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Despite intense study, the precise origin and cell lineage of microglia, the resident
mononuclear phagocytes of the nervous system, are still a matter for debate. Unlike
macroglia (astrocytes and oligodendrocytes) and neurons, which are derived from
neuroectoderm, microglial progenitors arise from peripheral mesodermal (myeloid)
tissue. The view still commonly held is that tissue-resident mononuclear phagocytes
(including microglia) are derived from circulating blood monocytes and these take up
residence late in gestation and postnatally. However, microglial progenitors colonise the
nervous system primarily during embryonic and fetal periods of development. Recent
evidence indicates differences between the lineage of mononuclear phagocytes during the
embryonic and fetal period from that in the neonate and adult—mononuclear phagocytes
that take up residence within tissues are derived from a lineage of myeloid cells that is
independent of the monocyte lineage. Our own findings on the development and
differentiation of microglial progenitors, taken together with findings by other
investigators, and in the context of the heterogeneity between myeloid differentiation in
the fetus and in the adult, support the view that microglia are derived prenatally from
mesodermal progenitors that are distinct from monocytes. Furthermore, microglial
progenitors colonise the nervous system via extravascular routes initially. These findings
challenge the concept that resident microglia in the nervous system are derived from
circulating blood monocytes. Work is still underway to establish the tissue of origin and
lineage of microglial progenitors in vivo. This information is critical not only from a
developmental perspective, but significantly from a therapeutic viewpoint, as (i) the unique
property of microglial progenitors to colonise the nervous system from the periphery allows
these cells to be exploited as a biological and non-invasive means for cell therapy by
delivering genes to the nervous system (microglial engraftment), and (ii) there are
indications that microglial progenitors are specifically able to home to the nervous
system. Use of microglial progenitors for therapeutic purposes becomes feasible only if
the origin and cell lineage of these microglial progenitors are known and these cells can be
isolated and manipulated in vitro (i.e., to express specific trophic factors) prior to
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therapeutic transfer (e.g., intravenously) in vivo. In this paper, we shall briefly consider the
existing concepts on the origin and lineage of microglial progenitors and discuss new
hypotheses in the light of emerging data that suggest clear differences between fetal and
adult ontogeny of myeloid cells.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction: existing concepts on the origin
of microglia (the monocytic theory)

Microglia are widely regarded as the resident mononuclear
phagocytes (also referred to as ‘tissue macrophages’) of the
nervous system. Under normal conditions in the adult,
microglia possess highly ramified morphology and are dis-
tributed ubiquitously throughout the nervous system. In
pathological conditions, microglia become progressively acti-
vated (they retract cellular processes, upregulate or express de
novo distinct profiles of cell surface ‘phenotypic’ markers) and
motile and adopt full immune effector functions. Microglial
activation is graded and these cells transform into phagocytic
cells capable of presenting antigen (in association with MHC
class II molecules) to circulating T cells, and of production of a
plethora of inflammatory cytokines, reactive oxygen inter-
mediates and nitric oxide. Activated microglia express cell
surface markers that are also found on other mononuclear
phagocytes (specifically macrophages). In their fully activated
states, they may contribute towards and exacerbate damage
to neurons and other non-neuronal cells. Nevertheless, under
certain conditions, microglia may also exert neuroprotective
and neurotrophic functions (Rezaie and Male, 2002a; Rezaie,
2003; Streit, 2002), that are distinct from their potential to
cause harm within the nervous system.

The origin of microglia has been at the centre of debate for
several decades (Cuadros and Navascues, 1998; Kaur et al.,
2001; Rezaie, 2003; Rezaie and Male, 2002b; Streit, 2001). This
topic has been extensively reviewed elsewhere (see Rezaie and
Male, 2002b; Rezaie, 2003). Briefly, proposals for the origin of
microglia have considered these cells to be derived from (i)
neuroectoderm (similar to oligodendrocytes and astrocytes),
(ii) vascular adventitia, (iiii) an intrinsic population of hema-
topoietic stem cells resident within the nervous system, (iv)
peripheral mesodermal/mesenchymal tissues or (v) from
circulating blood monocytes. The latter proposal – that
microglia, like other tissue-resident mononuclear phagocytes,
are derived from circulating blood monocytes that originate
from the bone marrow and are seeded within the nervous
system around the time of birth and postnatally – gained
acceptance for many years. Consensus opinion currently
holds that microglia residing in the central nervous system
are derived from progenitors that arise in the periphery (from
mesodermal/mesenchymal sources). In the neonate and adult,
microglia are considered to derive from circulating blood
progenitors (monocytes) originating primarily within the bone
marrow, that traverse the wall of blood vessels and populate
the nervous system (see Perry et al., 1985; Rezaie and Male,
2002b). However, resident microglial cells in the adult have a
slow turnover at rest and are capable of proliferation and self-
renewal. Thus, while there is a varying degree of recruitment
of bone marrow progenitors to the adult nervous system
under pathological conditions (Beck et al., 2003; Flügel et al.,
2001; Lassmann and Hickey, 1993; Priller et al., 2001), the
population of microglia at rest in the adult (i.e., under normal
conditions) can be replenished intrinsically and does not
require significant turnover from circulating blood progenitors
(Kennedy and Abkowitz, 1997; Lassmann and Hickey, 1993).

The lack of phenotypic distinction (in terms of expression
of cell surface markers) between mononuclear phagocytes
that infiltrate the adult nervous system under pathological
conditions and activated resident microglial cells has further
confounded attempts to discriminate between resident and
infiltrating cells and their corresponding tissue source and
cell lineage (Rezaie and Male, 2002a,b). However, postnatal
and adult microglia differ from other populations of mono-
nuclear phagocytes (notably circulating and tissue-resident
macrophages) in their electrophysiological characteristics—
they possess inward-rectifying potassium channels, a prop-
erty that is also present in a subset of bone marrow
progenitors (Banati et al., 1991). This finding has lent support
to the notion that microglia in the postnatal and adult
nervous system are derived from a discrete population of
progenitors that reside within the bone marrow. Never-
theless, even though sophisticated chimera and transgenic
experiments have shown that progenitors from the bone
marrow can be traced to cells located within the nervous
system in postnatal and adult CNS, these cells are not only
few in number but the majority are located in or around the
blood vessels of the brain and spinal cord (e.g., they give



346 B R A I N R E S E A R C H R E V I E W S 5 3 ( 2 0 0 7 ) 3 4 4 – 3 5 4
rise to perivascular macrophages and a small number of
perivascular parenchymal microglia) and do not truly repre-
sent the endogenous population of ramified microglia found
widely dispersed in the CNS (Albini et al., 2005; Kennedy and
Abkowitz, 1997; Lassmann and Hickey, 1993) (although this
view has been challenged recently (Simard and Rivest, 2004)).
In contrast, other populations of mononuclear phagocytes
associated with the CNS (i.e., perivascular macrophages,
meningeal macrophages and choroid plexus macrophages)
are replaced relatively rapidly (within a few months) from
circulating blood progenitors (Kennedy and Abkowitz, 1997;
Lassmann and Hickey, 1993). Studies in humans have found
similar paucity and distribution of bone-marrow-derived
microglia within the CNS of patients who have undergone
bone marrow transplantation (Krivit et al., 1995; Unger et al.,
1993), reviewed in Rezaie and Male (2002a).
Fig. 1 – Origin of dendritic cells (DC) and macrophages in the neo
lineage; (2) thymic dendritic cells and a subset of peripheral lymp
NK/DC potential; (3) these are themostmature common progenito
that cells beyond this stage (neutrophil development) may still m
monocytes develop into tissue macrophages, seeded during ont
macrophages and/or precursors; (6) the heterogeneous morpholo
cells reflects tissue localization and specialized roles; and (7) the
complex and may involve multiple pathways, which may overla
heterogeneity of these two cell types. Recent findings have show
important for lineage commitment in myeloid cells. For example
of myeloid-derived dendritic cells andmacrophages, but not cells
on the other hand, inhibit the function of PU.1 and direct hemato
Another transcription factor—MafB, is now thought to act as an in
of these transcription factors is necessary in order to direct the lin
granulocytes—high levels of PU.1 determines a dendritic cell fate
macrophage cell fate.
2. Microglia are likely to be of mesodermal
(myeloid) origin

These aforementioned findings relate to microglial turnover
in the postnatal and adult nervous system. Such findings
suggest that microglia under normal conditions are very
slowly repopulated by cells derived from bone-marrow
progenitors following birth and in the adult. The progenitors
are commonly thought to be monocytes in keeping with the
mononuclear phagocyte hypothesis for tissue macrophages.
However, it has been established that microglial progenitors
actually populate the nervous system during embryonic and
fetal development, well before birth (Morris et al., 1991; Rezaie,
2003; Takahashi, 2001). Research in our laboratory and by
independent investigators, into the development of microglia
nate and adult. (1) These cells are committed to the myeloid
hoid DCs originate from a precursor with restricted lymphoid/
rs of mononuclear phagocytes; (4) there are some indications
ature into macrophages or DCs; (5) current view holds that

ogeny and maintained by local proliferation of mature
gy, functional properties and cell surface phenotype of these
development of myeloid-derived dendritic cells appears to be
p with macrophage development, and contribute to the
n that the expression of specific transcription factors is
, the transcription factor PU.1 is required for the development
of lymphoid origin. The transcription factor C/EBP-alphamay
poietic cells (CD34+ progenitors) to the granulocyte lineage.
ducer ofmonocytic differentiation. It is possible that a balance
eage of myeloid cells towards dendritic cells, macrophages or
, high expression and activity of MafB determines a
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indicates that there is a developmental window (during the
latter half of the first trimester and throughout the early part
of second trimester in man, and between embryonic days
10–19 (E10–E19) in rodents) during which microglial progeni-
tors populate the nervous system (Corbisiero et al., 2003; Jeetle
et al., 2002; Rezaie, 2003; Rezaie et al., 2005b). Furthermore,
there is evidence to support the existence of at least two
separate ‘populations’ ofmicroglia during embryonic and fetal
development—one population derived from progenitors that
are of myeloid/mesenchymal origin (not necessarily derived
from blood-borne progenitors or monocytes) and a second
population that represent a developmental and transitory
form of fetal macrophage (derived from blood-borne precur-
sors, possibly monocytes), which may be related to the
ameboid microglial population seen in the postnatal period
in rodents (Rezaie et al., 2005b).

Although microglia-like cells can be derived in vitro from
embryonic ‘stem cells’ (Tsuchiya et al., 2005) and microglia
are most probably of hematopoietic origin (Asheuer et al.,
2004; Hess et al., 2004; Vallieres and Sawchenko, 2003; Vitry et
al., 2003), the precise tissue of origin and cell lineage of
microglial progenitors during the prenatal period, remain
uncertain. Some have suggested the yolk sac as the tissue of
Fig. 2 – Phenotypic differentiation markers of myeloid-derived D
neonate.Monocytes are typically identified by their expression of
General markers of the monocyte/macrophage lineage in rodents
CD15s, CD16, CD18, CD24, CD25, CD31, CD32, CD38, CD43, CD44, C
CD62L, CD64, CD71, CD80, CD86, CD90, CD107a, CD107b, CD119, C
Forssman Ag, Ly-6C, Ly-6G, MHC class I, MHC class II, NRK-P1, F4
the monocyte/macrophage lineage in rodents include: CD2, CD4,
CD45RB/B220, CD49f, CD51, CD64, CD68, CD71, CD80, CD86, CD90
Ly-6C, Ly-6G, HIS 36, MHC class II, NRK-P1, F4/80 antigen, MOMA
include: CD1d, CD4, CD8a, CD11a, CD11c, CD13, CD15s, CD18, CD2
CD83, CD86, CD119, CD121a, CD132, Crry/p65, MHC class I, MHC c
CD207, CD208, CD209.
origin (Alliot et al., 1999; Kaur et al., 2001), or otherwise that
microglia are derived from an intrinsic pool of hematopoietic
progenitors seeded within the CNS itself (see Rezaie and
Male, 2002a). Microglia are likely to be of myeloid cell lineage
on account that they express the myeloid-specific transcrip-
tion factor PU.1 (Walton et al., 2000) and share certain
phenotypic cell surface characteristics with mononuclear
phagocytes, namely macrophages and myeloid-derived den-
dritic cells (DCs) (Rezaie and Male, 2002a). In particular, the
observation that microglia share certain characteristics with
‘immature’ dendritic cells (DCs), coupled with the findings
that some populations of dendritic cells are derived from
myeloid (mesenchymal) progenitors within hematopoietic
tissues, may indicate a common progenitor for microglia and
myeloid DCs (Servet-Delprat et al., 2002, see also Rezaie et al.,
2005a).
3. Differences between mononuclear
phagocyte development in the fetus and adult

Over the past few years, the concept has emerged (and it is
now recognised) that there are differences in characteristics
Cs, macrophages and their progenitors in the adult and
CD14, dendritic cells through expression of CD11c and CD205.
include the following: CD1d, CD2, CD4, CD11a, CD11b, CD13,
D45, CD45R/B220, CD45RB, CD48, CD49d, CD49f, CD51, CD54,
D121b, CD122, CD126, CD127, CD132, CD163, Crry/p65,

/80 antigen. Maturation and subset discriminatorymarkers of
CD11a, CD11c, CD13, CD14, CD25, CD31, CD32, CD38, CD44,
, CD107a, CD107b, CD127, CD163, Crry/p65, Forsmann Ag,
-1. General markers of the dendritic cell lineage in the rodent
4, CD25, CD35, CD40, CD44, CD45, CD45RB, CD48, CD54, CD80,
lass II, MY S35/TSA-1, OX-62 (CD85), CD205 (DEC-205), CD206,



Fig. 3 – Proposed origins of myeloid-derived mononuclear phagocytes in the mouse. Microglia (M?) could be derivatives of immature/fetal macrophages derived from
mesenchymal progenitors, myeloid dendritic cells derived from granulocyte–monocyte progenitors, or monocyte-derived dendritic cells, or a form of ‘alternate’ macrophage.
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between mononuclear phagocytes, namely tissue-resident
macrophages derived during development (termed ‘fetal
macrophages’) from those in the adult, and indications that
these cells may derive from separate progenitors/cell lineages
(Faust et al., 1997; Naito et al., 1996; Takahashi et al., 1996;
Takahashi, 2001; Shepard and Zon, 2000). Indeed, it has been
proposed that fetal macrophages arise from progenitors that
appear prior to vascularization of organs and independent of a
monocyte-derived lineage (Faust et al., 1997; Naito et al., 1996;
Takahashi et al., 1996; Takahashi, 2001; Shepard and Zon,
2000). This discrepancy between fetal and adult myeloid cell
differentiation suggests that myelopoiesis is more complex
than previously considered. The cell lineage and phenotypic
differentiation of myeloid-derivedmacrophages and dendritic
cells are still being unravelled in the neonate and adult, where
the bonemarrow is the principal source of hematopoiesis (Fig.
1). The differentiation of myeloid cells can be followed by their
expression of general as well as maturation and subset
discriminatory cell surface markers (Fig. 2). By comparison,
Fig. 4 – Microglial progenitors in the embryonicmouse (E9.5–E10.5
neural tube at E9.5 (no Iba1-positive cells are present at this age)
neural tube where such cells can be found are shown in panels
mesenchyme surrounding the neural tube (asterisks) and microg
nervous tissues proper (arrows), particularly in and around the r
adjacent to or within the ventricular linings at E10.5 (D, F, G). Imm
hematoxylin. Scale bar in panel G represents approximately 215
40 μm in panel D and 45 μm in panels E–G.
little is known of the lineage specification and differentiation
of these cells during embryonic and fetal development, where
hematopoiesis is initiatedwithin the yolk sac and sequentially
adopted by other tissues (including liver and spleen) and only
commences within the bone marrow late in organogenesis
around the time of birth and postnatally (Takahashi, 2001)
(Fig. 3).
4. Microglia in prenatal development: clues as
to their origin and cell lineage

Microglial progenitors seed the nervous system primarily
during the embryonic and fetal periods of development.
While there is consensus that microglia are derived from
mesodermal (myeloid) progenitors, such progenitors have yet
to be unequivocally identified in the prenatal period. The lack
of a precise lineage-related marker for microglial progenitors
is a key issue underlying debate as to the lineage of these
). (A, B) Frontal sections showing different levels of the cranial
. Iba1-positive cells are apparent at E10.5. Regions of the
C–G. In particular, Iba1-positive cells accumulate within the
lial progenitors can be detected within the developing
oof of the hindbrain (arrows in C) and occasionally, also
unoreactivity with Iba1 antibody, nuclei counterstained with
μm in panel A, 125 μm in panel B, 50 μm in panel C,
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cells. Thus, it is uncertain (i) whether microglia belong to the
myeloid dendritic cell lineage or to the monocyte-macro-
phage lineage of cells, (ii) whether microglia represent
immature bipotential progenitors with the capacity to
differentiate to myeloid dendritic cells or macrophages or
indeed (iii) whether there are subpopulations of these cells
residing within the central nervous system, that are hetero-
geneous as to lineage as well as function. Likewise, the
precise tissue of origin for microglial progenitors is uncertain:
they could derive from progenitors located in the yolk sac, the
mesenchyme surrounding the nervous system or from
progenitors that originate within the liver or spleen. Indeed
it is also unclear whether microglia may derive from more
than one type of progenitor cells during embryonic and fetal
development. Certainly, the timing of the start of colonisa-
tion of the nervous system by microglia (∼E10 to E12 in
rodents; see Fig. 3, and beginning of the second trimester in
man) also precludes the bone marrow as the primary source
of these progenitors (Morris et al., 1991; Rezaie et al., 2005b;
Takahashi, 2001). It is possible therefore that microglia may
alternatively represent a population(s) of ‘immature’ or ‘fetal
macrophage’ derived from a myeloid progenitor that is
distinct from the monocyte-macrophage bone-marrow line-
age of the adult (Fig. 3). Work in our laboratories is currently
underway to determine the origin and source of microglial
progenitors and whether there may indeed be more than one
population of such progenitor cells.
Fig. 5 – Microglial progenitors in the spinal cord of the embryon
of Iba1-positive cells in sagittal sections of the embryonic mouse
detected at this stage in significant numbers within the superfic
cord (see inset B on panel A, and panels B andD), from the sacral r
panel B). Mononuclear phagocytes can also be readily detected w
Immunoreactivity with Iba1 antibody, nuclei counterstained with
860 μm in panel A, 400 μm in panel B, 210 μm in panel C and 1
As mentioned, most of the current understanding of the
development of microglia stems from the perinatal and
postnatal periods of development. We have been focusing
our investigations on prenatal development. In our previous
studies on human fetal microglia, we have shown that lectin
histochemistry identifies a subpopulation of parenchymal
microglia derived from extravascular progenitors. Immuno-
histochemistry to detect mononuclear phagocyte markers
including CD11b, CD45, CD64, CD68, MHC class II antigen has
identified another subset of microglia (commonly termed
‘ameboid’ microglia, thought to be derived from monocytes/
macrophage) (Rezaie et al., 2005b). We have also shown that
CD11b-deficiency does not significantly impair colonization
of the developing mouse brain between E15 and birth (Jeetle
et al., 2002). Indeed in both normal developing and CD11b-
deficient mice, differentiating microglia can be detected
within the CNS as early as E15 (Corbisiero et al., 2003; Jeetle
et al., 2002). Our subsequent investigations between E9.5 and
E14.5 have revealed that mononuclear phagocytes seed the
developing murine nervous system as early as E10.5 (Fig. 4).
Significant populations of Iba1 (Figs. 5 and 6) or tomato lectin
(not shown)-positive microglial progenitors can be detected
within the developing nervous system between E11 and E14.
There appears to be discrepancy between the expression
profiles and morphologies of progenitors that colonise the
nervous system during this initial period. This will require
further investigation, and corresponding data will be pre-
ic mouse (E13.5). Composite images to show the distribution
at E13.5. (A) Iba1-positive microglial progenitors can be

ial mantle layer, subjacent to the marginal layer of the spinal
egion through to the lumbar and thoracic segments (arrows in
ithin the liver (see inset C in panel A, and panel C).
hematoxylin. Scale bar in panel D represents approximately

30 μm in panel D.



Fig. 6 – Microglial progenitors in the embryonicmouse brain (E13.5). Composite images to show the distribution of Iba1-positive
cells in sagittal sections of the embryonic mouse at E13.5. (A–D) Iba1-positive microglial progenitors can be detected at this
stage within the ventricular lining of the fourth ventricle (medulla oblongata)—see inset B in panel A, panel B (arrows). Higher
power photos of Iba1-positive cells in this region are shown in panels C and D. CP: choroid plexus; IVth Vent: fourth
ventricle. Immunoreactivity with Iba1 antibody, nuclei counterstained with hematoxylin. Scale bar in panel D represents
approximately 830 μm in panel A, 290 μm in panel B and 48 μm in panels C and D.
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sented elsewhere. Taken together, our findings in the human
and rodent CNS suggest that there may exist separate
progenitor populations in embryos for microglia. The source,
phenotype and lineage of these different populations are not
known.

Recent findings have shown that the expression of specific
transcription factors is important for lineage commitment in
myeloid cells. For example, the transcription factor PU.1 is
required for the development of myeloid-derived dendritic
cells and macrophages (Anderson et al., 2000; Fisher and
Scott, 1998; Guerriero et al., 2000; Reddy et al., 2002) (including
microglia; Walton et al., 2000) (Figs. 1 and 3). The transcrip-
tion factor C/EBP-alpha may on the other hand, inhibit the
function of PU.1 and direct hematopoietic cells (CD34+
progenitors) to the granulocyte cell lineage (Reddy et al.,
2002) (Fig. 1). Another transcription factor—MafB, which was
functionally cloned and characterised in 2000 (Huang et al.,
2000) is now thought to act as an inducer of monocytic
differentiation (Hamada et al., 2003; Kelly et al., 2000). It is
possible that a balance of these transcription factors is
necessary in order to direct the lineage of myeloid cells
towards dendritic cells, macrophages or granulocytes. For
example, Bakri et al. (2005) have shown that a balance of
MafB and PU.1 determines cell fate of myeloid progenitors to
develop into macrophages or dendritic cells—high levels of
PU.1 determines a dendritic cell fate, high expression and
activity of MafB determines a macrophage cell fate. There-
fore, it is likely that the lineage commitment of microglial
progenitors is determined by a predominance of one or more
of these identified transcription factors. Consequently, the
conditional temporal knockdown of these transcription
factors in vivo together with subsequent screening of hema-
topoietic tissues (e.g., yolk sac, liver and spleen) and the
nervous system for microglial progenitors during the known
developmental ‘window’ (E10–E19) will not only lead us to
identify the microglial progenitor (‘stem cell’), but will also
inform us of its lineage. Work in our laboratories is currently
underway to determine the origin and source of microglial
progenitors and whether there may indeed be more than one
population of such progenitor cells.
5. Concluding remarks: potential therapeutic
roles for microglial progenitors

To summarize, there is strong evidence to support that
microglial progenitors seed the nervous system primarily
during prenatal development. At least two subpopulations of
microglia can be identified during prenatal and early postnatal
development. These subpopulations may be discriminated
based on heterogeneity in (i) phenotype, (ii) morphological
characteristics and (iii) with respect to their locations
(distribution patterns) within the developing nervous system.
One population is derived mainly from extravascular pro-
genitors (of myeloid/mesenchymal but not monocytic origin)
during fetal development, progressively differentiates and
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persists into adulthood as parenchymal microglia. A second,
transitory population (commonly termed ‘ameboid’microglia)
is derived from circulating progenitors (probably monocytes
and/or fetal macrophages) and can be found sporadically
during the fetal period, but predominantly occurs during
perinatal and postnatal development. Evidence for the differ-
entiation of these ameboid cells to parenchymal microglia
remains inconclusive. The tissue(s) of origin and cell lineage of
progenitors that give rise to these populations of microglia
during development have yet to be established conclusively.
In the adult, under normal conditions, a very small proportion
of microglia (predominantly perivascular microglia) may also
be repopulated by circulating progenitors that are derived
from the bone marrow. Therefore, the routes by which the
nervous system is colonised by microglial progenitors, as well
as the source and lineage of these progenitor cells appear to
differ in prenatal development from that observed in the
adult.

If the tissue of origin and lineage of the resident parench-
ymal microglia can be correctly identified, this finding will
also have significant bearing for potential therapeutic use
(Dobrenis, 1998). Microglial progenitors can be isolated,
manipulated in vitro and employed for corrective cell and
gene therapy (Cucchiarini et al., 2003; Watanabe et al., 2002).
Unlike neuroectoderm-derived glial cells and neurons, micro-
glial progenitors colonise the nervous system from the
periphery. As such, they may be targeted as a biological tool
for non-invasive delivery of genes to the nervous system (for
example, in lysosomal and peroxisomal storage disorders
(Krivit et al., 1995), metachromatic leukodystrophy (Biffi et al.,
2004), certain brain tumours (Fathallah-Shakh et al., 2000), in
repairing damage following stroke injury (Beck et al., 2003) or
in neurodegenerative conditions) in order to arrest progres-
sion of disease and aid in recovery.

It has been proposed that microglial progenitors are able
to specifically home to the central nervous system (see Rezaie
and Male, 2002a). There is also preliminary evidence which
indicates that isolated adult microglia may also home to the
nervous system when introduced peripherally (intrave-
nously) (Imai et al., 1997, 1999; Sawada et al., 1998), although
the factors that enable these cells to be recruited to the
nervous system remain unknown and both of these hypoth-
eses need to be explored further. Even though mature
microglial cells may possess a higher affinity for the brain
than macrophages in experimental models when introduced
exogenously into the blood circulation (Imai et al., 1997, 1999;
Sawada et al., 1998), it would be impractical to isolate primary
microglia from patients for re-introductory transplantation.
Established differentiated human microglial cell lines could,
in theory, represent an alternative source of cells that can be
manipulated in vitro for microglial engraftment in vivo.
However, the cross-transfer of such transformed cells could
cause unwanted immune rejection, and considering the
higher proliferative status of such cells, may possibly give
rise to ‘microgliomas’ (a form of microglial tumour), if not
appropriately regulated. As discussed above, although rem-
nant microglial progenitors may also exist in the adult bone
marrow, the extremely low turnover of parenchymal micro-
glia from these cells indicates that they are too few in
number to be able to be isolated and characterized readily.
This is not the case in the well-defined period of develop-
ment proposed here. The evidence from initial microglial cell
transplants in the adult (Imai et al., 1997, 1999; Sawada et al.,
1998) does argue for the hypothesis that microglial cells are a
specialized branch of the myeloid lineage whose progenitors
are destined for the CNS during the fetal period, and this
progenitor, once correctly identified, would represent the
most feasible and viable biological tool for specific gene
delivery to the CNS.
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