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Although microglia exist as a minor glial cell type in the normal state of the brain, they increase in number in

response to various disorders and insults. However, it remains unclear whether microglia proliferate in the affected

area, and the mechanism of the proliferation has long attracted the attention of researchers.
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1. Introduction

The central nervous system (CNS) is constructed from heterogenous cell types, including neurons and glial cells.

Glial cells are grouped into macroglia (astrocytes and oligodendrocytes) and microglia . In the early 1900s, the

CNS was thought to be made up exclusively of neurons (the first element) and astrocytes (the second element),

but in 1913, Cajal recognized that there was also a distinct “third element” of the CNS . Subsequently, a pupil of

his, del Rio-Hortega, selectively dyed microglia as part of his analysis of the third element . For this reason, it is

considered that microglia were discovered by Rio-Hortega. Like his teacher, Rio-Hortega believed that microglia

originated from mesodermal cells. However, Rio-Hortega expanded this concept, suggesting that microglia

originated from mesodermal precursor cells (extracerebral cells) that enter the brain and adopt an ameboid

morphology, followed by a ramified morphology in the developing brain .

Soon after their discovery, however, microglia began to engender confusion in regard to their cell origin (cell

lineage). In the 1980s, two groups put forward the idea that microglia were derived from monocytes, and this theory

became widely popular . According to this theory, monocytes produced in the bone marrow infiltrate the brain

parenchyma from the bloodstream during the early developmental stage of the brain and then gradually transform

into microglia in the parenchyma. This bone-marrow-derived monocytes theory was readily accepted by many

researchers worldwide. However, subsequent analyses of radiation bone marrow chimeras left the theory open to

question , since they revealed that bone-marrow-derived monocytes do not usually transform to ramified

microglia in the adult parenchyma.

At the same time, some research groups advocated that microglia originate from neuroectodermal cells. One group

described that glioblasts differentiate into astrocytes, oligodendrocytes, and microglia in the developing brain, and

thus, resting microglia should be considered neuroglia, which are derived from neuroepithelia . Another group

insisted that microglia originate from the floor plate glial cells arising from the neuroepithelium, and thus, they
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concluded that microglia are of neuroectodermal origin . Both these groups argued that microglia differentiate

from neuroepithelia just as the other glial cell types do.

However, it is now clarified that microglia originate from yolk-sac-derived fetal macrophages that develop into the

microglial precursors observed in early-stage murine embryos . In rodents, these precursor cells exist mixed in

the developing neuroectodermal cells as early as embryonic day 8 , when neovascularization is not yet

completed. In the perinatal stages, two kinds of morphologically distinct microglia, ameboid microglia and ramified

microglia, can be seen in the brain. The ameboid microglia have short or no processes growing from a relatively

large cell body  and are observed particularly in the supraventricular corpus callosum and around ventricles.

The ramified microglia include a few long prolongations extended from a small cell body and are seen in the

cerebral cortex at the same stage. The ameboid microglia were thought to be derived from monocytes that entered

from the blood vessel , and they have been shown to stay in place over the two weeks after birth. However,

by three weeks postnatally, the ameboid microglia disappear and only the ramified microglia are seen throughout

the CNS . In the adult brain, microglia mostly take on the shape of ramified microglia and distribute to the CNS

with regular spacing.

What is the relationship between ameboid microglia and ramified microglia? It is generally speculated that ameboid

microglia change into ramified microglia during brain development . On the other hand, some researchers

have argued that ameboid microglia do not transform into ramified microglia, because a smooth transition from

ameboid to ramified microglia is not observed during brain development. Thus, the transformation from ameboid

microglia to ramified microglia has not been sufficiently explained.

2. The Proliferative Feature of Microglia

As described above, microglia in the normal adult CNS are present as ramified microglia accounting for a minor

population among glial cells. Their cell density is kept very low in the normal CNS. Microglia are estimated to make

up 5–12% of total cells in mouse brain . Recent quantification revealed that microglia constitute approximately

7% of non-neuronal cells in the mammalian brain . Courtney et al. estimated that microglia account for 4.5–5.5%

of total cells in the mouse brain . In addition, a meta-analysis of studies quantifying the cell number of glial cells

in humans reported that human microglia are generally considered to make up around 10% of total glial cells .

Although microglia have characteristic biological features such as a competence for morphological change,

migratory capacity, and phagocytic ability, they also have the notable ability to increase their number in response to

various pathological events, including trauma , or diseases/disorders . Such microglial features have

caught the eye of researchers because the phenomenon of microglia increasing their cell numbers stands out in

the CNS. In the human brain, increases in microglial cell number have been recognized in neurodegenerative

diseases, including Alzheimer’s disease , Parkinson’s disease , multiple sclerosis , Huntington’s

disease , stroke , ischemia , amyotrophic lateral sclerosis (ALS) , and prion diseases .

Increases in microglial cell number were also observed in lesioned sites including the injured spinal cord ,
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axotomized hypoglossal nucleus , and the spinal cord undergoing rhizotomy or sciatic nerve transection  in

rodents.

In this context, researchers should carefully consider the statement “microglia increase their number in response to

various pathological events”. An increase in cell number in vivo usually occurs due to a migration from around

tissue or cell proliferation at the site of insult or injury. Which event contributed to the increase in microglial cell

number is an important question. In the usual lesion models, peripheral macrophages enter the injured

parenchyma, and thus, it is hardly possible to distinguish the resident microglia-derived activated microglia from

macrophages infiltrated from the periphery. Even if microglia-like cells are increased at the injured sites,

researchers cannot say that they all came from resident microglia because they may contain the infiltrated

macrophages in addition to activated microglia.

Researchers have sometimes experienced such ambiguous results in the experiments, and inevitably the following

questions arise. Did microglia alone proliferate at the site of trauma? Do macrophages also infiltrate into the injured

place? How can you distinguish the resident microglia and infiltrated macrophages? These questions are related to

the matter that the activated microglia and the peripheral macrophages express some common surface antigens

and thereby they are not easily distinguished from each other. Thus, it remained to be determined whether the

increase in microglial cells in lesioned sites was ascribable to the mitosis of microglia themselves or the infiltration

of peripheral macrophages.

A peripheral nerve axotomy model was found to be appropriate for analyzing the proliferation of microglia. For

example, axotomy of the rat facial nerve does not cause the infiltration of blood-derived cells in the ipsilateral facial

nucleus , enabling us to examine the response of microglia alone in the parenchyma (Figure 1A). That

being said, researchers need to take care when mice are used for this purpose. In the mouse facial nerve axotomy

model, unlike in rats, significant amounts of blood-derived cells are known to infiltrate the parenchyma . From

this point of view, a rat model is suitable for analyzing the reaction of microglia alone in parenchyma. In fact,

notable results have been achieved by using a rat facial nerve transection model.
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Figure 1. The rat motoneuron injury model and ramified microglia in the normal state. (A). Schema of rat facial

nerve axotomy. Motoneurons in the facial nucleus of the brainstem extend their nerves to facial expression

muscles. In the axotomy model, the facial nerve was unilaterally cut at the stylomastoid foramen, and subsequently

both facial nuclei were analyzed. (B). Distribution of ramified microglia in the normal adult rat cerebral cortex.

Ramified microglia were stained by the avidin biotin complex (ABC) method (upper panel) and fluorescence

method (lower panel). Scale bar = 200 μm. (C). Morphology of ramified microglia. Typical morphology of ramified

microglia is shown. Scale bar = 50 μm (left and right) or 20 μm (center).

3. M-CSF: A Trigger of Microglial Proliferation

As described above, microglia were anticipated to proliferate in response to M-CSF in the axotFN. Thus,

Yamamoto et al. analyzed what happens in the M-CSF-stimulated microglia using an in vitro system  in which

microglia were prepared from a newborn rat brain-derived mother culture and used as neonatal microglia

(neoMicroglia) .

The neoMicroglia were found to incorporate bromo-deoxy uridine (BrdU), indicating that they were mitotic cells.

However, they entered a quiescent state when maintained with new medium. Such non-proliferative microglia were

found to change to proliferative cells by stimulation with M-CSF. The M-CSF-stimulated microglia begin to increase

their cell number after a 2-day delay (Figure 2B), and over the 3-day culture the cell number became

approximately threefold the baseline value, depending on the concentration of M-CSF (0–40 ng/mL). The

neoMicroglia increased their cell number in response to not only M-CSF but also GM-CSF and IL-3 (Figure 2C), as

has been previously reported .

When the microglia of an adult animal received an interest from a viewpoint of cellular characteristics, Rieske et al.

succeeded in culturing adult axotFN-derived microglia . This study first established an explant culture to prepare
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the adult microglia. Owing to the method, axotFN-derived microglia (axotMicroglia) can be obtained with high purity

. These axotMicroglia were intrinsically proliferative, and thus, they increase in number in culture without

addition of any growth factors (Figure 2D). Over the 10-day culture, their number increased sevenfold or more

(Figure 2E). The cultured microglia vigorously incorporated BrdU in their nuclei, suggesting that they undergo

mitosis. Analysis of axotMicroglia in vitro clarified that the M-CSF protein was present in both the cells and the

conditioned medium. The receptor of M-CSF, cFms, was also found to be expressed in the microglia . The

axotMicroglia appeared to autonomously proliferate, suggesting that they proliferate in such a manner that they

produce/secrete M-CSF and respond to it—that is, in an autocrine fashion.

Figure 2. Induction of M-CSF in the axotomized facial nucleus and the effects of M-CSF on microglia. (A).

Changes in M-CSF levels in the axotFN. The right facial nerve of adult rats was transected, and the contFN (L) and

axotFN (R) of each rat were analyzed for M-CSF in immunoblotting at 1, 3, 5, 7, and 14 days post-insult. (B).

Effects of M-CSF on microglial proliferation. M-CSF (20 ng/mL) was added to the microglial culture (2 × 10 /well)

and the cell number within a 1 mm  area (○) was counted . The cell number in the absence of M-CSF is shown

as (●). The results are expressed as means ± SDs of three separate experiments. (C). Effects of M-CSF, GM-CSF,

and IL-3 (multi-CSF). M-CSF (10 ng/mL), GM-CSF (10 ng/mL), and IL-3 (10 ng/mL) were added to microglial
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culture and maintained for 3 days. Scale bar = 50 μm. (D). Increase in the cell number of axotFN-microglia. AxotFN

recovered at 3 days post-insult were subjected to explant culture . The microglia attached to the dish were

photographed at 3 and 8 days after-culture. Scale bar = 50 μm. (E). Proliferation of axotFN-microglia. The axotFN

transected 3 days previously (axotFN; ○ ) and contFN (contFN; ● ) were subjected to explant culture . The

emerged cells were counted at 2, 5, 8, and 12 days following culture. The results are expressed as means ± SDs

of three separate experiments.
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