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The developmental appearance of ameboid and ramified 
microglia in the rat brain has been examined by immunoflu- 
orescent localization of vaults, recently described ribonu- 
cleoprotein particles (Kedersha and Rome, 1988a). Vaults are 
distinct, multiarched structures of unknown function ex- 
pressed by higher and lower eukaryotic species. Although 
vaults have been detected in all mammalian cells examined 
to date, they are highly enriched in macrophages. In the 
brain, vault antisera is highly specific for both ameboid and 
ramified microglia. The developmental profile of vault im- 
munoreactivity in rat brain slices suggests that microglia 
enter the brain at 2 locations, with different time scales for 
each. The first migration, which begins before embryonic 
day 15 and subsides between postnatal days 7 and 14, was 
identified by vault immunoreactivity and Bandeiraea simpli- 
cifolia B,-isolectin (a microglia marker) staining. The cells 
appear to enter from blood vessels and display a ramified 
morphology as soon as they are detected in the brain. The 
second microglial migration occurs in the first postnatal week, 
when ameboid microglia appear in the corpus callosum and 
other large fiber tracts. Ameboid microglia appear to differ- 
entiate into ramified microglia between postnatal days 4 and 
14. Vault immunoreactivity, as a very early microglial marker, 
provides new insight regarding the much-debated origin of 
the ramified microglia. It is quite clear that ameboid cells are 
not the sole source of ramified microglia because ramified 
cells can be detected before the influx of ameboid microglia. 
Colocalization studies with monocyte/macrophage markers 
ED1 and OX42 demonstrate that both ramified and ameboid 
microglia originate from monocyte lineage. 

Microglia are believed to be the mediators of immune responses 
in the CNS. Morphologically, there are 2 types of microglia: (1) 
ameboid microglia, also known as gitter cells and reactive mi- 
croglia, which are round, macrophagelike phagocytic cells with 
pseudopodia; and (2) ramified microglia, which are small cells 
with fine, crenulated, branching processes. A large body of ev- 
idence suggests that the ameboid microglia, like other tissue 
macrophages, are derived from blood-borne monocytes (for re- 
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view, see Ling, 198 1). There is considerable controversy, how- 
ever, over the origin of the ramified microglia. Rio-Hortega 
(1932) who originally visualized microglia with silver carbon- 
ate, suggested that the ramified microglia result from differen- 
tiation of ameboid microglia. While a large number of inves- 
tigators support this view, there is at least an equal number who 
deny a relationship between ameboid microglia and ramified 
microglia. 

Ameboid microglia appear in the brain in the late embryonic 
and early postnatal period and are located primarily in the cor- 
pus callosum and other large fiber tracts. It has been proposed 
that they enter these tracts to remove excess fibers produced 
during this period of development prior to myelination (Inno- 
centi et al., 1983a,b; Matsumoto and Ikuta, 1985; Perry et al., 
1985). Ameboid microglia are also visualized in the injured 
adult brain, presumably to remove debris. It has also been sug- 
gested that factors released from ameboid microglia regulate 
astroglial proliferation (Giulian and Baker, 1985). The source 
of the ameboid microglia has been shown unambiguously to be 
blood-borne monocytes that can invade the normal brain during 
a narrow window of early brain development (Ling et al., 1980). 
They disappear from the brain parenchyma by the second post- 
natal week, accompanied by the appearance of ramified mi- 
croglia. There are 2 schools of thought about the source of 
macrophages at the site of brain damage. One theory is that 
quiescent, ramified microglia are activated and become mac- 
rophages, whereas others discount a relationship between ame- 
boid and ramified microglia, claiming that macrophages enter 
the injured brain directly from the blood. 

It was the disappearance of the ameboid cells followed by the 
appearance of “transitional” cells and ramified microglia stained 
by silver carbonate that lead Rio-Hortega (1932) to suggest that 
ramified microglia evolved from ameboid cells. Indeed, more 
contemporary studies have established that ramified microglia 
possess a number of markers for cells of monocytic lineage. 
They are, however, negative for a number of other monocyte/ 
macrophage markers. While the function of ramified microglia 
is not known, it has been proposed that they play a role in 
antigen presentation and other immune functions because they 
express molecules of the major histocompatibility complex (Ia; 
Hickey and Kimura, 1988) trypsin-resistant IgGl/IgG2b mouse- 
Fc and complement type 3 receptors (Perry et al., 1985). In 
addition, it has been proposed that microglia play a role in 
neuronal repair with the C3bi receptor (a member of the integrin 
family), acting as an adhesion molecule between the neuronal 
and microglial membranes (Graeber et al., 1988). 

In this study, new information regarding the origin of ramified 
microglia has been obtained using an antiserum raised against 
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vaults, recently described ribonucleoprotein particles (Kedersha 
and Rome, 1986a). These distinct multiarched particles contain 
4 major proteins of M,s 2 10,000, 192,000, 104,000, and 54,000, 
and one small RNA of M, 37,000. While the function of vaults 
is not known, vaults are hiahlv conserved structures that are 

tively. The samples were boiled for 15 min and cleared by centrifugation, 
and equal amounts were loaded onto the SDS gel. Western blots were 
performed as described by Towbin et al. (1979). Whole antiserum was 
used at a dilution of 1:2000, and affinity-purified antibodies were used 
at a concentration of 0.5 &ml. 

Immunofluorescence: &&red microalia and mixed alia. Cultured brain - _ 
expressed by higher and lower eukaryotic species, including macrophages were prepared from poitnatal day 2 ra’t pups by a modi- 

human, rat, cow, chicken, frog, and the slime mold Dictyoste- fication of the procedure of McCarthy and de Vellis (1980) described 

lium discoideum (Kedersha et al., 1990). 
by Giulian and Baker (1986). Fixed E. coli was added to some cultures 

Although vaults have been detected in all cell types examined 
1 d after purification to test the phagocytic ability of the cells. These 
cells were fixed 24 hr later for 5 min with 4% paraformaldehyde and 

to date, they are highly enriched in macrophages (N. Kedersha permeabilized for 5 min with -20°C methanol. Other cells were fixed 
and D. Chugani, unpublished observations). In the brain, anti- and permeabilized for 5 min in -20°C methanol after 1 or 7 din culture. 

vault serum is highly specific for both ameboid and ramified Mixed glial cultures were prepared as described by McCarthy and de 

microglia. Described below are studies on the distribution of 
Vellis (1980) and were fixed and permeabilized in - 20°C methanol for 

vault immunoreactivity in cultured microglia and the deve- 
5 min after 14 d in culture. Polyclonal rabbit antisera (rabbit N2) was 
raised against vaults and characterized as described above. EDI and 

loping rat brain and its colocalization with established microglial OX42 were purchased from Bioproducts for Science (Indianapolis, IN). 

markers ED1 (Dijkstra et al., 1985) OX42 (Robinson et al., ED1 was raised against rat spleen cells and recognizes rat monocytes, 

1986) and Bandeiraea simplicijblia B,-isolectin (Streit and 
macrophages, and dendritic cells (Dijkstra et al., 1985). Sminia et al. 

Kreutzberg, 1987). 
(1987) reported that ED1 stained 2 populations of macrophages in the 
brain: those in the choroid plexus and meninges at all stages of devel- 
opment, and ameboid microglia that appeared in the cerebral hemi- 

Materials and Methods spheres after birth and gradually disappeared between postnatal days 8 
and 12. OX42 was nroduced bv immunization with rat resident oeri- 

Antibody production and characterization. Vaults were purified from rat 
liver microsomes, and vault antiserum was prepared in a rabbit des- 

toneal macrophages’and was shown to react against most macrophages, 

ignated N2 as described by Kedersha and Rome in a rabbit designated 
including resident peritoneal macrophages, alveolar macrophages, Kupf- 
fer cells, and microglia (Robinson et al., 1986). In addition, Robinson 

Gl (1986a,b). Briefly, purified intact vaults were mixed with hemocy- 
anin and cross-linked with glutaraldehyde, emulsified in Freund’s com- 
plete adjuvant, and injected subcutaneously into rabbits. Subsequent 
boosts were made using vaults (without hemocyanin) emulsified in 
Freund’s incomplete adjuvant. The IgG fraction was isolated from whole 
serum using Protein A Sepharose (Pharmacia) and, subsequently, passed 
over a column of purified vaults coupled to agarose (A5M, Biorad 
Laboratories, Richmond, CA) using cyanogen bromide (Porath, 1974) 
and stabilized by brief treatment with glutaraldehyde. The column was 
washed extensively with TBS buffer (50 mM Tris, pH 7.4,O. 15 M NaCl) 
until the OD,,, of the eluant was less than 0.10, then eluted with 0.1 M 
glycine (pH, 3.0). The eluted f  rat ions were immediately neutralized t’ 
with 1.5 M Trizma base and quantitated by UV spectroscopy (E,,, = 
1.2 OD units per mg/ml IgG). Antibodies against the major vault pro- 
tein, ~104, were also prepared using a blot affinity approach. Vault 
proteins were separated on SDS-PAGE, transferred to nitrocellulose, 
and identified by staining with Ponceau red, and the ~104 region was 
cut from the blot. This nitrocellulose strip was blocked with 5% nonfat 
dry milk, incubated with I:50 dilution of anti-vault serum, and washed 
with 0.1% Triton X- 100 prior to glycine elution as above. An unrelated 
protein (P-galactosidase) bound to nitrocellulose was used as a control. 

et al. (1986) identified the antigen recognized by OX42 as the receptor 
for the complement component C3bi. 

Fluorescein isothiocyanate (FITQ-conjugated Bandeiraea simplici- 
folia B,-isolectin (B,-lectin) was nurchased from Siama. FITC-coniu- 
“gated B,-lectin has been shown to be a selective hi&chemical reagent 
for the detection of cY-n-galactopyranosyl groups. B,-lectin has been 
shown to be a specific label for microglia and blood vessels in the brain 
and spinal cord by Streit and Kreutzberg (1987). 

Fixed cells were incubated at room temperature for 1 hr in 5% normal 
goat serum in phosphate-buffered saline, followed by 2 hr in vault an- 
tisera ( 1:500 or 1: 1000 dilution) and/or ED 1 monoclonal antibody ( 1: 
100 dilution) or OX42 monoclonal antibody (1: 100 dilution) and/or 
FITC-conjugated B,-lectin (50 &ml). Preimmune rabbit antisera con- 
trols, used at the same concentrations as vault antisera, were routinely 
run and were consistently negative (not shown). Mouse IgG, as well as 
monoclonal antibodies directed against multiple antigens with different 
patterns of staining, served as controls for the monoclonal antibodies. 
Sections were washed 3 x 10 min in phosphate-buffered saline, followed 
by 1 hr incubation with goat anti-rabbit FITC or rhodamine-conjugate 
(1:200 dilution) and/or goat anti-mouse FITC or rhodamine conjugate 
(1:200 dilution; Boehringer-Mannheim). In addition to the antibodies 
listed above, myelin basic protein monoclonal antibody (oligodendro- 
cyte marker; Boehringer-Mannheim), glial fibrillary acidic protein 
monoclonal antibody (marker for astrocytes; Boehringer-Mannheim), 
and monoclonal andibody OL28 (a putative neuronal marker; Kedersha 
and Chugani, unpublished observations) were used to ascertain the pu- 
rity ofthe cultures. All antibodies were diluted in 5% normal goat serum 
in phosphate-buffered saline. Fixed E. co/i was detected with bisben- 
zimide (Sigma) included with the secondary antibody. The stained cells 
were finally rinsed 3 x 10 min in phosphate-buffered saline and mounted 
with Gelvatol mounting media (Fukio et al., 1987). Specimens were 
viewed on a Nikon Microphot FX microscope equipped with epiflu- 
orescence optics and appropriate filters for the detection of fluorescein 
and rhodamine. 

Normal rat skin fibroblasts were metabolically labeled overnight with 
IS-methionine, chilled, harvested using treatment with trypsin, washed, 
and frozen. The thawed cell pellet was homogenized in 20 mM Tris (pH, 
7.4), 50 mM NaCI, and 0.5% Nonidet P40 containing the protease in- 
hibitors aprotinin (5 &ml), leupeptin (5 PM), chymostatin (5 &ml), 
pepstatin (5 PM), and soybean trypsin inhibitor (5 &ml). The cell extract 
was centrifuged in an Eppendorf microfuge for 10 min, and the super- 
natant was pretreated with preimmune serum for 3 hr at 4°C. Protein 
A Sepharose was added and the incubation continued for an additional 
hour, then the extract was centrifuged as above. Antibodies (described 
in figure legends) were then added to the supematant and incubated for 
2-3 hr at 4°C. Protein A Sepharose was added during the last hour of 
incubation, and the bound immune complexes were pelleted through 
30% sucrose in the above buffer and washed 3 times with the homog- 
enization buffer containina 0.5% deoxvcholate and 0.1% SDS. The im- 
mune complexes were then boiled in SDS sample buffer and subjected 
to SDS-PAGE (Laemmli, 1970, with modifications described in Keder- 
sha and Rome, 1986a) and fluorography using Autofluor (National Di- 
agnostics, Manville, NJ). Kodak XAR film was used; typical exposures 
were 3-6 d. 

Immunoblot analysis was performed on the small intestine dissected 
from an adult male rat. Tissue was immediately homogenized in 9 vol 
of ice-cold buffer containing 20 mM MES 12-(N-morpholino)ethane sul- 
fonic acid; Research Organ&, Inc.; pH, 6.5j, 0.2%Triton X- 100, and 
the protease inhibitors listed above. SDS and DTT were added to the 
crude homogenates to final concentrations of 2% and 20 mM, respec- 

Immunofluorescence: brain sections. Sprague-Dawley rats (obtained 
from our own breeding colony) aged 1, 3, 4, 7, 14, 21, and 180 d were 
anesthetized with halothane and perfused through the left cardiac ven- 
tricle with 4% paraformaldehyde in phosphate-buffered saline. Brains 
were removed 2 hr following perfusion and cryoprotected in sucrose. 
Embryonic rats aged 15 d were fixed by immersion in 4% paraformal- 
dehyde for 24 hr, followed by cryoprotection in sucrose. Twenty-micron 
frozen sections were cut on a cryostat and thaw mounted on gelatin- 
coated slides. Immunofluorescence was performed as described above. 

Western blot analysis. Cerebral hemispheres were dissected from rats 
aged 1, 2, 3, 4, 5, 6, 7, 10, 14, 21, and 180 d and homogenized in 5 vol 
(w/v) 20 mM MES buffer pH, 6.5 containing 0.2% T&on-X 100. Hom- 
ogenates were centrifuged at 2000 x g for 10 min to remove nuclei. 
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Figure 1. Specificity of vault antibod- 
ies. A, Immunoprecipitates using vault 
antibodies. Normal rat kidney fibro- 
blasts were metabolically labeled and 
processed as described in Materials and 
Methods and subjected to SDS-PAGE 
and fluorogmphy. Lane I, vault anti- 
serum from rabbit Gl; lane 2, preim- 
mune serum from rabbit Gl; lane 3, 
anti-vault IgG, column purified from 
rabbit N2 against intact vaults; lane 4, 
preimmune IgG from rabbit N2; lane 
5, N2 anti-vault antibody, blot purified 
against vault ~104 protein; lane 6, N2 
vault antiserum blot purified against 
&galactosidase. B, Immunoblot show- 
ing the specificity of rabbit N2 vault 
antibodies. Total rat intestine protein 
extract was probed with both affinity- 
purified and whole N2 antiserum. Lane 
7. preimmune IgG, lane 8, anti-vault 
InG, column-purified IaG against intact 
v&&s; lane 9; anti-va;lt IgG, blot pu- 
rified against vault ~104; lane IO, 
anti-vault IgG, blot purified against 
&galactosidase (as a control); lane I I, 
preimmune whole serum; lane 12, anti- 
vault whole serum. The arrow indicates 
the mobility of ~104; arrowheads in- 
dicate ~210 and ~192. 

Supematants were immediately boiled (10 min) in 0.2 M DTT and 1% 
SDS and analyzed on polyacrylamide slab gels as described by Laemmli 
(1970). Western blot analysis was performed as described by Towbin 
et al. (1979). 

Results 
Specificity and characterization of antiserum 
The antiserum raised against vaults specifically precipitated the 
major vault polypeptide of M, 104,000 (~104) in addition to 
the other minor vault polypeptides of M, 210,000 (p210) and 
194,000 (p 194) from metabolically labeled whole-cell extracts 
(Fig. 1, lane 1). The precipitation of the p2 10 species is note- 
worthy because this antibody does not recognize this species on 
Western blots of purified vaults (data not shown), suggesting 
that p2 10 is precipitated due to its strong affinity for p 104. 

Vault antiserum was affinity purified by 2 different methods. 
Antibodies specific for intact vaults were prepared using a col- 
umn of whole vaults, while antibodies specific for the major 
vault protein ~104 were purified from ~104 bound to nitrocel- 
lulose. Both column-purified and blot-purified antibodies pre- 
cipitated the major vault protein of ~104 (Fig. 1, lanes 3, 5) as 
well as the p2 10 and p 192 polypeptides. While p2 10 and p 192 
are not clearly visible on the fluorogram shown, they were seen 
in other precipitations (data not shown). The column-purified 
antibody was more efficient in immunoprecipitations than anti- 
~104, probably due to better recognition of native epitopes. 

The specificity of the antibodies was also assayed by immu- 
noblot analyses against total protein extracts of the rat small 
intestine (Fig. 1, lanes 7-12), a rich tissue source of vaults. 

Preimmune IgG (Fig. 1, lane 7) and preimmune serum (Fig. 1, 
lane 11) showed no detectable reactivity, while immune serum 
(Fig. 1, lane 12) and both column-purified and anti-p 104 (Fig. 
1, lanes 8,9) reacted with a single major species with an apparent 
mobility equal to the ~104 major vault protein. Minor bands 
of faster mobility were also observed, several of which were 
recognized by both the column-purified and the blot-purified 
antibodies, suggesting that these minor bands may arise from 
the ~104 or are related polypeptides. Neither the preimmune 
sera, the preimmune IgG, nor the vault antiserum blot-purified 
against @-galactosidase showed detectable activity on immu- 
noblots (Fig. 1, lanes 11, 7, and 10, respectively). Because the 
immune serum was judged to be monospecific, whole-vault an- 
tiserum was used for the remainder of the study. 

lmmunofluorescence in microglia and mixed glial cultures 

Microglia cultures, purified from mixed glia on postnatal day 
9, contained 90-95% macrophagelike ameboid shaped cells 1 d 
after purification. These cells were able to phagocytically ingest 
fixed bacteria. Contaminating astrocytes, oligodendrocytes, and 
neurons constituted the remaining cells. Ameboid microglia in 
these early cultures were intensely stained with vault antibody. 
After 1 additional week in culture, approximately half of the 
ameboid cells differentiated into process-bearing cells resem- 
bling ramified microglia (Fig. 24-C). Both cell types contained 
cytoplasmic vault staining in a fine punctate pattern, which has 
been previously seen in a variety of cell types (N. Kedersha, 
unpublished observations), though the ameboid cells were 
somewhat more intensely stained (Fig. 2A). Both ameboid and 



Figure 2. Vault, EDl, and OX42 distribution in cultured microglia. Primary cultured micro&a from postnatal day 2 rats were fixed after 14 d 
in culture with -20°C methanol and double stained with vault antisera visualized with anti-rabbit rhodamine antibodies and with ED1 or OX42 
monoclonal antibodies visualized with anti-mouse fluorescein antibodies. A-C, Field double stained with vault antisera (A) and ED1 (B) and phase- 
contrast view of same field (C’). Both ameboid (small arrow) and process-bearing cells (large arrow) display vault and ED1 immunoreactivity. D- 
F, “Transitional” cells: D, Vault antisera; E, 0X42; F, Phase-contrast view of same cells. Note the fine processes (arrowhead) stained with 0X42. 
Scale bar, 10 pm. 
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ramified cells also displayed ED1 (Fig. 2B) and OX42 immu- 
noreactivity (not shown). ED1 staining was also cytoplasmic 
and punctate; however, the granules were somewhat larger than 
those seen with the vault antiserum and did not colocalize. 

Cells that appeared to be transitional between ameboid and 
ramified cells were also apparent in the 16-d-old (equivalent 
brain age) microglia cultures (Fig. 2D-F). These cells displayed 
bright vault (Fig. 2D), OX42 (Fig. 2E), and ED1 immunoreac- 
tivity (not shown), as well as B,-lectin staining (not shown). 
OX42 and B,-lectin displayed diffuse surface labeling and per- 
mitted the visualization of fine, straight processes (Fig. 2E for 
0X42; B,-lectin not shown). 

The differentiation of ameboid cells into ramified cells also 
occurred in mixed glial cultures. These cultures displayed dif- 
fuse, punctate vault staining in most cells after 2 weeks in cul- 
ture. In 2 cell types, however, the vault staining was considerably 
brighter. Vault immunoreactivity was intense in cells displaying 
macrophagelike morphology (not shown). In addition, there were 
small process-bearing cells highly reminiscent of ramified mi- 
croglia that were distinctly brighter than the surrounding cells 
(Fig. 3A). These cells were negative for myelin basic protein 
immunoreactivity (Fig. 3B), glial fibrillary acidic protein, and 
OL28, a putative neuronal marker (not shown). 

lmmunofluorescence in developing brain 
A summary of the developmental profile of vault, EDl, and 
OX42 immunoreactivity and B,-lectin staining in brain is shown 
in Table 1. The reader may find it useful to refer to the table 
when reading the following results. 

Embryonic days 15 and 18 
Vault immunoreactivity was observed in small process-bearing 
cells in the brain parenchyma of the cerebral hemispheres, mid- 
brain, and spinal cord and in retina (Figs. 4, 54). The processes 
were branched and crenulated, often ending upon and wrapping 
around capillaries (Fig. 54, large arrow). In many cases, con- 
tacted capillaries were also vault positive. Stained cells display- 
ing the morphology described for perivascular ramified mi- 
croglia (Rio-Hortega, 1932) were also labeled by B,-lectin. In a 
colocalization study using vault antibody and B,-lectin, the lec- 
tin more prominently stained blood vessels (Fig. 5B) and, in 
addition, stained many extremely fine, straight processes ex- 
tending from microglia and vessels perpendicular to the surface 
of the brain (Fig. 5B, arrowhead). These cells did not display 
ED1 or OX42 immunoreactivity. Rich vault immunoreactivity 
was also observed in round, macrophagelike cells in the ven- 
tricles, meninges, and posterior chamber of the eye. These mac- 
rophagelike cells were also immunoreactive with ED1 and stained 
with B,-lectin. 

Figure 3. Vault distribution in mixed glial culture. Cells were estab- 
lished from postnatal day 2 rat cortex and fixed with -20°C methanol 
after 14 d in culture. Cells were double stained with vault antisera 
visualized with anti-rabbit rhodamine antibodies and with myelin basic 
protein monoclonal antibody visualized with anti-mouse fluorescein 
antibodies. A, Diffise, punctate vault staining was seen throughout the 
culture, with a brighter, process-bearing cell (arrow). B, Myelin basic 
protein staining was apparent in regions that displayed only diffuse vault 
staining. C, Phase-contrast image of same field. Scale bar, 10 Nrn. 

Postnatal days l-4 
Vault immunoreactivity was observed in macrophagelike and 
ramified cells and in small blood vessels in the early postnatal 
brain. Ramified microglia positive for vaults were observed in 
all gray matter regions, and the intensity of staining and number 
of positive cells increased from day 1 to day 4 (Figs. 6B,D, 74. 
Ramified microglia stained intensely with B,-lectin, and weak 
immunoreactivity was seen with ED 1 and 0X42. Colocalization 
of ED1 and OX42 with vault antisera is shown in Figure 6. 
Macrophagelike vault-positive cells were again observed in the 
ventricles, choroid plexus, and meninges. In addition, large 
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Figure 4. Vault distribution in embryonic day 15 rat CNS. Embryonic day 15 rats were fixed by immersion in 4% paraformaldehyde, and frc 
sections were stained with vault antisera. Many ramified microglia were visualized in cortex (A), spinal cord (B), and retina (C’). A few amel 
cells (arrows) were also seen in the brain parenchyma. Large numbers of macrophages were seen in the posterior chamber of the eye (Fig. 3C), 
only ramified cells were in the retina itself. In addition, segments of blood vessels were stained in the brain and spinal cord. Scale bar, 20 run 

mid 
but 
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Table 1. Time course of expression of microglial markers in brain 
sections 

E15/18 P1-4 PI P14 P21/180 

Ameboid micro&a 
Vault-IR +/- ++++ +++ +/- - 
EDl-IR +/- ++++ +++ +/- - 
0X42-IR - + ++ - - 
B,-lectin +/- ++ ++ - - 

Ramified microglia 
Vault-IR +++ ++++ +++ ++ + 
EDl-IR - + + - - 
0X42-IR - + ++ +++ ++ 
B,-lectin ++++ +++ ++ ++ + 

Rat brain sections from embryonic day 15 (El 5) through postnatal day 180 (P180) 
were stained with vault antisera visualized with anti-rabbit fluorescein antibodies 
(Vault-IR), monoclonal antibodies ED1 and OX42 visualized with antimouse 
fluorescein antibodies (ED 1 -1R and 0X42-IR), and FITC-conjugated Bundeirueu 
simplict~lia B,-isolectin (B,-lectin). Sections were rated subjectively for number 
of cells stained and intensity of staining on a scale from - to + + + + 

numbers of macrophagelike cells or ameboid microglia ap- 
peared in the corpus callosum, internal capsule, and cerebellar 
medulla, which are all areas containing large numbers of nerve 
fibers (Fig. 6F). Vault immunoreactivity was much brighter in 
the ameboid than in the ramified cells, though the ramified cells 
were distinctly vault positive relative to background. Ameboid 
microglia stained with B,-lectin, ED 1 (Fig. 6E), and weakly with 
0X42. 

Postnatal day 7 
Vault immunoreactivity at postnatal day 7 was found in all of 
the same cell types as was seen earlier. However, ramified cells 
were more highly branched (Fig. 7B). There were relatively fewer 
ameboid microglia and more ramified cells. In regions such as 
the corpus callosum, which previously contained only ameboid 
cells, cells appeared that looked intermediate between ameboid 
and ramified microglia (Fig. 8, large arrow). In addition, diffuse 
vault immunoreactivity was seen in the epithelial cells of the 
choroid plexus, as well as bright vault staining in Kolmer cells. 
B,-lectin again stained all the microglial cell types and blood 
vessels. ED1 immunoreactivity and weak OX42 immunoreac- 
tivity was present in the ameboid cells and in the putative tran- 
sitional cells that appeared to be ameboid microglia developing 
into ramified microglia. Strong OX42 immunoreactivity was 
observed in ramified microglia. 

Postnatal day 14 

Vault immunoreactivity was greatly diminished by day 14. Few- 
er labeled ramified microglia were observed in gray matter, and 
those remaining were much less intensely stained but more high- 
ly branched (Fig. 7C’). Very few ameboid microglia remained 
in the corpus callosum and cerebellar medulla, and ramified 
microglia were observed in these regions. In addition, blood 
vessel staining was no longer seen in the cortex, but it was still 
prominent in the striatum and hippocampus. The only excep- 
tion to the decreasing vault immunoreactivity in brain was in 
the choroid plexus, where the cuboidal epithelial cells displayed 
increased punctate, cytoplasmic staining. B,-lectin in ramified 
microglia and blood vessels was also diminished. ED1 immu- 
noreactivity was present in a few ameboid and intermediate 
process-bearing cells in the brain parenchyma, as well as in 
macrophages in the ventricles, choroid plexus, and meninges. 
OX42 immunoreactivity was very bright in ramified microglia. 

Postnatal days 21 and 180 
Vault immunoreactivity continued to diminish at these later 
time points. Lightly stained ramified microglia were observed 
in both gray and white matter at 2 1 d and in the adult (Fig. 70). 
A few faintly stained blood vessels also remained in the adult 
striatum. Ameboid microglia completely disappeared by day 
2 1, and the only macrophagelike cells remaining were a few cells 
scattered through the choroid plexus and meninges. The vault 
staining of cuboidal epithelial cells of the choroid plexus in- 
creased in intensity from day 14 to day 2 1, and from day 2 1 to 
day 180. In addition, diffuse vault immunoreactivity appeared 
in the granule cell layer of the cerebellum at day 2 1, which was 
still brighter in the adult. ED1 immunoreactivity was seen in 
the few macrophagelike cells. OX42 and B,-lectin stained ram- 
ified microglia throughout the brain, but were diminished in 
intensity at 21 d and in the adult. 

Western blot analysis 

Western blot analysis of rat cerebral hemispheres using vault 
antisera showed no developmental difference in the vault con- 
tent per wet-weight tissue. The size and intensity of staining of 
the major vault protein ~104 was constant with age (Fig. 9). 

Discussion 
We have demonstrated that vault immunoreactivity is enriched 
in ameboid and ramified microglia over other brain cell types, 

Figure 5. Vault and B,-lectin distribution in embryonic day 15 brain (metencephalon). Embryonic day 15 rats were fixed by immersion in 4% 
parafonnaldehyde, and frozen sections were cut. A, Vault immunoreactivity was visualized with anti-rabbit rhodamine antibodies. B, BJectin 
FlTC conjugate was visualized in the same section with the fluorescein filter. Vault antisera stained ramified cells (small arrow) and segments of 
blood vessels (large arrow). B,-lectin also stained ramified cells (small arrow) and blood vessels (large arrow). The B,-lectin staining of blood vessels 
was much more intense than vault staining. In addition, B,-lectin stained extremely fine fibrils extending from ramified cells and vessels (arrowhead). 
Scale bar, 10 pm. 

Figure 6. Vault, 0X42, and ED1 distribution in postnatal day 2 rat brain. A postnatal day 2 rat was fixed by perfusion with 4% paraformaldehyde, 
and frozen sections were double stained with vault antiserum visualized with anti-rabbit rhodamine antibodies and with OX42 or ED1 monoclonal 
antibodies visualized with anti-mouse fluorescein antibodies. Ramified cells stained with OX42 (A) and vault antisera (B). A ramified cell stained 
with ED1 (C’) and vault antisera (0). Ameboid cells over the corpus callosum stained with ED1 (E) and vault antisera (F). Scale bar: 5 pm for A- 
D; 15 pm forE, F. 

Figure 7. Vault distribution in rat cortex with development. Postnatal rats were fixed by perfusion with 4% paraformaldehyde, and frozen sections 
were stained with vault antisera visualized with anti-rabbit Auorescein antibody. Ramified microglia stained in the cerebral cortex in rats aged 3 
d (A), 7 d (B), 14 d (C), and 180 d (D). The apparent intensity of staining diminished from 7 to 14 d, and from 14 to 180 d, while the branching 
of the processes increased. A cell that appears to be traversing a blood vessel wall is seen in B (arrow). Scale bar, 5 pm. 
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Figure 8. Vault distribution in postnatal day 7 corpus callosum. Post- 
natal day 7 rats were fixed by perfusion with 4% paraformaldehyde, and 
frozen sections were stained with vault antisera visualized with anti- 
rabbit fluorescein antibody. Ameboid microglia were abundantly seen 
over the corpus callosum at this age. A few ramified (small arrow) and 
“transitional” cells (large arrow) are also apparent. Scale bar, 10 pm. 

both in culture and in brain sections. The morphology, local- 
ization, phagocytic activity (data not shown), and colocalization 
with the established microglial markers ED 1, 0X42, and Bun- 
deiraea simplicifolia B,-lectin (see Materials and Methods) pos- 
itively identify the vault-immunoreactive cells as microglia. The 
ability of the cultured microglia to exhibit a ramified mor- 
phology after 1 week in culture shows these cells are not simply 
macrophages from blood vessels ruptured during dissection. 
Furthermore, vault immunoreactivity, as a very early microglial 
marker, provides new insight regarding the much-debated origin 
of ramified microglia. 

The developmental profile of vault immunoreactivity in rat 
brain sections suggests that microglia enter the brain by 2 
different routes, with different time scales for each. The first 
migration begins before embryonic day 15 and subsides between 
postnatal days 7 and 14. These cells appear to enter from blood 
vessels (Figs. 4A, 6B) and display a ramified morphology as 
soon as they are detected in the brain. The vault immunoreac- 
tivity in the blood vessels at this time suggests that macrophages 
may differentiate into ramified cells at or in the vessel walls 
before migrating into the brain tissue. It is quite clear that they 
do not develop from ameboid microglia in the brain because 
the ramified cells can be detected before the postnatal influx of 
ameboid cells. 

The second microglial migration occurs in the first postnatal 
week, when ameboid microglia appear in the corpus callosum 
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Figure 9. Immunoblot analysis of vault distribution in rat cerebral 
hemispheres with age. Equal amounts of extracts were resolved on a 
10% SDS-polyacrylamide gel, transferred to nitrocellulose, and sub- 
jected to immunoblot analysis using vault antisera. Lanes 1-11 con- 
tained samples from postnatal day 1, 2, 3, 4, 5, 6, 7, 10, 14, 21, and 
180 rats, respectively. Lane 12 contains purified vault standard. A band 
at IO4 kDu was seen at all ages. 

and other large fiber tracts. These cells also presumably enter 
from the blood; however, blood vessels in these regions are not 
stained by vault antisera. It is this population of cells that have 
been previously demonstrated to be derived from circulating 
monocytes (Ling et al., 1980). Transitional forms of ameboid 
microglia apparent in these tracts are labeled with both vault 
antisera and ED1 (Fig. 6C,D); therefore, it is quite likely that 
ameboid cells differentiate into ramified microglia. Ameboid 
microglia, however, do not appear to be the sole source of ram- 
ified microglia in the brain. 

The finding that the capillaries underlying the perivascular 
ramified microglia are also vault immunoreactive suggests that 
phagocytic pericytes may be the precursors of these cells. This 
is not, in fact, a new concept. Mori and Leblond (1969) suggested 
that pericytes could be one source of microglia based upon their 
observation of silver carbonate-stained cells on the capillary 
wall that resembled microglia in morphology. A number of other 
investigators have subsequently lent support to this notion (Bar- 
on and Gallego, 1972; Brichova, 1972; Sturrock, 1974; Hager, 
1975; Boya, 1976), though Imamoto and Leblond (1978) re- 
ported they could find no evidence that pericytes migrated into 
brain tissue. 

What is the origin of the pericytes? Mori (1972) has suggested 
that these cells, like the ameboid microglia, may have a mono- 
cyte origin. He postulated that pericytes are blood cells that 
have entered the pericytal space. In support of this view, Ling 
(198 1) pointed out that the pericytes are phagocytes, as evi- 
denced by the uptake of circulating HRP (Cancilla et al., 1972) 
and colloidal carbon particles (Ling, 1978). 

The present study supports the notion that ramified microglia, 
like ameboid microglia, originate from monocyte lineage. The 
use of multiple markers throughout the course of brain devel- 
opment allowed us to visualize time periods in which expression 
of these markers overlapped. Vault- antisera and B,-lectin de- 
tected ramified microglial cells from embryonic day 15 through 
adulthood, though vault immunoreactivity greatly diminished 
in intensity after postnatal day 7. At postnatal day 2, the ramified 
microglia began to express 0X42, the complement C3bi recep- 
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tor, as well as vaults and lectin binding in double-label exper- 
imcnts. In addition, some EDl-positive cells between postnatal 
day 7 and I4 displayed processes, suggesting that some ramified 
microglia do indeed diffcrcntiate from ameboid cells, but lose 
the ED 1 antigen in the process of differentiation. Indeed, other 
monocytc and/or macrophage markers have labeled ramified 
microglia. Perry et al. (1985) demonstrated that the macro- 
phage-specific antigen F4/80, the complement type 3 receptor 
(Mac-l), and the trypsin-resistant IgGl/IgG2b mouse-Fc re- 
ceptor (2.4G2) were all expressed in macrophages and microglia 
in the developing and adult mouse brain. Esiri and McGee 
(1986) similarly reported that monoclonal antibody EMB/l 1 
raised against human lung macrophages recognized both mac- 
rophagcs and ramilied microglia in normal and diseased 
human brain. Further evidence that ramified microglial cells 
may also be derived from monocytes comes from the work of 
Hickey and Kimura (I 988). They used rat bone marrow chi- 
meras to show that perivascular microglial cells arc bone mar- 
row derived. 

The abscncc of other monocyte/macrophage markers has been 
given as evidence refuting the monocytic origin of ramihed mi- 
croglia (Fujita et al., 1978; Oehmichen et al., 1979; Wood et 
al., 1979; Tsuchihashi et al., 198 1; Matsumoto and Ikuta, 1985; 
Sminia et al., 1987). However, in a comprehensive study of 39 
monoclonal antibodies raised against monocytes or macro- 
phagcs, Keller et al. (I 989) showed wide heterogeneity in the 
expression of the antigens by cultured bone marrow macro- 
phages. This study clearly points out that some epitopes may 
display variability in expression even in a pure population of 
resting macrophages. It has also been recognized that there is 
developmental expression of some antigens, and that cells may 
bc induced to express the antigens under certain conditions. 
Suzumura et al. (1987) demonstrated, for example, expression 
of class I and class II (Ia) antigens on y-interferon-treated, but 
not unstimulated cultured brain macrophages. Macrophages are 
obviously a heterogeneous population with regard to their an- 
tigenic properties, and thcreforc, the absence of some macro- 
phage/monocyte markers clearly cannot be used as evidence 
that microglia are not derived from monocytes. 

Evidence that ameboid cells can differentiate into ramified 
cells comes from 2 different types of studies. First, peritoneal 
macrophages injected into the rabbit brain express processes 
like ramified microglia (Oehmichen et al., 1979). Second, cul- 
tured macrophagcs from the brain can be induced to develop 
processes with retinoic acid and dimethyl sulfoxide (Giulian 
and Baker, 1986). In fact, in the present study, some ameboid 
cells spontaneously differentiated after 1 week in culture into 
cells with long processes resembling ramified microglia (Figs. 2, 
3). Similar to microglia seen in sections, the cultured ramified 
microglia contained less vault immunoreactivity than the ame- 
boid cells. In contrast, however, both ramified and ameboid 
microglia expressed ED1 and OX42 immunoreactivity in cul- 
ture, whereas in viva, ameboid cells did not stain well with 
0X42, and transitional, but not fully ramified cells stained with 
ED 1. Apparently, the regulation of these antigens present in vivo 
is lost in the cultured cells. 

The presence of a constant amount of the ~104 major vault 
protein with age indicated by Western blot was somewhat sur- 
prising in light of the developmental changes seen in the im- 
munofluorescence studies. It is very likely that, though microglia 
contain more vault immunoreactivity than other brain cells, the 
majority of cells in the brain contain lower vault levels that are 

constant with age. In support of this view, mixed glial cultures 
display bright staining in microglia, while all other cells contain 
diffuse vault staining (Fig. 3A). 

Vault immunoreactivity has helped clarify issues regarding 
the origin of microglial cells. What is the developmental ex- 
pression of vaults in the brain telling us about vault function? 
Vault expression is highest in the adult choroid plexus and in 
ameboid microglia. Vault expression is also high during the 
establishment of ramified microglia in the brain, but diminishes 
after the processes are fully arborized and set in place. Char- 
acteristics in common between ameboid microglia and micro- 
villi of choroid plexus cells are motility, the ability to undergo 
dramatic shape changes, and secretion. Colocalization studies 
of vault immunoreactivity with actin in ftbroblasts showed that 
vaults are often associated with actin bundles and at the point 
of attachment of actin cables with the membrane (Kedersha, 
unpublished observations). These data, taken together, suggest 
a role for vaults in cytoskeletal organization and attachment of 
actin filaments, with vault concentration being the highest in 
the most motile, plastic cell types. 
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