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The postnatal development of rat microglia is marked by an
important increase in the number of microglial cells and the
growth of their ramified processes. We studied the role of
thyroid hormone in microglial development. The distribution
and morphology of microglial cells stained with isolectin B4 or
monoclonal antibody ED1 were analyzed in cortical and sub-
cortical forebrain regions of developing rats rendered hypothy-
roid by prenatal and postnatal treatment with methyl-thiouracil.
Microglial processes were markedly less abundant in hypothy-
roid pups than in age-matched normal animals, from postnatal
day 4 up to the end of the third postnatal week of life. A delay
in process extension and a decrease in the density of microglial
cell bodies, as shown by cell counts in the developing cingulate
cortex of normal and hypothyroid animals, were responsible for
these differences. Conversely, neonatal rat hyperthyroidism,
induced by daily injections of 3,5,39-triiodothyronine (T3), ac-

celerated the extension of microglial processes and increased
the density of cortical microglial cell bodies above physiological
levels during the first postnatal week of life.

Reverse transcription-PCR and immunological analyses indi-
cated that cultured cortical ameboid microglial cells expressed
the a1 and b1 isoforms of nuclear thyroid hormone receptors.
Consistent with the trophic and morphogenetic effects of thy-
roid hormone observed in situ, T3 favored the survival of cul-
tured purified microglial cells and the growth of their processes.
These results demonstrate that thyroid hormone promotes the
growth and morphological differentiation of microglia during
development.
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Microglia express markers specific to mononuclear phagocytes.
Microglia are found throughout the CNS and are thought to be
implicated in the pathophysiological responses to various lesions,
including those caused by human infectious, inflammatory, or
neurodegenerative diseases (Kreutzberg 1996; Antel and Owens,
1999; Gonzales-Scarano and Baltuch, 1999; Hickey, 1999). Dur-
ing development, microglial cells phagocytize cell debris in the
CNS and produce factors that favor growth or degeneration of
developing neurons (Ling and Wong, 1993; Chamak et al., 1995;
Bertini et al., 1996; Elkabes et al., 1996; Frade and Barde, 1998).
Microglial cells arise during the early stages of neurogenesis from
infiltration of the neuroepithelium by mesodermal macrophage
precursors. Microglial ontogenesis also involves intraparenchy-
mal cell proliferation and differentiation of the motile ameboid

cells, commonly observed in the developing brain, into resting
ramified cells (Cuadros and Navascués, 1998; Alliot et al., 1999;
Marı́n-Teva et al., 1999).

The physiological factors that promote the growth and differ-
entiation of microglial cells remain largely undetermined. Recent
evidence indicates roles for neurotrophin-3 and colony stimulat-
ing factor-1 (CSF-1), which are expressed in the developing brain.
(Michaelson et al., 1996; Calvo et al., 1998; Wegiel et al., 1998;
Kahn et al., 1999).

In an attempt to characterize mechanisms regulating microglial
growth, we have investigated the role of thyroid hormone [3,5,39-
triiodothyronine (T3) and thyroxine (T4)]. These compounds
favor basic processes of neurogenesis, including precursor cell
proliferation, neuronal migration, dendritic and axonal growth,
myelination, and synaptogenesis (Legrand, 1983; Porterfield and
Hendrich, 1993; Bernal and Nunez, 1995). Thyroid hormone also
acts as a promoter of astroglial and oligodendroglial differentia-
tion and modulates proliferation of macroglial cells, depending on
their stage of maturation and their localization in the brain (Rami
and Rabié, 1988; Faivre-Sarrailh et al., 1991; Trentin et al., 1995;
Lima et al., 1997, 1998; Rodrı́guez-Peña, 1999).

Thyroid hormone binds to receptors that belong to the nuclear
receptor superfamily (Mangelsdorf et al., 1995). In humans and
rodents, thyroid hormone receptors (TRs) are encoded by two
genes, TRa and TRb, that generate multiple isoforms, among
which only TRa1, TRb1, and TRb2 bind thyroid hormones
(Muñoz and Bernal, 1997; Oppenheimer and Schwartz, 1997).
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TRa and TRb are produced in the CNS, but their patterns of
expression vary markedly according to developmental stages, cell
phenotype, and intracerebral localization (Bradley et al., 1989,
1992; Strait et al., 1990, 1991; Mellström et al., 1991; Puymirat et
al., 1991; Puymirat, 1992; Lechan et al., 1993; Carré et al., 1998).
Notably they were not detected in all neurons or macroglial cells
(Puymirat et al., 1991; Puymirat, 1992).

In the present study on hypothyroid- or hyperthyroid-
developing rats, a major effect of thyroid hormone on the growth
and morphological differentiation of microglia was observed. We
also show that cultured microglial cells express TRa1 and TRb1
and that T3, the active form of thyroid hormone, promotes their
survival and the outgrowth of their processes. Together these
results demonstrate that in addition to its previously well docu-
mented effects on neurons and macroglial cells, thyroid hormone
plays a crucial role in the development of microglia.

MATERIALS AND METHODS
In vivo experiments
Animal treatment. All procedures were performed in accordance with the
European Community Council Directive of November 24, 1986 (ref:
86/609/CEE). Fetal and postnatal hypothyroidism was obtained by treat-
ment of pregnant Wistar rats (IFFA CREDO, l’Arbresle, France) from
day 16 of gestation [embryonic day 16 (E16)] with 0.1% 4-methyl-2-
thiouracil (MTU) (Fluka, St. Quentin Fallavier, France) in the drinking
water and a low iodine food regimen ad libitum. MTU belongs to a family
of compounds that block both maternal and fetal thyroid hormone
synthesis by inhibiting thyroglobulin iodination (Lissitzky, 1990).The
treatment was continued throughout lactation until the animals were
killed. Classical signs of hypothyroidism, such as reduced weight and
delayed eye opening in the pups, were observed.

Postnatal hyperthyroidism was induced by injecting developing rats
daily with T3 [0.05 or 0.3 mg/gm body weight (wt), s.c.] (Sigma, St. Louis,
MO) from the day of birth until the day of perfusion. Groups of animals
treated with MTU from E16 were also injected postnatally with T3 (0.05
or 0.3 mg/gm body wt). Treated or saline-injected control pups remained
with their dams until the day of perfusion.

Thyroxine assay. Hypothyroidism in the pups was controlled by radio-
immunological assay (RIA) of total T4 in serum using the assay kit from
Cis Bio International (Gif-sur-Yvette, France) according to the manu-
facturer’s instructions.

Tissue processing. Deeply anesthetized MTU-treated and normal rats
were perfused with fixative 2% paraformaldehyde (PFA), 55 mM L-lysine
monohydrochloride, 10 mM sodium metaperiodate (Merck, Darmstadt,
Germany), and 0.2% glutaraldehyde at postnatal day (P) 0, 4, 7, 10, 14,
and 22. P0 corresponded to the day of birth. Rats injected with T3 or
saline were perfused at P4 and P7. At least three animals were used for
each treatment at each age. Brains were post-fixed in the same solution
for 2 hr at 4°C, cryoprotected by overnight immersion in 20% sucrose in
PBS (4°C), and frozen rapidly. Coronal sections (15 mm thick) were cut
on a cryostat, mounted onto gelatinized slides, air dried, and stored at
220°C before use.

Immunohistochemical and lectin peroxydase staining. Microglial cells
were stained on tissue sections with either Bandeiraea Simplicifolia isolec-
tin B4 or mouse monoclonal antibody (mAb) ED1, as described previ-
ously (Chamak et al., 1995). For isolectin B4 labeling, sections were
incubated overnight at 4°C with peroxidase-conjugated isolectin B4 (Sig-
ma) diluted (10 mg/ml) in PBS supplemented with 0.1% Triton X-100
and 1 mM calcium. The specificity of the staining was checked by
saturation of the lectin binding sites with D-(1)-galactose (300 mg/ml).
For immunoperoxidase staining, the sections were incubated with mAb
ED1 (IgG1, Serotec, Bicester, UK) overnight at 4°C (dilution 1:100). The
primary antibody was visualized using peroxidase-conjugated goat anti-
mouse IgG (Biosys, Compiègne, France; dilution 1:200). The specificity
was controlled by replacing the primary antibody with an unrelated
mouse IgG1 (ICN, Eschwege, Germany). Peroxidase activity was re-
vealed using 0.3 mg/ml 3,39-diaminobenzidine tetrahydrochloride (Sig-
ma) in 100 mM Tris buffer, pH 7.4. The preparations were mounted in
Eukit (Kindler, Freiburg, Germany) and observed under a Leitz DMRB
microscope (Leica, Wetzlar, Germany).

Cell counts. The density of microglial cells revealed by isolectin B4-

peroxydase staining was estimated in the suprastriatal region of the
cingulate cortex. For each animal, counts were performed on four groups
of 16 serial 15 mm coronal sections, separated by gaps of 20–50 mm,
depending on the developmental stages of animals, and covering 1–1.1
mm scale along the anteroposterior axis. Microglial cells bodies were
scored at a magnification of 2003 in two 0.25 mm 2 grids per section. The
fields were located in the cortical plate of the right and left cingulate
cortex, external to the interhemispheric scissura just above the axonal
fiber tract of the corpus callosum. Cell density was defined as the number
of microglial cell bodies per field. The values presented are uncorrected
cell counts (means 6 SEM) performed on sections from at least two
animals for each age and each treatment. Statistical analyses were per-
formed using the Kruskall–Wallis nonparametric ANOVA test followed
by Dunn’s multiple comparisons test.

In vitro experiments
Reagents for cell cultures. All cell types were cultured in plastic dishes
(Nunc, Naperville, IL). T3, insulin, iron-free transferrin, progesterone,
putrescin, and selenium were from Sigma. All other components of the
culture media, including fetal calf serum (FCS) with low endotoxin
content (,0.05 ng/ml), were obtained from Life Technologies (Cergy
Pontoise, France). T3/T4-depleted FCS was obtained by adsorption of
FCS (2 hr at 4°C) onto sterile analytical grade anion exchange resin
(Bio-Rad, Hercules, CA) and verified by radioimmunological assay of
total T4 and T3 levels (Cis Bio International).

Microglial cultures. Highly pure (.99%) cultures of ameboid microglial
cells were obtained as described previously (Théry et al., 1991). Briefly,
floating microglial cells were isolated from 2-week-old primary glial
cultures prepared from the cerebral cortex and striatum of E17 Wistar
rats and grown in DMEM supplemented with 10% FCS. Harvested
microglial cells were washed three times in FCS-free DMEM and plated
in DMEM either with or without 1% T3/T4-depleted FCS. When used,
T3 was added daily to the medium at a final concentration of 500 nM.

For analysis of morphology and survival, microglial cells were plated at
low cell densities in uncoated 6 mm plastic wells (5000 cells per well) to
allow a clear observation of isolated cells. Biochemical analyses were
performed on microglial cells plated in uncoated 60 mm dishes (3.5 3
10 6 cells per dish).

Immunocytochemical and lectin fluorescent staining. Double-fluorescent
staining of cultured microglial cells with isolectin B4 and various anti-
bodies was performed as reported previously (Chamak et al., 1994), with
slight modifications. Briefly, cells were fixed with 2% PFA before incu-
bation overnight with fluorescein isothiocyanate (FITC)-conjugated
isolectin B4 (Sigma; 5 mg/ml), followed by cell permeabilization with
0.05% Triton X-100 and saturation (1 hr, room temperature) with 20%
normal goat serum diluted in PBS. Cells were then incubated with rabbit
polyclonal or mouse monoclonal anti-TR antibodies diluted 1:100 in PBS
(1 hr, room temperature). Bound antibodies were revealed with tetram-
ethylrhodamine isothiocyanate (TRITC)-conjugated goat anti-rabbit or
anti-mouse IgG antibodies (Biosys, Compiègne, France). Four different
antibodies reacting with TR of rat origins were used. Purified rabbit
polyclonal anti-TRa antibodies raised against recombinant chicken TRa
(ref:FL-408) and mouse monoclonal anti-TRb1 IgG1 raised against an
epitope mapping within the human TRb1 (ref:J52) were obtained from
Santa Cruz Biotechnology (TEBU, Le Perray-en-Yvelines, France).
Rabbit polyclonal anti-TRa antibodies raised against a fragment of rat
TRa common to a1 and a2 isoforms (residues 17–33 within the
N-terminal region) and anti-TRb1 antibodies raised against a fragment
(residues 67–80) of rat TRb1 were kindly provided by Dr. Baas (Ecole
Normale Supérieure, Lyon, France) and Dr. Carré (Centre Hospitalo-
Régional de Brest, France). Negative controls were obtained with unre-
lated rabbit or mouse IgG and by saturating FITC-conjugated lectin
binding sites with D-(1)-galactose (300 mg/ml).

Survival, proliferation, and morphology of cultured microglial cells. For
routine estimation of cell survival, cultured cells were fixed at different
times after plating by incubation with 2.5% glutaraldehyde (20 min, at
4°C) in culture medium. Cells were then washed extensively in PBS and
incubated 10–15 min with 0.05% toluidine blue in 2% Na2CO3. Stained
cells were washed with distilled water, air dried, and examined with an
inverted Nikon optical microscope (magnification 2003). The number of
surviving cells (before fixation) was estimated in each well. The criterion
was morphological integrity of the nuclei, cytosplasm, and membranes.
The reliability of this method was checked in pilot experiments by
comparison with counts of cells displaying a dark precipitate after
incubation of living cultures with 3-(4,5-dimethylthiazol-2yl)-2,5-
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diphenyl tetrazolium bromide, a chromogenic compound that is com-
monly used in vitro to detect actively respiring cells (Denizot and Lang,
1986). Process-bearing cells were defined as those with at least one
process three time longer than the diameter of the cell body. The number
of surviving and process-bearing microglial cells was determined in eight
microscopic grid fields covering 7% of the well surface.

Cells in S-phase were quantified by incorporation of bromodeoxyuri-
dine (BrdU) into DNA using a cell proliferation kit from Amersham
(Buckinghamshire, UK). Cultured cells were incubated for 24 hr with
BrdU before fixation and immunoperoxydase staining using anti-BrdU
mAb according to the manufacturer’s instructions. Stained nuclei were
counted as above. The result was expressed relative to the average
number of surviving cells in sister culture wells.

Statistical analyses were performed by ANOVA followed by Student–
Newman–Keuls multiple comparison test or Student’s t test when just
two groups were evaluated.

Reverse transcription-PCR analysis. Total RNA was isolated from cul-
tured microglial cells, adult rat cerebral cortex, or pituitary lysed in
guanidium isothiocyanate as described (Chomczynski and Sacchi, 1987).
RNA (3 mg) were reverse-transcribed for 50 min at 42°C using 200 ng of
random hexamer primers pdN6 (Pharmacia Biotech, Orsay, France) and
200 U of Moloney Murine Leukemia Virus reverse transcriptase (Super
Script II, Life Technology) in 50 ml of reaction mixture containing (in
mM): 50 Tris-HCl, pH 8.3, 75 KCl, 3 MgCl2, 10 DTT, and 0.5 dNTP. Rat
TRa1, TRa2, TRb1, TRb2, and glyceraldehyde-3-phosphate-
dehydrogenase (GAPDH) primers (Table 1) were chosen from reported
cDNA sequences (Fort et al., 1985; Thompson et al., 1987; Koenig et al.,
1988; Lazar et al., 1988; Hodin et al., 1989). TRa2 primers amplified two
splice variants: TRa2vI and TRa2vII (Mitsuhashi et al., 1988a,b).

PCR was performed with 5 ml of cDNA in 50 ml of PCR reaction buffer
containing 40 pmol of each primer, 0.4 mM dNTP, 2 U Taq DNA
polymerase, 50 mM KCL, 1.5 mM MgCl2, 10 mM Tris HCl, pH 9, and
0.1% Triton X-100. Thirty-two cycles of denaturation at 94°C for 30 sec,
annealing at 55°C (TRa1, TRb1, TRb2, GAPDH) or 59°C (TRa2) for 40
sec, and extension at 72°C for 1 min were followed by a final elongation
step at 72°C for 7 min. Amplified products were analyzed by electro-
phoresis on 1.5% agarose gels.

No products were amplified from RNA samples that were not reverse-
transcribed or from purified genomic DNA, consistent with sequences
spanning exon/intron borders (Lazar et al., 1989). The identity of am-
plified cDNA was verified by restriction enzyme analyses using the
enzymes listed in Table 1.

RESULTS
Microglial development in hypothyroid rats
Rat pups treated with MTU from E16 showed signs of hypothy-
roidism (Porterfield and Hendrich, 1993), including reduced
brain size and weight during early postnatal life. At birth (P0),
brain weight of MTU-treated animals was normal: a mean of 232
mg (forebrain, midbrain, and hindbrain included) was obtained

for four animals. This value rose to 316 mg in MTU-treated P3
rats but remained 30% lower than in age-matched control animals
(mean brain weight of 450 mg). The 25–35% reduction in brain
weight in treated animals persisted in later developmental stages
until P14. The effectiveness of the treatment was further con-
firmed by RIA assessement in serum of T4, the major circulating
thyroid hormone. As expected from thyroid function in the
developing rats (Fisher et al., 1977), T4 levels rose sharply in
normal animals during the first 2 postnatal weeks of life. At birth,
the T4 concentration in serum averaged 0.9 ng/ml and reached
18.8 and 52.4 ng/ml (means from two animals) at P7 and P14,
respectively. In MTU-treated animals, T4 levels remained below
the threshold of detection (0.5 ng/ml) up to at least P10 and was
13 times lower than in normal animals at P14 (3.9 ng/ml, mean of
two hypothyroid animals).

Isolectin B4 binds specifically to microglial and endothelial
cells on sections of developing and adult rat CNS (Streit and
Kreutzberg, 1987; Ashwell, 1991; Sorokin et al., 1992; Chamak et
al., 1995). Microglial cells were stained with this lectin in the
forebrain of both normal and hypothyroid newborn rats (P0).
Marked differences were observed, however, from P4. Microglial
cells with branched processes were clearly detected in the cortical
plate of normal P4 rats, but microglial cells appeared less abun-
dant and overall had shorter and less ramified processes in the
hypothyroid rats. These differences were most prominent at the
level of the parietal region of the cerebral cortex (Fig. 1 A,B).
Quantification of microglial density was performed by cell counts
in the ventral region of the cingulate cortex abuting the corpus
callosum, to obtain consistent positioning of optic fields at differ-
ent developmental stages. At P4 and P7 in the developing hypo-
thyroid rat, microglial density was significantly lower than in
matched normal rats ( p , 0.001, Dunn’s test) (Fig. 2A). In
normal animals, the density of microglial cells remained stable
from P0 to P4 and then increased to P7, whereas in hypothyroid
pups, a 30% decrease occurred between birth and P4, followed by
an increase to P7 (Fig. 2A).

Microglial development in hypothyroid rats remained subnor-
mal at later developmental stages. From P7 to P14, microglia
developed extensively in the normal cerebral cortex, as reported
previously (Milligan et al., 1991; Chamak et al., 1995), and also in
the cerebral cortex of hypothyroid rats, but not enough to com-
pensate for the differences established during the first week of life

Table 1. Sequences of RT-PCR primers, product sizes, and enzymes used for restriction analyses

Primer sequence

Product
size
(bp)

Enzyme (site
location, bp)

Acces-
sion
number

TRa1 (For) 59-TTGGAAACAGAGGCGAAAAT-39 788 PstI (408) M18028
(Rev) 59-GGGAGGAAGGAGAGAAGAGA-39

TRa2vI/TRa2vII (For) 59-TGACCCTGAGAGCGACACCC-39 598/481 Bg11 (366/none) M31174
(Rev) 59-CTCACTGCTGTCGTCTTCCC-39 EcoRI (552/435)

TRb1 (For) 59-TTCCCTCTCCTTAGTCTGCT-39 710 BamHI (322) JO3819
(Rev) 59-GCCTCTTCTCACGGTTCTCT-39

TRb2 (For) 59-ACCCCAAGACCTCCGTTTTT-39 785 SfiI (430) M25071
(Rev) 59-TCGCCTCCGCACTCACACAA-39

GAPDH (For) 59-TATCGGACGCCTGGTTACCA-39 875 BglI (440) X02231
(Rev) 59-CATTGAGAGCAATGCCAGCC-39

Forward and reverse primers are indicated as (For) and (Rev), respectively. Restriction sites are located in amplified products with respect to the 59 end of the sense strand.
TRa2vI and TRa2vII PCR products were generated with the same primers. Sequences of TRa2vI- and TRa2vII-amplified products differed by the 117 bp deletion (313–429
bp) in the latter as determined by Lazar et al. (1988) and Mitsuhashi et al. (1988b).
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(Fig. 3A–D). At P22, isolectin staining of microglial cells was less
intense than at P14, probably because of metabolic changes asso-
ciated with the “resting” state of adult microglia (Perry et al.,
1994). However, cortical microglia were still less developed at P22
in hypothyroid rats than in the normal animals (Fig. 3E,F).
Microglial growth was similarly affected by hypothyroidism in
other forebrain regions, including the corpus callosum, septal
nuclei (Fig. 4), and striatum.

In addition to the marked modification of microglia, we noticed
that enlarged isolectin B4-stained capillaries tended to be more

frequent in hypothyroid than in normal forebrain from the second
postnatal week of life (Fig. 4D, arrowhead points to an enlarged
vessel in hypothyroid corpus callosum at P10). Consistent with
this observation, early morphometric analyses performed by
Eayrs (1954) showed that the mean capillary diameter increased
in the cerebral cortex of 24-d-old rats rendered hypothyroid from
birth.

Effects of T3 injection on microglial development
The sensitivity of microglia to thyroid hormone was further
studied by analyses of the microglial response to repeated injec-

Figure 1. Microglial cells in the parietal cortex of hypothyroid (A),
euthyroid (B), and hyperthyroid rats treated with T3 (0.3 mg/gm body wt)
(C) at P4. Representative fields in the cortical plate. Peroxidase staining
with isolectin B4 reveals blood vessels (arrowheads) and branched micro-
glial processes. A, B, Arrows point to microglial cells that are shown at
higher magnification in the insets. Microglial cell bodies and processes
appear more numerous from A to C. Scale bar, 100 mm.

Figure 2. Microglial cell numbers in the cingulate cortex of hypothyroid,
euthyroid, and hyperthyroid rats at P0, P4, and P7. Results are presented
as the means 6 SEM of microglial cells stained with isolectin B4. A,
Untreated euthyroid rats (Control ) and MTU-treated hypothyroid rats
(MTU ). Differences were significant between MTU-treated rats and
controls at P4 and P7 ( p , 0.001) and between MTU treatment at P4 and
controls or MTU treatment at P0 ( p , 0.01). B, Saline-injected euthyroid
rats (Control ), hyperthyroid rats injected with T3 at 0.3 mg or 0.05 mg/gm
body wt (0.3 mg T3 or 0.05 mg T3), and MTU-treated rats that were
injected with T3 at 0.3 mg or 0.05 mg/gm body wt (MTU 1 0.3 mg T3 or
MTU 1 0.05 mg T3). At P4, differences between controls and T3-treated
animals with or without MTU were significant ( p , 0.001); differences
between animals treated with T3 alone and animals treated with both
MTU and T3 (T3 at 0.3 mg/gm body wt) were not significant ( p . 0.05).
At P7, there were significant differences between controls and T3-treated
animals without MTU ( p , 0.001) and between 0.3 mg T3 and 0.05 mg T3
treatments ( p , 0.01). Differences between controls and animals treated
with both MTU and T3 (T3 at 0.05 mg/gm body wt) were not significant
( p . 0.05). Statistical analyses were performed using the Kruskall–Wallis
nonparametric ANOVA test followed by Dunn’s multiple comparisons
test.
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tions of T3. Isolectin B4 staining in brain sections of hyperthyroid
P4 rats revealed an outgrowth of microglia in the forebrain, includ-
ing the cerebral cortex (Fig. 1B,C). In the cingulate cortex, micro-
glial cell density increased 100% in P4 rats treated with 0.3 mg
T3/gm body wt (Fig. 2B). At P7, hyperthyroidism was still associ-
ated with a significant increase in microglial density compared with
controls ( p , 0.001, Dunn’s test) (Fig. 2B). Increases of 37 and
68% occurred in the cingulate cortex of P7 animals treated with
0.05 and 0.3 mg T3/gm body wt, respectively (Fig. 2B).

To determine whether lower hormone levels accounted for the
reduced microglial density in MTU-treated hypothyroid rats,
these animals were injected with T3 from the day of birth. T3
prevented the effects of prenatal and postnatal MTU treatment
on microglial morphology and distribution in P4 and P7 rats.
Microglial densities in the cingulate cortex were similar in P4
animals that received 0.3 mg T3/gm body wt and in those treated
with both T3 and MTU (Fig. 2B). Prolonged daily treatment of
developing hypothyroid rats with doses of T3 .1 mg/gm body wt

can compromise the survival of the animals (Cernohorsky et al.,
1998). Thus, the effect of a 1 week T3 treatment in MTU-treated
rats was analyzed using a dose of 0.05 mg/gm body wt. Under
these conditions, the microglial density in rats treated with both
MTU and T3 was restored at P7 to the level observed in control
euthyroid rats (Fig. 2B).

T3 treatment also increased the development of cell processes.
This was most obvious in the transient subpopulation of ameboid
microglial cells labeled by mAb ED1 that are found mostly in
developing axonal fiber tracts. During development, they can
become ramified microglia and lose expression of macrophage
markers, including the ED1 antigen (Milligan et al., 1991; Ling
and Wong, 1993; Chamak et al., 1995).

As illustrated in Figure 5A, clusters of ED1-stained cells in the
corpus callosum of P7 normal rats were roundish or elongated
with short or no processes. In hyperthyroid rats, ED1-stained
cells had long branched processes and smaller cell bodies (Fig.
5B). Unlike isolectin B4-stained microglia, the density of ED1

Figure 3. Developmental changes in microglia in the parietal cortex of euthyroid (A, C, E) and hypothyroid (B, D, F ) rats at P7 (A, B), P14 (C, D), and
P22 (E, F ). Peroxidase staining with isolectin B4 in gray matter. Arrowheads and small arrows point to blood vessels and microglial cell bodies,
respectively. Note the marked increase in microglial processes between P7 and P14, the reduced intensity of microglial staining at P22 compared with
P7 or P14, and the reduced density of microglial processes in hypothyroid rats. Scale bar, 100 mm.
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cells was not obviously increased after T3 treatment (Fig. 5),
suggesting that hyperthyroidism did not prevent the developmen-
tal downregulation of ED1 antigen.

Expression of TR by cultured microglial cells
Histological analyses of developing hypothyroid and hyperthy-
roid rats indicated that thyroid hormone regulates growth and
morphological differentiation of microglia. The possible direct
influences of thyroid hormone on this cell population were inves-
tigated using cultures of purified microglial cells derived from
developing cerebral cortex and striatum. These cells, freshly har-
vested from primary glial cultures, had an ameboid phenotype
and expressed the ED1 antigen (Théry et al., 1991).

The expression of TRa and TRb genes in microglial cultures
was analyzed by reverse transcription (RT)-PCR. In addition to
the three transcripts (TRa1, TRb1, TRb2) encoding isoforms
that bind T3, we examined two closely related TRa splice variants
collectively designated TRa2. These variants give rise to isoforms
that do not bind T3, but they are expressed at high levels in the
developing brain (Lazar et al., 1988; Mitsuhashi et al., 1988a;
Strait et al., 1990). As illustrated in Figure 6A, TRa1 mRNA and

TRb1 mRNA, but not TRb2 or TRa2 transcripts, were detected
in microglia kept in vitro for up to 24 hr after purification from
primary glial cultures. This pattern of expression was observed
regardless of the presence of T3 or FCS in the culture medium
(data not shown). Figure 6 shows that TRa1, TRa2, and TRb1 or
TRb2 mRNA were clearly detected in adult cerebral cortex or in
pituitary extracts used as positive controls (Hodin et al., 1989;
Puymirat, 1992). Microglial expression of TRa and TRb was
demonstrated by immunocytochemical detection of the proteins
(Fig. 6C,E) using antibodies raised against rat TRa or rat TRb,
previously used to detect TR gene products in other CNS cell
types (Baas et al., 1994; Carré et al., 1998). Counterstaining of
the cells using isolectin B4 showed clearly that virtually all amoe-
boid microglial cells expressed both TRa and TRb and that the
receptors were preferentially located in the cell nuclei (Fig. 6B–
E). Similar staining was also obtained with commercially available
antibodies raised against chicken TRa or human TRb1 proteins
that cross-react with the rodent isoforms, and the microglial
expression of TRa and TRb proteins was confirmed by Western
blots (data not shown).

Figure 4. Microglial cells in the fore-
brain of euthryoid (A, C, E) and hypothy-
roid rats (B, D, F ) at P10. A, B, Cingulate
cortex. C, D, Medial part of the corpus
callosum; asterisks label the bottom of the
interhemispheric scissura. E, F, Septal nu-
clei; peroxidase staining with isolectin B4.
Arrowheads and small arrows point to
blood vessels and microglial cell bodies,
respectively. Overall, microglial cell pro-
cesses are shorter in hypothyroid rats.
Scale bar, 100 mm.
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T3 favors survival of purified microglia
Isolated microglial cells were seeded at low cell densities in
DMEM supplemented with 1% T3/T4-depleted FCS, the only
source of growth factors. In these conditions, the number of
surviving cells remained stable for at least 24 hr (data not shown)
but dropped to ,50% of the initial number after 2 d, and another
25% after 3 d, in culture (Fig. 7). Addition of T3 (500 nM) to the
culture medium significantly increased the number of surviving
cells both 2 and 3 d after isolation ( p , 0.01; Student–Newman–
Keuls test) but did not completely prevent microglial degenera-
tion (Fig. 7).

A possible mitogenic effect of T3 was investigated by immuno-
cytochemical labeling and counts of cells that incorporated BrdU.
In cultures treated for 24 hr with T3, ,10% of the surviving cells
incorporated BrdU. T3 therefore prevented the death of micro-
glial cells rather than promoting their proliferation.

T3 stimulates growth of microglial processes
Cultures were also used to investigate the direct influence of T3
on the morphology of microglial cells. The experiments were
performed using FCS-free culture medium because FCS inter-
feres with the morphological differentiation of cultured microglial
cells (Chamak and Mallat, 1991). Ameboid microglial cells
freshly isolated from primary glial cultures had flat, rounded cell
bodies. In serum-free medium, they progressively elongated and

emitted processes. As illustrated in Figure 8, A and B, the addi-
tion of T3 to the medium strongly stimulated process extension.
Process-bearing microglia, defined as cells with at least one thin
process three times longer than the cell body (usually .100 mm),
were counted. T3 exposure for 48 hr doubled the proportion of
process-bearing cells (Fig. 8C).

Figure 5. Macrophages in the corpus callosum of euthyroid (A) and
hyperthyroid rats treated with T3 (0.3 mg/gm body wt) (B) at P7. Fields
localized above and lateral to the external edge of the lateral ventricle.
Immunoperoxidase staining was with ED1 mAb. Arrows indicate two
stained cells without (A) or with ( B) processes. Note the presence of
stained cells with long, branched processes in hyperthyroid animals (B).
Scale bar, 100 mm.

Figure 6. Expression of TR genes in cultured microglial cells. A, RT-
PCR analysis. Ethidium bromide-stained agarose gel of RT-PCR products
generated from TRa1, TRa2, TRb1, TRb2, and GAPDH mRNAs (a1,
a2, b1, b2, and GAPDH). Total RNA was extracted from cultures of
ameboid microglial cells (M ) kept 1 d in vitro after purification from
primary glial cultures. RNA from adult rat cerebral cortex (C) was used
as positive control for TRa1, TRa2, and TRb1 amplifications. TRa2-
amplified products generated with the same primers appear as two bands
in the same lane (a2/C) and correspond to TRa2vI (top band) and
TRa2vII. A TRb2-amplified product was obtained from adult pituitary
(P) RNA. TRa1 and TRb1 were the only TR isoforms detected in
microglial mRNA. Comparable levels of GAPDH-amplified products
were obtained from the different RNA preparations. sm, Molecular size
marker. Immunocytochemical detection of TRa and TRb in microglial
cultures (B, C, D, E) is shown. Purified microglial cells were kept for 1 d
in vitro before fixation. Double staining of fixed cells with isolectin B4
(FITC, B) and rabbit polyclonal antibodies raised against rat TRa
(TRITC, C) is shown. Staining with isolectin B4 (FITC, D) and rabbit
polyclonal antibodies raised against rat TRb (TRITC, E) is shown. Scale
bar, 30 mm.
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DISCUSSION
This study shows for the first time that thyroid hormone plays a
major role in microglial ontogenesis. The density of microglial
cells was reduced, as was microglial process formation in the
forebrain of developing rats deprived of thyroid hormone from a
late fetal stage of life. Conversely, neonatal rat hyperthyroidism
increased the density of microglial cells and the growth of micro-
glial processes during the first postnatal week. TRa1 and TRb1
were detected in the nuclei of cultured microglial cells, and T3
was found to favor the in vitro survival of purified microglial cells
and the growth of their processes.

Thyroid hormone favors microglia expansion: early
postnatal life as a critical period
We observed reduced microglial development up to P22 in hypo-
thyroid brain. The early postnatal stages, however, appeared to be
critical for thyroid hormone-stimulated accumulation of micro-
glial cells. The density of microglial cells in the cingulate cortex of
hypothyroid rats dropped below normal levels between P0 and
P4, whereas injection of T3 during this period of development
increased microglial density above normal levels, suggesting that
during this developmental period the low endogenous production
of thyroid hormone (Fisher et al., 1977) could limit the growth of
cortical microglia. In contrast, between P4 and P7, cortical micro-
glia expanded in both normal and hyperthyroid rats, but also in
hypothyroid animals. Thus, the first postnatal week of life is a
critical period for thyroid hormone action on developing cortical
microglia.

Thyroid hormone in fetal rats is supplied by the mother and,
from E17, by the fetal thyroid (Fisher et al., 1977; Kawaio and
Tsuneda, 1985). In our study, hypothyroid rats were obtained by
continuous administration, from E16, of an anti-thyroid drug
(MTU) that inhibited both maternal and fetal thyroid glands.
Although recent studies show that thyroid hormone regulates
gene expression in fetal rat brain (Alvarez-Dolado et al., 1999;
Dowling et al., 2000), we saw no clear influence of thyroid
hormone on microglial development during late fetal stages. The
distribution of the cells in newborn hypothyroid rats and, more

specifically, their density in the cingulate cortex were normal.
Moreover, fetal thyroid hormone deprivation did not significantly
alter the early microglial response to T3 administered at birth
(Fig. 2B, P4). However, microglial cells were already present in
the developing rat brain at E12 (Ashwell, 1991; Sorokin et al.,
1992), 4 d before the beginning of MTU treatment (E16). Early
transplacental transfer of thyroid hormones from the mother
(Obregon et al., 1984; Porterfield and Hendrich, 1992) therefore
might have influenced the early fetal development of the micro-
glial cells.

Thyroid hormone promotes morphological
differentiation of microglia
The maturation of microglial cells is characterized by the pro-
gressive growth of ramified processes that distinguish these cell
populations from other tissue phagocytes (Perry et al., 1994). In
cultured microglial cells, extracellular matrix proteins, CSFs,
retinoic acid, and vitamin E have been shown to promote the in
vitro growth of microglial processes (Giulian and Baker, 1986;
Chamak and Mallat, 1991; Liu et al., 1994; Fujita et al., 1996;
Heppner et al., 1998). The effect of CSF-1 appears to be physio-
logically relevant because microglial cells have shorter processes
in the frontal cortex of adult mice that are genetically deficient for
CSF-1 (Wegiel et al., 1998).

Our results indicate that thyroid hormone stimulates the
developmental growth of microglial processes, which are re-
duced in hypothyroid and increased in hyperthyroid pups.
These animals differed from normal pups from P4. The mor-
phogenetic effect of thyroid hormone was supported by the
presence of clusters of process-bearing cells expressing ED1
antigen in P7 hyperthyroid rats.

The ED1 antigen is a glycosylated protein in membranes of
phagolysosomes and in the cytosol of macrophages. Its expression
appears to correlate with phagocytic activity (Bauer et al., 1994;
Damoiseaux et al., 1994). In the postnatal developing rat brain,
the ED1 antigen is a hallmark of a transient population of
ameboid microglia. These cells have enlarged cell bodies with no
or short processes and are engaged in phagocytosis (Milligan et
al., 1991; Ling and Wong, 1993; Chamak et al., 1995). Our
observations suggest that an excess of T3 levels can disrupt the
synchronization of two major events characterizing the normal
transformation of ameboid microglia into ramified microglia: the
loss of phagocytic behavior and the extension of long and
branched processes.

Pathways for thyroid hormone influences on microglia:
assessment of the direct microglial responses to T3
The effects of thyroid hormone on microglial development are
likely to involve a complex integration of T3-dependent endo-
crine and paracrine mechanisms. In particular, thyroid hormone
could possibly act by modulating the neuronal or macroglial
production of factors such as neurotrophin-3, which is known to
favor microglial proliferation (Elkabes et al., 1996; Neveu and
Arenas, 1996). Likewise, microglial responses to hypothyroidism
or hyperthyroidism could be strongly determined by functional
changes or alterations in the development of neuronal or macro-
glial cell populations. However, our in vitro study revealed that T3
also acts directly on microglial cells and suggests that these effects
could account in part for the in situ response of microglial cells.

T3 favored the survival of purified ameboid microglial cells in
vitro. The trophic effects of T3 were observed under culture
conditions in which serum concentration and cell densities were

Figure 7. Influence of T3 on the survival of cultured microglial cells.
Purified microglial were plated (5000 cells per well) in DMEM containing
1% T3/T4-depleted FCS. The cells were cultured in this medium without
(Control ) or with T3 (500 nM), which was added 3 hr after plating. The
number of surviving cells was determined at the indicated time and is
expressed as percentage of the mean control value determined 2 hr after
plating. Data are means 6 SEM of four independent experiments with
three to four determinations in sister wells per experiment. The actual
number of surviving cells counted in each well 2 hr after plating (control
value) (see Materials and Methods) always exceeded 100. Differences
between control and T3-treated cultures were significant at 48 and 72 hr
( p , 0.01) according to comparisons by one-way ANOVA followed by
Student–Newman–Keuls multiple comparisons test.
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low, thereby limiting contributions of undefined exogenous com-
pound or endogenous factors released by microglial cells. This
contrasts with the death-promoting effect of T3 on other meso-
dermal derivatives, including erythrocytic progenitors and osteo-
blastic and promyeloleukemic cells (Gandrillon et al., 1994; Su-
zuki et al., 1997; Varga et al., 1999), or the lack of direct influence
of T3 on the survival of oligodendrocytes and their precursors
(Rodrı́guez-Peña, 1999). However, T3 also directly supports sur-
vival of neuronal subpopulations (Filipcik et al., 1994; Muller et
al., 1995).

During development, the expansion of microglia, like that of
neuroectodermal derivatives, is limited by cell death (Ling and
Wong, 1993). Although the role of cell death in the difference
between microglial density in normal and hypothyroid or hyper-
thyroid rats remains to be clarified, the effect of T3 on purified
cortical microglial cells appears consistent with the loss of micro-
glial cells in vivo, which would explain the decreased density of
these cells in the cingulate cortex of hypothyroid rats at P4.

Similar to other neural cells (Walter, 1996; Baas et al., 1997;
Lima et al., 1997), purified ameboid microglial cells respond to T3
exposure by increased extension of cell processes, an important
step in their acquisition of a ramified phenotype. As for the effect
on cell survival, it may be hypothesized that increased or de-
creased levels of T3 reaching microglial cells contribute to aug-
ment or reduce microglial process formation in hyperthyroid and
hypothyroid rats, respectively.

There is a general agreement that the cellular effects of T3
are mediated via the nuclear receptors TRa1, TRb1, or TRb2,
which modulate transcription of targets genes through binding
to specific DNA acceptor sites known as T3 responsive ele-
ments (Muñoz and Bernal, 1997). In the present study, ame-

boid microglial cells freshly purified from 2-week-old primary
glial cultures expressed both TRa1 and TRb1 mRNA and the
related proteins but not the TRb2 isoform, which was detected,
however, in the developing and adult CNS (Bradley et al.,
1992; Lechan et al., 1993). This does not rule out another
pattern of TR gene expression in cells of the microglial lineage
that include precursors derived from hemopoietic organs or
ramified microglial cells. Indeed, the TR isoforms expressed in
other CNS cell lineages are reported to change as a function of
the stage of cell differentiation (Puymirat, 1992; Carré et al.,
1998). The respective roles of TRa1 and TRb1, their target
genes, and the downstream molecular events that account for
T3-increased microglial survival or process growth remain to
be clarified. The study of mice deficient for TRa, TRb, or both
types of receptors (Göthe et al., 1999) should help answer this
question. Interestingly, Arpin et al. (2000) showed that 17-d-
old TRa-deficient mice had reduced numbers of splenic mac-
rophages compared with wild-type littermates. Whether this
results from altered expression of TR in macrophages or in
other splenic or non-splenic cells has not been determined.
Because of the intrinsic biological activity of unbound TR
(Muñoz and Bernal, 1997), it will be important to assess the
effect of thyroid hormone on the development of peripheral
macrophages in animals with genetically normal TR gene
expression, as in our study.

Conclusions
Our study demonstrates that thyroid hormone supports the ex-
pansion and morphological maturation of microglia. In addition
to the identification of a physiological factor regulating microglial
development, this finding may help to understand the effects of

Figure 8. Influence of T3 on the extension of microglial processes. Morphology of purified
microglial cells cultured for 2 d in a serum-free medium without (A) or with (B) T3. Toluidine
blue staining was performed. T3 stimulates the development of long processes. Scale bar, 50 mm.
C, Quantitative analysis. Purified microglial cells were cultured for 24 or 48 hr in DMEM without
(Control ) or with T3 before determination of the proportion of process-bearing cells defined as
cells displaying at least one process three time longer than the cell body diameter. Data are means 6
SEM of three and four independent experiments for 24 and 48 hr cultures, respectively, with three
to four determinations in sister wells per experiment. Differences between control and T3-treated
cultures were significant at 48 hr according to comparisons with Student’s t test ( p , 0.001).
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thyroid hormone on cells of neuroectodermal origin during de-
velopment. In particular, control of the number of microglial cells
by thyroid hormone could regulate the availability of microglial-
derived growth factors that act on neurons or astrocytes (Giulian
et al., 1988; Chamak et al., 1994, 1995; Elkabes et al., 1996). Our
results also suggest that thyroid hormone might influence micro-
glial reactions that accompany lesions or neurodegenerative dis-
eases in the CNS and could regulate microglial functions. These
questions deserve further investigation.
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