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Brain Glia Release Factors with Opposing Actions upon Neuronal 
Survival 

Dana Giulian, Ken Vaca, and Margaret Corpuz 

Department of Neurology, Baylor College of Medicine, Houston, Texas 77031 

Microglia and astroglia have been thought to govern the 
survival of neurons after damage to the CNS. To investigate 
these putative glia-neuron relationships, we examined mi- 
croglia and astroglia secretion products for effects upon 
growth of cultured neurons. Activated microglia secrete small 
neurotoxic factors (~500 Da), while astroglia constitutively 
release proteins (> 10 kDa) that promote neuronal growth. 
Proteins released from astroglia, moreover, attenuate mi- 
croglial toxicity, suggesting that different glial populations 
have opposing actions upon neuronal survival. 

Further study shows that neurotoxins from microglia are 
heat-stable, protease-resistant molecules with biologic ac- 
tivities blocked by NMDA receptor antagonists. Microglial 
factors, although toxic for chick ciliary neurons and rat spinal 
cord neurons, did not reduce numbers of oligodendroglia, 
astroglia, or Schwann cells in culture. The microglial neu- 
rotoxins can be distinguished from cytokines, from free rad- 
ical intermediates, from the excitatory amino acids gluta- 
mate or aspartate, and from the NMDA receptor-mediated 
toxin quinolinic acid. We propose that secretion products 
from reactive microglia, but not astroglia, endanger surviving 
neurons after CNS injury by release of a novel class of neu- 
ron-killing molecules. 

[Key words: microglia, macrophages, inflammation, as- 
troglia, neurons, CNS] 

Damage to the CNS of mammals often leads to permanent loss 
of neurologic function. By supporting neuronal growth and me- 
tabolism, glial cells may determine, in part, the degree of re- 
covery after CNS injury (Silver and Sidman, 1980; Aguayo et 
al., 1981; Reier et al., 1983; Giulian, 1987). Although reactive 
astroglia, reactive microglia, and invading blood-borne mac- 
rophages appear acutely following an insult to the CNS (Rio- 
Hortega, 1932; Bignami and Dahl, 1976; Berry et al., 1983; 
Giulian and Robertson, 1990), it remains uncertain how these 
cells influence neuron survival, axonal regeneration, or recovery 
of neurologic function. 

Astroglia have long been considered impediments to the re- 
generation of mammalian CNS (Berry et al., 1983; Reier et al., 
1983); however, most in vitro studies show that astroglia actually 
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support neuronal growth and survival (Ferrara et al., 1988; Man- 
thorpe et al., 1989). In contrast, cell culture studies indicate that 
microglia release cytotoxic agents including free radicals (Giu- 
lian and Baker, 1986; Colton and Gilbert, 1987). Reactive mi- 
croglia are also associated with a progressive loss of motor neu- 
rons and decline in motor function after ischemic injury to the 
spinal cord (Giulian and Robertson, 1990), with the dementias 
of Alzheimer’s disease (McGeer et al., 1987) and acquired im- 
munodeficiency syndrome (AIDS; Giulian et al., 1990), and 
with presence of neurotoxins after CNS trauma (Giulian, 1990). 
Such observations suggest that different populations ofglia may 
control recovery of injured CNS by complex and, perhaps, con- 
flicting actions. To explore these putative glial influences, we 
examined soluble factors released by astroglia and microglia for 
effects upon the growth and survival of neurons in vitro. As 
reported here, microglia secrete nonproteinaceous neuron-kill- 
ing factors while astroglia release proteins that act as neuronal 
growth factors. Further study shows that the microglia-derived 
toxins represent a novel class of neuron poisons. 

Materials and Methods 
Glial cell culture. Mixed glial cultures were prepared from brain of 
neonatal rat as described earlier (Giulian et al., 1986). Astroglia and 
oligodendroglia were identified using indirect immunofluorescence by 
staining for glial librillary acidic protein (GFAP) or by staining for 
galactocerebroside (galC; Giulian et al., 1986). Highly enriched cultures 
of ameboid microglia were isolated by the method of Giulian and Baker 
(1986). Cultures of enriched astroglia (Giulian et al., 1986) were treated 
further with I mM L-leucine methyl ester and carbonyl iron (I .5 mg per 
100 mm culture dish) to eliminate microglia. Isolated glial preparations 
were then seeded in 100 mm culture dishes at a density of 1 O6 cells per 
ml of chemicallv defined N2 medium (Bottenstein and Sato. 1979) , 
supplemented with 10% fetal bovine serum. After 24 hr, the cells were 
incubated with N2 medium alone and harvested 72 hr later. Zymosan 
A particles (Davis, 198 I; 0.5 mg/ml; Sigma) were added to some of the 
cultures to activate cells. Media conditioned by glia were filtered through 
0.2~pm-pore membrane and stored at -80°C. Resident peritoneal mac- 
rophages were isolated by lavage from adult rats (Daems, 1980) and 
conditioned media prepared as described for microglia using a density 
of I Ob cells per ml of media. Microglia and macrophages were identified 
by ability to engulf particles and by the fluorescent marker I, I ‘-dioc- 
tadecyl- I ,-3,3,3’,3’-tetramethylindocarbocyanine perchlorate (DiI) bound 
to acetylated low density lipoprotein (ac-LDL) (Giulian and Baker, 1985; 
Giulian et al., 1989). 

Neuronalcellculture. Chick ciliary ganglia from 9-d-old embryos were 
dissociated by trituration with fire-polished Pasteur pipettes following 
a 9 min incubation with 0.08% trypsin (ICN) in Ca”/Mg2+-free medium 
at 37°C (Vaca et al., 1989). The cells were collected by centrifugation 
at 600 x g, resuspended in N2 culture medium supplemented with 30 
mM KCI and 0.4% heat-inactivated horse serum, and plated on poly- 
L-lysine-coated glass coverslips at a density of about 2000 cells/cm*. 
After 2 d in culture, neurons were fixed for 2 hr with 3% formaldehyde 
in phosphate-buffered saline (PBS; pH 7.2) and viewed at 200 x using 
phase-contrast microscopy. For each cell count determination, we de- 
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fined a healthy, surviving neuron as one that exhibited a distinct nuclear 
membrane with characteristic nucleoli and a cytoplasm free of large 
vacuoles. To assess neuron survival in cultures exposed to putative 
neurotoxic factors, the mean number of healthy cells was determined 
by scoring the number of neurons in at least 18 randomly selected fields 
for each of at least three coverslips. Untreated neuron cultures provided 
an internal control for each experiment. Dissociated chick ciliary ganglia 
consisted of nearly 50% choline& neurons, with the remainder Schwann 
cells and < 1% fibroblasts. For coculture experiments, isolated microglia 
or astroglia at concentrations of 104, 10s, or lo6 were transferred in 1 
ml of N2 culture medium to Millicell-CM chambers (0.4 pm filter pore 
size; Millipore) that had been placed in 12-well plates with ciliary neu- 
rons growing on 18 mm round glass coverslips coated with poly+lysine. 
Cocultures were grown, fixed, and scored as described above. Fixed 
ciliary neurons were labeled by immunohistochemical staining using 
murine monoclonal antibodies for choline acetyltransferase (from ti 
Garrett Crawford. Bavlor College of Medicine: ascites fluid. 1:200 di- 
lution) or for neurofilament (a&body M03B directed against the 160 
kDa neurofilament protein from Dr. Arlene Chiu, Beckman Research 
Institute, City of Hope, CA) using the indirect immunoperoxidase meth- 
od (ABC Kit, Dako). 

Ciliary neuron cultures grown on glass coverslips were prepared for 
scanning EM by fixation with 2% glutaraldehyde in 50 mM cacodylate 
buffer (pH 7.4) containing 0.1 M sucrose for 30 min at 37°C and then 
at 4°C for 12 hr. After staining with 1% osmium tetroxide in 0.1 M 
phosphate buffer (pH 7.4), cells were dehydrated by a graded series of 
ethanol washes and acetone prior to critical point drying. Gold-coated 
preparations were then viewed at 1000x magnification using a JOEL 
CX- 100 electron microscope. 

Spinal cords were removed from 1 S-d-old albino rat embryos (Holtz- 
man, Madison, WI) and dissected free of attached meninges and ganglia. 
After incubation with 0.08% trypsin in Ca*+/Mg*+-free PBS for 10 min 
at 37°C the cords were transferred to N2 medium supplemented with 
10% horse serum, and dissociated by trituration with fire-polished Pas- 
teur pipettes. Cells were plated at a density of 500,000 cells/O.5 ml/well 
of a 24-well tissue culture plate (Falcon) with each well containing a 
poly-L-lysinwated 12-mm-diameter glass coverslip. Twenty-four hours 
after plating, control or conditioned media were added and the cultures 
incubated another 72 hr prior to fixation with buffered 3% formalde- 
hyde. Fixed neurons were identified in mixed cell populations of rat 
spinal cords by indirect immunofluorescence staining with a 1:500 di- 
lution of antibody M03B followed by a 1: 100 dilution of rhodamine- 
conjugated, rabbit anti-mouse IgG (Dako). Under these conditions, con- 
trol cultures contained ~5% neurofilament(+) neurons. 

Biochemical studies. Conditioned media were fractionated by ultra- 
filtration using YM-1 membranes (Amicon; manufacturer’s estimated 
cutoff of 1000 Da) or YM- 10 membranes (estimated cutoff of 10,000 
Da). Gel filtration chromatography (BioGel-P2, 50.0 x 0.7 cm) eluted 
with 50 mM PBS was used to estimate molecular mass. Reverse-phase 
HPLC (RP-HPLC) chromatography was carried out under isocratic con- 
ditions (Cl8 Nova-Pak, 3.9 x 50 mm; Waters) with 10% acetonitrile 
containing 0.1% trifluoroacetic acid (pH 2.2) at a flow rate of 1 ml/min. 
Amino acid concentrations were determined by Dr. Clay Goodman 
(Baylor College of Medicine) using a Waters PicoTag System. Quanti- 
tative measurements of quinolinic acid levels in conditioned medium 
concentrated with ion-exchange resin (Giulian et al., 1990) or from RP- 
HPLC fractions were performed by Dr. Shen-Nan Lin (University of 
Texas at Houston) using a Finningan MAT Incas 50 gas chromatog- 
raphy/mass spectrometer. Concentrations of quinolinic acid were also 
determined by Dr. Robert Schwartz (University of Maryland Psychi- 
atric Institute), using a radioenzymatic assay (Foster et al., 1986). 

Results 
Microglia secrete factors that damage neurons 
We used coculture techniques to explore what effects secretion 
products from specific glial populations might have upon neu- 
ronal growth and survival. Neurons from dissociated chick cil- 
iary ganglia were grown on coverslips in culture dishes that held 
filtered chambers (0.4 pm pore size) containing highly enriched 
populations of ameboid microglia (> 98% homogeneity) or as- 
troglia (>99% homogeneity). Although micro&a or astroglia 
were not in direct contact with ciliaty neurons, products from 
these &al cells diffused through the filter and into the culture 
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Figure 1. Microglia secrete neurotoxins and astroglia release neuron 
survival-promoting factors. Isolated DiI-ac-LDL(+) microglia (198% 
homogeneity) or GFAP( +) astroglia (> 99% homogeneous population) 
were seeded at the densities indicated and placed in MilliCell-CM cham- 
bers. The chambers were then placed into wells (12-well plates; 3.8 cm2/ 
well) and cocultured for 48 hr with approximately 8000 chick ciliary 
neurons per well grown on poly+lysine-coated glass coverslips. Both 
microglia and astroglia were incubated with zymosan A particles. Viable 
neurons were identified by phase-contrast microscopy at 200x mag- 
nification. Neuron survival scores (neurons per field in treated group/ 
neurons per field in the untreated control group) are presented asmean 
values k SE. Each value was obtained from 18 fields oer coverslio usine 
at least four coverslips per group. Zymosan A particles placed-in the 
MilliCell-CM chambers alone did not affect neuronal survival. Signif- 
icant differences among controls and microglia or astroglia cocultures 
are noted at 100,000 and at l,OOO,OOO cell concentrations using Stu- 
dent’s t test (**, p < 0.00 1; ***, p < 0.000 1) with a confidence level for 
six comparisons estimated at p < 0.008 using the Bonferroni method 
(Godfrey, 1985). 

medium. We observed that ameboid microglia [activated by the 
immunostimulant zymosan A (North, 1978; Nathan et al., 1980)] 
discharged agents that killed ciliaty neurons while astroglia re- 
leased factors promoting neuronal survival (Fig. 1). Increasing 
cell numbers brought about increasing amounts of biologic ac- 
tivity, with > 100,000 micro&a per chamber producing a re- 
liable and significant neuronal loss of about 50%. 

The cytotoxic activity from microglia could be recovered in 
culture medium conditioned for at least 24 hr. Phase-contrast 
microscopy showed neurons developed vacuolated cytoplasm 
and lost nucleoli within 15 hr after exposure to microglial toxins; 
there was widespread destruction of neurons by 48 hr (Fig. 2). 
Scanning EM confirmed that micro&al secretion products caused 
extensive neuronal damage with broken or misshapen cells and 
debris scattered throughout treated cultures. Monitoring neu- 
ronal survival by EM indicated a 60% loss of intact neurons, 
similar to that observed by phase-contrast microscopy (data not 
shown). This toxic effect was also demonstrated by immuno- 
his&chemistry, which revealed a significant dropout of ChAT(+) 
or neurofilament( +) ciliary neurons with remaining cells often 
appearing shriveled and misshapen (Fig. 3). Despite dramatic 
injury to neurons, the numbers and surface morphologies of 
Schwann cells appeared by light and electron microscopy to be 
unchanged in the presence of microglia-derived toxins. 

Direrent glia-derived molecules have opposing actions upon 
neuron survival 

Coculture experiments had shown that astroglia promoted neu- 
ronal growth (Fig. 1). This soluble biologic activity, when re- 
covered from astroglial conditioned medium, supported the sur- 
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Figure 2. Phase-contrast photomicrographs showing the effects of mi- 
croglial secretion products upon cultures of ciliary ganglia. As noted in 
control cultures (A), neurons contain large nuclei with prominent nu- 
cleoli (arrows). When incubated for 48 hr with medium conditioned by 
zymosan-activated microglia (25% concentration by volume; B), there 
is a marked loss of neurons. Dead neurons and debris (arrowheads) are 
apparent throughout the cultures with relative sparing of underlaying 
Schwann cells (s). Scale bar, 25 pm. 

viva1 of large, robust neurons with marked neuritic outgrowth 
(Fig. 3). In contrast to microglia-derived toxins, the release of 
astroglial neuron-promoting activity was constitutive and not 
influenced by exposure to microglial activators including zym- 
osan particles. To delineate the character of soluble glial factors, 
we compared media conditioned by astroglia or microglia using 
ultrafiltration. Neuron-killing factors from microglia were small, 
protease-resistant molecules (< 1 kDa; Fig. 4, Table l), whereas 
neuron growth-promoting factors from astroglia were much larger 
(> 10 kDa, Table 1) and sensitive to trypsin degradation (Table 
1). Gel chromatography showed that these astroglia-derived 
proteins contained several peaks of biologic activity with masses 
> 10 kDa (by G-200 chromatography; K. Vaca and E. Wendt, 
unpublished observations). Such astroglial factors probably in- 
cluded ciliary neuronotrophic factor and fibroblast growth factor 
(Manthorpe et al., 1986; Ferrara et al., 1988; Stockli et al., 1989), 
which are known to promote ciliary neuron survival. Under no 
conditions did we detect neuron-killing activity in astroglial 
cultures. 

Since the fate of cultured neurons could be altered by soluble 
agents from either astroglia or microglia, we tested what influ- 
ence a combination of glial factors might have upon neuron 
survival. Using sufficient toxic activity to elicit near maximal 
killing (20% volume of microglial conditioned medium), we 
found that increasing amounts of astroglial conditioned medium 

Figure 3. Light photomicrographs showing the effects of astroglial se- 
cretion products upon ciliary neurons labeled by indirect immunope- 
roxidase staining for neurofilament. A, Medium conditioned by astroglia 
(20% concentration by volume) gives rise to large, darkly stained per- 
ikaryas (arrows) and a network of delicate net&es. In contrast, cultures 
incubated with medium conditioned by zymosan-activated microglia 
(B) or zymosan-activated macrophages (C’) had a only few, small, mis- 
shapen neurofilament(+) cells that lacked neuritic outgrowth (arrow- 
heads). Scale bar, 25 pm. 

attenuated the toxic effects of microglia (Fig. 5). In culture, 
therefore, we uncover a competition between glial populations 
for control of neuron survival. 

Specificty of neuron-killing activity from microglia 

We had demonstrated so far that microglia released small mol- 
ecules that were toxic to cultured chick ciliary neurons. Both 
light and scanning electron microscopy suggested, moreover, 
that neurons were the principal targets of the microglial poisons. 
To assess further the specificity of this cytotoxic action, we 
monitored survival of neurons and glia obtained from embry- 
onic rat. Microglia-derived toxicity reduced the numbers of neu- 
rofilament( +) neurons in cultures of dissociated rat spinal cord 
by about 50% (Table 2). To determine whether these neurotoxic 
effects were mediated in some fashion by non-neuronal support 
cells, we enriched ciliary neuron populations by preplating tech- 
niques (Needels et al., 1987) from about 50% [52 + 3% neurons 
by phase contrast; 48 f 1% ChAT( +) cells; 52 + 1% neurofi- 
lament(+) cells] to 95% [95 + 2% neurons by phase contrast; 
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Figure 4. Dose-response curves demonstrate that different classes of 
ghal secretion products influence the survival of ciliary heurons. A, 
Media conditioned by zymosan-activated microglia or astrogha were 
separated by ultrafiltration. Although astroglial factors found in the 
retentate (> 1 kDa) promote ciliary neuron survival, no growth-stim- 
ulating activity was produced by activated microgha. B, The filtrate of 
conditioned media shows that microgha, but not astroglia, release small 
molecules (< 1 kDa) that act as neuron-killing factors. 

96 t 2% ChAT(+) cells; 92 ? 5% neurofilament(+) cells]. 
Microglial factors showed nearly identical toxic effects upon 
these two culture preparations, indicating that neuron killing 
was not mediated through Schwann cells (Fig. 6). Moreover, 
dose-response curves confirmed that microglial factors (< 1 kDa) 
did not alter the growth or survival of GFAP( +) astroglia, DiI- 
ac-LDL( +) microglia, or galC( +) oligodendroglia cultured from 

Table 1. Properties of neuron growth-regulating factors 

Ciliary neuron survival score 

Treatment Microglia Astroglia Macrophages 

Untreated 0.56 f  0.04 1.97 * 0.09 0.59 k 0.04 
Heat 0.50 f  0.03 0.95 f  0.04 0.57 * 0.05 
Protease 0.51 & 0.04 1.05 f  0.05 0.55 i 0.05 

Data demonstrate properties of molecules released by microglia, astroglia, or 
macrophages that act upon cultured chick ciliary neurons. Media conditioned by 
microglia or macrophages were concentrated by lyophilization and fractionated 
by RP-HPLC (C18, NovaPak) using 10% acetonitrile with 0.1% trifluoroacetic 
acid. The astroglia-conditioned media was concentrated as a retentate using a YM- 
10 filter. Samples were heated by boiling for 10 min at pH 7.4. Protease treatments 
for microglial and macrophage factors involved proteinase K (1 pg/ml) for 2 hr 
at 37°C. The enzymic reaction was stopped by filtration through Centricon 3. 
Astroghal retentate was incubated with trypsin (I &ml) for 2 hr at 37°C. Trypsin 
was then inhibited with soybean trypsin inhibitor (2 &ml). Data are expressed 
as mean ciliary neuron survival ? SE, each based upon three cultures with 18 
random fields scored per culture. Toxic activities from microglia and macrophages 
were associated with small, stable, nonproteinaceous molecules. Astrogba, in con- 
trast, released growth-promoting proteins sensitive to boiling and trypsin. 
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Figure 5. Opposing effects of glial secretion products upon neuronal 
survival. Ciliary neurons were treated with microglial toxic activity (20% 
conditioned medium by volume from lo6 cells activated with zymosan 
for 48 hr) in the presence of increasing concentrations of medium con- 
ditioned by astroglia (from 1 O6 cells incubated with zymosan). As shown, 
astroglial factors attenuated the microglial toxins in a dose-dependent 
fashion. Such observations suggest that different ghal populations have 
competing actions upon the survival of neurons. 

newborn rat brains or Schwann cells obtained from chick ciliary 
ganglia (Fig. 7). Thus, factors released by microglia were toxic 
to neurons, but not glia, from the PNS or CNS. 

Microglial neurotoxins and inflammatory cell poisons 
Previous work has suggested that both invading macrophages 
and reactive microglia might produce neurotoxic molecules in 
response to such CNS insults as ischemia, trauma, or HIV-l 
infection (Giulian, 1992). We did find that rat peritoneal mac- 
rophages released neurotoxic factors identical in action and 
character to those released by microglia. The macrophage-de- 
rived compounds were toxic to ciliary (Fig. 8) as well as spinal 
cord neurons (Table 2) and elicited a dose-dependent loss of 
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Figure 6. Microglial neurotoxicity and the influence of Schwann cells. 
Preplating methods allowed enrichment of ciliary neurons from a stan- 
dard preparation (about 50% neurons) to one within which about 95% 
of the total cell population were neurons as estimated by phase-contrast 
microscopy and by immunolabeling for neurofilament or ChAT. Both 
standard and enriched culture preparations were exposed for 48 hr to 
an ultrafiltrate (< 1 kDa) of factors secreted by zymosan-activated mi- 
croglia. The similarity in dose responses suggests that Schwann cells do 
not mediate the neurotoxic action of microglial factors. 
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Effects of microglia-derived toxin on glia. Dose-response Figure 8. The toxic effects of medium conditioned by zymosan-acti- 
vated macrophages. Ciliary neurons incubated for 48 hr with increasing 
volumes of media from zymosan-activated macrophages showed about 
a maximum loss of about 50%. This neurotoxic effect was blocked by 
the addition of 10 PM APV, an NMDA antagonist. Macrophages ex- 
posed to lipopolysaccharide (US, 10 &ml) did not release neurotoxic 
activity. 

curves examined the actions of an ultrafiltrate (< 1 kDa) of secreted 
factors from zymosan-activated microglia upon DiI-ac-LDL(+) mi- 
croglia, galC(+) oligodendroglia, Schwann cells, or GFAP(+) astroglia 
in culture. As shown, significant cell loss was only noted for neurofi- 
lament(+) ciliary neurons. Data are presented as mean values -+ SE 
obtained from at least nine randomly selected fields from each of three 
coverslips from cultures of either dissociated newborn rat brain or dis- 
sociated embryonic chick ciliary ganglia. 

cells reaching about 60% after a 48 hr incubation (Fig. 8). Both 
classes of mononuclear phagocytes required such activators as 
fixed Staphylococcus aureus or zymosan A particles (North, 1978; 
Nathan et al., 1980) to elicit toxin release. We did not, however, 
observe toxin production by either cell type after exposure to 
lipopolysaccharide, another class of inflammatory cell activator 
known to elicit cytokine release (Fig. 8; Giulian and Baker, 
1986). 

It is well recognized that mononuclear phagocytes release a 
variety of proteins (> 10 kDa) that act as cytotoxins, including 
tumor necrosis factor (Montgomery and Cohn, 1989), comple- 
ment (Stecher and Thorbecke, 1967), interferons (Smith and 
Wagner, 1967), interleukins (Dinarello and Wolff, 1978), pro- 
teases (Adams, 1980), and lipases (Khoo et al., 198 1). The neu- 
rotoxic activities from microglia or macrophages described here, 
however, were resistant to proteinase K (1 &ml for 2 hr at 
37°C) and other proteases (trypsin and papain), ruling out pro- 
tein cytokines and large peptides as toxic agents (Table 1). More- 
over, gel filtration chromatography indicated the microglia-de- 
rived neurotoxin to be <SO0 Da (Fig. 9). There are a number 
of cytotoxic molecules from macrophages that have low mo- 
lecular mass (< 1 kDa) such as hydrogen peroxide (Nathan and 
Root, 1977), nitric oxide (Liew and Cox, 1991), leukotrienes 
(Hoffman et al., 1987), lipoxins (Pettitt et al., 1989), and su- 

Table 2. Neurotoxin effects upon spinal cord neurons 

Media 
Spinal neuron 
survival score 

Control 
Macrophage 
Microglia 

1.00 f  0.06 
0.44 2 0.06** 

0.52 f 0.05** 

Mononuclear phagocytes release toxins that destroy neurofilament(+) rat spinal 
cord neurons. Cultures of dissociated embryonic rat spinal cord were incubated 
for 72 hr in the presence of 50% (by volume) of media conditioned by zymosan- 
activated micro&a or peritoneal macrophages. Values are mean scores + SE for 
neurofilament(+) cells identified at 200 x magnification in 18 randomly selected 
fields from at least five cultures per group. Significant differences are noted between 
control and toxin-treated groups using Student’s test (**, p < 0.001). 

-O- Zymosan 

--.-- Lps 

peroxide anion (Johnston et al., 1978; Giulian and Baker, 1986). 
However, our assay systems (which preclude cell contact and 
require stability in culture medium) would probably not detect 
such highly reactive intermediates. Moreover, the neurotoxic 
activity recovered from microglia or macrophages was stable to 
storage at -80°C for at least 1 month or to boiling for 10 min 
at pH 7.4 (Table 1). For these reasons, short-lived substances 
such as free radicals were not directly responsible for the neuron 
destruction observed here. Neuron-killing activities from both 
activated microglia and macrophages represent, therefore, a class 
of heat-stable, protease-resistant, small molecules distinct from 
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Figure 9. Neurotoxins from microglia are small molecules. Gel filtra- 
tion chromatography (BioGel-P2, 50.0 x 0.7 cm) shows recovery of 
neuron-killing factors from media conditioned by zymosan-activated 
microglia with apparent molecular masses of < 500 Da. Similar elution 
profiles for neurotoxic activities were found in media conditioned by 
activated macrophages. Eluting buffer was 50 mM PBS with 0.30 ml 
fractions collected. Each value represents a mean survival score + SE 
obtained from at least three neuron cultures. Conditioned medium was 
concentrated by lyophilization prior to chromatography. Experiments 
used ciliary neuron cultures incubated for 48 hr with column fractions 
at concentrations of 2.5% by volume. Molecular mass markers: A, ATP, 
55 1 Da; B, 5’-GMP, 407 Da; C, cytidine, 327 Da; D, leucine, 131 Da. 
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Figure 10. Blocking effects of drugs upon target activity of microglia- 
derived neurotoxins. Media conditioned by zymosan-stimulated ame- 
boid microglia ( lo6 cells/ml for 72 hr) were added to neuron cultures 
for 48 hr at a concentration of 50% by volume in the presence of the 
indicated drugs. A, Neurotoxic effects of microglial-conditioned medi- 
um on ciliary neurons are blocked by the NMDA antagonist APV (10 
FM) and the NMDA channel blocker MK-80 1 (10 PM). Non-NMDA 
receptor antagonists, CNQX (10 PM) and GAMS (10 PM), had no pro- 
tective effect. Toxic effects are reduced significantly when compared to 
the no-drug cultures by Student’s t test (*, p < 0.01) with a confidence 
level for four comparisons estimated at p < 0.0 12 using the Bonferroni 
method. B, Similarly, 10 PM APV and 10 PM MK-801 preserve neu- 
rofilament(+) spinal cord neurons (*, p < 0.01; **, p < O.OOl), while 
the calcium L-channel antagonist verapamil(l0 PM) does not block the 
neurotoxic effect. 

those previously identified as cytotoxins secreted by mononu- 
clear phagocytes. 

Microglial neurotoxic efects are mediated by NA4DA receptors 
Neurotoxins that are endogenous to mammalian brain include 
excitatory amino acids and their metabolites (Olney et al., 1974, 
1990; Schwartz et al., 1983; Honore, 1989). Acting through the 
NMDA class of glutamate receptor, some of these agents may 
be responsible for CNS damage in a variety of injuries including 
stroke and trauma (Rothman, 1984; Simon et al., 1984; Mel- 
drum, 1985; Dingledine, 1986; Choi, 1988). We found that sev- 
eral NMDA receptor-mediated toxins including quinolinic acid 

Table 3. NMDA receptor agonists as toxic molecules 

Ciliary neuron survival score 

Treatment 

Quinolinic acid 

-APV +APV (10 FM) 

100 nM 0.41 + 0.07 0.91 z!I 0.04 

1 PM 0.41 t- 0.03 0.92 + 0.05 

AMAA 
100 nM 
1 PM 

Glutamate 

0.51 + 0.03 0.97 + 0.07 

0.48 + 0.06 1.08 t- 0.08 

10 mM 
Aspartate 

0.94 Ii 0.04 0.93 z!z 0.04 

10 mM 1.00 + 0.05 0.97 + 0.04 

Ciliary neuron cultures are sensitive to the neuron-killing effects of the NMDA 
toxins quinolinic acid, and AMAA in nanomolar concentrations. Receptor selec- 
tivity is indicated by the protective effect of the NMDA antagonist APV. In 
contrast, the excitatory amino acids glutamate and aspartate are not toxic to ciliary 
neurons in millimolar concentrations. Values are mean survival scores 5 SE. 
Neurons were incubated with drugs for 48 hr. 

and amino-3-hydroxy-5-methyl-4-isoxazoleacetic acid (AMAA) 
killed neurons in ciliary ganglia cultures (Table 3). The selective 
NMDA antagonist 2-amino-5phosphonovaleric acid (APV; 
Honore, 1989) protected against the neurotoxicity secreted by 
microglia, whereas the antagonists to non-NMDA type excit- 
atory amino acid receptors [6-cyano-7-nitroquinoxaline-2,3- 
dione (CNQX) and -y-D-glutamylaminomethylsulfonic acid 
(GAMS)] had no protective effect (Fig. 1 OA). Similar results were 
obtained with rat spinal cord neurons in which APV prevented 
neuron killing (Fig. 1OB). The NMDA receptor ion channel 
blocker MK-801 also protected neurons, thus confirming the 
involvement of the NMDA receptor-ionophore complex (Fig. 
1OA). In contrast, the calcium L-channel blocker verapamil did 
not prevent cell death (Fig. 1OB). The toxicity produced by 
microglia and macrophages exhibited the same pharmacological 
properties including the protective effects of APV (Fig. 8) and 
MK-801. 

To determine whether inflammatory cell-derived neurotoxins 
were, in fact, known NMDA-mediated toxins, we partially pu- 
rified cell-killing activity from Hanks’ buffered saline that had 
been conditioned by zymosan-stimulated microglia or macro- 
phages over a 24 hr period. A two-step purification, using ul- 
trafiltration and gel filtration chromatography, yielded neuro- 
toxic activity from either microglia or macrophages that sharply 
eluted on an RP-HPLC column (Fig. 11A). Importantly, this 
toxicity did not copurify with quinolinic acid, glutamic acid, or 
aspartic acid (Fig. 11B). Moreover, analyses of the toxin-con- 
taining fractions showed very low concentrations of amino acids 
(Table 4). Quinolinic acid values were below the level of detec- 
tion by either mass spectrometry or enzymic assay (~2 C(M; data 
not shown) and would be present in concentrations below the 
range of toxicity to cultured ciliary neurons. Although the com- 
position of the neuron-killing activity derived from microglia 
or macrophages is unknown, we have ruled out such agents as 
the cytokines interleukin- 1 cy (IL- 1 (Y), IL- 1 j3, and tumor necrosis 
factor LY (TNFu), lactic acid, proteases, or free radicals. 

Discussion 
Reactive gliosis, a hallmark of injury to the mammalian brain, 
is thought to impair recovery of neurologic function (Aguayo et 
al., 198 1; Reier, 1983). To distinguish the influences of specific 
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Figure 11. Fractionation of neurotoxic activity by RP-HPLC. Hanks’ 
buffered saline conditioned for 24 hr by zymosan-activated macro- 
phages was recovered as an ultrafiltrate (< 1 kDa), eluted twice on a 
Cl 8 column (10% acetonitrile with 0.1 O/o trifluoroacetic acid at 1 ml/ 
min), and recovered in 1 ml fractions. A, A sharp trough of neurotoxic 
activity appears in fractions 34 and 35. An identical profile was noted 
for the neurotoxic activity secreted by microglia. Values are expressed 
as mean percentage ciliary neuron survival + SE based upon 48 hr 
assays. B, The macrophage-derived or microglia-derived neurotoxins 
can be separated from aspartic acid (asp), cysteate (cys), glutamic acid 
(g/u), quinolinic acid (qa), kynurenic acid (ka), homocysteate (hcys), 
kynurenine (kyn), and tryptophan (trp). Values are expressed as mean 
retention times in minutes for flow rates of 1 ml/min. 

Table 4. Amino acid composition of neurotoxic activity 

Culture 
RP-HPLC fractions medium 

Glutamate 1 50 
Aspartate <I 50 
Cysteine 5 0 
Cystine <l 100 
Serine <l 250 
Threonine 4 400 
Tryptophan 1 40 
Glycine <l 250 
Glutamine 1 2210 
Histidine <l 550 
Proline 1 50 
Leucine <l 450 

Data show amino acid composition (in pr.r/liter) of neurotoxic activity recovered 
from RP-HPLC (fractions from Cl8 column as described in Fig. 11). The con- 
centrations of amino acids in the toxin-containing fractions were generally far 
below that found in the culture medium used to grow neurons. Moreover, the 
toxin-containing fractions were tested at dilutions of 200-fold giving final con- 
centrations of amino acids in the range of ~5 n&liter. 
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Figure 12. Glia secretion products as regulators of neuron survival. 
When stimulated, microglia release a variety of cytotoxic agents in- 
cluding the small heat-stable neurotoxic molecules described here. Sim- 
ilar factors that have been recovered from damaged neural tissues (Giu- 
lian, 1990) as well as HIV- l-infected monocytes (Giulian et al., 1990) 
may be important mediators of neuronal injury in such brain disorders 
as trauma, stroke, and AIDS encephalitis (Giulian, 1992). In contrast, 
astroglia produce a number of proteins now known to promote neuronal 
growth (Manthorpe et al., 1986; Ferrara et al., 1988; Vaca and Wendt, 
unpublished observations). Astroglia-derived growth factors attenuate 
the toxic effects of microglia and may help to preserve neurons under 
attack by inflammatory cells (Fig. 5). A further level ofcomplexity exists 
for microglia release astroglial mitogens (Giulian and Baker, 1985; Giu- 
lian and Lachman, 1985; Giulian et al., 1988) while astroglia produce 
growth factors that stimulate microgliosis (Giulian and Ingeman, 1988; 
Hao et al., 1990; Malipiero et al., 1990). Ultimately, recovery of neu- 
rological function may rely upon reactive glia as they compete to govern 
the survival of neighboring neurons. 

classes of glia during CNS injury, we monitored secretion prod- 
ucts from astroglia and microglia for their effects upon cultured 
neurons. We find contrasting glial influences, with growth-pro- 
moting proteins released by astroglia and small neurotoxic mol- 
ecules secreted by microglia (Giulian, 1990; Giulian et al., 1990). 
Such neurotoxic factors may, in turn, have in vivo significance, 
for several lines of evidence now suggest that mononuclear 
phagocytes actually engage in neuron-killing behavior. First, 
reactive microglia are at times found in areas of damaged tissue 
prior to the death of neurons (Giulian and Robertson, 1990; 
Gehrmann et al., 1992). Second, neurotoxic factors (identical 
to those reported here) have been isolated from damaged CNS 
(Giulian, 1990, 1992). Finally, drug suppression of reactive 
mononuclear phagocytes reduced motor neuron death and im- 
proved functional recovery after ischemic injury to the rabbit 
spinal cord (Giulian and Robertson, 1990). 

Macrophages secrete a number of agents that under certain 
conditions serve as cytotoxins (Nathan et al., 1980). As noted, 
some of these factors may also be released by microglia and act 
as neurotoxins during the course of CNS injury. One of the first 
microglial toxins to be identified was superoxide anion (Giulian 
and Baker, 1986; Colton and Gilbert, 1987). More recent work 
(Thery et al., 199 1) has confirmed microglial release of this free 
radical and its involvement in neuron killing when inflamma- 
tory cells are in direct contact with neurons. Other short-lived 
molecules released by mononuclear phagocytes may also take 
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part in contact killing (Giulian, 1992). In addition, long-lived lack of toxicity for excitatory amino acids in our culture systems 
neurotoxic agents have been recovered from HIV- l-infected argues against a primary effect of glutamate or aspartate. Al- 
monocytoid cells (Giulian et al., 1990; Pulliam et al., 1991). though NMDA receptor-channel antagonists clearly attenuate 
The toxic factors recovered from human cells remain uniden- the effects of microglial neurotoxins, these observations do not 
tified but show similar physical properties to the rat microglial establish that these neurotoxins bind directly to the NMDA 
factors described here (Giulian and Noonan, 1992). Such agents receptor or channel. For such reasons, the purification of mi- 
would be capable of acting at a distance and could account for croglial neurotoxins will be necessary to uncover their precise 
the loss ofcortical neurons noted with AIDS (Wiley et al., 199 1). mechanisms of action. 
Recently, Piani et al. (1991) have reported that cultured mi- Reactive microglia appear in almost every type of CNS dis- 
croglia constitutively release glutamate, which under some in order including infection, trauma, stroke, degeneration, and de- 
vitro conditions is toxic to neurons. Their report is in contrast myelination (Rio-Hortega, 1932). These inflammatory cells are 
to our earlier findings on HIV-l-infected cell lines (Giulian et the major source of CNS-derived cytokines, help to regulate 
al., 1990) and with the data reported here, for we do not measure wound healing in neural tissues, and serve as an important link 
significant release of glutamate by activated mononuclear cells between the brain and systemic immune responses (Giulian, 
(Table 4). Second, any small change in glutamate levels would 1992). Elimination of damaged circuits would prevent continu- 
be masked by the high concentrations of the amino acid nor- ing disruption and, perhaps, dysfunction of the entire neural 
mally found in the chemically defined culture media (Table 4). system. Controlled cell death as noted after infection, neoplasm, 
More importantly, glutamate is not toxic in the ciliary neuron or trauma is a well-recognized process during wound healing 
assay (Table 1), nor does it copurify with the macrophage- or and tissue renewal and arises when inflammatory cells release 
microglia-derived neurotoxins (Fig. 11). Further study will be cytotoxins. The removal of abnormal cells may be an important 
needed to determine if cell viability and culture conditions in- function for microglia during CNS inflammation (Rio-Hortega, 
fluence the levels of glutamate released by microglia. 1932; Giulian, 1992). As sentinels of the nervous system, mi- 

The mechanisms that link astroglia, microglia, and neurons croglia may therefore protect healthy neurons by the destruction 
are doubtlessly complex (Fig. 12). Unopposed effects of neu- and rapid removal of diseased tissues. The inflammatory mech- 
rotoxins from microglia during the acute phase of inflammation anisms responsible for disrupting function in AIDS encepha- 
might limit function or survival of neurons; this neuron-killing lopathy and in Alzheimer’s disease may be similar to the mi- 
action could, in turn, be balanced by growth factors released croglia-driven processes occurring after stroke and trauma. We 
from astroglia at a later phase of wound repair (Reier et al., believe that the release of long-lived neurotoxic molecules from 
1983; Giulian, 1992). Ultimately, glial-dependent recovery of reactive microglia represents an important neuropathic mech- 
neuronal function would rely upon the location and numbers anism common to a variety of disease states. 
of reactive cells associated with damaged tissue. The regulation 
ofglial effects upon neurons is further complicated by microglia- 
astroglia interactions. As shown previously, microglia release 
astroglia-promoting growth factors (Giulian and Baker, 1985) 
including IL-l (Giulian and Lachman, 1985). Such astroglial 
growth factors, in turn, influence astroglial production of such 
neuronal growth factors as NGF (Gadient et al., 1990; Fig. 12). 
Moreover, astroglia stimulate microglial growth by release of 
various protein mitogens (Giulian et al., 1990; Hao et al., 1990; 
Malipiero et al., 1990). In this way, opposing actions of secreted 
factors from glia might regulate neuronal survival well beyond 
the period of initial tissue insult. 

It is unclear what signals within the brain activate microglia 
to release neuron-killing factors (Giulian, 1992). Cytokines may 
be involved, for systemic injections of TNFol stimulate the ap- 
pearance of reactive microglia in vivo (Hickey, 199 1). Similar 
observations have been made after intracerebral infusions of 
colony-stimulating factors (Giulian and Ingeman, 1988). How- 
ever, as noted by Rio-Hortega (1932), necrotic tissue and hem- 
orrhage elicit aggressive brain phagocytes and are among the 
most potent stimuli for reactive microgliosis. Our limited in 
vitro experience is consistent with this pattern in that phago- 
cytosis-dependent cell stimuli (fixed S. aureus or yeast wall par- 
ticles of zymosan A) are potent activators of neurotoxin release. 
Clearly, the type and degree of microglial stimulation would 
determine, in part, the level of neurotoxin production in tissues. 

We have yet to identify the long-lived neurotoxic factors pro- 
duced by microglia. However, these molecules can be distin- 
guished by molecular mass and stability, by reverse-phase chro- 
matography, and by cytotoxic potency from a number of 
substances described either as neuron-killing factors endogenous 
to the brain or as cell poisons secreted by macrophages. The 
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