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Abstract
Several studies agree that microglial cells derive from monocytes that infiltrate the central nervous system during development, but the
precise mechanism by which these cells enter into the nervous tissue is still unknown. In this way, the aim of the present study was to
analyze the expression of two cell adhesion molecules involved in the recruitment of blood leukocytes into tissues, the lymphocyte
function-associated antigen-1a ŽLFA-1a . and the intercellular adhesion molecule-1 ŽICAM-1. in the developing rat brain Žfrom E16 to
P18.. By means of immunohistochemistry, our observations showed that LFA-1a and ICAM-1 were expressed in the developing rat brain
with a definite distribution pattern and a characteristic time course of appearance. In the embryonic period, LFA-1a immunoreactivity
was displayed not only by intravascular blood cells but also by intraparenchymal round cells with a horseshoe-shaped nucleus, showing
the typical morphological features of monocytes. Monocyte-like cells present in the embryonic brain parenchyma often displayed mitotic
profiles. LFA-1a immunohistochemistry also revealed the presence of some LFA-1a-positive cells belonging to the ameboid microglial
population Žmostly in the white matter from E18.. In the postnatal period, LFA-1a immunoreactivity was displayed by some ameboid
microglial cells ŽP0–P9. and also by some ramified microglia. LFA-1a immunoreactivity observed in ramified microglia was weaker
when compared to LFA-1a stained ameboid microglia. In contrast, ICAM-1 immunolabeling during the embryonic period was mainly
located in endothelial cells of parenchymal brain blood vessels Žprincipally from day E18.. Blood vessels in choroid plexus and meninges
also expressed ICAM-1 during the embryonic time. In postnatal animals, ICAM-1 immunoreactivity was found in relation to endothelial
cells of blood vessels, but the density of ICAM-1-positive blood vessels was lower than that during the embryonic period. The gradual
regulation in the expression of LFA-1a by monocyte-like cells and cells of the microglial lineage, and the expression of ICAM-1 by the
brain vasculature strongly suggest that the LFA-1rICAM-1 system may be a mechanism involved in the entry of microglial cell
precursors into the developing rat brain. q 1997 Elsevier Science B.V.
Keywords: Lymphocyte function-associated antigen-1 alpha; Intercellular adhesion molecule-1; b 2 -integrin; Immunoglobulin superfamily; Tomato lectin
histochemistry; Blood vessel

1. Introduction
The monocytic origin of microglial cells is, at present, a
widely accepted theory w32x. Recruitment of circulating
blood monocytes and later gradual transformation into
microglial cells during the development of the central
nervous system ŽCNS. was demonstrated by Ling and
collaborators w29,30x and largely supported by several recent developmental studies w4,10,20,39x. However, the sig)
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nals and mechanisms mediating the monocyte entry into
the developing CNS are still being debated w59x.
It is well established that the expression of cell surface
adhesion molecules is involved in the leukocyte–endothelium interaction and the subsequent migration of leukocytes into lymphoid, non-lymphoid and inflamed tissues
w7,55,56x. An important adhesion molecule receptor–ligand
pair participating in the extravasation of circulating leukocytes is the LFA-1rICAM-1 adhesion system w60x. Lymphocyte function-associated antigen-1 ŽLFA-1. is a heterodimeric b2-integrin constituted by the alpha chain
ŽLFA-1a; also known as CD11a. and the beta chain
ŽCD18., the expression of which is restricted to leukocytes
and their kindred w24,25,54,55x. Intercellular adhesion
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molecule-1 ŽICAM-1., a ligand for the LFA-1, is a glycoprotein of the immunoglobulin gene superfamily that is
basally expressed on vascular endothelium w33,51,55x and
the expression of which is markedly up-regulated by the
presence of inflammatory mediators w15,46,47,56x.
When compared to other tissues, the endothelial cells of
the cerebral blood vessels in the normal adult brain express
low levels of adhesion molecules and the leukocyte traffic
through the vascular network is very restricted w34,45x.
However, in inflammation and some pathological states,
the entrance of monocytes into the nervous tissue is enhanced and this mechanism contributes to the increase of
the number of brain macrophage crowding CNS lesions
w20,22,39x. In these circumstances, the migration of monocytes from the blood to the nervous parenchyma has been
associated with the up-regulation in the expression of the
LFA-1rICAM-1 system w5,35x, suggesting that these
molecules play an important role in the regulation of blood
cell recruitment into the damaged tissue w8,16,26,27,52x.
On the basis of current knowledge, some of the physiological processes taking place during the inflammatory
response may be based on similar mechanisms running in
the developing CNS w36,37,40,41x. Therefore, the expression of cell adhesion molecules during the embryonic and
early postnatal period could also play an important role in
the recruitment of hematogenous precursors of microglial
cells. The aim of the present study was to investigate the
expression of LFA-1a and ICAM-1 cell adhesion
molecules in the developing rat brain and analyze the
correlation, if any, between the time course of expression
of both cell adhesion molecules and the presence and
distribution of microglial cell precursors.

2. Materials and methods
2.1. Tissue collection and fixation
The experimental material consisted of embryos and
postnatal rats from the Wistar strain with ages ranging
from E16 to P18 and grouped as follows: E16 Ž n s 3., E18
Ž n s 3., E21 Ž n s 3., P0 Ž n s 3., P6 Ž n s 3., P9 Ž n s 3.
and P18 Ž n s 3.. Fetuses were delivered by cesarean section while the mothers were under anesthesia by intraperitoneal injection of sodium pentobarbital Ž0.1 mlr100 g
b.wt... Embryonic brains were removed and fixed for 3 h
at room temperature with Bouin’s fluid Ž75 ml of saturated
picric acid in distilled water, 25 ml of formalin and 5 ml of
glacial acetic acid.. Postnatal animals, under pentobarbital
overdose anesthesia, were perfused through the left ventricle with Bouin’s fluid for 5 min and brains dissected out
and immersed for an additional 2 h at room temperature in
the same fixative solution. Then, embryonic and postnatal
brains were dehydrated in graded ethanol, cleared in xylene and embedded in paraffin. Coronal sections Ž10 mm
thick. were obtained with the aid of a microtome, serially

collected, and mounted on gelatine-coated slices. Tissue
sections were finally dewaxed, hydrated by sequentially
transferring the slides through xylene, a degraded series of
ethanol and distilled water, and immunocytochemically
processed.
2.2. Immunohistochemical demonstration of LFA-1a and
ICAM-1 adhesion molecules
After an initial rinse in 0.05 M Tris-buffered saline at
pH 7.4 ŽTBS., endogenous peroxidase activity was abrogated by incubation of the sections in 2% H 2 O 2 in Trizma
base saline ŽTBS. for 10 min at room temperature. After
rinsing in TBS Ž3 = 10 min., care was taken to prevent
non-specific binding by pre-incubation of sections at room
temperature for 30 min in 10% fetal calf serum ŽFCS.
diluted in TBS. Then, sections were incubated overnight at
48C either with the primary monoclonal antibody to rat
LFA-1a ŽSerotec, UK. diluted 1:40 in TBS with 10%
FCS, or with the primary mouse antibody against rat
ICAM-1 ŽSerotec, UK. diluted 1:30 in TBS with 10%
FCS. After rinsing in TBS Ž3 = 10 min., the sections were
incubated at room temperature for 60 min with the biotinylated anti-mouse antibody ŽAmersham, UK. diluted
1:300 in TBS with 10% FCS, and rinsed again in TBS
Ž3 = 10 min.. The samples were then incubated for 60 min
at room temperature with avidin-peroxidase ŽSigma, USA.
diluted 1:650 in TBS with 10% FCS and rinsed in TBS
Ž3 = 10 min.. The peroxidase reaction was visualized by
using 3-3X-diaminobenzidine tetrahydrochloride ŽDAB. as
chromogen following either the standard method or the
intensified glucose oxidase method. Briefly, for the standard DAB method, the peroxidase labeling was carried out
by incubating sections for 3 min in 50 mg DAB diluted in
100 ml of 0.05 M Trizma base ŽTB., pH 7.4, containing
0.033 ml of H 2 O 2 . For the glucose oxidase method,
sections were rinsed in 0.1 M acetate buffer at pH 6
Ž2 = 10 min. and immersed for 7 min at room temperature
in fresh incubation medium. The incubation medium was
prepared by adding 4 mg glucose oxidase ŽBoehringer
Mannheim. to a mixture composed of a solution containing 3.6 g ammonium nickel sulphate ŽFluka., 0.3 g D-glucose and 0.06 g ammonium chloride ŽProbus. in 75 ml of
0.2 M acetate buffer at pH 6, and a solution with 30 mg
DAB in 75 ml of distilled water. Some sections were
counterstained with Harris’ haematoxylin. Finally, sections
were dehydrated in alcohol, cleared in xylene, and coverslipped with DPX synthetic resin. Control sections were
processed with the omission of the primary antibodies.
2.3. Double-labeling technique
Simultaneous demonstration of LFA-1a and cells of the
microglial lineage was achieved through the sequential
combination of LFA-1a immunostaining and tomato lectin
histochemistry, a selective microglial cell marker w1,2x.
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2.3.1. Histochemical reaction for tomato lectin binding
LFA-1a immunoreacted sections from each age were
rinsed in TBS Ž3 = 10 min. and peroxidase activity was
blocked with 2% H 2 O 2 in 100% methanol for 10 min at
room temperature. Following a rinse in TBS Ž3 = 10 min.
containing 0.1% Triton X-100, the sections were incubated
overnight at 48C with the biotinylated tomato lectin
Ž Lycopersicon esculentum, Sigma. diluted to 15 mgrml in
TBS. Sections were then rinsed in TBS Ž3 = 10 min. and
incubated for 60 min at room temperature with avidin–
FITC conjugate ŽSigma, USA. in a 1:150 dilution in TBS
with 10% FCS. Finally, sections were mounted in Glycergel ŽDako.. Some of sections were lightly counterstained
with haematoxylin. As a control for the histochemical
staining, lectin was omitted.

3. Results
Microscopic examination of sections revealed that the
expression of LFA-1a and ICAM-1 in the developing rat
brain follows a definite cell distribution pattern and a
characteristic time course of appearance. Developing brain
areas analyzed in this study were cerebral cortex, subcortical white matter Žcorpus callosum and internal and external
capsule. and hippocampus at the centralrmid-posterior
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level. Double staining combining LFA-1a immunohistochemistry and tomato lectin histochemistry enabled us to
demonstrate LFA-1a immunoreactivity related to cells of
the microglial lineage. Both LFA-1a and ICAM-1 immunohistochemistry in control sections did not show any
labeling. Results are summarized in Fig. 1.
3.1. Expression of LFA-1a adhesion molecule
During the embryonic period ŽE16–E21., LFA-1a immunoreactivity was displayed by some intravascular blood
cells present within blood vessels in brain, meninges and
choroid plexus. In the nervous parenchyma, LFA-1a immunolabeling was observed in relation to intraparenchymal
round cells which were observed from E16 to P0, but
mostly encountered at days E18 and E21. Intraparenchymal LFA-1a-positive cells were characterized by a round
shape, were devoid of processes and, when counterstained
with haematoxylin, often displayed a horseshoe- or
kidney-shaped nucleus ŽFig. 2A.. These LFA-1a-positive
intraparenchymal cells resemble monocytes and were referred to in this study as monocyte-like cells. LFA-1alabeled monocyte-like cells were often observed in white
matter areas: subcortical white matter and white matter of
the hippocampus. In addition, these cells often showed
mitotic profiles, preferentially at days E18 and E21. Fi-

Fig. 1. Summary of results related to LFA-1a expression in cells of the microglial lineage and ICAM-1 expression in brain parenchymal blood vessels
from E16 to P18.
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nally, LFA-1a-positive cells of round shape were also
found in lateral ventricles.
During the embryonic period ŽE16–E21. and the postnatal ages from day of birth to P9, the double staining

combining tomato lectin histochemistry and LFA-1a immunohistochemistry enabled us to demonstrate a subpopulation of tomato lectin-positive ameboid microglia expressing LFA-1a ŽFig. 2D,E.. These LFA-1a-positive ameboid
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microglial cells were often distributed in white matter
areas and mostly demonstrated on days E18, E21 and P0.
They had a pleomorphic shape, often somehow roundish
with a characteristic vacuolated cytoplasm, and devoid of
well-defined cell processes ŽFig. 2B..
In the postnatal period ŽP0–P18., LFA-1a immunoreactivity in the parenchyma was also associated with
some cells of the primitive ramified ŽFig. 2F,G. and
resting ŽFig. 2C. microglial population in the developing
gray and white matter when double-labeling technique
combining LFA-1a-immunohistochemistry and tomato
lectin histochemistry was carried out. Primitive ramified
microglia were poorly ramified microglia mostly observed
during the first 2 postnatal weeks w11x. Resting microglia
were cells showing the characteristic shape of adult microglia and mostly observed from the third postnatal week
w32x. Primitive ramified microglia and resting microglia
were generally termed in this study as ramified microglia.
LFA-1a-positive ramified microglial cells showed different levels of immunoreactivity, but generally weaker than
that found in ameboid microglial cells. This was especially
the case for resting microglia, which displayed the most
weaker LFA-1a immunoreactivity, often diffuse and frequently restricted to their processes, being these cells for
that difficult to visualize in the brain parenchyma.
3.2. Expression of ICAM-1 adhesion molecule
ICAM-1 immunoreactivity was found in relation to
endothelial cells of blood vessels belonging to the vascular
network of the brain parenchyma, choroid plexus and
meninges. Parenchymal ICAM-1-positive blood vessels
ŽFig. 2H. were seen in both gray and white matter during
both prenatal and postnatal periods, but were more abundant and displayed higher levels of immunoreactivity in
the developing white matter during the prenatal period,
particularly at days E18 and E21. ICAM-1-negative blood
vessels were also demonstrated during all embryonic periods ŽFig. 2I. and specially during the postnatal period. In
the choroid plexus of lateral ventricles, blood vessels
displaying ICAM-1 immunoreactivity were preferentially
observed from day E16 until day P0, the labeling being
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less significant in the later postnatal days ŽP6–P18.. Immunoreactive blood vessels in meninges were observed
from E16 to P18.

4. Discussion
The active migration of leukocytes into tissues is regulated by the expression of cell surface adhesion molecules
on both circulating and vascular endothelial cells w56x. In
particular, several adhesion proteins of the selectin, super
immunoglobulin and integrin family have been demonstrated in the physiologic process of blood-borne monocyte
recruitment w17,23,58x. In the normal brain, the extravasation of monocytes was first shown by Roessman and
Friede w44x by injecting radioactively labeled cells from the
bone marrow of donor animals into recipient animals.
Later, Ling and collaborators w31x confirmed the entry of
monocytes by the appearance of labeled cells in the CNS
parenchyma either by intravascular administration of a
carbon suspension to mark circulating monocytes or after
direct injection of carbon-labeled monocytes. In these studies, Ling and collaborators reported that the entrance of
these blood cells into the developing CNS is a common
phenomenon occurring during the perinatal period. Subsequently, these extravasated monocytes differentiate into
ameboid microglia and then into ramified microglia. In
concordance with these observations, we recently reported
that microglial cell precursors in the developing rat hippocampus may originate from different mesodermal
sources, for example, from monocyte-like cells that gradually transform into ameboid microglia w11x.
Reporting further insights into the above results, the
present work shows that LFA-1 and ICAM-1 are expressed
in the developing rat brain and follow a definite distribution pattern and a characteristic time course of appearance.
LFA-1a immunoreactivity was displayed by intravascular
and extravasated monocyte-like cells during the fetal period, mostly, as well as in the early postnatal days. ICAM-1
immunoreactivity was observed in endothelial cells of
cerebral blood vessels and was particularly manifest during
the embryonic period. Thus, potentially, blood monocytes

Fig. 2. Immunostaining for LFA-1a ŽA–G. and ICAM-1 ŽH–I. adhesion molecules. All sections except ŽC. and ŽF,G. are counterstained with
haematoxylin. A,B,H,I: immunoreactivity was visualized by standard peroxidase labeling using DAB as chromogen Žbrownish colour.. C,D,F: the
peroxidase reaction was intensified by the glucose oxidase method Žblackish colour.. E,G: tomato lectin-labeled cells of the microglial lineage were
visualized by means of fluorescence Žyellowish colour.. A: developing internal capsule on day E18 showing an intraparenchymal LFA-1a-labeled
monocyte-like cell with a horseshoe-shaped nucleus. Note that LFA-1a immunoreactivity in LFA-1a-labeled monocyte-like cell is observed in the cell
membrane and the cytoplasm. B: Developing subcortical white matter at day E18. LFA-1a-stained ameboid microglia Žarrow. and LFA-1a-positive
monocyte-like cell Žarrowhead. showing a kidney-shaped nucleus. C: Molecular layer of the cerebral cortex on P18. Resting microglia displaying high
levels of LFA-1a immunoreactivity are occasionally encountered in the brain parenchyma. Resting microglia are ramified shape with a roundish to slightly
elongated cell body bearing long, fine, tortuous, crenulated cell processes. D: LFA-1a-positive amoeboid microglial cells Žarrows. in the developing
subcortical white matter at E18. E: notice that these ameboid microglial cells clearly LFA-1a-labeled in ŽD. are also stained with tomato lectin Žarrows.. F:
LFA-1a-labeled primitive ramified microglial cells in corpus callosum at day of birth. G: same LFA-1a-immunolabeled microglial cells showed in ŽF. are
tomato lectin positive. H: blood vessel Žarrowheads. in the hippocampal fissure at day E18 displaying ICAM-1 immunoreactivity. I: ICAM-1 non-labeled
blood vessel Žarrowheads. in the developing corpus callosum on day E18. Note the presence of some red blood cell types Žasterisk. ICAM-1
immunolabeled within this blood vessel. Scale bars: 10 mm.
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expressing LFA-1 on their surface may interact with
ICAM-1-positive endothelial cells and enter into the nervous tissue during the perinatal period. In particular, this
entry could be mainly made in developing white matter
areas, since we often observed intraparenchymal monocyte-like cells expressing LFA-1a in the subcortical white
matter. In the same way, ICAM-1-positive blood vessels
were abundant in white matter. Our observations also
revealed the presence of proliferating LFA-1a-positive
monocyte-like cells, preferentially in the embryonic
parenchyma. This may indicate that not only the recruitment of blood monocytes but also the proliferation of
extravasated cells contribute to the increase of microglial
cell precursors in the developing CNS. In addition, it
should be noted that we visualized LFA-1a-positive monocyte-like cells within meninges and LFA-1a-labeled
roundish cells in lateral ventricles as well as ICAM-1
immunoreactivity associated with blood vessels in
meninges and choroid plexus. Therefore, potentially, cell
precursors of microglia may also enter into the developing
nervous parenchyma from the cerebral ventricles andror
the meningeal connective tissue layer, as it has been
p r e v io u s ly s u g g e s te d b y o th e r a u th o r s
w4,6,9,12,13,21,28,39 x.
The expression of the LFA-1rICAM-1 adhesion system
is fundamental to the firm adhesion between the leukocyte
and the endothelium and it seems to be critical for the
process of extravasationrdiapedesis of leukocytes. How-

ever, to initiate the recruitment of leukocytes, the endothelium must be activated by appropriate signals inducing
ICAM-1 expression. A wide number of factors such as
inflammatory mediators Žhistamine, thrombin., cytokines
Žinterleukin ŽIL.-1, IL-4, IL-6, tumor necrosis factor-alpha
ŽTNFa ., and interferon-gamma, chemoattractants ŽIL-8
and monocyte chemoattractant protein-1 or platelet-activating factor. and complement proteins have been reported to
induce or up-regulate the expression of adhesion receptors
in leukocytes and endothelium in response to inflammation
w53x. Two of these factors, IL-1 and TNFa , which regulate
and induce ICAM-1 expression in the vascular network
w15,42,46,56,61x, are found during normal development of
the CNS w36,37,41x. In particular, Giulian et al. w19x reported that the highest concentrations of IL-1 in the normal
developing rat cerebral cortex were found during the perinatal period from E18 to the time of birth. This peak in the
expression of IL-1 during the perinatal period closely
correlates with the peak of LFA-1a-positive monocyte-like
cells and ICAM-1-positive blood vessels observed by us
and correlates well with the increase in microglial cell
numbers reported in other studies during the late embryonic period w4,39x. Therefore, although some other signals
may be involved in the regulation of the expression of the
LFA-1rICAM-1 pair, the presence of molecules like cytokines in the early brain development may be of importance for monocyte migration into the brain parenchyma.
In addition to LFA-1a-positive monocyte-like cells, we

Fig. 3. Possible implication of the LFA-1rICAM-1 system as mechanism for the recruitment of microglial cell precursors into the developing brain.
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also found LFA-1a expression in some cells of the ameboid and ramified microglial population, suggesting that
LFA-1a parenchymal monocyte-like cells may differentiate into LFA-1a-positive ameboid microglial cells and
later into LFA-1a-positive ramified microglial cells. Thus,
there may be a subpopulation of microglial cells derived
from extravasated blood monocytes that migrate into the
brain from parenchymal blood vessels. The maturation
process from LFA-1a-positive monocyte to LFA-1alabeled ramified microglia is, in addition, accompanied by
a gradual down-regulation in the LFA-1a expression, so
that monocyte-like cells express higher LFA-1a levels
than ameboid microglial cells and the expression of LFA1a is higher in ameboid than in ramified microglia. In
fact, mature resting microglial cells observed at day P18
normally express low levels of LFA-1a immunoreactivity
or even lack this cell adhesion molecule. In this way, in
vitro LFA-1a expression in differentiated macrophages
has been shown to be lower than in monocytes w43x, and it
is known that resident differentiated macrophages in some
tissues lack this cell adhesion molecule w57x. In agreement
with these results, it has been reported that in the normal
adult rodent brain resting microglial cells are occasional
w14x or partially w38x LFA-1-immunostained. Under certain
pathological conditions, however, the expression of LFA-1
is induced in reactive microglia w3,14,18,38,48x.
In summary, our results indicate that the LFA-1 and
ICAM-1 adhesion molecules may participate in the mechanism of recruitment of monocytes as microglial cell precursors in the developing brain ŽFig. 3.. However, other
cell adhesion molecules like the very late-antigen-4 ŽVLA4.rvascular cell adhesion molecule-1 ŽVCAM-1. pathway
may also contribute with this recruitment because it has
been demonstrated as an integral system for the monocyte
recruitment w58x in the brain inflammatory reaction w16x
and in neurological CNS disorders w5,49x. Moreover, this
may be supported by the description of VLA-4 expression
by microglial cells w50x. Therefore, further studies are
needed for the accurate identification of the factor or
factors implicated in the mechanism that regulates monocyte entry into the developing brain.
Acknowledgements
The authors wish to thank Miguel A. Martil and Anna
Garrit for excellent technical assistance. This work was
supported by a fellowship to I.D. from the Direccio´ General de Recerca ŽGeneralitat de Catalunya. and funded by
DGICYT project PB92-0598 and PB95-0662.

w2x

w3x

w4x
w5x

w6x

w7x
w8x

w9x

w10x

w11x

w12x

w13x

w14x

w15x

w16x

w17x
w18x

w19x

w20x

References
w21x
w1x L. Acarın,
B. Castellano, Demonstration of
´ J.M. Vela, B. Gonzalez,
´
poly-N-acetyl lactosamine residues in ameboid and ramified mi-

169

croglial cells in rat brain by tomato lectin binding, J. Histochem.
Cytochem. 42 Ž1994. 1033–1041.
L. Acarın,
B. Castellano, A.J. Castro, Microglial
´ B. Gonzalez,
´
response to N-methyl-D-aspartate-mediated excitotoxicity in the immature rat brain, J. Comp. Neurol. 367 Ž1996. 361–374.
H. Akiyama, I. Tooyama, H. Kondo, K. Ikeda, H. Kimura, E.G.
McGeer, P.L. McGeer, Early response of brain resident microglia to
kainic acid-induced hippocampal lesions, Brain Res. 635 Ž1994.
257–268.
K. Ashwell, The distribution of microglial and cell death in the fetal
rat forebrain, Dev. Brain Res. 58 Ž1991. 1–12.
H.H. Birdsall, J. Trial, J.A. Hallum, A.L. de Jong, L.K. Green, J.C.
Bandres, S.C. Smole, A.H. Laughter, R.D. Rossen, Phenotypic and
functional activation of monocytes in HIV-1 infection: interactions
with neural cells, J. Leukoc. Biol. 56 Ž1994. 310–317.
J. Boya, J.L. Calvo, A.L. Carbonell, A. Borregon, A lectin histochemistry study on the development of rat microglial cells, J. Anat.
175 Ž1991. 229–236.
E.C. Butcher, Leukocyte-endothelial cell recognition: three Žor more.
steps to specificity and diversity, Cell 67 Ž1991. 1033–1036.
W.T. Couldwell, N. de Tribolet, J.P. Antel, T. Gauthier, M.C.
Kuppner, Adhesion molecules and malignant gliomas: implications
for tumorigenesis, J. Neurosurg. 76 Ž1992. 782–791.
M.A. Cuadros, A. Moujahid, A. Quesada, J. Navascues,
´ Development of microglia in the quail optic tectum, J. Comp. Neurol. 348
Ž1994. 207–224.
D.C. Chugani, N.L. Kedersha, L.H. Rome, Vault immunofluorescence in the brain: new insights regarding the origin of microglia,
J. Neurosci. 11 Ž1991. 256–268.
I. Dalmau, B. Finsen, N. Tønder, J. Zimmer, B. Gonzalez,
B.
´
Castellano, Development of microglia in the prenatal rat hippocampus, J. Comp. Neurol. 377 Ž1997. 70–84.
P. del Rıo
´ Hortega, El tercer elemento de los centros nerviosos.
Histogenesis
y evolucion
y distribucion
´
´ normal; exodo
´
´ regional de la
microglıa,
´ Mem. Real Soc. Esp. Hist. Nat. 11 Ž1921. 213–268.
P. del Rıo
´ Hortega, Microglia. in: W. Penfield ŽEd.., Cytology and
Cellular Pathology of the Nervous System, Vol. 2, Paul B. Hoeber,
New York, 1932, pp. 481–534.
M. Deckert-Schulter,
D. Shulter,
H. Hof, O.D. Wiestler, H. Lass¨
¨
mann, Differential expression of ICAM-1, VCAM-1 and their ligands LFA-1, Mac-1, CD43, VLA-4, and MHC class II antigens in
murine Toxoplasma encephalitis: a light microscopic and ultrastructural immunohistochemical study, J. Neuropathol. Exp. Neurol. 53
Ž1994. 457–468.
M.L. Dustin, R. Rothlein, A.K. Bhan, C.A. Dinarello, T.A. Springer,
Induction by IL-1 and interferon-g: tissue distribution, biochemistry,
and function of a natural adherence molecule ŽICAM-1., J. Immunol. 137 Ž1986. 245–254.
Z. Fabry, C.S. Raine, M.N. Hart, Nervous tissue as an immune
compartment: the dialect of the immune response in the CNS,
Immunol. Today 15 Ž1994. 218–224.
R.M. Faruqi, P.E. DiCortelo, Mechanisms of monocyte recruitment
and accumulation, Br. Heart J. Suppl. 69 Ž1993. 19–29.
B.R. Finsen, N. Tønder, G.F. Xavier, J.C. Sørensen, J. Zimmer,
Induction of microglial immunomolecules by anterogradely degenerating mossy fibers in the rat hippocampal formation, J. Chem.
Neuroanat. 6 Ž1993. 267–275.
D. Giulian, D.G. Young, J. Woodward, D.C. Brown, L.B. Lachman,
Interleukin-1 is an astroglial growth factor in the developing brain, J.
Neurosci. 8 Ž1989. 709–714.
W.H. Hickey, H. Kimura, Perivascular microglial cells on the CNS
are bone marrow-derived and present antigen in vivo, Science 239
Ž1988. 290–292.
K. Imamoto, C.P. Leblond, Radioautographic investigation of gliogenesis in the corpus callosum of young rats: II. Origin of microglial
cells, J. Comp. Neurol. 180 Ž1978. 139–163.

170

I. Dalmau et al.r DeÕelopmental Brain Research 103 (1997) 163–170

w22x T. Kitamura, H. Hattori, S. Fujita, Autoradiographic studies on
histogenesis of brain macrophages in the mouse, J. Neuropathol.
Exp. Neurol. 31 Ž1972. 502–518.
w23x T.W. Kuijpers, J.H. Harlan, Monocyte-endothelial interactions: insights and questions, J. Lab. Clin. Med. 122 Ž1993. 641–651.
w24x K. Kurzinger, T. Reynolds, R. Germain, D. Davignon, E. Martz,
T.A. Springer, A novel lymphocyte function-associated antigen
ŽLFA-1.: cellular distribution, quantitative expression, and structure,
J. Immunol. 127 Ž1981. 596–602.
w25x A.M. Krensky, F. Sanchez-Madrid, E. Robbins, J. Nagy, T.A.
Springer, S.J. Burakoff, The functional significance, distribution and
structure of LFA1, LFA2, and LFA3: cell surface antigens associated with CTL-target interactions, J. Immunol. 131 Ž1983. 611–616.
w26x H. Lassmann, F. Zimprich, K. Rossler,
K. Vass, Inflammation in the
¨
nervous tissue, Rev. Neurol. ŽParis. 147 Ž1991. 763–781.
w27x L.J. Lawson, Leukocyte migration into the central nervous system.
in: N.J. Rothwell ŽEd.., Immune Responses in the Nervous System,
BIOS Scientific Publ. Oxford, 1996, pp. 27–59.
w28x E.A. Ling, Some aspects of amoeboid microglia in the corpus
callosum and neighbouring regions of neonatal rats, J. Anat. 121
Ž1976. 29–45.
w29x E.A. Ling, Transformation of monocytes into amoeboid microglia
and into microglia in the corpus callosum of postnatal rats, as shown
by labelling monocytes by carbon particles, J. Anat. 128 Ž1979.
847–858.
w30x E.A. Ling, D. Penney, C.P. Leblond, Use of carbon labelling to
demonstrate the role of blood monocytes as precursors of the
‘amoeboid cells’ present in the corpus callosum of postnatal rats, J.
Anat. 193 Ž1980. 631–657.
w31x E.A. Ling, The origin and nature of microglia. in: S. Fedoroff and L.
Hertz ŽEds.., Advances in Cellular Neurobiology, Academic Press,
New York, 1981, pp. 33–82.
w32x E.A. Ling, W.C. Wong, The origin and nature of ramified and
amoeboid microglia: A historical review and current contents, Glia 7
Ž1993. 9–18.
w33x M.W. Makgoba, M.E. Sanders, G.E. Ginther Luce, M.L. Dustin,
T.A. Springer, E.A. Clark, P. Mannoni, S. Shaw, ICAM-1 is a
ligand for LFA-1-dependent adhesion of B, T, and myeloid cells,
Nature 331 Ž1988. 86–88.
w34x D. Male, G. Pryce, C. Hughes, P. Lantos, Lymphocyte migration
into brain modelled in vitro: control by lymphocyte activation,
cytokine and antigen, Cell Immunol. 127 Ž1990. 1–11.
w35x R.M. McCarron, L. Wang, A.-L. Siren, M. Spatz, J.M. Hallenbeck,
Monocyte adhesion to cerebromicrovascular endothelial cells derived from hypertensive and normotensive rat, Am. J. Physiol. 267
Ž1994. 2491–2497.
w36x J.E. Merrill, Tumor necrosis factor alpha, interleukin 1 and related
cytokines in brain development: normal and pathological, Dev.
Neurosci. 14 Ž1992. 1–10.
w37x T. Mizuno, M. Sawada, A. Suzumura, T. Marunouchi, Expression of
cytokines during glial differentiation, Brain Res. 656 Ž1994. 141–
146.
w38x M.E. Moneta, J. Gehrmann, R. Topper,
R.B. Banati, G.W.
¨
Kreutzberg, Cell adhesion molecule expression in the regenerating
rat facial nucleus, J. Neuroimmunol. 45 Ž1993. 203–206.
w39x V.H. Perry, D.A. Hume, S. Gordon, Immunohistochemical localization of macrophages and microglia in the adult and developing
mouse brain, Neuroscience 15 Ž1985. 313–326.
w40x V.H. Perry, M.D. Bell, H.C. Brown, M. Matyszak, Inflammation in
the nervous system, Curr. Opin. Neurobiol. 5 Ž1995. 636–641.
w41x C.R. Plata-Salaman,
´ Immunoregulators in the nervous system, Neurosci. Biobehav. Rev. 15 Ž1991. 185–215.
w42x J.S. Pober, M.A. Gimbrone, L.A. Lapierre Jr., D.L. Mendrick, W.
Fiers, R. Rothlein, T.A. Springer, Overlapping patterns of activation

w43x

w44x
w45x

w46x

w47x

w48x

w49x

w50x

w51x

w52x
w53x
w54x

w55x
w56x
w57x

w58x

w59x
w60x

w61x

of human endothelial cells by interleukin-1, tumor necrosis factor
and immune interferon, J. Immunol. 137 Ž1986. 1893–1896.
J. Prieto, A. Eklund, M. Patarroyo, Regulated expression of integrins
and other adhesion molecules during differentiation of monocytes
into macrophages, Cell Immunol. 156 Ž1994. 191–211.
U. Roessman, R.L. Friede, Entry of labeled monocytic cells into
central nervous tissue, Acta Neuropathol. 10 Ž1968. 359–362.
K. Rossler,
C. Neuchrist, K. Kitz, O. Scheiner, D. Kraft, H. Lass¨
mann, Expression of leucocyte adhesion molecules at the human
blood-brain barrier, J. Neurosci. Res. 31 Ž1992. 365–374.
R. Rothlein, M.L. Dustin, S.D. Marlin, T.A. Springer, A human
intercellular adhesion molecule ŽICAM-1. distinct from LFA-1, J.
Immunol. 137 Ž1986. 1270–1274.
R. Rothlein, M. Czajkowski, M.M. O’Neil, S.D. Marlin, E. Mainolfi, J.J. Merluzzi, Induction of cellular adhesion molecule-1 on
primary and continous cell lines by proinflammatory cytokines.
Regulation by pharmacologic agents and neutralizing antibodies, J.
Immunol. 141 Ž1988. 1665–1669.
J.M. Rozemuller, P. Eikelenboom, S.T. Pals, F.C. Stam, Microglial
cell around amyloid plaques in Alzheimer’s disease express leucocyte adhesion molecules of the LFA-1 family, Neurosci. Lett. 101
Ž1989. 288–292.
V.G. Sasseville, W. Newman, S.J. Brodie, P. Hesterberg, D. Pauley,
D.J. Ringler, Monocyte adhesion to endothelium in simian immunodeficiency virus-induced AIDS encephalitis is mediated by vascular
cell adhesion molecule-1ralpha 4 beta 1 integrin interactions, Am.
J. Pathol. 144 Ž1994. 27–40.
G. Sebire,
C. Hery,
´
´ S. Peudenier, M. Tardieu, Adhesion proteins on
human microglial cells and modulation of their expression by IL a
and TNFa , Res. Virol. 144 Ž1993. 47–52.
D. Simmons, M.W. Makgoba, B. Seed, ICAM-1, an adhesion ligand
of LFA-1, is homologous to neural cell adhesion molecule NCAM,
Nature 331 Ž1988. 624–627.
D.J. Sloan, M.J. Wood, H.M. Charlton, Leucocyte recruitment and
inflammation in the CNS, Trends Neurosci. 15 Ž1992. 276–278.
C.W. Smith, Leukocyte-endothelial interactions, Semin. Hematol. 30
Ž1993. 45–53.
T.A. Springer, M.L. Dustin, T.K. Kishimoto, S.D. Marlin, The
lymphocyte function associated LFA-1, CD2 and LFA-3 molecules:
cell adhesion receptors of the immune system, Annu. Rev. Immunol.
5 Ž1987. 223–252.
T.A. Springer, Adhesion receptors of the immune system, Nature
ŽLond.. 346 Ž1990. 425–434.
T. Springer, Traffic signals for lymphocyte recirculation and leukocyte emigration: the multistep paradigm, Cell 76 Ž1994. 301–314.
G. Strassmann, T.A. Springer, S.J. Haskill, C.C. Miraglia, L.L.
Lanier, D.O. Adams, Antigens associated with the activation of
murine mononuclear phagocytes in vivo: differential expression of
lymphocyte function-associated antigen in the several stages of
development, Cell Immunol. 94 Ž1985. 265–275.
M. Takahashi, U. Ikeda, J. Masuyama, S. Kitagawa, T. Kasahara,
M. Saito, S. Kano, K. Shimada, Involvement of adhesion molecules
in human monocyte adhesion to and transmigration through endothelial cells in vitro, Atherosclerosis 108 Ž1994. 73–81.
W.E. Thomas, Brain macrophages: evaluation of microglia and their
functions, Brain Res. Rev. 7 Ž1992. 61–74.
S.O. Wawryk, J.R. Novotny, I.P. Wicks, D. Wilkinson, D. Maher,
E. Salvaris, K. Welch, J. Fecondo, A.W. Boyd, The role of the
LFA-1rICAM-1 interaction in human leukocyte homing and adhesion, Immunol. Rev. 108 Ž1989. 135–161.
D. Wong, K. Dorovini-Zis, Upregulation of intercellular adhesion
molecule-1 ŽICAM-1. expression in primary cultures of human brain
microvessel endothelial cells by cytokines and lipopolysaccharide, J.
Neuroimmunol. 39 Ž1992. 11–22.

