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Primary rat astrocyte cultures were used to isolate a mac- 
rophage population that does not adhere to the confluent 
glial cells. The cells multiplied vigorously in coculture with 
astrocytes during the 14 d culture period, provided that func- 
tionally active lipopolysaccharide (LPS) was either absent 
or present in very low concentrations. Based on morpholog- 
ical, immunocytochemical, and pharmacological data, it was 
concluded that the isolated cells were microglia, the resident 
macrophages of the brain. The findings characterized them 
as a distinct cell population that shares features both of 
peritoneal macrophages and of astroglial cells. Like peri- 
toneal macrophages, the isolated cells were able to phag- 
ocytire as shown by their ingestion of latex beads and up- 
take of L-leucyl methylester. Furthermore, they were 
immunocytochemically stainable by a specific monoclonal 
antibody (ED 1) against a macrophage-specific antigen 
(Dijkstra et al., 1985). They also synthesized prostaglandin 
E, (PGE,) and secreted interleukin 1 (IL-l) upon stimulation 
with LPS. Upon stimulation with the ionophore A231 87, PGD,, 
the predominant prostaglandin of the brain, was the major 
PG metabolite released by these cells. In contrast to peri- 
toneal macrophages, microglial cells were able to multiply. 

Proliferation of microglial cells in coculture with astrocytes 
was suppressed when 2 ng LPS/ml or higher concentrations 
were added to astroglial culture media. These astrocyte cul- 
tures, which contained approximately 1% microglia, were 
used to investigate the influence of LPS on prostaglandin 
and IL-1 secretion in order to compare astroglial and mi- 
croglial features. Increasing LPS concentrations induced in- 
creased PGE, secretion, whereas PGD, secretion was es- 
sentially unaffected by LPS. The critical influence of LPS 
contaminations in most of the commercially available animal 
sera used for astrocyte cultures on cellular composition in 
general and on metabolism of hormones and growth factors 
in particular is discussed. 
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Microglial cells have been long known as a separate cell pop- 
ulation of the brain (Rio-Hortega, 1932). Their features have 
recently been studied in great detail both morphologically (Mori 
and Leblond, 1969; Ling et al., 1973; Oehmichen, 1978) and 
cytochemically (Ling, 198 1; Perry et al., 1985). They can be 
characterized as the primary scavenger cells during brain de- 
velopment and in the injured adult brain (Ling, 1981). It is 
widely accepted that microglia are specialized quiescent cells of 
the mononuclear phagocyte lineage (Werb and Chin, 1983) that 
retain their capacity to proliferate upon injury (Rio-Hortega, 
1932; Oehmichen, 1983) a feature that distinguishes them from 
blood monocytes and macrophages. There is clearly a need to 
establish a pure culture of primary microglial cells suitable for 
investigation of their biochemistry and metabolism so as to 
better understand their potential role in normal and pathological 
brain states. Unfortunately, no antibodies against specific mark- 
er proteins of microglia are presently available. 

Three attempts at culturing these cells have been reported 
(Ling et al., 1983; Giulian and Baker, 1986; Colton and Gilbert, 
1987). The maximum enrichment in all cases was no more than 
90-95%. Moreover, the first 2 procedures involved several com- 
plicated and time-consuming steps. Our report describes a sim- 
ple one-step isolation procedure of pure microglial cells from 
primary astrocyte cultures that is based solely on maintaining 
the concentration of lipopolysaccharide (LPS) in nutrient media 
at a low level. The simplicity of the isolation procedure and the 
absolute purity of the cell population makes it extremely valu- 
able for further studies on properties of brain-derived inflam- 
matory cells. The purified microglial population has been char- 
acterized in this report by morphological, immunohistochemical, 
and biochemical data as a distinct cell population that shares 
several properties with peritoneal macrophages and several with 
astrocytes, the glial cells of the brain, 

Materials and Methods 
Cell cultures. Astroglial cells were prepared from cerebral hemispheres 
of newborn Wistar rats as described previously (Keller et al., 1985). In 
brief, after removal of the meninges, forebrains were minced and gently 
dissociated by trituration in Hank’s balanced salt solution. Cells were 
collected by centrifugation at 200 x g for 10 min, resuspended in Dul- 
becco’s minimum essential medium (DMEM) supplemented with 10% 
fetal calf serum (FCS), plated onto 35 mm Falcon culture dishes (5 x 
lo5 cells/dish), and incubated at 37°C in a humidified atmosphere of 
95% air, 5% CO,. Purity of the cells, as determined by glial fibrillary 
acidic protein (GFAP) immunohistochemical staining, was > 90%. FCS 
batches from different suppliers were tested for functionally active LPS 
content by their ability to induce interleukin-1 (IL-l) production in 
cultured human blood monocytes (Northoff et al., 1986a, b). Media 
were prepared taking extreme care to avoid all potential sources of LPS 
contaminations, which may originate by way of preparation and storage 
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of water used for nutrient media, reusable filtering devices, tubing, and 
glassware, as well as animal sera. Various concentrations of LPS, pre- 
pared from Salmonella typhimurium (Sebak, 8359 Aidenbach, FRG) 
were added as indicated in each experiment. Fourteen-day-old cultures 
grown in “low LPS” media were gently shaken; floating cells were then 
removed from astroglial cultures and reseeded (microglial cultures). 
Resting peritoneal macrophages were collected by lavage of adult rat 
peritoneum and maintained in DMEM as above. Astrocytes were also 
grown in defined media Nl (Bottenstein and Sato, 1979; Bottenstein et 
al., 1980) or in defined media as modified by Morrison and de Vellis 
(198 1) with initial supplementation of serum for 3 d. Cell counts were 
determined in a Neubauer chamber after removal of cells from plates 
by trypsinization and subsequent trituration. Unless otherwise stated, 
all chemicals were from Sigma (8024 Deisenhofen, FRG). 

‘H-thymidine incorporation into cellular DNA. Isolated microglia or 
peritoneal macrophages (washed 3 times after 2 hr of attachment) were 
maintained for 24 hr in the absence or presence of 2 ng LPS/ml. Then, 
0.5 PCi of 3H-thymidine (Amersham-Buchler, Braunschweig, FRG) was 
added to 2 ml of nutrient media for 6 hr. After removal of media and 
3 washes, cells were fixed in ice-cold hypochloric acid (0.3 M) for 30 
min at 4°C and washed again 3 times in acid. Then, 2 ml of 0.2 M 

NaOH was added, and solubilized material was counted in a Packard 
scintillation counter. Aliquots ofNaOH-solubilized material were taken 
for protein determinations according to Lowry et al. (195 1). Radioac- 
tivity was adjusted to protein content, and subsequently, ratios between 
results from LPS-deficient and LPS-containing samples were computed. 

Immunocytochemistry. Cultures were fixed in ethanol-acetic acid (95: 
5) at -80°C for 12 min and incubated with specific antibodies (anti- 
GFAP and ED 1) as described previously (Gebicke-Haerter et al., 1984; 
Ignatius et al., 1986). Fluorescent second antibodies were from Cappel 
Laboratories (Cochranville, PA). Specimens were mounted in glycerol: 
10 x PBS (10: 1) with 0.2 M n-propylgallate as antifading agent (Valnes 
and Brandtzaeg, 1985) and viewed with a Zeiss fluorescence microscope 
under the appropriate wavelengths. 

Cell incubations and radioimmunoassays. Cells were washed in 
DMEM/HEPES (20 mM), pH 7.4, and preincubated in the same media 
for 15 min at 37°C. After aspiration of media, they were incubated for 
1 hr in the absence or presence of 10 ng LPS/ml or for 15 min with or 
without the calcium ionophore A23 187 (1 PM). Reactions were stopped 
by mixing supematants with ice-cold phosphate-buffered gelatin (0.1%) 
solution containing 1 PM indomethacin (Merck Sharp & Dohme, Rah- 
way, NJ). Between 200 and 400 ~1 of this solution was used for ra- 
dioimmunoassays specific for PGD, or PGE,. No cross-reactivity was 
detectable using authentic PGD, and PGE, with respective antisera. 

Determination of LPS and IL-I. The functionally active LPS content 
of FCS (which is not identical with the total LPS content) from different 
suppliers was determined by the IL-l production and assay system 
(IPAS) (Northoff et al., 1986a, b). In brief, sera were incubated with 
enriched human monocytes for 24 hr and levels of induced IL-l mea- 
sured by the C3H/HeJ mouse thymocyte costimulator assay (Northoff 
et al., 1980). IL-l levels induced by sera under test were compared with 
those induced by a standard dilution curve of LPS (S. typhi, Difco, 
Detroit) in order to calculate the LPS equivalent (functionally active 
part of total serum-borne LPS). The C3H/HeJ assay; which was carried 
out in the nresence of 50 ~g PHA-M (Serva. Heidelberg. FRG). was 
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also used to determine IL- 1 in media conditioned by isolated microglia 
or astrocytes. Media were either generated in the presence of indo- 
methacin (1 1~) or excessively dialyzed before testing to avoid inhibition 
by prostaglandins (PCs). 

Results 
pification of a Culturing of primary astrocytes and put 

nonadherent population of microglia 
LPS content of culture media determines cellular composition 
of primary astroglial cultures 
In the first series of experiments, the influence of FCS on PG 
synthesis in rat astroglial cultures was determined. Astrocytes 
grown in the presence of 2 formulas of defined media (Botten- 
stein and Sato, 1979; Bottenstein et al., 1980; Morrison and de 
Vellis, 198 1) showed no detectable PG synthesis. Optimum PG 
synthesis was obtained at 10% FCS and was significantly re- 
duced at 5% FCS (approx. 25%). All further investigations were 

therefore done in cultures supplemented with 10% FCS. With 
many sera randomly selected from different suppliers (Boehrin- 
ger, Mannheim; Gibco, Karlsruhe; Sebak, Aidenbach, FRG), 
astrocyte cultures were obtained that showed the “typical” ap- 
pearance described in the literature (Fig. la). The confluent 
monolayer of flat, polygonal cells is composed mainly of as- 
troglial cells (see below), with occasional insertions of fibroblasts 
and macrophage (approx. 4 and l%, respectively). A few sera, 
however, generated cultures containing substantial amounts of 
mononuclear cells. During the second week ofculture, increasing 
numbers of these cells appeared on top of the astrocytic mono- 
layer (Fig. 1 b) and began to detach. Their phagocytotic activity 
could be shown by ingestion of latex beads (1.1 Mm diameter; 
Fig. lc, arrowheads). Figure lc further demonstrates the pres- 
ence of additional phagocytes inserted in the astroglial cell layer. 
The LPS content of FCS used in these studies and the effect on 
cellular composition of astrocyte cultures is summarized in Ta- 
ble 1. It is evident that “phagocyte-accumulating” cultures re- 
sulted from use of sera that contained no detectable or very low 
amounts of functionally active LPS (up to 0.1 ng LPS equiva- 
lent/ml). Sera containing higher levels of LPS (only 3 of which 
are shown in Table 1, numbers 1, 10, and 22) resulted in the 
appearance of “typical” astrocyte cultures (Fig. la). Further- 
more, addition of 2 ng LPS/ml or more to culture media sup- 
plemented with LPS-free FCS reliably eliminated the “phago- 
cyte-accumulating” effect and led to the “typical” astroglial 
cultures shown in Figure la. In these cultures, occasional mac- 
rophages were identified by their pronounced cytotoxic activi- 
ties, which resulted in the appearance of cell-free halos around 
their cell bodies (Fig. Id). 

LPS content of culture media aflects protein content and cell 
number of primary astrocyte cultures 
Fourteen-day-old astrocyte cultures grown with or without LPS 
were routinely checked for their protein content and cell num- 
bers. Table 2 shows protein quantities and cell numbers typically 
found in 14-d-old astrocyte cultures maintained LPS-free or 
with 2 ng LPS/ml of culture media supplemented with LPS-free 
sera. LPS-free cultures contained 38 + 4% more protein than 
cultures supplemented with 2 ng LPS/ml. Floating or weakly 
adherent cells were measured separately, and they represent 
another 9 ? 3% of protein to the value obtained with LPS-free 
cultures. Cell counts from LPS-free cultures were significantly 
higher than expected from the protein values. As shown in Table 
2,70 f  14% more cells were found in LPS-free cultures, a feature 
probably resulting from a predominant proliferation of smaller 
cells. The dependence of protein content from LPS concentra- 
tion is summarized in Table 3. The highest protein content was 
always found in LPS-free cultures. Low levels of LPS (about 1 
ngml) caused a sharp drop in protein content that correlated 
with the transition from the “phagocyte-accumulating” type of 
culture to the “typical” astrocyte type of culture. At higher LPS 
concentrations, no significant further changes in protein content 
were observed. 

Low LPS content of astroglial culture media allows 
puriJication of microglia after a 14 d culture period 

Floating and loosely attached cells were harvested from “phago- 
cyte-accumulating” (LPS-free) cultures at day 14 by gentle shak- 
ing or rinsing and were reseeded. Most of them rapidly attached 
to plastic (within several minutes to 2 hr) and assumed a typical 
macrophage morphology (Fig. 2, a-c). Addition of 2 ng LPS/ 
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Table 1. Influence of LPS content of sera on cellular composition of astrocyte cultures 

Sera numbers 
1 4 9 10 13 18 21 22 23 24 

LP.V ++ +- - ++ - +- - + - +- 
Phagocyte accumulation - + + - + + + - + + 

a LPS-equivalent (IPAS): + + > 10 rig/ml; + = l-10 rig/ml; +- = 0.1-l @ml; - ~0.01 &ml. 

ml to these cultures did not seem to induce marked morpho- 
logical changes in these cells compared with their morphology 
when maintained continously under LPS-free conditions (Fig. 
2, a, b), except that in the absence of LPS most cells are smaller 
in diameter (Fig. 2b). Essentially, all of these cells displayed 
phagocytotic activities (Fig. 2~). When cells were harvested too 
rigorously, occasional astrocytes or oligodendrocytes were re- 
covered in microglial cultures (Fig. 2d). In this case, growing 
fibers of oligodendroglia often avoided microglial cell bodies or 
stopped elongation on encountering microglia (Fig. 2d, left). 
Astrocytes also maintained a certain distance from adjacent 
microglia when flattening out (Fig. 2d, right). 

For comparative purpose, nonelicited peritoneal macro- 
phages were grown in the same media with and without different 
concentrations of LPS. Only high LPS concentrations (1 &ml) 
were able to induce discrete morphological changes (Fig. 2e). 
These were, however, distinct from those seen with isolated 
microglia (Fig. 2~) in that bipolar, elongated forms predomi- 
nated over circular, flattened cell bodies. In the absence of LPS, 
most peritoneal macrophages retained their round, phase-bright 
morphology devoid of any cellular extensions (Fig. 2f). 

Cells isolated from astroglial cultures belong to the 
mononuclear phagocyte cell lineage 
Immunocytochemical studies with antibodies directed specifi- 
cally against intracellular astrocytic (GFAP, Eng, 1980) and 
monocyte/macrophage (ED 1; Dijkstra et al., 1985) antigens 
were performed on astrocyte cultures maintained with and with- 
out LPS and on isolated microglia. Astroglia grown under LPS- 
deficient conditions were conspicuous, with ample numbers of 
ED 1 + cells that were inserted in the astrocytic cell layer (Fig. 
3a, bottom). Loosely adhering or nonattached cells are not shown 
since they were removed by the labeling procedure. As described 
earlier (Keller et al., 19S5), the majority of cells in “typical” 
cultures (contaminated by LPS-containing sera) are GFAP+ 
(Fig. 3b, middle). Here, cells labeled with ED 1 are rare and 
may become very large (>30 pm diameter; see also Fig. 16). 
Based on cell counts from randomly selected fields, approxi- 
mately 1% of all cells in LPS-supplemented cultures and 15% 
in LPS-free cultures were ED 1 +. Cells being removed from 
LPS-free cultures by the labeling procedure added another 9- 

12% to the overall cell count, as mentioned above. Hence, LPS- 
free conditions generated 2 populations of ED 1 + cells, both of 
which actively proliferate. One population, inserted in the as- 
troglial cell layer, was predominantly attached to plastic since, 
after trypsinization, cells remaining behind in the petri dish are 
more than 90% ED 1 +. Thus, trypsinization was suitable for 
reliably enriching microglia and, simultaneously, reducing mac- 
rophage contamination in astrocyte cultures. The other cell pop- 
ulation, which accumulated atop the confluent astroglial cells, 
was spherical and phase bright, with no extensions, and was 
gradually detaching. 

Pinocytotic activities of cell types in primary astrocyte cul- 
tures were tested also using 1 mM of the lysosomotrophic sub- 
stance L-leucyl methyl ester (Thiele et al., 1983). LPS-deficient 
cultures revealed an almost exclusive uptake of this agent by 
ED 1 + cells, which was demonstrated by the formation of nu- 
merous intracellular vacuoles (Fig. 3~). LPS-containing cultures 
reacted in a very similar way (Fig. 34. In both cases, astrocytic 
uptake of the ester remained remarkably reduced. Separated 
and reseeded microglial cells were also stained with ED 1 (Fig. 
3e) and with anti-GFAP antibodies (not shown). All of them 
were ED l+, which confirmed their identity as cells of the 
monocyte-macrophage lineage and the purity of the cultures. 

LPS-free conditions, hence, result in astrocyte cultures that 
can be used to purify a population of mononuclear cells that is 
distinguished by their weak to nonexistent adherence to the glial 
cells. Conversely, astroglial cultures prove to be useful in the 
evaluation of LPS contaminations in culture media, respectively 
in supplementary sera. 

Biochemical characterization of rat microglia compared 
with astrocytes and peritoneal macrophages 

Synthesis of PGD, and PGE, in microglial, astroglial, and 
macrophage cultures 
Synthesis of PGD, and PGE, in microglial and astroglial cultures 
was determined in the presence and absence of LPS. Astroglial 
cultures were maintained for 14 d in LPS-free or LPS-supple- 
mented media (2 @ml), and isolated microglia were grown for 
3 d under the same conditions. They were then washed 3 times 
in serum-free DMEM and incubated for 1 hr with or without 
challenging (1 &ml) concentrations of LPS. The amounts of 

Table 2. Protein content and cell numbers of 14-d-old astrocyte cultures 

Protein Cell numbers 
-LPS +2 ng LPS/ml -LPS +2 ng LPS/ml 

500 pg/rnl f 45 (30) 362 &ml f 34 (78) 10.1 f 0.8 x 106cells(12) 5.9 + 0.6 x lo6 cells (12) 
Ration 1.38 i 0.04 Ration 1.70 f 0.14 

Number of samples in brackets. 
0 Fold increase over cultures treated with additional 2 ng LPWml. 
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Figure 2. Morphalogical features of microglia isolated from LPS-free astrocyte cultures. LPS (2 rig/ml) induced rapid flattening and enlargement 
of isolated microglial cell bodies (a), which was less pronounced under the continued absence of LPS (b). Latex bead phagocytosis by microglia in 
the absence of LPS is shown in c. Occasional oligodendrocytes and astrocytes in microglial cultures “avoid” microglia when growing fibers (d left: 
arrows) or flattening out @, right: arrows). For comparison, peritoneal macrophages were maintained for 24 hr in the absence (f) or presence of 
different concentrations of LPS. Cells cultured in the presence of 1 rg LPS/ml are shown in e. Scale bar, 20 pm. 
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Figure 3. Immunocytochemical labeling of 2-week-old rat astroglial cultures maintained in the absence or presence of 2 ng LPS/ml and of isolated 
microglial cells. Phase-contrast pictures are shown in upper panels, GFAP (astrocyte) labelings in the middle, and ED 1 (a macrophage marker) 
labelings in the lower panels. Under LPS-free conditions, numerous ED 1 + cells appeared in the astroglial cell layer (a, lowerpanel). Their percentage 

PGD, and PGE, secreted during this period of time are shown was reduced and a similar trend was observed in microglia, 
in Figure 4. In the absence of LPS, microglial PGD, synthesis although not in peritoneal macrophages. PGE, release enhance- 
was intermediate between that for astroglial and peritoneal mac- ment by LPS was greatest in peritoneal macrophages, followed 
rophage cultures, the levels for the latter being hardly detectable. by microglia. In order to evaluate the PG-synthesizing potencies 
Surprisingly, in the presence of LPS, astroglial PGD, synthesis of astroglial and microglial cells, the ionophore A23187 was 
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was markedly reduced in LPS-containing cultures (b, lowerpanel). Predominantly, ED 1 + cells showed pinocytosis of the lysosomotrophic substance 
L-leucyl methyl ester, which resulted in the formation of vacuoles (c, no LPS; d, 2 ng LPS/ml). Ester uptake by astrocytes was significantly lower 
(arrows). ED 1 staining of isolated microglia is shown in e. They were GFAP- as can be seen in previous pictures. Scale bar, 20 pm. 

used for additionally stimulating PG synthesis. Astrocytes grown 
for 2 weeks with or without increasing concentrations of LPS 
(up to 10 &ml) showed a slight but steady increase in their 
PGD, synthesis with LPS concentrations up to 100 @ml (Fig. 
5). At higher LPS levels, the ionophore-stimulated PGD, syn- 

thesis markedly declined. PGE, secretion increased sharply be- 
tween the 0 and 1 ng LPS/ml levels and could be further en- 
hanced by up to 1 pg LPS/ml. Above that level, LPS repressed 
PGE, synthesis, too. 

A comparison of the data collected from astroglia, microglia, 
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Figure 3. Continued. 

and peritoneal macrophages that were stimulated with A23 187 
after culturing in media with or without 2 ng LPS/ml is given 
in Figure 6. Microglia produced the highest specific amounts of 
PGD, in the presence or absence of LPS, whereas peritoneal 
macrophages displayed the highest specific activity of PGE, syn- 
thesis both in the presence and absence of LPS. Astroglial and 
microglial PGE, synthesis was low in the absence of LPS and 
was significantly stimulated by LPS. In contrast, LPS markedly 
reduced ionophore-stimulated PGD, release (to about 50%) in 
peritoneal macrophages and, less strongly, in microglial cells. 

IL-1 synthesis in astroglial and microglial cultures 
The amount of IL-l secreted into media of primary astrocyte 
and microglial cultures in the presence or absence of LPS was 
determined. Astrocytes were grown either with or without 10 
ng LPS/ml for 14 d; microglia were harvested from LPS-defi- 
cient cultures and were allowed to attach for 8 hr or 3 d in the 
absence or presence of 2 ng LPS/ml. All of them were subse- 
quently treated for 24 hr with or without challenging (1 &ml) 
concentrations of LPS (Table 4). During this time, indomethacin 
(1 MM) was present to inhibit PG synthesis. Secreted PGs can 
interfere with the IL-l detection assay. Specific IL-l synthesis 
was observed in LPS-treated microglia that were freshly isolated 
or treated with 2 ng LPS/ml for 3 d and in LPS-treated astrocyte 
cultures that were grown in LPS-deficient media throughout 
culture time (“phagocyte-accumulating” cultures). Isolated mi- 
croglia maintained LPS-free did not produce significant amounts 
of IL- 1. In addition, IL- 1 could not be found in astrocyte cultures 
with low contaminations of microglia (10 ng LPS throughout), 
even when LPS was raised up to 1 &ml during the last 24 hr 
of culture. 

‘H-thymidine incorporation of isolated microglia in the 
presence or absence of LPS 
Isolated microglia and freshly harvested peritoneal macrophages 
were maintained for 24 hr with or without 1 pg LPS/ml media. 
jH-thymidine incorporation into DNA of both cell populations 
is listed in Table 5. Peritoneal macrophages did not show any 
incorporation of radiolabel above background in the absence or 
presence of LPS. In the absence of LPS, however, microglia 
were found to incorporate significantly increased amounts of 
3H-thymidine. Addition of LPS suppressed microglial cell di- 
vision. Furthermore, 3H-thymidine incorporation into microg- 
lia maintained LPS-free also dropped to the background ratio 
of 1 .O between days 2 and 4 after their isolation (not shown). 

Discussion 
Studies on the PG-synthesizing capacities of astrocytes require 
serum-supplemented culture media. Astrocytes grown in de- 
fined media did not show any detectable PG synthesis in our 
hands. Most supplementary animal sera, however, contain sig- 
nificant amounts of LPS. In this report, convincing evidence is 
presented that final concentrations of LPS above 2 rig/ml culture 
media dramatically suppress microglial cell proliferation, whereas 
LPS-deficient cultures show a marked increase in mononuclear 
cell counts. The results presented here corroborate previous 
findings (Northoffet al., 1986a, b) that a considerable percentage 
of commercially available fetal calf sera is contaminated with 
LPS. When LPS is present in the critical range where microglial 
growth is affected most (~2 @ml), microglial percentages in 
astrocyte cultures are unpredictable, and, thus, their contribu- 
tion in studies of astrocyte metabolism and biochemistry is 

Table 3. Protein content of astrocyte cultures in relation to LPS concentration 

LPS G.&ml) 0 lo-’ 10-2 10-l 1 10 
Protein (&ml) 489 Ik 43 367 t 5fY 406 + 70 380 k 51 388 t 46 371 + 28 

“p < 0.001 
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difficult to evaluate. Whether astroglial proliferation is also in- 
fluenced by LPS-deficient conditions cannot be resolved entirely 
by the present data. Once a certain level of LPS is reached, 
however, astroglial growth and development are apparently in- 
dependent from further increases in LPS up to about 1 &ml 
since neither cell counts nor protein levels at day 14 differed 
significantly over this concentration range of LPS (see also below). 
Additionally, basal and stimulated PGD, synthesis in astroglial 
cultures is minimally affected by increasing LPS concentrations 
up to 100 rig/ml. The steady increase in A23187-stimulated 
PGE, synthesis with LPS concentration (Fig. 5) is likely to orig- 
inate both from microglia inserted in the astrocytic monolayer 
and from astrocytes. Although the sole contribution of microglia 
to PGE, secretion cannot be excluded, it seems to be highly 
unlikely. As seen in Figure 6, microglia produce approximately 
70 ng PGE,/mg protein compared with 14 ng PGE, in astrocyte 

Table 4. IL1 activity” in astrocyte and microglia culture media in 
the presence or absence of LPS 

Astrocytes” IL- 1 Microglia” IL-1 

10 ng LPS throughout, 8 hr no LPS, 
then 24 hr no LP4 - then 24 hr no LPS’ - 
or 1 fig LP4 - or 1 pg LPS’ 16 
No LPS throughout, 3 d no LPS, 
then 24 hr no LPS - then 24 hr no LPS - 
or 1 fig LPS 64 or 1 fig LPS 4 

a Expressed in titers (maximum dilution to stimulate significant ‘H-thymidine 
incorporation in thymocyte assay). 

b Cell numbers in astrocyte cultures were 6.1 x lo6 f 0.5 and 9.5 x lo6 rt 0.8 
for “ 10 ng LPS throughout” and “no LPS throughout,” respectively; cell numbers 
in microglial cultures were 0.6 x lo6 f 0.3 cells. 
= LPS-free serum was used or LPS was added to 10% LPS-free serum plus 
indomethacin (1 PM). All experiments were done at least twice in triplicate. 
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Figure 4. PGD, and PGE, synthesis 
in rat primary astrocyte, microglial, and 
peritoneal macrophage cultures stimu- 
lated with LPS. Astroglia were grown 
for 2 weeks, microglia and peritoneal 
macrophages for 3 d in the absence or 
presence of 2 ng LPS/ml. They were 
washed in serum-free culture medium 
and incubated serum-free for 1 hr in 
the absence or presence of 1 rg LPSI 
ml. All experiments were done in trip- 
licate. n = 12; *** p < 0.001. 

cultures at 2 ng LPS/ml media. Since microglial percentages in 
astrocyte cultures at LPS concentrations above 2 rig/ml remain 
essentially constant (approximately lo/o), their specific PGE, pro- 
duction in coculture with astrocytes has to be at least an order 
of magnitude greater than that determined after their separation. 

Astroglial IL- 1 synthesis has been reported by others (Fontana 
et al., 1982). The present data do not support these findings. 
IL-l was not detectable in astroglial cultures containing low 
amounts of microglial cells (in the presence of 10 ng LPS/ml 
throughout). However, when “phagocyte-accumulating” astro- 
cyte cultures (no LPS throughout) were challenged for 24 hr with 
1 pg LPS, large amounts of IL- 1 appeared in the culture media. 
This indicates that microglial cells, rather than astrocytes, are 
the source of IL- 1 in astroglial cultures. IL- 1 has been described 
as a potent mitogen for astrocytes (Giulian and Lachman, 1985). 

do- 

-7 
.E 
z 30- 

7 
.f 

i; 
b 20- 

e 
x 

P 
u lo- 

2 

Figure 5. Ionophore A23 187 stimulated PGD, and PGE, syntnesis in 
rat primary astrocyte cultures. Astroglial cells were cultured for 2 weeks 
in the absence or presence of various concentrations of LPS as indicated, 
washed 3 times, and stimulated with 1 PM ionophore for 15 min. n = 
12; *** p < 0.001. 
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Figure 6. Ionophore A23187 stimu- 
lated PGD, and PGE, synthesis in as- 
troglial, microglial, and peritoneal mac- 
rophage cultures in the absence or 
presence of 2 ng LPYml. Astrocytes 
were cultured for 2 weeks, micro&a and 
peritoneal macrophages for 3 d in the 
absence or presence of 2 ng LPS/ml, 
washed 3 times, and stimulated with 1 
ELM ionophore for 15 min. All experi- 
ments were done in triplicate. n = 12; 
***p < 0.001. 
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However, since IL- 1 -producing microglia in LPS-supplemented 
astrocyte cultures are negliglible and microglia in LPS-deficient 
(phagocyte-accumulating) cultures do not synthesize IL- 1 (no 
IL-l detectable in either case), IL-l is probably not significant 
for proliferation of cultured astrocytes during the 2-week culture 
period. Therefore, astroglial proliferation is likely to be unaf- 
fected by the LPS concentrations routinely used, but rather de- 
pends on growth factors present in sera, e.g., epidermal growth 
factor (EGF) (Simpson et al., 1982). 

LPS-free culture conditions have been shown to generate a 
floating microglial cell population in rat astroglial cultures 
(“phagocyte-accumulating” cultures). Presumably, this effect is 
strictly dependent on the presence of confluent astrocytes that 
prevent dividing microglia from attaching to a suitable sub- 
strate. This would imply that astrocytes seeded more densely at 
the beginning of culture and reaching confluency earlier would 
reinforce microglial accumulation. Accumulation atop the flat 
astrocytes may thus be due to some process of extrusion from 
the cell carpet. In this case, isolated microglia and microglia 
remaining behind in astrocyte cultures would belong to the same 
cell population. Observations made along with trypsinization 
would also argue for this hypothesis. Hence, astrocytes appear 

Table 5. )H-thymidine incorporation into microglia and peritoneal 
macrophages” 

Microelia Macronhaees (neritoneal) 

5.27 k 1.25h.c 1.05 zk 0.11 

a Batches of sera were used that contained no detectable amounts of LPS (see 
Table 1) and cultures were grown with or without addition of 1 fig LPS/ml for 24 
hr. 

b Ratio of cpm/mg protein from -LPS/+LPS maintained cultures. 
cp < 0.001 in relation to “no effect” (ratio = 1.0). 
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to display cell-surface properties unfavorable for microglia, 
whereas plastic seems to represent a much better substrate. The 
finding that growing fibers or flattening membranes of occasional 
astrocytes in isolated microglial cultures avoid microglial cell 
bodies or stop elongation in the vicinity of microglia may be 
viewed along the same lines. This is in contrast to other obser- 
vations on astrocytes being particularly good substrates for pe- 
ripheral and central neurons (Hatten and Mason, 1986) and 
glial cells (unpublished observations). Another explanation for 
the “avoidance” reaction may reside in the cytolytic properties 
of microglia described above (Fig. Id). 

The signal(s) initiating microglial cell division in LPS-free 
astroglial cultures have as yet not been identified. Astroglia may 
secrete factors mitogenic for microglia, and LPS may antagonize 
this effect in the “standard” astroglial culture systems either by 
turning off factor production in astrocytes or directly inhibiting 
microglial cell division. In macrophages, LPS has been shown 
to increase secretion of IL-l and PGE, (Werb, 1983) and spe- 
cifically to repress the production of apolipoprotein E (Werb 
and Chin, 1983). In astroglial cultures, LPS evidently plays the 
crucial role in suppression of the phagocyte-accumulating effect. 
Independent from LPS, attachment of microglia to a suitable 
substrate may be an appropriate signal to turn off their cell 
division, an interpretation that can be deduced from the incor- 
poration studies of radiolabeled thymidine after microglial 
isolation. 

The origin and fate of microglia are still controversial. Bart- 
lett’s (1982) report on hemopoietic stem cells in adult mouse 
brain has been challenged by the findings of Hoogerbrugge et 
al. (1985). Others have shown that blood monocytes may give 
rise to “ameboid” cells of the brain (Ling et al., 1980), which 
may, after infiltration of a lesioned area, become resident mi- 
croglia (Imamoto and Leblond, 1977). This cell population is 
reportedly quiescent (Mori and Leblond, 1969) and can be traced 
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as early as the fifth postnatal day in rat corpus callosum (Ima- 
moto and Leblond, 1978). Ameboid microglia or microglial 
progenitor cells are believed to develop during embryogenesis 
or perinatally and to function, at this stage, as phagocytes of 
perishing cells. It is feasible that the special (LPS-free) conditions 
of astroglial cultures create an environment that particularly 
favors ameboid microglial or microglial progenitor cell prolif- 
eration. Whether blood monocytes would behave in the same 
way in this situation cannot be resolved. However, LPS has 
been described recently as inhibiting terminal maturation of 
blood monocytes into macrophages (Ganter et al., 1987). 

The isolated cell fraction described in this report is charac- 
terized as a distinct cell population that shares important fea- 
tures with peritoneal macrophages and with astrocytes. In con- 
trast to peritoneal macrophages, these cells divide in culture. 
After reseeding, their rate of attachment to plastic is much faster 
than that of peritoneal macrophages, and their ensuing mor- 
phological appearance is different. On the other hand, they do 
phagocytize latex particles and pinocytize L-leucyl methyl ester, 
as well as synthesize significant amounts of IL-l upon stimu- 
lation with LPS. They also express an intracellular antigen con- 
fined exclusively to cells of the monocyte-macrophage lineage. 
Their PG-synthesizing capacities give them a position inter- 
mediate between astrocytes and peritoneal macrophages. Upon 
stimulation with LPS, reduction of PGD, release (Fig. 4) is more 
pronounced in astrocytes but not in macrophages, whereas PGE, 
is stimulated in microglia and macrophages but not in astro- 
cytes. Stimulation of PG synthesis with the calcium ionophore 
A23187 in combination with LPS (Fig. 6) served as an addi- 
tional means to gain information about the status of PG-syn- 
thesizing enzymes in the different culture systems. Specific PGD, 
production was most pronounced in microglia. Its reduction 
observed in the presence of LPS persisted upon stimulation with 
ionophore and appeared in peritoneal macrophages; in contrast, 
it was no longer seen in astrocytes. Hence, microglia may be 
able to switch their metabolic properties from a more macro- 
phage-like pattern to a more astrocyte-like pattern depending 
on environmental conditions. The most prominent PG metab- 
olite released by peritoneal macrophages upon A23 187 stimu- 
lation was PGE,. Although astrocytes, microglia, and peritoneal 
macrophages responded in a similar way to the presence of LPS 
by significantly elevating their PGE, levels, astrocytes were by 
far the least active, whereas microglial PGE, synthesis reached 
an intermediate level. 

We have shown earlier that microglia (ED 1 + cells) in astro- 
cyte cultures do not produce a,-macroglobulin, an acute phase 
protein made by rat hepatocytes and also synthesized by human 
macrophages (Ganter et al., 1987). oc,-macroglobulin synthesis 
distinguishes the microglial cells from cocultured astrocytes (Ge- 
bicke-Haerter et al., 1987). Furthermore, it has recently been 
shown in our laboratory that NGF mRNA (mRNANGF), which 
was not detectable in freshly isolated microglia, was markedly 
induced upon a pulse of LPS. mRNANGF determined after 24 
hr almost reached mRNANGF levels found in astroglial cultures 
maintained in the presence or absence of LPS (unpublished 
observations). In contrast, peritoneal macrophages are appar- 
ently unable to express substantial amounts of mRNANGF, as 
pointed out recently by Heumann et al. (1987). Finally, we have 
shown that ED 1 + cells in astroglial cultures, but not astrocytes, 
are immunoreactive for apolipoprotein E, an important secre- 
tion product of the macrophages (Ignatius et al., 1986). Under 
certain culture conditions (Pitas et al., 1987) and in vivo (Boyles 

et al., 1985), however, astrocytes also showed apo-E immuno- 
reactivity. Thus, microglia appear to be a distinct cell population 
in their failure to synthesize a,-macroglobulin but appear to be 
related to astroglia in their ability to express significant amounts 
of mRNANGF and to both macrophage and astroglia in their 
ability to secrete apo-E. 

Taken together, the results presented here make it reasonable 
to conclude that the isolated cells originate from resident mi- 
croglia of the brain. The purity of the cultured cells makes them 
extremely useful for studies on microglial biochemistry and me- 
tabolism, as well as for the production of specific antibodies 
against unique antigens of this cell population. 
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