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ABSTRACT
The nucleoside triphosphatase (NTPase), nucleoside diphosphatase (NDPase), 58nucleotidase (58-Nase), and purine nucleoside phosphorylase (PNPase) activity has been
examined in the cerebral cortex, subcortical white matter, and hippocampus from embryonic
day (E)16 to postnatal day (P)18. Microglia display all four purine-related enzymatic
activities, but the expression of these enzymatic activities differed depending on the distinct
microglial typologies observed during brain development. We have identified three main
morphologic typologies during the process of microglial differentiation: ameboid microglia
(parenchymatic precursors), primitive ramified microglia (intermediate forms), and resting
microglia (differentiated cells). Ameboid microglia, which were encountered from E16 to P12,
displayed the four enzymatic activities. However, some ameboid microglial cells lacked
58-Nase activity in gray matter, and some were PNPase-negative in both gray and white
matter. Primitive ramified microglia were already observed in the embryonic period but
mostly distributed during the first 2 postnatal weeks. These cells expressed NTPase, NDPase,
58-Nase, and PNPase. Similar to ameboid microglia, we found primitive ramified microglia
lacking the 58-Nase and PNPase activities. Resting microglia, which were mostly distinguishable from the third postnatal week, expressed NTPase and NDPase, but they lacked or
displayed very low levels of 58-Nase activity, and only a subpopulation of resting microglia was
PNPase-positive. Apart from cells of the microglial lineage, GFAP-positive astrocytes and
radial glia cells were also labeled by the PNPase histochemistry. As shown by our results, the
differentiation process from cell precursors into mature microglia is accompanied by changes
in the expression of purine-related enzymes. We suggest that the enzymatic profile and levels
of the different purine-related enzymes may depend not only on the differentiation stage but
also on the nature of the cells. The use of purine-related histoenzymatic techniques as a
microglial markers and the possible involvement of microglia in the control of extracellular
purine levels during development are also discussed. J. Comp. Neurol. 398:333–346, 1998.
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Extracellular purine nucleosides and nucleotides present in adult tissues are implicated in a variety of biological
mechanisms such as the regulation of blood flow, cell
growth, and immune reactions (Burnstock, 1990). In the
nervous tissue, extracellular purines perform additional
roles in neuromodulation and neurotransmission by acting
as cotransmitters or as genuine neurotransmitters (Burnstock, 1993), and during central nervous system (CNS)
development, they carry out trophic actions and participate in the regulation of different processes, including
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neural plasticity and the proliferation of glial and endothelial cells (Neary et al., 1996).
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The presence of a ‘‘cascade’’ of enzymes engaged in the
extracellular hydrolysis of purine nucleotides is fundamental in the control of extracellular purine levels. Purine
nucleotides are released in the CNS from a variety of cells
and are rapidly hydrolyzed into nucleosides, which are
taken up from the extracellular space by neurons and glial
cells (Matz and Hertz, 1989). The enzymes involved in the
sequential dephosphorylation of purine nucleotides into
nucleosides are nucleoside triphosphatase (NTPase),
nucleoside diphosphatase (NDPase), and nucleoside monophosphatase, frequently known as 58-nucleotidase (58Nase). All three are enzymes whose enzymatic activities
have been located on the plasma membrane of microglial
cells (Ibrahim et al., 1974; Murabe and Sano, 1982;
Vordrodt and Wisniewski, 1982; Kreutzberg et al., 1986;
Kaur et al., 1987), thus suggesting the direct participation
of microglial cells in the control of extracellular purines
(Castellano et al., 1990, 1991a; Vela et al., 1995a).
NTPase activity has been detected in resting and activated microglia in the adult brain (Sjöstrand, 1966; Ibrahim et al., 1974) and in the ameboid type during the
postnatal period of the developing brain (Ling, 1977). The
expression of NDPase has been demonstrated by microglial cells, not only in vivo (Murabe and Sano, 1982;
Vordrodt and Wisniewski, 1982; Sanyal and De Ruiter,
1985; Castellano et al., 1991a,b) but also in vitro (Ditrich,
1986; Castellano et al., 1991a; Norenberg et al., 1994;
Dalmau et al., 1996), and it is known that microglial cells
display NDPase activity during development (Fujimoto et
al., 1987, 1989; Schnitzer, 1989; Dalmau et al., 1997a) and
in the adult CNS, under both normal (Schnitzer, 1989;
Castellano et al., 1991b; Vela et al., 1995a) and pathologic
(Schnitzer and Sherer, 1990; Wisniewski et al., 1990;
Finsen et al., 1993; Jørgensen et al., 1993; Jensen et al.,
1994; López-Garcı́a et al., 1994; Sørensen et al., 1996)
conditions. The enzyme 58-Nase has been found in cells
from the microglial lineage in the early postnatal brain
(Kaur et al., 1984, 1987) as well as in glial cells in the
mature nervous tissue (Kreutzberg and Barron, 1978;
Kreutzberg et al., 1978). However, the analyses of these
purine-related ectoenzymes in relation to microglial cells
during the prenatal period have been fewer (see Dalmau et
al., 1997a).
Apart from NTPase, NDPase, and 58-Nase, other enzymes such as the purine nucleoside phosphorylase
(PNPase) play a key role in the purine metabolism.
PNPase is an enzyme of the ‘‘inosinate cycle’’ that is crucial
to the recycling of nucleosides (Simmonds, 1991). In the
adult brain, PNPase has been demonstrated intracellularly in astrocytes and microglia (Castellano et al., 1990),
and in vitro studies have demonstrated developmental
changes of PNPase expression in astrocytes (Zoref-Shani,
1995), but there are no available in vivo studies focused on
PNPase in the developing CNS.
The aim of this study was to analyze the distribution
and time course of the appearance of the following purinerelated enzymatic activities during the development of the
rat brain: NTPase, NDPase, 58-Nase, and PNPase. Special
attention was paid to the activity of these enzymes in
relation to cells from the microglial lineage. The following
brain areas were examined: the cerebral cortex, subcortical white matter (the corpus callosum and the internal and
external capsules), and the hippocampus, from embryonic
day 16 to postnatal day 18.
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MATERIALS AND METHODS
Tissue collection and fixation
A total of 40 Wistar rats of both sexes, ages ranging from
embryonic day (E)16 to postnatal day (P)18, were used in
this study. Animals were grouped as follows: E16, E18,
E21, P0, P3, P6, P9, P12, P15, and P18.
The embryos were delivered by cesarean operation with
the mothers in deep sodium pentobarbital anesthesia (50
mg/kg body weight). The fetal brains were carefully removed and fixed by immersion for 5–6 hours at 4°C in a 4%
paraformaldehyde solution in 0.1 M cacodylate buffer (pH
7.4) containing 5% sucrose. The rat pups were anesthetized with sodium pentobarbital (50 mg/kg body weight)
and killed by intracardiac perfusion with a 4% paraformaldehyde solution in 0.1 M cacodylate buffer (pH 7.4) containing 5% sucrose. The brains were then carefully removed
and post-fixed for 2–3 hours at 4°C in the same fixative
solution. After fixation, both fetal and postnatal brains
were washed in cacodylate buffer (0.1 M cacodylate buffer,
pH 7.4, with 7.5% sucrose) and coronally sliced with the
aid of a Vibratome to obtain four parallel series of 50-µmthick sections. The sections were collected in cacodylate
buffer (0.1 M cacodylate buffer at pH 7.4 with 7.5%
sucrose) and immediately processed for NTPase, NDPase,
58-Nase, and PNPase histochemistry (see below).
All efforts were made to minimize animal suffering in all
procedures. Protocols were approved by the appropriate
animal care committee of the Autonomous University of
Barcelona.

Histochemical demonstration of the NTPase,
NDPase, 58-Nase, and PNPase activities
NTPase enzymatic activity was demonstrated in accordance with the protocol reported by Wachstein and Meisel
(1957). Incubation was carried out at 38°C for 25 minutes
in a medium containing 12.5 mg of inosine 58-triphosphate
(Sigma; I-0885) diluted in 10 ml of distilled water, 1 ml of
distilled water, 10 ml of 0.2 M Trizma maleate buffer, pH
7.4, 2.5 ml of 0.1 M MgSO4 and 1.5 ml of 2% (NO3)2Pb.
The demonstration of NDPase enzymatic activity was
performed as earlier reported (Castellano et al., 1991a).
Sections were incubated at 38°C for 25 minutes in a
medium (Novikoff and Goldfisher, 1961) containing 25 mg
inosine 58-diphosphate (Sigma; I-4375) diluted in 7 ml of
distilled water, 10 ml of 0.2 M Trizma maleate buffer
(Sigma; T-3128), pH 7.4, 5 ml of 0.5% MnCl2, and 3 ml 1%
(NO3)2Pb.
The 58-Nase activity was demonstrated by incubating
sections at 38°C for 50 minutes in the same medium
described above for the NDPase histochemistry, but by
using adenosine 58-monophosphate (Sigma; A-1877) as
substrate.
To demonstrate PNPase enzymatic activity (Castellano
et al., 1990), the Vibratome sections were incubated at
38°C for 30 minutes in the following medium: 9.2 mg of
ribose-1-phosphate (Sigma; H-R-9381), 13.6 mg of hypoxanthine (Sigma; H-9377), 6 ml of distilled water, 3 ml of 0.2 M
Trizma maleate buffer (Sigma; T-3128, pH 7.4), and 1 ml of
1% (NO3)2Pb.
As a control for the enzyme histochemical NTPase,
NDPase, and 58-Nase reactions, some sections from each
age were incubated in a medium lacking the substrates
inosine 58-triphosphate, inosine 58-diphosphate, and adenosine 58-diphosphate, respectively. As a control for the
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PNPase staining, some sections of each age were incubated in a medium without hypoxanthine, ribose-1phosphate, or both.
After incubations, sections were rinsed in cacodylate
buffer, treated with 2% (NH4)2S for 2 minutes, washed in
distilled water (2 3 2 minutes), treated with 1% AgNO3 for
1 minute, and rinsed again in distilled water (2 3 2
minutes) to visualize the reaction product. Finally, sections were mounted on gelatin-coated slides, dehydrated
in alcohol, cleared in xylene, and cover-slipped with DPX
synthetic resin.
Double-labeling technique. To test the cellular specificity of NTPase, NDPase, 58-Nase, and PNPase stainings,
some histochemically reacted sections from each age were
additionally processed for double-labeling techniques according to the protocol described by Castellano et al.
(1991a). The simultaneous demonstration of enzymatic
activities and astrocytes or microglia was achieved by the
sequential combination of enzyme histochemistries and
selective markers for glial cells. Astroglial cells were
demonstrated by immunocytochemical detection of glial
fibrillary acidic protein (GFAP; Eng et al., 1971; Bignami
et al., 1972), and microglial cells were demonstrated by
tomato lectin histochemistry (Acarı́n et al., 1994).
The histochemical reaction for NTPase, NDPase, 58Nase, or PNPase was first performed as detailed previously but without the final ammonium sulfide/silver nitrate treatment. Next, sections were processed for GFAP
immunocytochemistry or tomato lectin histochemistry.
The GFAP immunohistochemical staining was performed
by the avidin-biotin technique by using rabbit anti-GFAP
antibody (Dako) as primary antibody (dilution 1:1800),
anti-rabbit Ig-biotinylated (Amersham) as second antibody (dilution 1:300), and avidin labeled peroxidase (Sigma)
as the third reagent (dilution 1:70). The tomato lectin
histochemistry was carried out as detailed by Acarı́n et al.
(1994), by using biotinylated tomato lectin (Lycopersicon
esculentum; Sigma) diluted to 10 µg/ml and avidinperoxidase in a 1:70 dilution.
The GFAP and tomato lectin reaction products were
visualized by immersion of sections in 1-naphthol solution
with 0.01% H2O2 for 15 minutes and then in 0.05% Azur A
in 0.05 M TBS (pH 8.0) for 30 minutes. The naphthol
solution was freshly prepared by dissolving 50 mg of
1-naphthol (Sigma) in 0.5 ml of ethanol and adding this,
together with 10 ml 1% (NH4)3CO3, to 89.5 ml of TBS. The
solution was filtered before addition of the H2O2. Afterward, the NTPase, NDPase, 58-Nase, and PNPase histochemistries were visualized by treatment of sections with
2% (NH4)2S and 1% AgNO3 as described before. Finally,
sections were mounted on gelatin-coated slides and coverslipped with Glycergel (Dako).

RESULTS
Microscopic examination of the NTPase, NDPase, 58Nase, and PNPase stainings in the developing rat brain
revealed the presence of a heterogeneous population of
glial cells belonging to the microglial lineage (Fig. 1). No
reaction product was observed in control sections incubated without substrates. Positive cells for the different
enzymatic markers were identified as microglial cells on
the basis of their morphologic features and distribution
pattern (Murabe and Sano, 1982; Perry et al., 1985;
Ashwell, 1991; Dalmau et al., 1997a) during development

335
(Figs. 1, 2). The microglial cell nature was further confirmed through double-labeling by combining these enzymatic techniques with tomato lectin histochemistry, a
selective microglial marker (Acarı́n et al., 1994). By using
light microscopy, the NTPase, NDPase, and 58-Nase activities were located on the microglial plasma membrane,
whereas the PNPase activity was observed intracellularly
in both the nucleus and cytoplasm, although the nuclear
location was predominant (Fig. 2I). As demonstrated
through double-labeling techniques, NTPase and NDPase
labeled all cells from the microglial lineage, whereas the
58-Nase and PNPase labeling was restricted to some
fractions of the microglial population observed during
development (Figs. 1A,D, 2I). Apart from cells of the microglial lineage, the enzymatic techniques stained blood vessels. In this sense, the NTPase and NDPase histochemistries labeled more blood vessels than the 58-Nase and
PNPase histochemistries (Fig. 1). NTPase also stained
some nerve fibers (Fig. 1C) and PNPase stained astrocytes
and radial glia, as demonstrated by the double-labeling
technique combining PNPase and GFAP immunostaining
(Fig. 2J). In no case did we find GFAP-positive astroglial
cells lacking PNPase staining.
Microglial cells, visualized with the different histoenzymatic techniques, were present at all ages considered in
this study (from E16 to P18) and were distributed through
the different brain areas selected for this study (cerebral
cortex, subcortical white matter, and hippocampus). However, microglial cells showed different morphologic features with function of the age and the brain area examined. Their morphologies ranged from the roundish shape
of the primitive microglial precursors to the typical ramified shape exhibited by adult microglial cells. According to
the literature (Perry and Gordon, 1991; Thomas, 1992;
Ling and Wong, 1993; Dalmau et al., 1997a,b), we have
identified three main morphologic typologies during the
process of differentiation of microglial cells: ameboid microglia (parenchymatic precursors), primitive ramified microglia (intermediate forms), and resting microglia (differentiated cells). Each microglial typology showed a
differential time course of appearance and a specific pattern of distribution.
The expression of the different enzymatic activities
differed depending on the distinct microglial typologies
observed during brain development. Therefore, in the
following paragraphs, the description of the different
enzymatic activities has been detailed, taking into consideration the diverse microglial typologies. The main morphologic features and some relevant aspects of the temporospatial distribution of each microglial typology have also been
included in the description. The expression of the four
enzymatic activities, time course of appearance, and morphology of the different microglial typologies have been
summarized in Figure 3.

Ameboid microglia
Morphology. Ameboid microglia (AM; Fig. 2A,C,F,H,I)
showed a roundish shape. They generally had a soma
ranging from 15 to 50 µm in diameter and often displayed
thin filopodia, pseudopodia, or both. AM are the first cells
from the microglial lineage appearing in the developmental brain parenchyma and are considered to be the precursors of the ramified, resting microglia of the adult brain
(Ling and Wong, 1993).

Fig. 1. Expression of purine-metabolizing enzymes at different
stages of rat brain development. A–C: Cerebral cortex (CC) at embryonic day 21. By means of 58-Nase histochemistry (A), cells from the
microglial lineage are basically observed in the subcortical white
matter (SWM; arrowheads) and in deep cortical layers. Note that
microglial elements are not visualized subjacent to the pial surface
(ps) after 58-Nase staining. In contrast, microglia are demonstrated
not only in white matter (arrowheads) but also in the different cortical
layers, including the subpial molecular layer (arrows), by means of
nucleoside diphosphatase (NDPase; B) and nucleoside triphosphatase
(NTPase; C) histochemistries. Blood vessels (bv) display intense
NDPase and NTPase activities, but only a few blood vessels display
apparent 58-Nase activity. Note that a considerable number of microglial elements are found next to the blood vessel walls, particularly in

the subcortical white matter. The NTPase, but not the 58-Nase and the
NDPase, stains some nerve fibers (asterisks in C). D,E: At postnatal
day (P)12, cells of the microglial population (arrowheads) are found in
both gray (CC, cerebral cortex; HIP, hippocampus) and white matter
(SWM, subcortical white matter) by means of 58-Nase (D) and NDPase
(E) histochemistries. Microglial cells expressing 58-Nase are less
abundant than microglial cells expressing NDPase, especially in gray
matter areas. F,G: PNPase staining of the cerebral cortex (F) and
hippocampus (G) at P15. PNPase activity is displayed by a large
number of cells (arrowheads) that are distributed through all layers of
the cerebral cortex (CC) and hippocampus (AM, Ammon’s horn; HiF
hippocampal fissure; DG, dentate gyrus). Some blood vessels (BV)
displaying PNPase activity are also found. Scale bar 5 150 µm
(applies to all).
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Distribution. AM were the only microglial cell type
observed in the rat brain on E16, although they were
gradually replaced by primitive ramified microglia with
age. In the gray matter, this cell type was scarce (Fig.
1A–C). In the cerebral cortex on E16–E21, AM were
observed next to the surrounding pia and the intermediate
zone. These cells were rarely observed in the cortical plate
before E21. In the hippocampus, this cell type also arranged subjacent to pia on E16 and were mostly gathered
next to the hippocampal fissure on days E18 and E21. In
the dentate gyrus, AM were rarely seen during the prenatal period and were located in the dentate hilus during the
first postnatal days. By contrast, AM in the white matter
were abundantly encountered (Fig. 1A–C) and were demonstrated not only during the prenatal period but also
during the first (fimbria, external and internal capsule,
and corpus callosum) and second (external capsule and
corpus callosum) postnatal weeks. A significant number of
AM in white matter areas were found closely attached to or
in the immediate vicinity of the vascular capillary wall
(Fig. 1A–C).
Enzymatic activities. AM displayed all four enzymatic activities, although the NTPase and NDPase stainings were displayed at higher levels than the 58-Nase and
PNPase stainings. However, the activity of these enzymes
was not generalized in all cells of the AM population. AM
were always NTPase- (Fig. 2A) and NDPase-positive (Fig.
2C) cells. AM were often 58-Nase-positive (Fig. 2F,H), but
we also demonstrated AM cells lacking 58-Nase activity in
the developing gray matter of the cerebral cortex and
hippocampus subjacent to the pia (Fig. 1A–C). AM cells
showing 58-Nase activity in gray matter were predominantly located next to the blood vessel walls. Regarding
PNPase, we found some AM cells in both gray and white
matter (Fig. 2I) that were PNPase-negative. In addition,
PNPase-positive AM cells found in white matter expressed
higher levels of activity than their counterparts in gray
matter.
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gyrus on P6, distributing later through all layers except for
the pyramidal and granular layers, in which PRM appeared to be at lower levels.
Enzymatic activities. PRM were stained by NTPase,
NDPase, 58-Nase, and PNPase histochemistries. In general, PRM displayed the NTPase, NDPase and 58-Nase
activities at lower levels than AM. PRM were NTPase (Fig.
2A) and NDPase (Fig. 2D) positive, and, as in the case of
AM, we found some PRM lacking 58-Nase activity, which
were specifically found in gray matter of the cerebral
cortex (Fig. 1A–C) and hippocampus (Fig. 1D,E). In addition, 58-Nase-positive PRM cells in white matter expressed
higher levels of activity than their counterparts in gray
matter (Fig. 2G). The 58-Nase labeled PRM cells in the
embryonic period were predominantly located next to the
blood vessel walls. Finally, some PNPase-negative PRM
cells were also found in both gray and white matter during
the prenatal and postnatal period (Fig. 2I).

Resting microglia

Primitive ramified microglia

Morphology. Resting microglia (ReM; Fig. 2B,E) have
a round to slightly elongated cell body with several long,
fine, tortuous, crenulated primary processes that subsequently divide into a variable number of numerous, but
shorter, subsidiary branches. These cells correspond to the
typical ramified microglial cells observed in the adult
brain (Lawson et al., 1990; Castellano et al., 1991b).
Distribution. ReM were first observed in the second
postnatal week and represented the predominant microglial cell type from the third postnatal week. In particular,
ReM were extensively distributed in the gray matter from
P12 to P15 and in the white matter from P15 to P18.
Enzymatic activities. ReM expressed NTPase, NDPase, and PNPase, although the NTPase and NDPase
activities at lower levels than PRM and AM (Fig. 2B,E).
Some ReM lacking PNPase activity were found in both
gray and white matter. With regard to 58-Nase, there were
only some ReM in both gray and white matters displaying
this activity. The expression of 58-Nase by ReM in the
white matter was observed at higher levels than in the
gray matter.

Morphology. Primitive ramified microglia (PRM; Fig.
2A,D,G,I) were sparsely ramified and showed a slightly
elongated to oval cell body. The processes of PRM, initially
poorly developed, became longer and thinner with age and
typically displayed small swellings or dilations of variable
diameter. They are considered intermediate forms in the
process of transformation of AM into mature microglia
(Murabe and Sano, 1982; Dalmau et al., 1997a).
Distribution. PRM were first demonstrated on E18,
being the most extensively recognized microglial cell type
from birth until P9–P12 in the gray matter and until
P12–P15 in the white matter (Fig. 1). During the embryonic period, PRM mainly distributed in the differentiating
fields rather than the germinative neuroepithelium and
subventricular zone. In the cerebral cortex on E18–E21,
they were arranged in the developing molecular layer and
intermediate zone. At birth, PRM were seen in all cortical
layers except for the external granular layer, which was
poorly populated by microglia. From P3, PRM cells gradually distributed in a homogenous pattern through all
cortical layers. In the hippocampus, PRM were predominantly arranged in the vicinities of the hippocampal
fissure from E18 until P9 and in the hilus of the dentate

As shown by our results, the differentiation process of
microglial cell precursors into mature microglia is accompanied by changes not only in the morphology but also in
the expression of purine-related enzymes. In fact, both the
occurrence and levels of the different enzymatic activities
differed depending on the stage of differentiation of the
microglial cells. The NTPase and NDPase activities are
preserved during the differentiation of microglia, although
they are down-regulated: NTPase and NDPase are found
at higher levels in AM than PRM and in ReM. The 58-Nase
is also down-regulated, but unlike NTPase and NDPase,
its activity is not completely preserved through the microglial development, and the great majority of ReM have
either lost the 58-Nase activity, or it is shown at low levels.
Similar changes in the expression of other enzymes and
membrane receptors have also been described during the
process of differentiation of microglial cells (Thomas, 1992;
Ling and Wong, 1993; Streit, 1995) and may be considered
as a part of the physiologic mechanism of adaptation of
microglial cells to the variable developmental conditions

DISCUSSION
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Figure 2

(Wang et al., 1990). Signals arising from the microenvironment, presumably related to the local presence/absence of
substrates or to the deficit/excess of products, may stimulate/inhibit the expression and activity of these hydrolytic
enzymes. This possibility could explain, at least partially,

the temporal and regional differences in the regulation of
purine-related enzymes during microglial development.
However, the enzymatic profile of a given differentiating
cell must also be in accordance with those of its specific
ontogenic lineage.
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Fig. 3.
brain.
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Classification and enzymatic profile of microglial cells in the developing prenatal and postnatal

Fig. 2. Expression of purine-metabolizing enzymes by cells of the
microglial lineage. A: Developing white matter of the cerebral cortex
and its surrounding gray matter at embryonic day (E)21. Nucleoside
triphosphatase (NTPase) activity in embryos is expressed by two types
of microglia, the ameboid (arrowheads) and the primitive ramified
(arrow). Observe that ameboid microglia display higher levels of
activity than primitive ramified microglia. Apart from microglia, blood
vessels (BV) also display NTPase activity. B: Cerebral cortex on
postnatal day (P)18. NTPase-stained microglial cell of the resting
type. C–E: Photomicrographs showing microglial cells visualized by
means nucleoside diphosphatase (NDPase) staining in the developing
corpus callosum at E21 (C), CA3 stratum radiatum of the P3 hippocampus (D), and the cerebral cortex on P18 (E). Similar to NTPase,
NDPase labels ameboid microglia (C), primitive ramified microglia
(D), and resting microglia (E). Note that NDPase levels displayed by
ameboid microglia are higher than those displayed by primitive
ramified and resting microglial cells. Blood vessel (BV) also shows
NDPase activity. F,G: Microglial cells visualized by 58-Nase staining in
the external capsule at E21 (F) and corpus callosum on P9 (G). These
photomicrographs show ameboid microglial cells (F) and primitive
ramified microglial cells (G) expressing 58-Nase activity. Compared

with ameboid microglia, 58-Nase activity is down-regulated in primitive ramified microglia. H: External capsule at E21. The doublelabeling technique enables us to visualize 58-Nase-positive ameboid
microglia (brownish color), which simultaneously display tomato
lectin (LEA) staining (bluish color), thus confirming the microglial
nature of these 58-Nase-positive cells. I: Corpus callosum at P6. The
combination of PNPase (brownish color) and tomato lectin (bluish
color) histochemistries enables us to visualize double-labeled ameboid
(big arrowheads) and primitive ramified (small arrow) microglial cells.
Note, however, that there are tomato lectin-labeled cells with the
typical morphology of ameboid microglia which are PNPase-negative
(small arrowheads) and PNPase-positive cells that lack tomato lectin
labeling (big arrow). J: Cerebral cortex at P18. The double-labeling
technique combining PNPase histochemistry (brownish color) and
GFAP immunohistochemistry (bluish color) demonstrates that a subpopulation of PNPase-positive cells are astrocytes (arrows). No GFAPpositive astrocytes lacking PNPase activity are found. In contrast,
PNPase-positive cells lacking GFAP immunostaining, presumably
belonging to the microglial lineage, are found. Scale bars 5 35 µm in
A,I,J, 15 µm in B,G,F, 25 µm in C,E, 60 µm in D, 13 µm in H.
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Fig. 4. Distribution and presumable traffic routes of microglial
cells during the prenatal development of the rat brain. A: Microglial
cell precursors in the cerebral cortex on E16 are concentrated in the
developing subcortical white matter (between the intermediate zone
and the neocortical neuroepithelium) and subpially in the medial
telencephalon. In the hippocampus (HIP), microglial cells are found
subjacent to pia. The dashed arrow (1) represents ameboid microglial
precursors that, according to the literature, arise from blood monocytes that extravasate and disseminate through the developing white
matter following a tangential pattern. The arrows (2) represent
ameboid microglial precursors arising from pial elements, probably
fetal macrophages, that penetrate the differentiating subpial gray
matter. B: On embryonic day (E)18–E21, microglial cells are mostly

located in the subcortical white matter, in the deep layers of the
cerebral cortex (over the white matter), and beneath the pial surface
(molecular layer). Microglia in the hippocampus are mostly gathered
next to the hippocampal fissure and in the fimbria. The arrows (1)
represent microglial cells of monocytic origin that accumulate in white
matter and migrate centrifugally (radial pattern in accordance with
Navascués et al., 1996) toward the cortical layers. The arrows (2)
represent microglial cells coming from pial elements that accumulate
in the subpial gray matter and centripetally invade the nervous tissue.
See references in the text. AH, Ammon’s horn; CC, cerebral cortex; DG,
dentate gyrus; FI, fimbria; HiF, hippocampal fissure; HIP, hippocampus; lv, lateral ventricles; ne, neuroepithelium.

Microglia: Origin, differentiation, and
purine-related enzymatic activities

ity of blood vessels in white matter areas. Afterward,
during the late embryonic and early postnatal period,
microglial cells progressively distribute throughout the
brain parenchyma. The distribution and presumable traffic routes of microglial precursors have been summarized
in Figure 4.
The two putative microglial cell sources have a different
ontogeny. Pial fetal macrophages arise from yolk sac or
embryonic mesenchyme (Takahashi and Naito, 1993)
whereas blood monocytes mostly originate in fetal liver
during the embryonic period or in bone marrow from the
perinatal time (Cline and Moore, 1972; forreviews, see
Auger and Ross, 1992; Fedoroff, 1995). The fetal macrophages develop from hematopoietic stem cells that bypass
the promonocyte and monocyte stages and appear in the
mesenchyme before the occurrence of monocytic cells
(Takahaschi and Naito, 1993; Takahaschi et al., 1989,
1996). Unfortunately, tissue macrophages arising from
mesenchymal fetal macrophages have a similar morphology to those coming from monocytes. These two subpopulations, however, may be distinguished on the basis on their
enzymatic profile because blood monocytes and differentiating monocyte-derived macrophages, but not mesenchymal fetal macrophages, express 58-Nase activity (Sunderman, 1990; Takahaschi et al., 1989).
In the developing brain parenchyma, the two precursors
are indistinguishable on the basis on their morphologic
features and are identified as a whole as ameboid microglia. In addition, both pial fetal macrophage- and monocyte-

Ameboid microglial cells are the first cells from the
microglial lineage appearing in the developmental brain
parenchyma and are considered to be the precursors of the
ramified, resting microglia of the adult brain (Thomas,
1992; Ling and Wong, 1993). It has been suggested by a
number of studies that the ameboid microglial precursors
may derive either from pial elements that migrate into the
brain from the surrounding mesenchymal tissue or from
blood monocytes that enter the nervous tissue through
extravasation from blood vessels (Del Rı́o Hortega, 1920,
1932; Imamoto and Leblond, 1978; Ling, 1981; Boya et al.,
1991; Chugani et al., 1991; Sorokin et al., 1992; Cuadros et
al., 1993; Cossmann et al., 1997; Dalmau et al., 1997b).
Thus, similar to macrophage populations in other organs
like the liver (Naito et al., 1990, 1996), microglia in the
brain may have a double origin: fetal macrophages and
blood monocytes. Pial elements presumably penetrate the
subpial gray matter and centripetally invade the nervous
tissue (Del Rı́o Hortega, 1920, 1921, 1932; Boya et al.,
1991; Sorokin et al., 1992; Navascués et al., 1996), whereas
blood monocytes are mainly recruited in white matter and
centrifugally invade the brain tissue (Ling, 1979; Ling et
al., 1980; Murabe and Sano, 1982; Navascués et al., 1996;
Dalmau et al., 1997b). This finding is in accordance with
the observation that microglial cells (AM and PRM) found
in the brain during the embryonic period are initially
concentrated in the subpial gray matter and at the vicin-
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Fig. 5. Proposed scheme for the ontogenesis of microglial cells. This scheme is based on the present
study and other available studies on macrophage/microglia ontogenesis (Ling, 1981; Auger and Ross,
1992; Naito et al., 1996; Navascués et al., 1996; Dalmau et al., 1997a,b). CFU-GM, colony forming unit for
granulocyte/macrophage cell lines; CFU-M, colony forming unit for macrophage cell lines.

derived microglial precursors show NTPase and NDPase
activities because all ameboid precursors found in the
developing brain seem to display these two enzymatic
activities. However, we have observed that 58-Nase in the
developing brain parenchyma is predominantly expressed
by microglial precursors (AM and PRM) present in white
matter areas, whereas a considerable number of microglial
precursors lacked 58-Nase activity in the differentiating
subpial gray matter. Note that the distribution of 58-Nasepositive cells closely correlates with the presumable distribution of monocyte-derived microglial precursors, whereas
microglial precursors lacking 58-Nase were mostly distributed in the expected, pial macrophage-derived, subpial
gray matter. This finding also agrees with the observation
in other tissues that 58-Nase activity is related to differentiating monocyte-derived macrophages (Sunderman, 1990;
Auger and Ross, 1992), whereas fetal macrophages are
devoid of 58-Nase activity (Takahashi et al., 1989). Thus, it
is suggested that fetal macrophage- and monocyte-derived
microglial precursors show the same morphology and
express NTPase and NDPase, but only the cell subpopulation arising from blood monocytes express 58-Nase. Afterward, 58-Nase is down-regulated through the differentiation of microglia and the mature forms (ReM), including
those coming from blood monocytes, may lack this enzymatic activity. Figure 5 summarizes the proposed differentiation pattern and enzymatic profile of the microglial
lineage.
The specific contribution to microglial homing of these
two mechanisms remains to be elucidated. However, on

the basis of our observations and those of other authors
(Sorokin et al., 1992), fetal macrophage entrance seems to
be restricted to the early embryonic period, when the brain
is not or it is poorly vascularized, and these pial elements
may be only responsible for the production of a small
number of subpial precursors. In contrast, monocytes may
enter the brain during both the embryonic and postnatal
period as the expansion and vascularization of the brain
proceed, and may generate the major part of microglial
cells. In addition, monocytes may be responsible not only
for the production of microglial precursors that migrate
across the developing white matter tracts and extend to
gray matter areas, but also for microglia that come from
the discrete extravasation of blood monocytes throughout
the developing brain (Dalmau et al., 1997b).
Similar to 58-Nase, the PNPase activity is related to a
subpopulation of microglial cells. However, PNPasenegative microglial cells were encountered in gray matter
and white matter, and we were unable to detect any clear
correspondence between the distribution of PNPasepositive microglial cells and the presumable distribution of
fetal macrophage- or monocyte-derived microglial cells. In
addition, the PNPase activity has been observed in relation to cells from the astroglial lineage, not only during
development, but also in the adult brain (Castellano et al.,
1990). The accurate significance of PNPase activity in
astrocytes and a subpopulation of microglia is presently
unknown, but it may be related to the metabolic requirements of purine nucleobases (Castellano et al., 1990).
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Purine-related enzymes
as microglial markers
The histochemical demonstration of different enzymatic
activities related to the metabolism of purines, in particular NTPase, NDPase, 58-Nase, and PNPase, have been
successfully applied to visualize microglia in the adult
brain (Ibrahim et al., 1974; Kreutzberg and Barron, 1978;
Kaur et al., 1984; Castellano et al., 1990; Schoen et al.,
1992; Jensen et al., 1994; Sørensen et al., 1996). In the
present study, we show that all four histoenzymatic techniques are valid to label cells from the microglial lineage
during development. There are, however, some substantial
differences.
The NTPase and NDPase histochemistries provided the
labeling of all cells from the microglial lineage present in
the developing rat brain during both the prenatal and
postnatal period. The NTPase and NDPase stainings were
both located in the plasma membrane of microglial cells
and both techniques allowed us the detailed visualization
of the different microglial morphologies. However, the
NTPase labeling differed somehow to that shown by
NDPase, because NTPase also labeled some axons in
different brain regions, and this hindered the clear visualization of microglia, especially during the postnatal period.
The 58-Nase staining was also located in the microglial
plasma membrane, but it did not allow all microglial cell
typologies to be visualized.
The 58-Nase technique labeled an important fraction of
microglial cell precursors (AM and PRM), but the more
noticeably differentiated cells found during the postnatal
period (ReM) generally lacked this enzymatic activity.
The PNPase staining was located in the nucleus and in
the cytoplasm and was displayed by a fraction of, but not
all, microglial cells present during the prenatal and postnatal periods. In addition, the PNPase activity was displayed
not only by microglia but also by astroglial cells, and this
made difficult the study of the microglial morphology and
distribution in the different brain regions, mostly in the
postnatal period. In this sense, double-labeling techniques
combining PNPase histochemistry and markers for microglia and astroglia were needed for the unambiguous identification of PNPase-positive cells. Lastly, it must be noted
that all four histoenzymatic techniques labeled blood
vessels, the intensity of staining being higher for NTPase
and NDPase than for 58-Nase and PNPase.
In agreement with our light microscopy observations
during development, studies in the adult brain have
located the NTPase (Ibrahim et al., 1974), NDPase
(Murabe and Sano, 1982; Vordrodt and Wisniewski, 1982;
Vela et al., 1995b), and 58-Nase (Kreutzberg and Barron,
1978; Kreutzberg et al., 1978) enzymatic activities on the
outer plasma membrane of microglial cells. Also in agreement with our observations, NTPase activity has been
shown in the axon, the terminal axon region, and the
postsynaptic membrane (Grondal et al., 1988), and the
PNPase has been found in the nucleus and cytoplasm of
astroglia and a subpopulation of microglia (Castellano et
al., 1990). The 58-nucleotidase has been found to exist in
microglia not only as a membrane-bound ectoenzyme
(Kreutzberg et al., 1986), but also as a cytosolic form
associated with lysosomes and vacuoles (Kaur et al., 1984).
In addition, ecto-58-Nase activity has been found in relation to the plasma membrane of reactive astrocytic processes that are frequently found engulfing synaptic termi-

nals (Kreutzberg et al., 1986), and it has been located in
some neurons at certain sites (Kreutzberg and Hussain,
1984; Kreutzberg et al., 1986). In the developing brain,
apart from microglia (Kaur et al., 1987), the ectoenzyme
58-Nase marks some maturing synapses (Schoen et al.,
1990, 1991, 1993), and it is present on migrating neuroblasts (Schoen et al., 1988; Heilbronn et al., 1995). Finally,
different authors have reported purine-related enzymatic
activities in relation to endothelial cells (Ibrahim et al.,
1974; Vordrodt and Wisniewski, 1982; Castellano et al.,
1990).

Possible role of microglia in the control
of extracellular brain purine levels
In contrast to other tissues (Muller et al., 1983), the de
novo biosynthetic capacity of purines is reduced at low
levels in the brain, and an important mechanism for
obtaining purines from nerve cells is recycling, by means of
the uptake of extracellular purines (Sperlágh and Vizi,
1996). The first step in this salvage pathway is the
transportation of purines across the plasma membrane,
and it is known that purine nucleosides, but not the
nucleotides, are taken up from the extracellular space by
nerve cells (Griffith and Jarvis, 1996). The extracellular
transformation of purine nucleotides into their dephosphorylated nucleosides is, thus, a key event for the uptake
and subsequent reutilization of purines. Microglial cells
display on their plasma membrane the degradative enzymes needed for the dephosphorylation in cascade of
nucleotides: nucleoside triphosphatase (NTPase), nucleoside diphosphatase (NDPase), and 58-nucleotidase. Therefore, microglial cells may be directly involved in the
dephosphorylation of nucleotides present extracellularly
(Fig. 6). The resulting nucleosides may thus be taken up by
neurons and glial cells (Matz and Hertz, 1989).
Microglial cells may also have a particular significance
in relation to the synaptic function. Purine nucleotides and
their dephosphorylated nucleosides (i.e., adenosine, guanosine, and inosine) are released from neurons in a number
of regions of the CNS and act as neurotransmitters or
neuromodulators (Fredholm et al., 1993). In particular,
there is now considerable evidence that ATP has excitatory
effects on the activity of neurons by acting by means of
extracellular P2-purinergic receptors (Zimmermann, 1994).
Extracellular ATP released from stimulated neurons is
rapidly metabolized by ectonucleotidases into AMP or
adenosine, which are taken up by means of extracellular
P1-purinergic receptors by neurons and astrocytes (Wu
and Phillis, 1984; Hösli and Hösli, 1988). Microglial cells
display ectonucleotidase activity and may, therefore, be
the cells responsible for the sequential dephosphorylation
of purine nucleotides and consequent inactivation of these
purinergic excitatory neurotransmitters.
The correct regulation of the purine metabolism is
essential for the normal development and function of
tissues, because purines are constituents of the genetic
material, DNA and RNA, and are thus necessary for cell
replication and differentiation. They also act as the ‘‘energy currency,’’ which is required, among other vital functions, for the synthesis of growth factors regulating cell
proliferation and differentiation. Interestingly, in addition
to its widespread intracellular functions, purines in the
nervous system play a number of specific roles in development by acting as extracellular diffusible factors. Extracellular purine nucleosides and nucleotides have mitogenic
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Purine metabolism-related enzymes associated with microglial cells.

and morphogenic properties in the CNS (Neary et al.,
1996). Compounds like adenosine and ATP, when released,
directly exert different effects on cells of the nervous tissue
through their interaction with the cell surface purinoceptors P1 and P2 (Dalziel and Westfall, 1994; Fredholm et al.,
1994), respectively. Both glia and neurons possess purinoceptors (Neary et al., 1996). In particular, microglia possess a P2 purinoceptor linked to an ion channel, and an
ATP-microglial interaction is likely to deliver the transmembrane signal for the transition for one microglial
functional state to another (Kettenmann et al., 1993).
Interestingly, these purines can act synergistically with
other growth factors and mitogens (Wang et al., 1990;
Abbracchio et al., 1995b), promoting differentiation and
proliferation of astroglial cells (Kim et al., 1991; Rathbone
et al., 1992b,c; Abbracchio et al., 1994), and they can
inhibit the proliferation of microglial cells in vitro (QiuSheng et al., 1996). These compounds also promote neurite
extension, at least in NGF-responsive cells (Guroff et al.,
1981; Abbracchio et al., 1989), and appear to influence the
process of neurogenesis (Weaver, 1996). Moreover, extracellular purines have been involved in the regulation of
apoptosis (Abbracchio et al., 1995a; Bronte et al., 1996),
adherence of leukocytes to endothelial cells (Parker et al.,
1996), and angiogenesis (Rathbone et al., 1992a), all
outstanding biological processes in the developing brain.
PNPase is an enzyme of the ‘‘inosinate cycle’’ (Simmonds, 1991) that catalyzes the conversion of the nucleosides inosine and guanosine and their deoxy-analogues
to the corresponding bases, hypoxanthine and guanine.

PNPase, together with hypoxanthine-guanine phosphoribosyltransferase (HGPRT), which converts inosine and
guanosine into IMP or GMP, respectively, are both necessary for the recycling of nucleosides (Fig. 6). In fact, the
deficiency of PNPase results in a double disorder, because
HGPRT cannot function without its substrates, hypoxanthine and guanine, which are normally provided by PNPase (Simmonds, 1991). This defect is directly associated
with immunodeficiency and indirectly with neurologic
abnormalities affecting the CNS. We do not yet know,
however, if PNPase activity associated with microglia has
a specific significance in the function of the nervous system
in addition to playing a major role in the turnover and
metabolic control of purines.
Taken together, our results suggest that microglia play a
crucial function in the developing brain by controlling the
extracellular purine levels and the purine metabolism.
Thus, the regulation of extracellular levels of purines by
microglial cells could be crucial for normal CNS development. This function, however, may be shared with other
components of the immature tissue because we observed
NTPase, NDPase, 58-Nase, and PNPase labeling in blood
vessels, NTPase in some nerve fibers, and PNPase in cells
from the astroglial lineage, suggesting the existence of a
complex mechanism of control. Finally, we want to emphasize that the enzymatic profile and levels of the different
purine-related enzymes may also depend on the differentiation stage and the changing microenvironment that take
place during the formation of the nervous tissue.
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