampal neurons
(Wakselman et al., 2008). While clearance of excess cellular debris and aberrant proteins
from programmed cell death is critical, the distribution of microglia in the developing
mammalian brain suggests a more heterogeneous role for microglia (Rezaie and Male, 2003;
Rezaie et al., 2005). As one example, microglia are a primary source of free radicals in the
brain and while they can be damaging, endogenously produced free radicals are also an
essential component of development and brain homeostatic processes. During development,
in addition to phagocytosis of apoptotic neurons, microglia-mediated respiratory burst may
help to regulate the numbers of neurons integrated, in a nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase-dependent manner. Microglia can serve in a neuroprotective
role with the production of multiple regulatory factors including neurotrophins such as
neuronal growth factor (NGF), brain derived neurotrophic factor (BDNF), neurotrophin-3
(NT3), glial derived neurotrophic factor (GDNF) and cytokines with neurotrophic activity
(reviewed in Garden and Moller, 2006). In addition, macrophage colony stimulating factor
acts as a neurotrophic factor supporting neuronal survival and neurite outgrowth indirectly
through microglia (Michaelson et al., 1996).

8.1. Microglia and synapse remodeling
An additional function of microglia includes a significant contribution to synaptic stripping
or remodeling events (Stevens, 2007; Trapp, 2007; Wake, 2009), although the extent to
which the action of these cells is directly causative is debated (Perry and O’Connor, 2010).
However, the data suggest that microglia play a significant role in monitoring synaptic
function and that they contribute to synapse maturation or elimination. Process-bearing
“activated” or “reactive” microglia have been reported in the thalamus, cerebellum,
olfactory bulb, and hippocampus during postnatal synaptic remodeling (Perry et al., 1985;
Dalmau et al., 1998; Fiske and Brunjes, 2000). Work by Tremblay et al. (2010)
demonstrated that sensory input from 8–10 days postnatal alters microglial contact with
dendritic spines and thus, alters the subsequent developmental loss of these synapses.

In a more recent study, the co-localization of neuronal postsynaptic protein within microglia
cytoplasm suggested that microglia maintain the ability to engulf and remove dendritic
spines during development (Paolicelli et al., 2011). This specific phagocytosis may occur via
signaling of the neuronal chemokine, fractalkine (CX3CL1), to its receptor on microglia
(CX3CR1) (Hughes et al., 2002; Nishiyori et al., 1998), as microglia number was reduced
and synaptic pruning delayed in the developing brain of mice deficient for CX3CR1
(Paolicelli et al, 2011). In these mice, the CX3CR1-dependent deficiency in synaptic
pruning led to a transient excess of dendritic spines and immature synapses. Functionally,
this manifested as increased seizure susceptibility and a reduction in synapse efficiency as
measured by hippocampal long-term potentiation (LTP). The classical complement cascade
has also been implicated in synapse elimination by microglia (Stevens et al., 2007), as they
express CR3, can stimulate phagocytosis, and are spatially associated with complement
factor, C1q, at synapses (Gasque et al., 2002). Complement component C3 expression and
localization to the synapse is correlated with the peak of synaptic remodeling in the dorsal
lateral geniculate nucleus (Stevens et al., 2007). This has led to the speculation that C3
serves to tag the extranumerary synaptic inputs for CR3-mediated phagocytosis by microglia
(Schafer and Stevens, 2010). In mice deficient for C1q, the deficit in removal of excess
excitatory synapses during development led to the acquisition of epileptiform activity later
in life (Chu et al., 2010). It is likely that similar processes occur with remodeling of synaptic
circuits, as microglia–synapse interactions at dendritic spines has been shown to occur in an
experience-dependent manner (Wake et al., 2009; Tremblay et al., 2010). Work from Zhong
et al. (2010) reported that both LTP and long-term depression (LTD) are influenced by
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microglia in a TNFα–dependent manner. Exogenous TNFα modulates synaptic strength in
cultured hippocampal neurons by promoting surface expression of AMPA-type glutamate
receptors (Beattie et al., 2002), which involves the upregulation of β3 integrin expression
(Cingolani et al., 2008). Microglia-neuron signaling occurs in both directions with neuronal
activity directly activating microglia (Hung et al., 2010). As an example, prolonged
inhibition of spontaneous neuronal activity in hippocampal cells stimulates TNFα release,
while activity-regulated signals decrease TNFα release (Stellwagen and Malenka, 2006). It
was proposed that this represents synaptic scaling, where the strength of synapses is
modulated in response to changes in network activity. This suggests that microglia can
detect the functional state of neurons and initiate an appropriate response targeted to the
specific neuronal activation pattern. Thus, one can propose that alterations in microglia
functioning during synapse formation and maturation of the brain can have significant long-
term effects on the final established neural circuitry.

8.2. Microglia and myelination
Microglia are observed within the myelin tracts during early development. Both
inflammation and changes in white matter microglia have been associated with deficits in
oligodendroglia progenitor cells or myelination as occurs with periventicular leukomalacia
(reviewed by Deng et al., 2008; Harry et al., 2006) or in receptor-dependent events. As one
example of the latter, TREM2 is an orphan receptor expressed in a subset of microglia. This
receptor is implicated in limiting the pro-inflammatory phenotype of macrophages and
promoting the expression of molecules associated with presenting antigen to T-lymphocytes.
A loss of function mutation in TREM2 underlies altered myelination and early onset
dementia in Nasu-Hakola disease (Klunemann et al., 2005). The transmembrane adaptor
molecule DAP12 mediates TREM2-triggered intracellular signaling, which signals via
immunoreceptor tyrosine-based activation motifs (ITAM) (Lanier and Bakker 2000; Prada
et al., 2006). Work by Thrash et al. (2009) demonstrated that, in PND 1 mice, TREM2+/
DAP12+ microglia are found adjacent to oligodendrocytes prior to the initiation of
myelination. Given that TREM2 functions to inhibit microglial and macrophage cytokine
expression and promotes microglial phagocytosis of cellular debris (Takahashi et al., 2007),
it is possible that the close apposition of TREM2+/DAP12+ microglia to oligodendrocytes
prior to myelination represents a regulatory cell-cell interaction required for normal brain
development.

9. Examples of microglia as a target for developmental disruption
The overall body of data is now leading to an appreciation of these cells as a critical
component in the formation of neural circuitry and as a potential target for developmental
disruption. The contributory role of microglia to the developing vascular and axonal
networks has been recently reviewed (Pont-Lezica et al., 2011) and includes a discussion of
results from Paolicelli et al. (2011) showing that microglial CX3CR1 is required for spine
elimination during a specific developmental period in the juvenile hippocampus. Similarly,
microglial expression of CSF-1R, the receptor for IL-34, in the postnatal mouse occurs at
times that coincide with peak expansion of microglial cell numbers. The expression of this
receptor is essential for appropriate brain development, most notably in the cortex and
olfactory bulb (Erblich et al., 2011). The phagocytic action of microglia on amyloid-β (Aβ)
fibrils exhibits age dependence in that brain microglia cultured from PND 0 brain, but not
from PND 180 brain, phagocytose Aβ in vitro (Floden and Combs, 2011). This phagocytic
action appears to involve IL-34 interactions with microglia (Mizuno et al., 2011). Depletion
of microglia in the transcriptional factor, PU.1 did not affect NPC survival or neurogenesis
in vitro, but did result in inhibited precursor cell proliferation and astrogenesis (Antony et
al., 2011). Overall, the data suggests that microglial actions may be most critical during
postnatal brain maturation rather than during embryonic stages of development.
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The contributions of microglia during development can be impacted by changes in
experience during the postnatal period. Using a model of early life stress, Chocyk et al.
(2011) demonstrated that maternal separation resulted in an increase in active caspase 9+

microglia within the substantia nigra and the ventral tegmental area of juvenile male rats,
potentially resulting in a decrease in microglia in these regions in the adult. Peak expression
of the lipopolysaccharide binding protein (LBP) occurs at 2–3 weeks postnatally in close
proximity to both the post-synapse and microglial processes. Wei et al. (2011) reported that
early life stress induces a loss of LBP and results in an increased anxiety level and impaired
memory in the adult. However, prenatal stress exposure leads to slightly increased anxiety-
like behavior in the adult (Kohman et al., 2010) with no deficits in learning and memory
performance observed with or without LPS challenge. Early handling of male rat pups daily
between PND 2 and PND 10 produced a 3-fold increase in mRNA levels for the anti-
inflammatory cytokine, IL-10, within the nucleus accumbens (Schwarz et al., 2011). These
authors concluded that neonatal handling can shift glia into a predominantly anti-
inflammatory state and that this will serve to block morphine-induced glial activation.
Further work showed a 5-fold decrease in relative methylation of the IL-10 gene in
microglia of handled rats suggesting an early-life epigenetic programming of IL-10
expression that would manifest upon challenge in the adult (Schwarz et al., 2011). Prior to
our current knowledge of epigenetic programming, this feature would have been considered
as a long-term preconditioning.

Translation of the changes in microglia in the adult brain to the developing brain may not be
easy. In the adult, the normal response examined is a shift in morphology and an elevation in
pro-inflammatory cytokines. In the immature brain, the microglia either continue to display
an amoeboid phenotype and maintain high levels of cyotkine production, the roles are
different than what occurs with adult injury. In addition, as in the adult brain, determining
whether any observed microglia change represents a direct effect upon microglia as an
underlying mechanism or rather if the cells are simply responding to their environment. One
interesting study examined the morphological differences in microglia as a function of
thyroid hormone status. Alterations in thyroid hormone (TH) signaling during development
are associated with detrimental effects on the brain, including changes in synapse formation
and myelination. Lima et al (2001) reported that isolated rat microglia express TH receptors
(TRα1 and TRβ1), and that changes in thyroid status, either a deficit or over expression,
significantly alter the maturation of microglia (Flavia et al., 2001). Within the first 1–2
weeks of postnatal life, hypothyroid animals showed a deficit in the density of microglia and
a delay in process extension. In contrast, hyperthyroidism accelerated the extension of
microglial processes and increased the density of cortical microglial cell bodies. How this
altered timing for the shift of microglia from the fetal amoeboid morphology to process
bearing affects microglia function and/ or their ability to respond remains unknown. What
this data does demonstrate is that subtle changes in the neural environment, in the absence of
a cell death response, can shift the morphology of developing microglia.

Exposures to xenobiotics during development can directly target microglia. As one example,
early work in this area by Harry and co-workers demonstrated that a direct exposure to the
known neurotoxicant, trimethyltin (TMT), could activate microglia in culture to produce
TNFα and shift the phagocytic capability of the cells, but in the absence of an induction of
iNOS (Maier et al. 1997). While a number of compounds have been shown to stimulate
microglia in culture, including mercury, the studies with TMT reveal a direct translation
from in vitro to in vivo models. The stimulatory effects of TMT, as indicated by morphology
and the elevation of pro-inflammatory cytokines were observed in vivo when the adolescent
mouse was exposed to TMT (Bruccoleri et al., 1998; McPherson et al., 2011). Of interest
was the observation that both in vivo and in vitro models showed a similar temporal
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progression of responses and that they occurred in the presence and absence of dying
neurons, respectively.

Acute alcohol exposure in adolescent rats results in morphological changes and proliferation
of hippocampal microglia that persist for at least 4 weeks post-exposure. This occurred
without accompanying alterations in expression of ED-1, MHC-II, or TNFα (McClain et al.,
2011). It was suggested that this response represents a "priming" of microglia, as MHC-II
and TNFα levels are increased when these exposures are repeated using an intermittent
paradigm (Ward et al., 2009; Alfonso-Loeches et al., 2010). Early postnatal ethanol
exposure (PND 3–5) results in depleted microglial cell numbers and associated loss of
Purkinje cells in the cerebellum that may be inhibited by PPAR-γ activation (Kane et al.,
2011). In adolescent rats, ethanol exposure, in combination with 3,4-
methyleneddioxymethamphatamine (MDMA), resulted in an accumulation of CD11b+

microglia at bordering zones of the hippocampal subgranular zone (SGZ) and concomitant
decreases in adult neurogenesis and memory function (Hernandez-Rabaza et al., 2010).
Sensitivity of microglia in the developing brain has also been noted following exposure to
manganese (Mn). Studies by Moreno et al. (2009; 2011) demonstrated that juvenile
exposures (PND 20–34) resulted in exaggerated Iba1+ morphological changes and
microglial NOS2 expression, altered dopamine content, and associated evidence of
nitrosative stress in the basal ganglia, as compared to adult exposures (weeks 12–20).
Interestingly, mice pre-exposed as juveniles that also received adult Mn did not exhibit
morphological microglial activation and had elevated striatal nitrotyrosine adducts, in
contrast to those without pre-exposure (Moreno et al., 2009). This finding reiterates the
potential for microglial priming during development as a modifying factor for the
subsequent response of these cells to insult. The late postnatal period also appears to
represent a sensitive window for modification of microglial function following toluene
exposure, as analyses at PND 21 following exposures from either GD 14–18, PND 2–6, or
PND 8–12 reveal enhanced Iba1 content and pro-inflammatory cytokine signaling (e.g., NF-
κB, TLR4, TNFα) in the PND 8–12 group (Tin-Tin Win-Shwe et al., 2011). Similarly,
changes in microglia following chemical-induced excitotoxicity at PND 7 was examined by
Drouin-Oullet et al. (2011) and appeared to involve transient increases in microglial
activation markers (Iba1, PK11195, and ED-1) and the cytokine, IL-1β. The long-term
consequences were examined at PND 56, which revealed amphetamine-induced
hyperactivity as well as deficits in spatial learning and social interactions, in parallel with
elevated microglial mGluR5 expression. Although all of these changes were inhibited by
minocycline, the potential contribution of infiltrating cells following the intra-hippocampal
injections or direct effects of minocycline on the injured neurons were not evaluated.
Overall, the existing data suggests a critical regulatory role for microglia in brain
development that is much expanded from initial considerations of microglia in the context of
their standard, immune-mediated responses.

10. Is the vulnerability of the developing nervous system to infection/
inflammation related to microglia?

Maternal immune activation has been considered a risk factor for long-term alterations in the
neurobehavior of the offspring. Epidemiological evidence shows an association between
maternal infection and neurodevelopmental abnormalities, as well as increased risk for
developing cerebral palsy, schizophrenia, and autism (Ellman and Susser, 2009). As an
example, intrauterine inflammation during pregnancy is associated with an increased risk of
preterm delivery and altered neurological functioning (Saliba and Henrot, 2001). The link
between maternal infection and adverse effects in the offspring is thought to be related to an
induction of a fetal inflammatory response involving increased production of inflammatory
mediators including IL-1, IL-6, IL-8, and TNFα in chorionic membranes, amniotic fluid, and
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fetal blood. The current literature, with regards to fetal brain levels of pro-inflammatory
cytokines, suggests that the maternal immune response elevates the availability of cytokines
to the fetus (Goepfert et al., 2004). In animal models of either maternal infection or
activation of an immune response in the absence of infection, cytokine levels are altered in
the fetal brain (Boksa, 2010; Cai et al., 2003; Meyer et al., 2009; Pang et al., 2006). In these
prenatal models, the elevated brain cytokine levels in the offspring may result from a direct
effect; however, it must also been considered that they may indirectly result from the
maternal immune response, including not only pro-inflammatory cytokines such as TNFα,
IL-1, and IL-6, but also peptides such as corticotropin releasing hormone,
adrenocorticotropin hormone, monoamines, glucocorticoids, free radicals, and opioid
peptides (Weigent and Blalock, 1997).

Early-life infection has been associated with altered stress reactivity, disease susceptibility,
and vulnerability to neurological disorders (Brown and Patterson, 2011). Initial work
examining the role of inflammation in determining adverse effects on the developing
nervous system was based upon the associations observed between intrauterine
inflammation, periventicular leukomalacia of the developing brain, and cerebral palsy
(Huleihel et al., 2004 for review). Using an LPS model for intrauterine inflammation in the
rat, namely an intracervical injection of 0.1 mg/kg LPS on GD15, Poggi et al., (2005)
demonstrated an earlier proficiency in forelimb placement and surface righting tests in LPS-
exposed offspring, with no differences observed in locomotor activity, rotorod, or anxiety
when tested as young adults. These results are in sharp contrast to reports in the literature of
a broad spectrum of neurobehavioral effects on the offspring following relatively severe
systemic maternal infection. In these models, deficits in paired-pulse and latent inhibition,
open field exploration, and social interactions occurred in the absence of hippocampal
neuronal death (Smith et al., 2007). With exposure paradigms that resulted in a loss of
hippocampal neurons, neurobehavioral alterations extended to include deficits in Morris
water maze performance (Samuelsson et al., 2006). Further work demonstrated altered non-
spatial hippocampal processing with gestational inflammation (Ito et al., 2010). Although
these studies suggest that the developing brain is vulnerable to inflammation, the broad
spectrum of neurobehavioral alterations reported may also represent high-dose, toxic effects
of maternal infection or associated systemic effects. Work focused on the response of the
early postnatal brain to inflammation has also demonstrated persistent modifications to
nervous system function. As an example, an intracerebral injection of LPS on PND5
produced neuropathology, delayed reflex responses, hyperactivity in open-field and plus-
maze tests, and impaired passive avoidance performance in pre-weaning animals (Pang et
al., 2006).

11. Priming, preconditioning, or early life reprogramming of microglia
There is a significant amount of evidence regarding what is often termed “priming” and
“preconditioning” events that serve to either exacerbate or provide neuroprotection from a
secondary insult, respectively. In these states, the constitutive level of proinflammatory
mediators would not be altered; however, upon subsequent challenge, an exaggerated
response would be induced. The phenomena of priming represents a phenotypic shift of the
cells toward a more sensitized state. Thus, primed microglia will respond to a secondary
“triggering” stimulus more rapidly and to a greater degree than would be expected if non-
primed. It has been considered that microglia in the aging brain exist in a primed state based
upon the shift in morphology to fragmented processes and a elevation in basal levels of pro-
inflammatory cytokines (Streit). Exactly how long this primed state will last has not been
determined; however, data from microglia suggest that it can extend over an expanded
period of time. Preconditioning can also represent changes that would occur not only over
the short term but may be long lasting. Again, preconditioned microglia would be
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phenotypically shifted in a manner such that they could more readily respond to an injury or
insult. However, conceptually it is normally considered as a enhanced response to promote
recovery and foster repair. While mechanisms of precondition in the brain are not well
understood one aspect proposed is that the prevention of inflammation serves as an
underlying mechanism in the adult brain. In this regard, while the normal characteristics of
preconditioning in which a below threshold event confers protection or tolerance to a
subsequent above threshold insult usually last for only a few days. The additional
recruitment of a reprogramming event likely accounts for the long term changes in the
response threshold of the system observed by Schwarz et al. (2011). Much of our
understanding of preconditioning is derived from cardiac ischemia (Das and Das, 2008)
however, one could assume that there are likely correlates. What we know from these data is
that preconditioning adaptation occurs in a biphasic pattern with a 2–3 hr early period and a
24–96 hr late period. It is thought that the early period depends on adenosine, opioids, and
prostaglandins released with the acute insult. These molecules then serve to activate G-
protein-coupled receptor, K(ATP) channel, protein kinase C, tyrosine kinase, and members
of the MAP kinase family as well as generate oxygen-free radicals. The late period is less
potent and requires newly synthesized proteins such as iNOS, COX-2, manganese
superoxide dismutase and heat shock proteins. Stimulation of each of these molecules has
been demonstrated in acute neuroinflammatory conditions in the brain and thus, are likely to
contribute to establishing preconditioning. One could speculate that the rapid dynamics
occurring with brain development and the normal requirements for up-regulation of a
number of these signaling factors may impart a different view with regards to
“preconditioning” or “priming” of microglia. In any case, mechanisms that would have a
substantial impact on the microglia establishing its normal signaling pattern, threshold for
activation, or down-regulatory mechanisms would likely result in a shift in the response
capability of these cells in the adult brain. Additionally, changes that occur in the
establishment of the microglia cell population in the brain may change the healthy lifespan
of the cells i.e., shift the temporal and spatial pattern of microglia senescence. Alternatively,
either process could reflect changes in developmental programming.

In both the adult and developing animal, low-dose LPS exposure can provide
preconditioning that manifests as a reduction in neuroinflammation and induced
neuroprotection. Lin et al (2009) demonstrated that a low dose of LPS (0.05 mg/kg) given
24 hours prior to a hypoxic/ischemic insult in rat pups significantly reduced microglia and
macrophage activation, TNFα expression, and reactive oxygen species production. These
animals also showed less brain damage and learning and memory deficits. Galic et al. (2008)
examined age related vulnerabilities to LPS in rats to determine critical age periods.
Postnatal injection of LPS did not induce permanent changes in microglia or hippocampal
levels of IL-1β or TNFα; however, when LPS was given during the critical postnatal
periods, PND 7 and 14, an increased sensitivity to drug-induced seizures was observed in 8-
week-old rats. This was accompanied by elevated cytokine release and enhanced neuronal
degeneration within the hippocampus after limbic seizures. This persistent increase in
seizure susceptibility occurred only with LPS injection at postnatal day 7 or 14 and not with
injections during the first day of life or at PND 20. Similar long-lasting effects were
observed for pentylenetetrazol-induced seizures when PND 11 or 16 rat pups were subjected
to LPS and hyperthermic seizures (Auvin et al., 2009). These results again highlight this
early postnatal period as a "critical window" of development vulnerable to long-lasting
modification of microglia function by specific stimuli. Work by Bilbo and co-workers
demonstrated LPS-induced deficits in fear conditioning and a water maze task following
infection of PND4 rats with Escherichia coli. In the young adult, an injection of LPS
induced an exaggerated IL-1β response and memory deficits in rats neonatally exposed to
infection (Bilbo et al., 2005). Consistent with the earlier work by Galic et al., (2008), an age
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dependency for vulnerability was detected with E. coli.-induced infection at PND 30 not
showing an increased sensitivity to LPS in later life (Bilbo et al., 2006).

One hypothesis for developmental sensitivity is the heterogeneous roles for inflammatory
factors and pro-inflammatory cytokines during development, including their timing-, region-
and situation-specific neurotrophic properties. Many of the pro-inflammatory cytokines are
lower at birth with a subsequent rapid elevation occurring during the first few weeks of life.
In an examination of the developing mouse cortex between PND 5 and 11, mRNA levels for
TNFα, IL-1β, and TNFp75 receptor remained relatively constant while a significant increase
in mRNA levels of CR3, macrophage-1 antigen (MAC-1), IL-1α, IL-1 receptor 1 (IL-1)R1,
TNFp55 receptor (TNFp55R), IL-6, and gp130 occurred (Fig. 2). This data suggests that an
upregulation of interleukins and cytokine receptors may contribute to enhanced cytokine
signaling during normal cortical development.

The critical role of microglia in response to infection, either early in development (e.g., at
PND 0; Hornig et al., 1999) or specifically at late postnatal stages (e.g., at PND 14, but not
before PND 1 or after PND 20; Galic et al., 2008), has been reviewed by Bilbo and Schwarz
(2009), who indicate that early changes in the neuroinflammatory profile of microglia, such
as exaggerated production of IL-1β, is linked to adult susceptibility to depression, seizures,
and other neurobehavioral consequences. One hypothesis put forward using a model reliant
on postnatal exposure to LPS suggests that these types of exposure may "reprogram"
neuroimmune responses such that adult stress results in hyperactivation of the hypothalamic
pituitary adrenal (HPA) axis (Mouihate et al., 2010) and corticosterone changes (Bilbo and
Schwarz, 2009).

While limited, the available data suggests that events occurring during development,
especially postnatal development, have the potential to cause long term alterations in the
phenotype of microglia and that this can be done in a region specific manner. Additional
questions remains as to whether these “altered” microglia serve to change the normal
environment and thus what subtle impact this may have on neighboring neurons and
astrocytes. There is no data available to determine the impact of microglia activation during
development on later life events such as the shift to a primed state for microglia in the aged
brain. However, given their influence on a diverse array of processes and cell types in the
formation of the brain, as well as their role in the mature brain, the fact that their phenotype
can be rapidly and significantly altered raises important issues for the consideration of early
life events and adult disorders or disease.

12. Potential for early life effects on microglia cell aging and senescence
The impact of early life infection has been expanded beyond childhood diseases to
encompass vulnerability to diseases associated with aging, such as Parkinson’s disease (PD)
and Alzheimer’s disease (AD). Given that neuroinflammation is a component of each of
these diseases, one might speculate that changes occurring to developing microglia can have
a long lasting effect on the ability of these cells to manifest appropriate responses in later
life. Age-related changes in cytokine production and dysmorphic microglia morphology
(Frank et al., 2006; Perry et al., 1993; Sheffield and Berman, 1998; Streit et al., 2004) have
been proposed to underlie the microglia contribution to neurodegenerative diseases. Thus,
any event that would result in a modification of the normal aging of microglia and their
functional capability would be expected to have long-lasting effects upon the brain.

When one examines unique features of aging microglia, a pattern of morphological and
functional change emerges. It has been proposed that microglia assume a more reactive/
activated phenotype as a function of aging and show an increased expression of MHC II
antigens (Finch et al., 2002). Upon further examination, microglia in the aged brain

Harry and Kraft Page 18

Neurotoxicology. Author manuscript; available in PMC 2013 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



displayed morphological changes in cytoplasmic structure reflective of dystrophy and
senescence, and microglia loss with aging has been demonstrated (Streit et al., 2008). While
the cells appear to display a more prominent morphological phenotype with aging, the
evidence of fragmentation and dystrophy suggests an overall decrease in the ability of the
brain to mount a normal host response to injury and alterations to microglial neuroprotective
properties such as pruning and trophic factor secretion would be expected. Microglia exhibit
telomere shortening and decreased telomerase activity with aging, lending support for the
hypothesized occurrence of microglial senescence in normal and pathological aging (Flanary
and Streit, 2004). It has been proposed that β-amyloid promotes microglial deterioration and
accelerates senescence (Streit et al., 2004), and published work suggests that microglia from
AD brains have shorter telomeres, as compared to control brains (Flanary et al. 2007). If
microglia are functionally impaired by senescence, they would likely demonstrate decreased
production of neurotrophic factors, impaired phagocytosis, and impaired protein clearance.
Cumulatively, this may result in increased neurotoxicity (Streit et al., 2008; Richartz et al.,
2005). Recent work by Baker et al. (2011), demonstrated that lifetime removal of p16Ink4a-
positive senescent cells in the adipose tissue, skeletal muscle, and eye resulted in a delayed
onset of age-related pathologies (Baker et al., 2011). Furthermore, they demonstrated that
late-life clearance of senescent cells attenuated the progression of already established age-
related disorders. While this work was not conducted in the nervous system, one could
envision that the inability for any organ system to clear senescent or dysfunctional cells
would result in an adverse and potentially “disease-related” environment.

It has been further proposed that microglia change as a function of aging and that such
change may reflect a diminished capability for the cells to perform their normal function. It
has been hypothesized that changes in aging microglia drive pathogenic progression of
diseases or injury through a diminution of neuroprotective functions, increase in
neurotoxicity, and dysregulation of responses to signals and perturbations (Flanary et al.,
2007; Streit et al., 2008; Luo et al., 2010). Microglial changes with aging have been
proposed to occur in response to repeated or continual, low level stressors encountered
throughout an organism’s lifetime; alternatively, re-patterning of the microglial response
phenotype during development may underlie these changes. Recent work examined the age-
related changes in microglia in the retina and their response to injury (Damani et al., 2011).
Surveillance microglia in the aged retina showed smaller and less branched processes and
slower process motility. In addition, the dynamic microglia response to injury was altered
such that, in the aged retina, microglia demonstrated a slower acute response to injury as
compared to microglia in the younger retina. Of additional interest was the observation that
these injury responses were maintained for longer in the aged retina, suggesting a deficit in
the down-regulatory signaling for resolution of the injury response. These are compelling
observations in that they are somewhat similar to those reported for rats exposed to E. coli
on PND 4 (Bilbo et al., 2005; 2010; Bland et al., 2010). The constitutive adult microglia
morphology in these developmentally exposed rats was characterized by larger cell volumes
and short, thick processes (Bland et al., 2010). This occurred in the absence of changes in
total cell number. While there were no deficits in memory function in the young adult,
deficits occurred upon a secondary challenge with LPS (Bilbo et al., 2005) or with aging to
16 months (Bilbo et al., 2010). Thus, it is possible that the stimulation of microglia (in this
case, by E. coli) during an early stage of development critically alters the microglia cell in
such a way that it maintains a shift in response capability into adulthood, which may lead to
accelerated aging of the cell. If this occurs, a deficit in the normal neuroprotective functions
of the microglia may be compromised and thus, represent an increased vulnerability of the
brain to subsequent injury/insult.
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13. Conclusions
Modifications to resident immune cells of the brain can manifest as alterations in the
intrinsic function of the cells or in interactions with ongoing developmental processes. The
nature of these alterations can be dependent upon the developmental age of the brain and the
ongoing developmental processes occurring at the time of insult. The currently available
data strongly suggests that microglia can be altered during early life, including a potential
susceptible period during early postnatal development. Given the ever-increasing roles and
contributions of microglia to regulating brain development, neuronal activity, and network
connectivity, the impact of an altered microglia population can be substantial and diverse. In
addition, microglia are long-lived in the brain, having a very slow turnover rate. Therefore,
any shift that may occur in the microglia population during early life can have a significant
long-term impact on their ability to clear the brain of aberrant proteins, senescent cells and
debris, as well as coordinate an appropriate response to a physical injury, chemical
exposure, or disease process. These alterations can occur not only as a change in the number
of microglia in the brain or in specific brain regions, but also as a change in the basal
activation state such as would occur under a “primed” or “preconditioned” state.
Alternatively, this can be viewed as a modification to their functional capacity or injury
reaction due to an early cellular reprogramming event. These long overlooked neural-
specific cells are now in a position to be regarded with greater appreciation of their role in
the development and maintenance of an optimally functioning nervous system.
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Figure 1.
Developmental Stages Leading to Establishment of a Mature Population of Brain Microglia.
Prior to late gestation (GD15-16), bone marrow derived mononuclear cells cross the blood-
brain barrier (BBB) and take up residence in the brain parenchyma. These cells typically
possess little cytoplasm and have small or nonexistent appendages (indicated as process-free
yellow cells with blue nuclei). At early stages of colonization (GD18–19), these cells are
identifiable in white matter regions (or along vascular/ ventricular margins) possessing
either an amoeboid/ phagocytic morphology (orange cells) or long, highly-branched
processes. During early postnatal stages (~PND5), these highly proliferative mononuclear
cells are observed in both white matter and gray matter regions of the brain with either
morphological phenotype. During a critical period of postnatal microglia development
(PND5– PND15), the number of microglia increases dramatically. During this time, an
increased ratio of ramified versus amoeboid microglia becomes apparent, with the cells
having noticeably more complex process arbors and cytoplasmic material. The microglia
present towards the latter part of this maturation window (~PND15) are well distributed
throughout the brain, facilitating surveillance of the majority of the parenchyma; they
exhibit a significantly reduced proliferative capacity; they begin to exhibit more
heterogeneity (both within and across brain regions) in terms of their morphology,
orientation, and process field organization; and they begin to express a somewhat modified
constellation of cell surface markers. These maturation features continue such that by
PND20 the adult population of microglia is fairly well established. In the absence of
stimulation, these cells are highly ramified with complex process arbors encompassing the
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entire brain parenchyma, and they possess little to no evidence of proliferation or turnover
from the systemic population. * These marker lists are not comprehensive (e.g., mature
microglia express ED2− and white matter microglia are MHCII+).
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Figure 2.
Representative Iba-1+ microglia in various regions of the rat brain. (A) cerebellum (B)
dentate gyrus (C) hippocampal CA1 (D) substantia nigra (E) hypothalamus (F) corpus
callosum (G) parietal cortex (H) enthorinal cortex. Images from 40µm sections were
scanned at 20× magnification using an Aperio Scanscope T2 Scanner (Aperio Technologies,
Inc., Vista, CA) and viewed using Aperio Imagescope v. 6.25.0.1117).
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Figure 3.
Morphologies of microglia in (A) primary and slice cultures and (B) in vivo normal and (C)
in vivo activated representing cells can be rated based upon the field of process arborization
versus cell body to determine various stages/types of microglia.
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