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ABSTRACT

Entrance of mesodermal precursors into the developing CNS is the most well-accepted origin
of microglia. However, the contribution of proliferation and death of recruited microglial precur-
sors to the final microglial cell population remains to be elucidated. To investigate microglial
proliferation and apoptosis during development, we combined proliferating cell nuclear antigen
(PCNA) immunohistochemistry, in situ detection of nuclear DNA fragmentation (TUNEL), and
caspase-3 immunohistochemistry with tomato lectin histochemistry, a selective microglial
marker. The study was carried out in Wistar rats from embryonic day (E) 16 to postnatal day (P)
18 in cerebral cortex, subcortical white matter, and hippocampus. Proliferating microglial cells
were found at all ages in the three brain regions and represented a significant fraction of the total
microglial cell population. The percentage of microglia expressing PCNA progressively increased
from the embryonic period (25-51% at E16) to a maximum at P9, when the great majority of
microglia expressed PCNA (92-99%) in all the brain regions analyzed. In spite of the remarkable
proliferation and expansion of the microglial population with time, the density of microglia
remained quite constant in most brain regions because of the considerable growth of the brain
during late prenatal and early postnatal periods. In contrast, apoptosis of microglia was detected
only at certain times and was restricted to some ameboid cells in white matter and primitive
ramified cells in gray matter, representing a small fraction of the microglial population. There-
fore, our results point to proliferation of microglial precursors in the developing brain as a
physiological mechanism contributing to the acquisition of the adult microglial cell population. In
contrast, microglial apoptosis occurs only locally at certain developmental stages and thus seems
less crucial for the establishment of the final density of microglia. J. Comp. Neurol. 458:144-157,
2003.  © 2003 Wiley-Liss, Inc.
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The ontogenesis of microglia is still a matter of contro-
versy. A neuroectodermic origin is supported by some
studies (Hao et al., 1991; Fedoroff et al., 1997), but the
mesodermal nature of microglia from cells of the hemato-
poietic lineage has been and is, at present, the most well-
accepted view (Del Rio Hortega, 1932; for reviews see
Cuadros and Navascués, 1998; Kaur et al., 2001). In this
sense, three hematopoietic cell-derived precursors, at
least, have been proposed for the origin of microglia: 1)
early macrophages, 2) circulating monocytes, and 3) spe-
cific hematopoietic precursors (see Cuadros and Navas-
cués, 2001). Three routes have also been described for the
invasion of the immature CNS by microglial precursors: 1)
the parenchymal vascular network, 2) the surrounding
meninges, and 3) the cerebral ventricles (see Cuadros and
Navascués, 1998). Immigration of microglial precursors
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into the developing CNS occurs during the late embryonic
and early postnatal periods (Perry et al., 1985; Ashwell,
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1991; Milligan et al., 1991; Navascués et al., 1996; Dalmau
et al., 1998a), and this influx of cells, which gradually
increase in number and transform into mature ramified
cells, is considered the basis for acquisition of the adult
microglial cell population. However, similarly to what oc-
curs with neurons and macroglial cells, the balance be-
tween proliferation and death could also contribute to the
establishment of the normal density of microglia in the
mature CNS.

Proliferation of neuronal and macroglial cell precursors
prior to their differentiation into mature cells is a common
phenomenon occurring during normal CNS development
(Jacobson, 1991a,b). Periods with high mitotic rates coin-
cide with major morphogenetic events (Jacobson, 1991a),
and it has been suggested that cell division of progenitor
cells depends on both their intrinsic characteristics and
their response to signals provided by surrounding cells
(Ross, 1996). The ability of microglia to proliferate has
also been shown, being an important part of their re-
sponse to the CNS injury that occurs in a broad diversity
of pathological circumstances, such as lesions, infections,
ischemia, and autoimmune and neurodegenerative dis-
eases (for reviews see Kreutzberg, 1996; Streit et al.,
1999). In addition, several mitogens have been reported to
promote proliferation of cultured microglia (Frei et al.,
1986; Giulian and Ingeman, 1988; Ganter et al., 1992;
Sawada et al., 1995; Kloss et al., 1997; Luizzi et al., 1999).
Similarly, both in vitro and in vivo studies have demon-
strated that microglial precursors found in the developing
CNS are able to proliferate (Imamoto and Leblond, 1978;
Dalmau, 1998; Alliot et al., 1999; Marin-Teva et al.,
1999a), but the spatiotemporal pattern of microglial pro-
liferation during development remains to be elucidated.
Therefore, not only entrance but also proliferation of re-
cruited microglial precursors may be an inherent mecha-
nism contributing to normal microglial homing.

Together with cell proliferation, cell death, so-called
programmed cell death, is a common phenomenon that
takes place in the developing CNS (for reviews see
D’Mello, 1998; Roth and D’Sa, 2001), creating the balance
between cellular death and proliferation essential for the
normal maturation of the nervous tissue (Ross, 1996;
Sommer and Rao, 2002). Large numbers of neurons die by
apoptosis during normal CNS development (Cowan et al.,
1984; Oppenheim, 1991; Ferrer et al., 1994), and death of
macroglial cells has also been reported at different devel-
opmental stages (Raff et al., 1993; Soriano et al., 1993,
Krueger et al., 1995). In various CNS pathologies micro-
glia also undergo apoptosis (Nguyen et al., 1994; Lass-
mann et al., 1995; Adamson et al., 1996; Vela et al., 2002).
Furthermore, microglial death can be caused by alter-
ations in purines (Ogata and Shubert, 1996), and cyto-
kines as well as the deprivation of various colony-
stimulating factors (Yang et al., 2002) (Tomozawa et al.,
1996). However, naturally occurring cell death of micro-
glia in the developing CNS has been reported only for the
postnatal spinal cord white matter (De Louw et al., 2002).

The aim of this study was to investigate the dynamics of
proliferation and apoptosis of microglia in the developing
rat brain during the prenatal (E16-E21) and postnatal
(P0-P18) periods. Microglial proliferation was assessed by
combining immunohistochemical detection of the prolifer-
ating cell nuclear antigen (PCNA) and tomato lectin his-
tochemistry as a microglial marker. Double labeling com-
bining immunohistochemical detection of active caspase-3
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or terminal transferase mediated d-UTP nick end-labeling
(TUNEL) histochemistry with the microglial marker was
carried out to visualize microglial apoptosis. Here we show
that proliferation of resident microglia represents a major
source of microglia in the developing brain and provide
evidence for caspase-3 activation and nuclear DNA frag-
mentation associated with microglia in the immature

CNS.

MATERIALS AND METHODS
Experimental animals

The experimental material consisted of embryos and
pups of the Wistar rat strain whose ages ranged from
embryonic day 16 (E16) to postnatal day 18 (P18). Three
animals, at least, of each age (E16, E18, E21, PO, P6, P9,
and P18) were used. All efforts were made to minimize
animal pain and distress. Experimental animal work was
conducted in compliance with Spanish legislation and ac-
cording to the European Union directives on this subject.
Protocols were approved by the animal care committee of
the Autonomous University of Barcelona, Spain.

Preparation of sections

Pregnant rats were anesthetized with sodium pentobar-
bital (50 mg/kg body weight), and the fetuses were deliv-
ered by cesarean section. Embryonic brains were removed
and fixed for 4 hours at room temperature (RT) with
Bouin’s fluid (75 ml satured picric acid in distilled water,
25 ml formalin, and 5 ml glacial acetic acid). Postnatal
animals, under pentobarbital overdose anesthesia, were
perfused through the left ventricle with Bouin’s fluid for 5
minutes and the brains dissected out and immersed for an
additional 3 hours at room temperature (RT) in the same
fixative. Then, embryonic and postnatal brains were de-
hydrated and embedded in paraffin. Coronal sections 10
pm thick were obtained with the aid of a microtome,
serially collected, and mounted on glass slides pretreated
with 1:10 poly-L-lysine solution (Sigma, St. Louis, MO).
Sections were then dewaxed, hydrated, and processed for
the different techniques.

Immunocytochemical reaction for PCNA

Sections were rinsed for 3 X 5 minutes in TBS (0.05 M
Trizma base containing 150 mM of NaCl), pH 7.4; treated
for 10 minutes with 2% H,0, in 100% methanol to block
endogenous peroxidase; and rinsed again for 3 X 5 min-
utes in TBS and 3 X 5 minutes in TBS with 0.1% Triton
X-100 (TBS-T). Sections were then placed for 30 minutes
at RT in blocking buffer (BB) solution containing 10% fetal
bovine serum in TBS-T and incubated overnight at 4°C
with the primary mouse monoclonal anti-human PCNA
antibody (clone PC10; Dako, Carpinteria, CA) diluted
1:100 in BB. After three 5 minute rinses in TBS-T, sec-
tions were incubated for 60 minutes at RT with anti-
mouse IgG biotinylated antibody (Amersham, Arlington
Heights, IL) in a 1:200 dilution in BB, rinsed again, and
incubated for 60 minutes at RT with a 1:600 dilution of
avidin-peroxidase (Sigma) in BB. After three 5 minute
rinses in TBS, the peroxidase reaction was visualized by
transferring the sections for 5 minutes to 100 ml of 0.05 M
Trizma base (TB), pH 7.4, containing 50 mg 3,3'-
diaminobenzidine (DAB; Sigma), 4 ml 1% ammonium
nickel sulfate, 5 ml 1% cobalt chloride, and 66 wl H,O,.
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Finally, sections were rinsed, dehydrated in graded etha-
nol, cleared in xylene, and coverslipped in DPX mounting
medium. As a negative control for immunocytochemical
staining, the primary antibody was omitted in one section
per animal for each age.

In situ labeling of nuclear DNA
fragmentation: the TUNEL method

The TUNEL technique was carried out in accordance
with the method of Gavrieli et al. (1992). Sections were
placed for 5 minutes in 10 mM Tris-HCI, pH 8; treated for
15 minutes at RT with proteinase K (Boehringer Mann-
heim, Indianapolis, IN) diluted to 20 pg/ml in Tris-HCI;
and rinsed for 4 X 2 minutes in double-distilled water
(DDW). The endogenous peroxidase was blocked, and sec-
tions were then rinsed; transferred for 10 minutes to re-
action buffer (30 mM Tris-HCI, 140 mM sodium cacody-
late, 1 mM cobalt chloride), pH 7.2; and incubated in a
moist chamber for 25 minutes at 37°C in reaction buffer
containing 0.3 U/l terminal deoxynucleotidyl transferase
(Boehringer Mannheim) and 20 wM biotinylated 16-dUTP
(Boehringer Mannheim). The enzymatic reaction was
stopped by rinsing twice for 10 minutes in saline sodium
citrate buffer (300 mM sodium chloride, 30 mM sodium
citrate). After two 2 minute rinses in DDW, sections were
placed for 5 minutes in TBS and treated for 20 minutes
with BB. The sections were then incubated for 60 minutes
at RT with a 1:600 dilution of avidin-peroxidase in BB and
rinsed again. The peroxidase reaction was performed as
described above for PCNA immunocytochemistry. Finally,
sections were dehydrated, cleared in xylene, and cover-
slipped in DPX. As a negative control, one section per
animal from each age was incubated in a medium lacking
either the enzyme or the biotinylated substrate.

Immunohistochemical reaction for caspase-3

After blocking of endogenous peroxidase, sections were
rinsed for 3 X 10 minutes with TBS; pretreated for anti-
gen retrieval with 10 mM citrate buffer, pH 6.0, for 20
minutes; and rinsed again for 3 X 10 minutes with TBS
and 3 X 10 minutes with TBS-T. After treatment for 20
minutes at RT with BB, sections were incubated overnight
at 4°C with 1:50 rabbit anticleaved caspase-3 (D175) poly-
clonal antibody (Cell Signalling). Sections were then
rinsed for 3 X 10 minutes with TBS-T, incubated at RT for
1 hour in 1:200 anti-rabbit IgG biotinylated antibody (Am-
ersham), rinsed for 3 X 10 minutes in TBS-T, and incu-
bated for 1 hour at RT with a 1:600 dilution of avidin-
peroxidase in BB. After being rinsed, the peroxidase
reaction product was visualized by incubating the sections
in 100 ml TB containing 50 mg DAB and 33 pl H,O0,.
Finally, sections were dehydrated in graded ethanols,
cleared in xylene, and coverslipped in DPX mountant me-
dium (Bancroft and Stevens, 1996). As a negative control
for immunocytochemical staining, the primary antibody
was omitted in one section per animal for each age.

Double-labeling techniques

To detect proliferating microglia, paraffin sections were
processed for double labeling (Vela et al., 1997) by sequen-
tially combining PCNA immunostaining and tomato lectin
(TL) histochemistry. Simultaneous demonstration of apo-
ptotic microglia was achieved through sequential combi-
nation of TUNEL (Vela et al., 1996) or caspase-3 immu-
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nohistochemistry and TL histochemistry. Tomato lectin is
a lectin obtained from Lycopersicon esculentum (tomato),
which is specific for oligomers of poly-N-acetyllactosamine
containing three repeating Gal (betal—4)GlcNAc (betal—
3)-disaccharides that specifically bind poly-N-acetyl lac-
tosamine residues (glcNAc); (Zhu and Laine, 1989). Bio-
tinylated TL is commonly used as a histochemical
microglial marker in both the prenatal CNS (Dalmau et
al., 1997b) and the postnatal CNS (Acarin et al., 1994) as
well as in the adult (Acarin et al., 1994). Two types of
controls were carried out. First, some sections were incu-
bated only with avidin-peroxidase. Second, the specificity
of TL was confirmed by incubating some sections in a 0.1
M solution of N-acetyl lactosamine (Sigma A-7791) for 30
minutes before incubation with the biotinylated lectin in a
sugar solution (Acarin et al., 1994).

PCNA/TL and TUNEL/TL double staining. PCNA-
and TUNEL-stained sections were rinsed for 3 X 5 min-
utes in TBS, and peroxidase activity was blocked with 2%
H,0, in 100% methanol for 10 minutes at RT. After three
10 minute rinses in TBS-T, the sections were incubated
overnight at 4°C with the biotinylated TL (Lycopersicon
esculentum; Sigma) diluted to 15 pg/ml in TBS-T. Sections
were then rinsed for 3 X 15 minutes in TBS-T, incubated
for 1 hour at RT with a 1:600 dilution of avidin-peroxidase
in TBS-T, and rinsed again. The peroxidase reaction was
visualized by incubating the sections in 100 ml of TB
containing 50 mg DAB and 33 pl H,O,, for 5 minutes. Most
sections were counterstained with Harris’s hematoxylin.
Finally, sections were dehydrated in graded ethanols,
cleared in xylene, and coverslipped in DPX mounting me-
dium (Bancroft and Stevens, 1996).

Double caspase-3/TL immunofiuorescence. For si-
multaneous visualization of caspase-3 and microglia,
some sections from each animal and for each age were
immunostained for caspase-3 as described previously but
using rabbit anticleaved caspase-3 (D175) polyclonal an-
tibody and a 1:1,000 dilution of Cy3-conjugated anti-
rabbit IgG (Amersham) as secondary antibody. Double
labeling for TL was visualized using the biotinylated TL
and 1:1,000 Cy2-conjugated avidin (Amersham). Finally,
sections were coverslipped with Glycergel mounting me-
dia (Dako).

Quantification and statistical analysis

The quantitative study was carried out to determine
numbers and densities of microglia (see Fig. 2, Table 1),
proliferating microglia (see Fig. 2, Table 1), and apoptotic
microglia (Table 1). In addition, the density of phagocy-
tosing microglia (Table 2) throughout all ages was quan-
tified. The brain regions analyzed were cerebral cortex,
subcortical white matter (corpus callosum and external
capsule), and hippocampus (Ammon’s horn, dentate gy-
rus, and fimbria). Values for the subcortical white matter
at E16 were not given because of the difficulties in delin-
eating the area at this age (Altman and Bayer, 1995). Cell
counting in Ammon’s horn on day E16 includes not only
this subregion but also the developing dentate gyrus and
the fimbria, because none of these structures are clearly
distinguishable at this early age (Altman and Bayer,
1995). In total, three animals per age were used for this
purpose. Number of cells and cell density (number of cells
per square millimeter) values were obtained by counting
cells in six randomly selected coronal sections at the
central/midposterior level per animal and for each brain
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TABLE 1. PCNA- or TUNEL-Labeled Microglial Cells in the Developing Rat Brain®
Number of cells Density (cells/mm?)
Microglia- Microglia- Microglia- Microglia-
Microglia PCNA (%) TUNEL Microglia PCNA TUNEL
Gray matter
Cerebral cortex
E16 88+ 0.6 4.5 * 0.6 (51) 0 13.0 = 0.9 6.6+ 0.9 0
E18 21.6 = 2.4 11.8 + 0.9% (55) 0 147+ 15 8.0 + 0.6 0
E21 34.8 + 1.42 18.8 + 0.4% (54) 0 133+ 1.2 71+04 0
PO 63.3 + 2.8 47.8 + 2.9 (75) 0 17.0 = 0.8 12.8 + 0.72 0
P6 113.3 * 1.52 109.3 + 1.92 (96) 0 15.5 = 0.5 14.9 = 0.5 0
P9 432.1 + 20.8% 426.5 + 20.12 (99) 0 51.8 * 2.22 51.1 * 2.12 0
P18 641.0 + 1.3 273.0 = 1.3% (43) 0 60.4 + 0.12 25.7 + 0.12 0
Ammon’s horn
E16 11.6 + 1.6 4.6 * 0.9 (39) 0 50.1 + 5.9 19.8 + 3.7 0
E18 110+ 1 5.0 + 0.5 (45) 0 372+ 24 16.7 + 0.6 0
E21 30.5 + 3.92 10.1 + 12(33) 0 449 + 4.7 15.0 = 1.3 0
PO 43.0 + 3% 34.0 = 1.7% (79) 0 49.8 + 3.4 39.4 + 1.9 0
P6 88.0 + 12 83.6 = 0.5 (95) 02+0.2 55.4 + 3.9 52.6 + 3.7 1.2+12
P9 131.5 + 4.22 124.8 + 4.22(95) 0.7+ 0.4 64.1+ 1.8 60.8 + 1.7 32+21
P18 226.3 * 2.3% 30.0 = 0.72 (13) 0 74.2 + 0.7% 9.8 + 0.22 0
Dentate gyrus
E16 — — — — — —
E18 0.1+0.1 0 0 6.2+ 6.2 0 0
E21 1.6 = 0.2 0.4 * 0.2 (25) 0 123+ 1.3 2.7+ 1.6 0
PO 3.8 = 0.5% 1.5 + 0.2%(39) 0 28.9 + 4.5 114 + 1.8% 0
P6 17.0 *+ 1.4% 16.0 + 12(94) 0 375+ 4.3 35.3 + 3.6 0
) 54.3 + 4.8° 51.6 = 4.22 (95) 0 75.5 + 8.4% 717 = 7.47 0
P18 69.6 + 0.9 20.0 = 1% (29) 0 50.2 + 0.6 14.4 + 0.72 0
White matter
Subcortical white matter
El6 — — 0 — — 0
E18 59.0 + 3 16.6 + 0.8 (28) 0 260.1 = 10.5 735+ 3.4 0
E21 65.6 + 2.3 22.5 + 1.3% (34) 0.2+ 0.2 81.1 + 4.72 27.9 + 2.42 0.1+0.1
PO 103.1 * 7.42 65.6 = 3.7 (64) 0 104.1 = 7.50 66.2 + 3.72 0
P6 66.0 + 3.5 58.0 + 3.8 (88) 0 62.0 + 4.5 54.6 + 4.6 0
P9 228.6 + 4.1 218.5 + 5.9% (95) 0 215.2 + 5.12 205.5 + 5.4° 0
P18 221.8 + 0.9 70.3 * 0.42 (32) 0 116.8 + 0.42 37.0 + 0.22 0
Fimbria
E16 — — 0 — — 0
E18 6.0+ 04 1.8 * 0.3 (30) 02+0.2 104.4 + 6.3 31.3 + 4.3 2.5+ 25
E21 13.0 + 1.3% 8.0 + 1.22(62) 0 102.5 + 19.4 65.0 + 1.5 0
PO 17.6 * 0.4% 14.0 = 0.5% (79) 0 112.9 + 2.7 88.6 + 3.3 0
P6 18.0 * 0.3 16.0 + 0.3% (89) 0 66.5 + 7.1 59.2 + 6.42 0
P9 33.1 + 0.67 30.6 = 0.6 (92) 0.2 +0.2 141.3 * 3.3% 130.6 = 2.7% 0.6 +0.6
P18 32.6 + 0.2 10.6 + 0.2% (32) 0 77.2 = 0.42 25.2 + 0.42 0

IThe quantitative data are based on cell countings of 3 animals per age. Values are in means + SEM. Microglia-PCNA, microglial cells expressing PCNA. Microglia-TUNEL,
TUNEL-positive microglial cells in relation to the total of TUNEL-positive cells (Table 2).

2Statistically significant with regard to previous age (P < 0.05).

TABLE 2. Density of TUNEL-Positive Cells engulfed by TL-Labeled Microglial Cells*

Cerebral cortex Ammon’s horn Dentate gyrus Subcortical white matter Fimbria
TUNEL/TL TUNEL/TL TUNEL/TL TUNEL/TL TUNEL/TL

TUNEL (%) TUNEL (%) TUNEL (%) TUNEL (%) TUNEL (%)
E16 68%03 12+0.2(18) 236 +33 209+ 3(88) — — — — — —
E18 03=0.1%2 03+012(1000 52=112  4.7+0.92(91) 0 0(0) 73+ 14 6.6 + 1(90) 79+ 12.6  76.5 + 10.2 (97)
E21  0.7+0.1%2 0.6 *0.1(90) 4+03 3.2 + 0.3 (81) 1.4 + 1.42 0(0) 2.8 + 0.4% 1.6 +0.22(56) 224 *552 215+ 62(96)
PO 44+022 38+02%(86) 182+ 18> 182+ 18%2(100) 204 *4.2% 19.1=362(93) 18124 17.1=182(94) 348+53  34.8+5.3(100)
P6 4+03  35%022(87) 10.6 = 2.6 5.2 + 0.7 (49) 12.7 + 2.2 6.9+ 0.82(54) 26736 224+17(84) 153+24%2 112 = 2.1%(73)
P9 1.5+09% 1.4+0.22(93) 3.7+0.62  2.7*0.7(74) 44+052 322082(73) 164+ 12 153+ 1.5%(93) 13523 113+ 2.3(84)
P18 06=0 0.5 + 02(83) 1.3+ 022 1+ 0.12(76) 2.6 +0.32 1.8 + 0.4 (71) 55+ 0.62 4.3+ 4.82(79) 0? 02 (0)

1The quantitative data are based on cell countings of three animals per age. Density is

expressed in cells/mm? Values are in means = SEM. TUNEL, TUNEL-positive cells.

TUNEL/TL, TL-positive cells engulfing TUNEL-labeled cells. Percentage of TUNEL-positive cells engulfed by TL-labeled microglial cells.

2Statistically significant with regard to previous age.

region and age. In practice, the area (square millimeters)
for each brain region throughout all ages was first defined
by digitizing histological sections with the aid of a video
camera mounted on a Leitz microscope and interfaced to a
Macintosh computer using the National Institutes of
Health Image software (NIH 1.52). The cell density for
each age in each brain region, based on this analysis, was
calculated by dividing the total cell number by the area
(square millimeters). Quantification was performed under
the microscope, using a 40X objective. All cells were
counted by the same person (I.D.). The criteria for count-

ing a cell were as follows: 1) TL-labeled microglia had a
brownish-stained cytoplasm (with or without a cell pro-
cess) surrounding a small, oval to round heterochromatic
hematoxylin blue-stained nucleus; 2) PCNA-labeled mi-
croglia displayed a PCNA black-stained nucleus sur-
rounded by a brownish TL-stained cytoplasm (with or
without a cell process); 3) TUNEL-positive microglia had
either a TUNEL black-stained nucleus with a surrounding
brownish TL-stained cytoplasm (with or without a cell
process) or a hematoxylin-stained nucleus with an intense
peripheral TUNEL black labeling surrounded by a brown-
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Figure 1
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ish TL-stained cytoplasm (with or without a cell process);
4) TUNEL-labeled cells were distinguished as having in-
tensely and homogenously TUNEL-stained nuclei or a
hematoxylin-stained nucleus with an intense peripheral
TUNEL black labeling; and 5) phagocytosing microglia
were distinguished as TL-labeled microglia showing a
hematoxylin-stained heterochromatic nucleus and engulf-
ing or containing TUNEL black-positive material in either
the cytoplasm or cell processes, corresponding to apoptotic
cells other than the microglial cell itself.

Analysis of variance (ANOVA) and Scheffé’s test were
performed at the 95% significance level. Statistical com-
parison was made from one age to the previous one
throughout all time points for each brain region.

Photomicrograph production

The photomicrographs shown in Figure 1 were obtained
by digitizing histological sections with the aid of a video
camera mounted on a Leitz microscope and interfaced to a
Macintosh computer. The photomicrographs in Figure 3
were obtained with a Leitz confocal microscope interfaced
to a PC computer. Final photomicrographs were generated
using Adobe Photoshop 5.5.

RESULTS

Microscopic examination of TL histochemistry in the
developing rat brain revealed the presence of a heteroge-
neous population of cells belonging to the microglial cell
lineage in the different brain structures analyzed: cere-
bral cortex, subcortical white matter, and hippocampal
subregions Ammon’s horn, dentate gyrus, and fimbria. In
addition to microglia, TL also stained blood vessel endo-
thelium, ependyma, and choroid plexus epithelium, but
this labeling did not interfere with microglial identifica-
tion. Sections processed as negative controls for lectin
staining were devoid of specific labeling.

Three types of microglia were distinguished based on
morphological features and according to our previous data
(for a detailed study see Dalmau et al., 1998a): ameboid
microglia (AM), primitive ramified microglia (PRM), and
mature ramified microglia (RM). The three morphologic

Fig. 1. Double-labeling technique combining TL histochemistry
for the demonstration of microglia (brown staining) and PCNA immu-
nohistochemistry (A-D) or TUNEL (E-H) staining (black staining).
Sections were also counterstained with hematoxylin. A,B: Subcortical
white matter on E21. Ameboid microglial (A,B) cells often showed
nuclear PCNA immunostaining (arrows) in the prenatal period, al-
though some of them (arrowhead in B) did not colocalize PCNA
staining. In A, note that PCNA expression was also found in cells
other than microglia (arrowheads in A). C,D: Cerebral cortex at P9.
Primitive ramified microglial cells expressing PCNA (arrows in C).
Cells other than microglia also expressed PCNA (arrowheads in C).
Interestingly, pairs of juxtaposed PCNA-positive microglial cells were
seen (D). E: Primitive ramified microglia displaying a peripheral
nuclear TUNEL staining (arrowheads) in the stratum radiatum of the
hippocampus at CAl subregion at P9. F: Microglial cell nucleus
(blackish staining) showing a dark and homogenous TUNEL staining
in the cerebral cortex at P0. G: Microglia engulfing TUNEL-positive
cells (arrowheads) at the border between the CA1 stratum oriens and
the dorsal hippocampal commissure at the day of birth. H: Primitive
ramified microglia showing its own nucleus (asterisk) and engulfing a
TUNEL-labeled apoptotic nucleus by means a cell process (arrow-
head). bv, Blood vessel. Scale bar = 50 um for A,C, 15 pm for B,D-G,
30 pm for H.
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typologies corresponded to different steps in the matura-
tion of microglia, and each microglial cell type showed a
specific time course of appearance and distribution pat-
tern. AM (Fig. 1A,B) were roundish cells with filopodia
and pseudopodia that were first found on E16 and gradu-
ally transformed into PRM with age. PRM (Fig. 1C) were
poorly ramified cells that represent intermediate forms in
the differentiation process from AM to RM. PRM were
first found on E18 and were the most widespread micro-
glial cell type up to P9. RM, the mature ramified micro-
glia, were rarely found before P9 but were the only type
found in the brain from P18.

Proliferation of microglia visualized by
PCNA/TL double staining

Double PCNA/TL staining enabled us to visualize si-
multaneously PCNA-positive nuclei (black staining) and
TL-positive microglia (brownish staining; Fig. 1A-D). AM
(Fig. 1A,B) and PRM (Fig. 1C,D) accounted for the major-
ity of PCNA-positive microglial cells, whereas RM rarely
expressed PCNA. PCNA-positive AM were found mostly
in the prenatal period, in both gray and white matter,
although they were restricted to white matter in the
postnatal period (up to P9). PCNA-positive PRM were
preferentially demonstrated in the postnatal period and
distributed in gray and white matter. Some TL-positive
cells other than microglia (vascular endothelial cells,
ependyma, and choroid plexus epithelial cells) and some
non-TL-positive cells also expressed PCNA. The quantita-
tive analysis (Fig. 2, Table 1) revealed that the number of
PCNA-positive microglia increased from the prenatal pe-
riod, when less than half of the microglial cell population
expressed PCNA in most brain regions, reaching a maxi-
mum on P9 in all gray and white matter brain regions,
when the great majority of microglia expressed PCNA:
99% in the cerebral cortex, 95% in the hippocampal re-
gions Ammon’s horn and dentate gyrus, 95% in the sub-
cortical white matter, and 92% in the fimbria. In conclu-
sion, although some differences between regions could be
noted, a significant peak increase in the number of
PCNA/TL double-stained cells was observed in most re-
gions from P6 to P9 along with a significant reduction
from P9 to P18.

Developmental changes in the microglial
cell population and cell densities

The microglial population expanded significantly from
the prenatal period to the postnatal ages in both gray and
white matter (Fig. 2, Table 1). However, the increase in
microglial numbers showed a different dynamic when
comparing different gray and white matter regions. In
each region, the microglial cell population on average sig-
nificantly expanded up to 2-fold when comparing one age
with the previous age, with the following exceptions: 1)
2.5- to 3-fold in the cerebral cortex from E16 to E18, the
Ammon’s horn from E18 to E21, and the dentate gyrus
from E21 to PO and from P6 to P9; 2) around 3.5-fold from
P6 to P9 in the cerebral cortex and the fimbria; and 3)
around 4.5-fold in the dentate gyrus from PO to P6. In
contrast, there was a significant decrease in the microglial
cell numbers of 1.5-fold only in the subcortical white mat-
ter from PO to P6.

Despite marked increases in the number of fetal cells
counted, the density of microglia (number of cells per
square millimeter) remained quite constant during devel-
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Fig. 2. Quantification of microglia in the developing rat brain.
Histograms and line graphs are obtained from data in Table 1. His-
tograms show the number of microglial cells in each brain region and
throughout the ages selected in the present study. The inferior black
part of each column represents the fraction of microglia that were
actively proliferating based on their double PCNA/TL staining. Line
graphs represent the time course of microglial density in the different
brain regions analyzed.
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opment (Fig. 2, Table 1). In general, a significant increase
was found only during the postnatal time, particularly
P6-P9 or P9-P18, depending on the region. The micro-
glial density was in general higher and reached its maxi-
mum earlier in white than in gray matter. In the different
gray matter regions, the highest microglial densities were
found on P9-P18 and were 50—75 cells/mm?, whereas, in
white matter, maximal densities were found on E18 in the
subcortical white matter and on P9 in the fimbria, where
they were approximately 260 and 140 cells/mm?, respec-
tively. In addition, the changes in microglial density
through ages showed a different dynamic in gray and
white matter. With the exception of the dentate gyrus,
which showed a significant reduction in microglial cell
density from P9 to P18, microglial density in the develop-
ing gray matter was characterized by a slow increase in
cell density from the embryonic period throughout the
postnatal period. In contrast, microglial density in white
matter displayed cyclic changes, with a decrease from E18
to E21, an increase from E21 to PO, a new decrease from
PO to P6, a new increase from P6 to P9, and a final
decrease from P9 to P18.

Apoptosis of microglia visualized by DNA
fragmentation and caspase-3 activation

Detection of in situ nuclear DNA fragmentation by
TUNEL and expression of active, cleaved caspase-3 by
immunocytochemistry are frequently used methods for
visualization of apoptotic cells in tissue sections (Gavrieli
et al., 1992; Gown and Willingham, 2002). Double
TUNEL/TL staining allowed the simultaneous visualiza-
tion of TUNEL-positive nuclei (black staining) and TL-
positive microglial cells (brownish staining; Fig. 1E,F).
Most TUNEL-positive cells showed an intense and homo-
geneous nuclear staining (Fig. 1F), but cells showing a
peripheral nuclear labeling (Fig. 1E) were also observed.
Microglia were frequently found close to or clustering
around TUNEL-positive nuclei, but only some TUNEL-
positive microglial nuclei were noted. The presence of low
numbers of apoptotic microglia was also confirmed by
double-fluorescence labeling combining caspase-3 immu-
nohistochemistry (red) and TL histochemistry (green; Fig.
3A-I). The quantitative analysis (Table 1) revealed that
apoptotic microglia represented a small fraction of the
microglial cell population. Apoptotic microglia were
mainly AM located in white matter and PRM located in
gray matter. Very rarely, we observed RM showing nu-
clear DNA fragmentation. With regard to their temporo-
spatial distribution, apoptotic microglia in white matter
were found mainly in the fimbria on days E18 and P9 and
in the subcortical white matter at E21, whereas they were
observed in gray matter on days P6 and P9 in Ammon’s
horn. At other ages and locations, microglial cells showing
positive TUNEL or caspase-3 staining were infrequently
found.

Phagocytosis by microglia

A remarkable association of TUNEL-positive (Fig.
1G,H) and caspase-3-positive cells (Fig. 3J-L) and micro-
glia was found when examining double labeling combining
TUNEL-labeling or caspase-3 immunohistochemistry
with TL histochemistry. Not only ameboid (Fig. 1G) but
also ramified (Figs. 1H, 3J-L) microglial cells were found
adjacent to, clustering around, engulfing, or containing
TUNEL-positive cells. The quantitative analysis (Table 2)
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Fig. 3. Double-staining technique combining immunohistochemis-
try to demonstrate caspase-3 activation (red staining) and tomato
lectin histochemistry for the visualization of microglia (green stain-
ing). A-I: Cerebral cortex (A-C) and hippocampus (D-I) on P6. Sim-
ilarly to the detection of DNA fragmentation by TUNEL in cells of the
microglial lineage, the expression of active caspase-3 (A,D,G) was
investigated in this glial cell type (arrows in B,E,H), showing a colo-
cation of the enzyme in some cells of the microglial population (ar-
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rowheads in C,F,I), although they were generally negative for this
colocalization (arrows in C,F,I). J-L: Primitive ramified microglia
(arrows in K and arrow in L) in the dentate gyrus at P6 are also
observed engulfing caspase-3-positive cells (J and arrowhead in L) by
means of a cell process, corroborating the evidence that not only
ameboid but also maturing ramified microglia have the ability to
phagocytose in the developing brain. bv, Blood vessel. Scale bars in
C,F = 10 pm for A-F; bars in LLL = 20 pm for G-L.
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showed that, except for a few ages and in certain brain
regions, more than 70% of TUNEL-positive cells were in
close association with microglia. The highest mean per-
centages were found in the cerebral cortex at E18, in
Ammon’s horn at PO, and in the fimbria at PO, when close
to 100% of TUNEL-positive cells were being engulfed by
TL-positive microglia.

DISCUSSION

Microglial proliferation and density of
microglia during development

The present study demonstrates that proliferation of
microglia is a remarkable event that takes place in the
developing CNS, and this event contributes significantly
to the establishment of normal microglial density in the
mature CNS. The time course of microglial proliferation
paralleled the temporal pattern of microglial differentia-
tion: Immature AM and PRM found in the embryonic and
early postnatal periods proliferated at higher levels than
the mature RM found in the late postnatal period. We
show here that a significant fraction of microglia prolifer-
ates during CNS development, during both prenatal and
postnatal periods. The percentage of microglia expressing
PCNA progressively increased with time, reaching the
maximum at P9. About 50% of the microglial cell popula-
tion expressed PCNA during the prenatal period, and,
when at a maximum at P9, the great majority (92—-99%) of
microglia expressed PCNA in the gray and white matter.
This means that the severalfold expansion of the micro-
glial cell population that takes place from P6 to P9 can
almost be accounted for by proliferation of resident AM
and PRM cells. However, proliferation does not result in a
progressive parallel increase in microglial density with
time. On the contrary, insofar as the brain is an organ that
experiences remarkable morphogenetic changes and un-
dergoes significant volume expansion during develop-
ment, the density of microglia remained quite constant
during development. On this basis, it appears that prolif-
eration serves not only to promote an increase in the
density of microglia but more importantly to maintain a
relatively constant density of cells during the maturation
of the CNS. In accordance with our observations, studies
by Kaur et al. (1989) of other CNS regions have also shown
that the highest microglial density is found during the last
part of the first week and during the second postnatal
week. Similarly, a quantitative study of microglial onto-
genesis in the rat corpus callosum showed a marked in-
crease in the microglial cell density between P4 and P8
(Wu et al., 1992). In the rat pituitary, microglial prolifer-
ation peaked in both neurohypophysis and adenohypoph-
ysis on P14 (Mander and Morris, 1996).

Proliferation of microglia/macrophages in the present
study was recognized by expression of PCNA (Kurki et al.,
1988; Kelman, 1997) and the increase in cell numbers.
However, we cannot discard the possibility that some mi-
croglial precursors entered the cell cycle and expressed
PCNA without undergoing cell division, as suggested pre-
viously (Vela et al., 2002). For progression from G; to S,
some factors are required (Avanzi et al., 1991; Gadbois et
al., 1995), and it is accepted that some cells that become
activated and enter the cell cycle may also rest quiescently
in G;. G;-arrested cells express PCNA (Zolzer et al., 1994;
Gadbois et al., 1995), and this may result in the appear-
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ance of PCNA-immunoreactive cells without producing an
increase in the number of S-phase cells (McCormick and
Hall, 1992).

The proliferation of microglia may influence or be influ-
enced by other physiological processes that take place in
the developing CNS. The highest expression of PCNA by
microglia coincides with or takes places immediately prior
to the period of maximal dendritic growth and synapse
formation (Zimmer, 1978; Uylings et al., 1990; Jacobson,
1991c) and to the period of macroglial proliferation,
sprouting of brain capillaries (Jacobson, 1991b), and my-
elination (Baumann and Pham-Dinh, 2001). The reduc-
tion in the number of PCNA-positive microglia observed
between P9 and P18 occurs in parallel with the terminal
maturation of the cytoarchitecture of most CNS regions
(Hebel and Stromberg, 1986) and the time point when the
adult resting microglia become homogenously distributed
in the brain (Murabe and Sano, 1982; Perry et al., 1985;
Dalmau et al., 1998a). In gray matter, microglia prolifer-
ated throughout development. However, at most ages, the
massive proliferation of microglia did not result in a sig-
nificant increase in cell density, presumably because of
growth associated with brain morphogenesis. The rat ce-
rebral cortex experiences rapid growth during the late
prenatal period and postnatally from birth until about day
8, after which no notable changes in size occur (Uylings et
al., 1990). Accordingly, despite the continuous microglial
proliferation, the density of microglia in the cerebral cor-
tex remained relatively constant but had increased signif-
icantly by P9 and reached the maximal density at P18.
Therefore, microglial proliferation is able to compensate
for the prominent growth of the cerebral cortex from E16
to the first postnatal week. Only from P9 to P18, when the
growth declines, does proliferation result in a significant
increase in microglial density. The same reasoning is
plausible for Ammon’s horn, in that its temporal pattern
of growth (Bayer, 1980) is similar to that of the neocortex,
and, similarly, the microglial density increased postna-
tally, reaching the highest values at P18. For the dentate
gyrus, we observed a gradual but slow increase in micro-
glial density from E18 to P9 and a subsequent significant
decrease up to P18. Once again, the temporal changes in
microglial density correlate well with morphogenetics, in-
sofar as the growth rate of the dentate gyrus remains high
from the second postnatal week (Bayer, 1980) compared
with that in Ammon’s horn. This rate has been assessed to
be from 17% to 28% daily, which may partially explain the
reduction in microglial cell density seen at P18. However,
mechanisms other than proliferation and morphogenetics
might also be relevant (Fig. 4). Microglial precursors re-
cruited in white matter may migrate into the adjacent
gray matter (Ling et al., 1980; Murabe and Sano, 1982;
Navascués et al., 1996; Rezaie et al., 1997; Dalmau et al.,
1998a). It has also been suggested that some microglial
precursors in gray matter are derived from pial elements
(Del Rio Hortega, 1932; Boya et al., 1991; Sorokin et al.,
1992; Navascués et al., 1996; Dalmau et al., 1997a, 1998a)
or from hematogenous cells that extravasate through
blood vessels in gray matter (Dalmau et al., 1997b); how-
ever, the specific contribution of these mechanisms is not
known.

In contrast to gray matter, early prenatal white matter
was characterized by the presence of abundant microglia
(AM) and low microglial proliferation. In particular, the
subcortical white matter on E18 showed a very low per-
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Fig. 4. Proposed scheme for microglial population growth in the
developing brain. This scheme is based on the present study and our
previous investigations of microglial ontogenesis (Dalmau et al.,
1997a,b, 1998a,b). Two presumed main entry routes of microglial
progenitors into the developing brain are illustrated. Although micro-
glial cell progenitors of monocyte-like (M) nature may migrate into the
brain through the parenchymal blood vessels of the developing white
matter (1) by up-regulation of cell adhesion molecules such as the
LFA-1o/ICAM-1 system, microglial progenitors of fetal macrophage
(FM) origin may be recruited into the developing gray matter from the
surrounding meninges (2). However, the entry of monocyte-like cells
(8) from the parenchymal vascular network in the gray matter cannot
be discounted either. Apart from the fetal macrophage homing in the
gray matter, recruitment of microglial precursors (4) from the neigh-
boring white matter following a centrifugal migration pattern may

centage (about 3%) of proliferating microglia, although the
density of microglia was extremely high. This agrees with
previous studies showing that this brain region is rapidly
colonized by newly recruited AM (mostly from E18 in the
rat), which may arise from blood monocytes that extrava-
sate and disseminate through the developing white mat-
ter (Ling, 1979; Perry et al., 1985; Ashwell, 1991; Boya et
al., 1991; Dalmau et al., 1997b, 1998a). On this basis,
entrance and not proliferation seems to be the major
source of microglia in white matter at the earliest stages.
From this time, there was a gradual increase in the per-
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also participate in the microglial homing, as previously suggested
from other studies (see Cuadros and Navascués, 1998). Similarly to
the case for other cells in the nerve tissue, microglial proliferation of
cell precursors previous to their differentiation into mature cells is
also a common phenomenon occurring during normal brain develop-
ment, as shown in the present investigation. Therefore, not only the
entrance but also the cell division during both prenatal and postnatal
periods are crucial for the establishment of normal mature microglial
density. Finally, the observation of TUNEL- and caspase-3-positive
microglia suggests that apoptosis is a physiological mechanism of
microglial cell death in the developing CNS and may suggest the
hypothesis of the existence of a transitory cell population with specific
functions and a fate different from that of cells differentiating into
resting microglia. AM, ameboid microglia; PRM, primitive ramified
microglia; RM, resting microglia; bv, blood vessels.

centage of proliferating microglia during the prenatal and
postnatal periods, reaching the maximum on day P9 (95%
and 92% in the subcortical white matter and the fimbria,
respectively). Therefore, both recruitment and prolifera-
tion play a role in the establishment of the pool of micro-
glial precursors in white matter (Fig. 4). In contrast to
that of monocyte recruitment, the contribution of prolifer-
ation to the microglial cell population gradually increases
with time. Morphogenetic changes in volume, migration of
microglia, and cell death might also contribute to varia-
tions in the microglial density during the formation of the
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white matter (Fig. 4). Some microglial precursors initially
recruited in white matter may migrate into the gray mat-
ter. This phenomenon may occur, in the late embryonic
and early postnatal periods, and presumably counteracts,
in terms of microglial density, the effect of extravasation
and proliferation (Fig. 4). Nevertheless, its specific contri-
bution cannot be evaluated, because the precise temporal
pattern and percentage of microglia engaged in this mi-
gratory process are presently unknown. Another factor is
that the white matter experiences considerable growth
during development as a result of the progressive increase
in axon diameter and myelination. Myelin deposition and
assembly in the rat brain begins postnatally at about
10-12 days (Morell et al., 1989), when axons have ac-
quired an adequate diameter. Thus, the growth in diam-
eter of axons could influence cell density throughout de-
velopment, whereas myelination likely contributes to the
final decrease in microglial density observed from P9 to
P18. In this way, the presence of significant numbers of
proliferating microglia in white matter at P18 (32-33% of
microglial cells) indicates that microglial expansion is still
needed, in accordance with the observation that myelina-
tion is still incomplete at this age (Raine, 1984; Baumann
and Pham-Dinh, 2001).

Microglial apoptosis

By using TUNEL histochemistry and caspase-3 immu-
nohistochemistry, we have demonstrated the existence of
apoptotic microglial cells in the developing rat brain. A
few previous studies have also supported the possibility of
microglial cell death in the developing brain. In an auto-
radiographic study in the developing corpus callosum,
Imamoto and Leblond (1978) suggested that one-third of
ameboid microglia are transformed into ramified micro-
glia during the first 3 weeks of life, while the other two-
thirds degenerate. In a morphometric study of the trans-
formation of ameboid microglia into ramified microglia in
the rat corpus callosum, Wu and collaborators (1992) also
suggested that the reduction of microglial density after
P13 was due to cell death. Finally, more recently, de Louw
and collaborators (2002) identified TUNEL-positive micro-
glia in the rat spinal cord at P2, P5, and P8 and reported
that 18% of degenerating cells could be identified as
microglia/macrophages. Thus, similarly to what occurs
with neurons, astrocytes, and oligodendrocytes, it seems
plausible that the balance between cell proliferation and
death could also regulate the number of cells from the
microglial lineage during development. However, in the
present study using double-labeling techniques and two
sets of markers generally used to detect cells undergoing
apoptosis, we report that microglial apoptosis has a low
incidence and is restricted mainly to some AM encoun-
tered in white matter areas mostly during the late embry-
onic period and some PRM in gray matter areas mostly in
the postnatal period from P6 to P9. Because cell death
occurs only locally at certain ages and at low levels, when
the density of microglia is high and before the terminal
differentiation of microglial precursors into mature micro-
glia, we may deduce that apoptosis does not play a major
role in regulating microglial density during rat brain de-
velopment. Differences in data from previous reports may
be related either to regional differences or to differences in
the time points analyzed.

Interestingly, in comparing the microglial cells in the
different brain regions with proliferation ratio of micro-
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glial cell population, there is only a modest gain in the
microglial cell density and even a decline in certain re-
gions, such as the dentate gyrus, from P9 to P18. This
observation could be explained, as hypothesized in the
present study, either by the dramatic changes of volume
expansion during CNS development or by death of cells of
the microglial lineage through an apoptotic mechanism.
In addition, as suggested for some experimental models,
microglial cells may migrate out of the brain along the
vascular network (S¢rensen et al., 1996).

Phagocytosis of apoptotic cells by microglia

Microglia are resident CNS macrophages and have the
potential to become phagocytes when activated after in-
jury. In the developing CNS, cells of the microglial lineage
have also been involved in the removal of dead cells (Ash-
well, 1990, 1991; Ferrer et al., 1990; Ellison and Vellis,
1995; Moujahid et al., 1996) and exuberant axonal projec-
tions (Innocenti et al., 1983a,b). In this study, we found
that degenerating cells undergoing apoptosis were fre-
quently engulfed by microglial cells. The quantitative
analysis showed that a high percentage (more than 70% in
most areas, except for a few ages in certain brain regions)
of TUNEL-positive cells was partially or totally sur-
rounded by microglia. Interestingly, not only are AM ac-
tive phagocytes in the immature brain (for reviews see
Ashwell and Bobryshev, 1996; Perry, 2001; Streit, 2001)
but also PRM are involved in the removal of apoptotic
cells. These data are in agreement with the observation of
Murabe and Sano (1982) that microglial cells during the
postnatal development of the rat brain contain numerous
phagosomes in their cytoplasm. Although cells other than
microglia, such as Miller cells in the developing retina
(Egensperger et al., 1996; Marin-Teva et al., 1999b) or
astrocytes in mixed-glial cell cultures from neonatal
brains (Tansey and Cammer, 1998), have been reported to
exhibit phagocytic capacity, our findings tend further to
support the view that microglia are the main phagocytes
in the developing brain.

The presence of dead cells and cell debris in the dam-
aged tissue is considered to be a major signal for micro-
glial activation and proliferation in the injured CNS (Miy-
ake and Kitamura, 1991; Giordana et al., 1994; Vela et al.,
2002). However, on the basis on the present study (Tables
1, 2), a direct cause-and-effect correspondence between
cell death and microglial proliferation cannot be estab-
lished for the developing rat brain. A similar conclusion
was reached for the developing mouse cerebellum (Ash-
well, 1990). Therefore, it seems clear that, although de-
generation may act as a local stimulus for the proliferation
of microglia, the presence of degenerating cells per se does
not explain the sustained proliferation and regional dis-
tribution of microglia during development. Soluble pro-
teins acting as mitogens for microglia have been detected
during CNS formation (Guilian and Ingeman, 1988; Guil-
ian et al., 1991; Elkabes et al., 1996). The increase in the
density of proliferating microglia from E18 to P9 corre-
lates with the presence of two specific microglial mitogens,
MM1 and MM2 (Guilian et al., 1991). The colony-
stimulating factors (CSFs; Raivich et al., 1994a,b; Blevins
and Fedoroff, 1995), particularly CSF-1, has been demon-
strated early in the immature mouse brain in a region-
specific manner (Pollard, 1997) and persisted throughout
development (Théry et al., 1990; Mehler and Kessler,
1994). Altogether, both signals from dying cells and solu-
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ble factors may be responsible for promoting the sustained
proliferation of microglia during the formation of the CNS.

CONCLUSIONS

The present study shows that proliferation represents a
major source of microglia in the developing brain. On this
basis, not only entrance but also proliferation during both
pre- and postnatal development appear to be crucial for
the establishment of the normal mature microglial cell
population. Only once the brain has matured and no dra-
matic change in volume occurs does the cell division of
microglia result in the increased density values observed
in the normal adult brain. Thus, proliferation serves to
maintain a relatively constant density of microglia during
the period when the brain undergoes its maximal volume
expansion from the late prenatal period to the second
postnatal week. Apoptosis may also regulate the number
of microglia during development by acting locally at cer-
tain ages and in certain locations, but it seems less crucial
for the establishment of the final microglial population.
Finally, although microglia are the main phagocyte re-
sponsible for the elimination of dying cells during devel-
opment, the presence of degenerating cells does not ex-
plain per se the proliferation pattern and the regional
distribution of microglial cells during development.
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