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Primary rat astrocyte cultures were used to isolate a macrophage 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 functionally active lipopolysaccharide
(LPS) was either absent
or present in very low concentrations.
Based on morphological, 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 peritoneal macrophages,
the isolated cells were able to phagocytire as shown by their ingestion of latex beads and uptake 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 peritoneal 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 cultures, 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 microglial features. Increasing LPS concentrations
induced increased PGE, secretion,
whereas
PGD, secretion
was essentially 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 separatecell population of the brain (Rio-Hortega, 1932). Their featureshave
recently beenstudied in greatdetail both morphologically (Mori
and Leblond, 1969; Ling et al., 1973; Oehmichen, 1978) and
cytochemically (Ling, 1981; Perry et al., 1985). They can be
characterized as the primary scavengercells during brain development and in the injured adult brain (Ling, 1981). It is
widely acceptedthat microglia are specializedquiescentcellsof
the mononuclearphagocyte lineage(Werb and Chin, 1983)that
retain their capacity to proliferate upon injury (Rio-Hortega,
1932;Oehmichen, 1983) a feature that distinguishesthem from
blood monocytesand macrophages.There is clearly a need to
establisha pure culture of primary microglial cells suitablefor
investigation of their biochemistry and metabolism so as to
better understandtheir potential role in normal and pathological
brain states.Unfortunately, no antibodiesagainstspecificmarker 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 caseswasno more than
90-95%. Moreover, the first 2 proceduresinvolved severalcomplicated and time-consumingsteps.Our report describesa simple one-step isolation procedure of pure microglial cells from
primary astrocyte cultures that is basedsolely on maintaining
the concentration of lipopolysaccharide(LPS) in nutrient media
at a low level. The simplicity of the isolation procedureand the
absolutepurity of the cell population makesit extremely valuable for further studieson properties of brain-derived inflammatory cells.The purified microglial population hasbeencharacterizedin this report by morphological,immunohistochemical,
and biochemical data as a distinct cell population that shares
severalpropertieswith peritoneal macrophagesand severalwith
astrocytes,the glial cells of the brain,
Materials and Methods
Cell cultures. Astroglial
cellswerepreparedfrom cerebralhemispheres
of newbornWistarratsasdescribedpreviously(Kelleret al., 1985).In
brief,afterremovalof themeninges,
forebrainsweremincedandgently
dissociated
by trituration in Hank’sbalancedsaltsolution.Cellswere
collectedby centrifugationat 200 x g for 10min, resuspended
in Dulbecco’sminimumessential
medium(DMEM) supplemented
with 10%
fetal calf serum(FCS),platedonto 35 mm Falconculturedishes(5 x
lo5 cells/dish),and incubatedat 37°Cin a humidifiedatmosphere
of
95%air, 5% CO,. Purity of the cells,asdeterminedby glial fibrillary
acidicprotein(GFAP)immunohistochemical
staining,was> 90%.FCS
batchesfrom differentsuppliers
weretestedfor functionallyactiveLPS
content by their ability to induceinterleukin-1(IL-l) productionin
culturedhumanblood monocytes(Northoff et al., 1986a,b). Media
werepreparedtakingextremecareto avoidall potentialsources
of LPS
contaminations,
whichmayoriginateby wayof preparation
andstorage
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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, prepared 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). Radioactivity 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 (antiGFAP 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, Rahway, NJ). Between 200 and 400 ~1 of this solution was used for radioimmunoassays 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 measured 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
also used to determine IL- 1 in media conditioned by isolated microglia
or astrocytes. Media were either generated in the presence of indomethacin (1 1~) or excessively dialyzed before testing to avoid inhibition
by prostaglandins (PCs).
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Results
Culturing of primary astrocytes and putpification of a
nonadherent population of microglia
LPS content of culture media determinescellular 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 (Bottenstein 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
reduced 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 (Boehringer, Mannheim;
Gibco, Karlsruhe;
Sebak, Aidenbach,
FRG),
astrocyte cultures were obtained that showed the “typical”
appearance described in the literature (Fig. la). The confluent
monolayer of flat, polygonal cells is composed mainly of astroglial 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 monolayer (Fig. 1b) 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 presence 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 Table 1. It is evident that “phagocyte-accumulating”
cultures resulted from use of sera that contained no detectable or very low
amounts of functionally
active LPS (up to 0.1 ng LPS equivalent/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). Furthermore, addition of 2 ng LPS/ml or more to culture media supplemented with LPS-free FCS reliably eliminated
the “phagocyte-accumulating”
effect and led to the “typical”
astroglial
cultures shown in Figure la. In these cultures, occasional macrophages were identified by their pronounced
cytotoxic activities, which resulted in the appearance of cell-free halos around
their cell bodies (Fig. Id).

LPS content of culture media aflectsprotein 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 numbers. 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 concentration 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 “phagocyte-accumulating”
(LPS-free) cultures at day 14 by gentle shaking 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/

d

Figure I. Morphological features of primary astroglial cultures maintained in the presence or absence of LPS. Cultures a, c, and d were grown for 2 weeks in culture media supplemented
with LPS-free fetal calf serum and 2 ng LPWml. Culture shown in b was maintained under identical conditions, with LPS omitted. This resulted in accumulation of phase-bright phagocytes.
Phagocytes atop (arrowheads) or inserted (arrows) in the astroghal cell layer are visualized by their ingestion of latex beads. Some inserted phagocytes show distinct cytolytic activities (d,
center). Scale bar, 20 pm.
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Table 1. Influence of LPS content of sera on cellular composition of astrocyte cultures

Seranumbers
1
4
9
LP.V
++
+Phagocyteaccumulation +
+

10
++
-

a LPS-equivalent

+-

(IPAS):

+ + > 10 rig/ml;

ml to these cultures did not seemto induce marked morphological changesin thesecells compared with their morphology
when maintained continously under LPS-free conditions (Fig.
2, a, b), except that in the absenceof LPS most cellsare smaller
in diameter (Fig. 2b). Essentially, all of these cells displayed
phagocytotic activities (Fig. 2~). When cellswere harvested too
rigorously, occasionalastrocytes or oligodendrocyteswere recovered in microglial cultures (Fig. 2d). In this case,growing
fibersof oligodendrogliaoften avoided microglial cell bodiesor
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 macrophagesweregrown in the samemediawith and without different
concentrationsof LPS. Only high LPS concentrations(1 &ml)
were able to induce discrete morphological changes(Fig. 2e).
These were, however, distinct from those seenwith isolated
microglia (Fig. 2~) in that bipolar, elongated forms predominated over circular, flattened cell bodies.In the absenceof LPS,
mostperitoneal macrophagesretained 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 studieswith antibodies directed specifically against intracellular astrocytic (GFAP, Eng, 1980) and
monocyte/macrophage(ED 1; Dijkstra et al., 1985) antigens
wereperformedon astrocytecultures maintainedwith and without LPS and on isolated microglia. Astroglia grown under LPSdeficient conditions were conspicuous,with ample numbers of
ED 1+ cellsthat were inserted in the astrocytic cell layer (Fig.
3a, bottom). Looselyadheringor nonattachedcellsarenot shown
sincethey wereremoved by the labelingprocedure.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 becomevery large (>30 pm diameter; seealso Fig. 16).
Basedon cell counts from randomly selectedfields, approximately 1% of all cells in LPS-supplementedcultures and 15%
in LPS-free cultures were ED 1+. Cells being removed from
LPS-free cultures by the labeling procedure added another 9-

+ = l-10 rig/ml;

= 0.1-l

13

18

21

22

23

24

+

++

+

+
-

+

++

@ml;

- ~0.01 &ml.

12%to the overall cell count, asmentioned above. Hence, LPSfree conditions generated2 populations of ED 1+ cells,both of
which actively proliferate. One population, inserted in the astroglial cell layer, was predominantly attached to plastic since,
after trypsinization, cellsremaining behind in the petri dish are
more than 90% ED 1+. Thus, trypsinization was suitable for
reliably enriching microglia and, simultaneously,reducingmacrophagecontamination in astrocyte cultures.The other cell population, which accumulated atop the confluent astroglial cells,
was spherical and phasebright, with no extensions,and was
gradually detaching.
Pinocytotic activities of cell types in primary astrocyte cultures were tested also using 1 mM of the lysosomotrophicsubstanceL-leucyl methyl ester (Thiele et al., 1983). LPS-deficient
cultures revealed an almost exclusive uptake of this agent by
ED 1+ cells, which wasdemonstratedby the formation of numerousintracellular vacuoles(Fig. 3~). LPS-containingcultures
reactedin a very similar way (Fig. 34. In both cases,astrocytic
uptake of the ester remained remarkably reduced. Separated
and reseededmicroglial cells were also stainedwith 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-macrophagelineageand the purity of the cultures.
LPS-free conditions, hence, result in astrocyte cultures that
can be usedto purify a population of mononuclearcellsthat is
distinguishedby their weak to nonexistent adherenceto the glial
cells. Conversely, astroglial cultures prove to be useful in the
evaluation of LPS contaminationsin culture media,respectively
in supplementarysera.
Biochemical characterization of rat microglia compared
with astrocytes and peritoneal macrophages
Synthesis of PGD, and PGE, in microglial, astroglial, and

macrophage cultures
Synthesisof PGD, and PGE, in microglial and astroglialcultures
wasdetermined in the presenceand absenceof LPS. Astroglial
cultures were maintained for 14 d in LPS-free or LPS-supplemented media (2 @ml), and isolatedmicroglia weregrown for
3 d under the sameconditions. They were then washed3 times
in serum-freeDMEM 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
-LPS

+2 ng LPS/ml

500pg/rnl f 45 (30)
362 &ml f 34(78)
Ration1.38i 0.04
Number of samples in brackets.
0 Fold increase over cultures treated with additional

2 ng LPWml.

Cellnumbers
-LPS

+2 ngLPS/ml

5.9 + 0.6 x lo6cells(12)
10.1f 0.8 x 106cells(12)
Ration1.70f 0.14
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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.
Figure
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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, secretedduring this period of time are shown
in Figure 4. In the absenceof LPS, microglial PGD, synthesis
wasintermediate betweenthat for astroglialand peritoneal macrophagecultures,the levelsfor the latter beinghardly detectable.
Surprisingly, in the presenceof LPS, astroglial PGD, synthesis

was reduced and a similar trend was observed in microglia,
although not in peritoneal macrophages.PGE, releaseenhancement by LPS wasgreatestin peritoneal macrophages,followed
by microglia. In order to evaluate the PG-synthesizingpotencies
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).Esteruptakeby astrocyteswassignificantlylower
(arrows).ED 1 stainingof isolatedmicrogliais shownin e. TheywereGFAP- ascanbe seenin previouspictures.Scalebar, 20 pm.

usedfor additionally stimulatingPG synthesis.Astrocytes grown
for 2 weekswith or without increasingconcentrations of LPS
(up to 10 &ml) showed a slight but steady increasein their
PGD, synthesiswith LPS concentrationsup to 100 @ml (Fig.
5). At higher LPS levels, the ionophore-stimulated PGD, syn-

thesismarkedly declined. PGE, secretionincreasedsharply between the 0 and 1 ng LPS/ml levels and could be further enhanced 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 macrophagesthat were stimulated with A23 187
after culturing in media with or without 2 ng LPS/ml is given
in Figure 6. Microglia produced the highestspecificamounts of
PGD, in the presenceor absenceof LPS, whereasperitoneal
macrophagesdisplayedthe highestspecificactivity of PGE, synthesisboth in the presenceand absenceof LPS. Astroglial and
microglial PGE, synthesiswas low in the absenceof LPS and
wassignificantly stimulated by LPS. In contrast, LPS markedly
reduced ionophore-stimulated PGD, release(to about 50%) in
peritoneal macrophagesand, lessstrongly, in microglial cells.

IL-1 synthesis in astroglial and microglial cultures
The amount of IL-l secretedinto media of primary astrocyte
and microglial cultures in the presenceor absenceof LPS was
determined. Astrocytes were grown either with or without 10
ng LPS/ml for 14 d; microglia were harvested from LPS-deficient cultures and were allowed to attach for 8 hr or 3 d in the
absenceor presenceof 2 ng LPS/ml. All of them were subsequently treated for 24 hr with or without challenging(1 &ml)
concentrationsof LPS (Table 4). During this time, indomethacin
(1 MM) was present to inhibit PG synthesis.SecretedPGs can
interfere with the IL-l detection assay.Specific IL-l synthesis
wasobservedin 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 microglia maintainedLPS-freedid not producesignificantamounts
of IL- 1. In addition, IL- 1could 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 harvestedperitonealmacrophages
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 macrophagesdid not show any
incorporation of radiolabel above background in the absenceor
presenceof LPS. In the absenceof LPS, however, microglia
were found to incorporate significantly increasedamounts of
3H-thymidine. Addition of LPS suppressedmicroglial cell division. Furthermore, 3H-thymidine incorporation into microglia maintained LPS-free also dropped to the background ratio
of 1.Obetween days 2 and 4 after their isolation (not shown).

Discussion
Studies on the PG-synthesizing capacitiesof astrocytesrequire
serum-supplementedculture media. Astrocytes grown in defined media did not show any detectable PG synthesisin our
hands. Most supplementaryanimal sera,however, contain significant amounts of LPS. In this report, convincing evidenceis
presentedthat final concentrationsof LPS above 2 rig/ml culture
mediadramatically suppressmicroglial cellproliferation, whereas
LPS-deficient cultures show a marked increasein mononuclear
cell counts. The results presented here corroborate previous
findings (Northoffet al., 1986a,b) that a considerablepercentage
of commercially available fetal calf sera is contaminated with
LPS. When LPS is presentin the critical rangewhere microglial
growth is affected most (~2 @ml), microglial percentagesin
astrocyte cultures are unpredictable, and, thus, their contribution in studies of astrocyte metabolism and biochemistry is

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

LPSG.&ml)
Protein(&ml)
“p

< 0.001

0
489 Ik 43

lo-’
367 t 5fY

10-2
406 + 70

10-l
380 k 51

1
388 t 46

10
371 + 28
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4. PGD, and PGE, synthesis
in ratprimaryastrocyte,microglial,and
peritonealmacrophage
culturesstimulated with LPS. Astroglia were grown
Figure

ii
t

for 2 weeks,
macrophages

microglia
and peritoneal
for 3 d in the absence or

presenceof 2 ng LPS/ml.They were
washed

i
D2

in serum-free

culture

medium

and incubatedserum-freefor 1 hr in
the absence
or presence
of 1 rg LPSI
ml. All experiments
weredonein trip-

.
D2

licate.

difficult to evaluate. Whether astroglial proliferation is alsoinfluencedby LPS-deficientconditions cannot beresolvedentirely
by the present data. Once a certain level of LPS is reached,
however, astroglialgrowth and development are apparently independentfrom further increasesin LPS up to about 1 &ml
since neither cell counts nor protein levels at day 14 differed
significantlyover this concentrationrangeof LPS (seealsobelow).
Additionally, basaland stimulated PGD, synthesisin astroglial
culturesis minimally affected by increasingLPS concentrations
up to 100 rig/ml. The steady increasein A23187-stimulated
PGE, synthesiswith LPS concentration (Fig. 5) is likely to originate both from microglia inserted in the astrocytic monolayer
and from astrocytes.Although the solecontribution of microglia
to PGE, secretion cannot be excluded, it seemsto be highly
unlikely. As seenin Figure 6, microglia produceapproximately
70 ng PGE,/mg protein comparedwith 14 ng PGE, in astrocyte

n = 12; *** p < 0.001.

cultures at 2 ng LPS/ml media. Since microglial percentagesin
astrocyte cultures at LPS concentrationsabove 2 rig/ml remain
essentiallyconstant (approximately lo/o),their specificPGE, production in coculture with astrocyteshas to be at least an order
of magnitudegreaterthan that determinedafter their separation.
Astroglial IL- 1synthesishasbeenreported 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 presenceof 10 ng LPS/ml
throughout). However, when “phagocyte-accumulating” astrocyte cultures(no LPS throughout) were challengedfor 24 hr with
1 pg LPS, largeamounts of IL- 1 appearedin the culture media.
This indicates that microglial cells, rather than astrocytes, are
the sourceof IL- 1 in astroglial cultures. IL- 1 hasbeendescribed
asa potent mitogen for astrocytes(Giulian and Lachman, 1985).
do-

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

Astrocytes”
10ng LPSthroughout,
then24 hr no LP4
or 1 fig LP4
No LPSthroughout,
then 24 hr no LPS
or 1 fig LPS

IL- 1
64

Microglia”
8 hr no LPS,
then 24 hr no LPS’
or 1 pg LPS’
3 d no LPS,
then24 hr no LPS
or 1fig LPS

-7
.E
z

IL-1
16
-

30-

7
.f
i;
b

u

e
x
P

20-

lo-

2

4

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.
a Expressed

Figure 5. IonophoreA23187stimulated
PGD, andPGE,syntnesis
in
rat primaryastrocytecultures.Astroglialcellswereculturedfor 2 weeks
in theabsence
or presence
of variousconcentrations
of LPSasindicated,
washed3 times,andstimulatedwith 1 PM ionophorefor 15 min. n =
12;*** p < 0.001.
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6. Ionophore A23187 stimulated PGD, and PGE, synthesis in astroglial, microglial, and peritoneal macrophage 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
ELMionophore for 15 min. All experiments were done in triplicate. n = 12;
***p < 0.001.
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However, sinceIL- 1-producing microglia in LPS-supplemented
astrocyte cultures are negliglibleand microglia in LPS-deficient
(phagocyte-accumulating)cultures do not synthesize IL- 1 (no
IL-l detectablein either case),IL-l is probably not significant
for proliferation of cultured astrocytesduring the 2-weekculture
period. Therefore, astroglial proliferation is likely to be unaffected by the LPS concentrationsroutinely used,but rather dependson growth factors presentin sera,e.g., epidermal growth
factor (EGF) (Simpsonet al., 1982).
LPS-free culture conditions have been shown to generatea
floating microglial cell population in rat astroglial cultures
(“phagocyte-accumulating” cultures). Presumably,this effect is
strictly dependenton the presenceof confluent astrocytes that
prevent dividing microglia from attaching to a suitable substrate. This would imply that astrocytesseededmore denselyat
the beginningof culture and reaching confluency earlier would
reinforce microglial accumulation. Accumulation atop the flat
astrocytesmay thus be due to someprocessof extrusion from
the cell carpet. In this case,isolated microglia and microglia
remainingbehind in astrocyte cultureswould belongto the same
cell population. Observations made along with trypsinization
would alsoargue for this hypothesis. Hence, astrocytesappear

Table5. )H-thymidine
macrophages”

incorporation

into microglia and peritoneal

Microelia

Macronhaees
(neritoneal)

5.27 k 1.25h.c

1.05 zk0.11

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).
a Batches

macrophage

::
*
t

[II
l

E2

D2

E2

D2

E2

to display cell-surface properties unfavorable for microglia,
whereasplastic seemsto representa much better substrate.The
finding that growing fibersor flattening membranesof occasional
astrocytes in isolated microglial cultures avoid microglial cell
bodies or stop elongation in the vicinity of microglia may be
viewed along the samelines. This is in contrast to other observations on astrocytesbeing particularly good substratesfor peripheral and central neurons (Hatten and Mason, 1986) and
glial cells (unpublishedobservations). Another explanation for
the “avoidance” reaction may residein the cytolytic properties
of microglia describedabove (Fig. Id).
The signal(s)initiating microglial cell division in LPS-free
astroglialcultures have asyet not beenidentified. Astroglia may
secretefactors mitogenic for microglia, and LPS may antagonize
this effect in the “standard” astroglial culture systemseither by
turning off factor production in astrocytesor directly inhibiting
microglial cell division. In macrophages,LPS has been shown
to increasesecretionof IL-l and PGE, (Werb, 1983)and specifically to repressthe production of apolipoprotein E (Werb
and Chin, 1983). In astroglial cultures, LPS evidently plays the
crucial role in suppressionof the phagocyte-accumulatingeffect.
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 deducedfrom the incorporation studies of radiolabeled thymidine after microglial
isolation.
The origin and fate of microglia are still controversial. Bartlett’s (1982) report on hemopoietic stem cells in adult mouse
brain has been challengedby the findings of Hoogerbruggeet
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 lesionedarea, becomeresident microglia (Imamoto and Leblond, 1977). This cell population is
reportedly quiescent(Mori and Leblond, 1969)and can betraced
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as early as the fifth postnatal day in rat corpus callosum (Imamoto 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 proliferation. 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 characterized as a distinct cell population that shares important features with peritoneal macrophages and with astrocytes. In contrast 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 morphological 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 stimulation with LPS. They also express an intracellular antigen confined exclusively to cells of the monocyte-macrophage lineage.
Their PG-synthesizing capacities give them a position intermediate 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 astrocytes. Stimulation of PG synthesis with the calcium ionophore
A23187 in combination with LPS (Fig. 6) served as an additional means to gain information about the status of PG-synthesizing 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 macrophage-like pattern to a more astrocyte-like pattern depending
on environmental conditions. The most prominent PG metabolite released by peritoneal macrophages upon A23 187 stimulation 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 astrocyte 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 (Gebicke-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 apparently 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 secretion product of the macrophages (Ignatius et al., 1986). Under
certain culture conditions (Pitas et al., 1987) and in vivo (Boyles
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et al., 1985), however, astrocytes also showedapo-E immunoreactivity. Thus, microglia appearto be a distinct cell population
in their failure to synthesizea,-macroglobulin but appearto be
related to astrogliain their ability to expresssignificantamounts
of mRNANGFand to both macrophageand astroglia in their
ability to secreteapo-E.
Taken together, the resultspresentedhere makeit reasonable
to conclude that the isolated cells originate from resident microglia of the brain. The purity of the cultured cellsmakesthem
extremely usefulfor studieson microglial biochemistry and metabolism, as well as for the production of specific antibodies
against unique antigensof this cell population.
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