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Post-traumatic cystic cavitation, in which the size and severity
of a CNS injury progress from a small area of direct trauma to
a greatly enlarged secondary injury surrounded by glial scar
tissue, is a poorly understood complication of damage to the
brain and spinal cord. Using minimally invasive techniques to
avoid primary physical injury, this study demonstrates in vivo
that inflammatory processes alone initiate a cascade of sec-
ondary tissue damage, progressive cavitation, and glial scarring
in the CNS. An in vitro model allowed us to test the hypothesis
that specific molecules that stimulate macrophage inflamma-
tory activation are an important step in initiating secondary
neuropathology. Time-lapse video analyses of inflammation-
induced cavitation in our in vitro model revealed that this pro-
cess occurs primarily via a previously undescribed cellular
mechanism involving dramatic astrocyte morphological

changes and rapid migration. The physical process of cavita-
tion leads to astrocyte abandonment of neuronal processes,
neurite stretching, and secondary injury. The macrophage man-
nose receptor and the complement receptor type 3 b2-integrin
are implicated in the cascade that induces cavity and scar
formation. We also demonstrate that anti-inflammatory agents
modulating transcription via the nuclear hormone receptor per-
oxisome proliferator–activated receptor-g may be therapeutic in
preventing progressive cavitation by limiting inflammation and
subsequent secondary damage after CNS injury.
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Injury to the adult mammalian CNS leads to a complex series of
cellular and molecular events, as cells respond to trauma and
attempt to repair damaged regions of the brain or spinal cord (for
review, see Fitch and Silver, 1999a). Unlike the successful healing
responses in the peripheral nervous system, adult CNS injury
leads to permanent disability, because most severed axons fail to
regenerate (Ramon y Cajal, 1928; Guth, 1975; Reier et al., 1983).
A phenomenon that adds to the complexity of regenerative fail-
ure is the process of progressive cavitation in which, after days to
weeks, a CNS injury can expand in size leading to a scar-
encapsulated cavity many times the size of the initial wound
(Balentine, 1978). Although various hypotheses suggest that this
secondary process of cavitation is related to ischemia (Balentine,
1978), hemorrhage (Ducker et al., 1971; Wallace et al., 1987),
lysozyme activity (Kao et al., 1977), pulsatile hydrodynamics
(Williams et al., 1981), or macrophage infiltration and inflamma-
tion (Blight, 1991a, 1994; Szczepanik et al., 1996; Fitch and Silver,
1997a; Zhang et al., 1997), the underlying causes of progressive
axon damage and the cellular mechanisms that lead to cyst
formation are poorly understood. Insights into this process will
provide direction for therapeutic intervention designed to mini-

mize secondary damage and lead to enhanced function after a
debilitating injury.

In this study we have used both in vivo and in vitro models to
test our hypothesis that post-traumatic inflammation can lead to
the development of cavities in the CNS. Our results indicate that
inflammatory processes induced by the in vivo microinjection of a
single, small bolus of zymosan particles in the absence of signif-
icant physical damage are detrimental to CNS tissue and directly
lead to secondary damage, progressive cavitation, and upregula-
tion of glial scar–associated inhibitory molecules. Using a tissue
culture model, we further demonstrate that the mechanism of
cavitation is mediated primarily via robust astrocyte migration
and morphological changes stimulated by activated macrophages
that can lead to astrocyte abandonment of neuronal processes
and may also lead to axonal injury. To address the issue of
signaling mechanisms and triggers for these effects, we used
several molecules that specifically activate macrophage cell sur-
face receptors leading to macrophage activation and subsequent
astrocyte reactions in our in vitro model of cavity formation.
Additional results from our in vitro assay suggest that preventing
this specific inflammatory activation with peroxisome prolifera-
tor–activated receptor (PPAR)-g agonists, a class of anti-
inflammatory agents, may provide a novel therapy for preventing
progressive cavitation by limiting inflammation and its subse-
quent secondary damage after a CNS injury.

MATERIALS AND METHODS
Cell culture methods. Purified astrocyte cultures were generated from
newborn [postnatal day 0 (P0)] Sprague Dawley rat cortices using a
procedure modified from that of McCarthy and De Vellis (1980). Cere-
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bral cortices were isolated, separated from meninges, and dissociated in
calcium- and magnesium-free Hanks’ balanced salt solution with 0.1%
trypsin and 0.020% EDTA for 30 min at 37°C, with the addition of 100
ml of 2 mg/ml DNase after 15 min. DMEM-F12 medium (Life Technol-
ogies, Gaithersburg, MD) with 10% fetal calf serum (FCS; Sigma, St.
Louis, MO) was added, and the tissue was triturated through a fire-
polished glass pipette. Cells were grown in poly-L-lysine–coated tissue
culture flasks (0.1 mg/ml) overnight at 37°C. Cultures were purified for
astrocytes by vigorously shaking the flasks to remove nonadherent cells.
Astrocytes were matured in culture in DMEM-F12 (10% FCS) for 10 d
and used for experiments before they reached .4 weeks of age in culture.

Adult dorsal root ganglion neurons were isolated according to a
previous protocol (Davies et al., 1997). Single-cell suspensions of dorsal
root ganglia (DRGs) were prepared from adult (250–300 gm) Sprague
Dawley rats. Lumbar and cervical DRGs were dissected, roots and
capsules were removed, and suspensions were incubated in dispase (2.5
units/ml) and collagenase II (200 units/ml) for 30–60 min at 37°C, until
cells would easily separate. Resuspension in DMEM-F12 and gentle
trituration through a fire-polished pipette resulted in a single-cell sus-
pension of adult DRG neurons.

Microglial cells were obtained using a modification of the procedure by
Giulian and Baker (1986). Mixed glial cultures were prepared from P0 rat
pups using the dissection and dissociation protocols described above.
These mixed glial cultures were not shaken to remove nonadherent cells
and were instead grown for 3–7 d in DMEM-F12 media supplemented
with 20% fetal calf serum to enrich for microglial cells. Flasks were
lightly shaken to release microglial cells into the media supernatant, and
these floating microglia were subsequently spun down, washed with
DMEM-F12 media, and plated in culture.

Peritoneal macrophages were obtained using modifications of the
methods used by Michalek et al. (1998) and Xia et al. (1999). Three
milliliters of Brewer’s thioglycollate broth (Difco, Detroit, MI) were
injected into the peritoneal cavity of adult Sprague Dawley rats (300 gm).
After 3 d, rats were deeply anesthetized, and 50 ml of cold sterile L15
media was injected into the peritoneum and withdrawn to extract resi-
dent peritoneal macrophages. To purify the macrophage population, we
collected the cells by centrifugation, resuspended them briefly in 3 ml of
distilled water to lyse red blood cells, and rapidly resuspended them in 15

ml of DMEM-F12 for subsequent use in culture experiments. Condi-
tioned media from cultured peritoneal macrophages were prepared using
5–12 3 10 6 macrophages per tissue culture flask, 60.1 mg/ml zymosan in
10 ml of culture media. After 3 d, the media were removed, clarified by
centrifugation, and stored at 220°C until use.

Immunocytochemistry. Tissue sections or cells grown on glass cover-
slips were washed in PBS, blocked with 4% normal goat serum with 0.1%
Triton X-100 (Sigma), and incubated overnight in primary antibody
diluted in blocking solution followed by appropriate secondary and
tertiary steps in blocking solution for single-, double-, and triple-staining
procedures by standard fluorescent immunocytochemical methods.
Monoclonal antibodies used included CS56 (1:100; Sigma) to identify
chondroitin sulfate proteoglycans, ED1 (1:250; Chemicon, Temecula,
CA) for activated macrophages and microglia, RT-97 (1:100; Boehringer
Mannheim, Indianapolis, IN) for neurofilament-containing axons and
neurons, anti-type III b-tubulin antibody (1:100; Sigma) to label adult
DRG neurons and processes in culture, and RECA-1 (1:25; Serotec,
Raleigh, NC) for blood vessel endothelial cells. Polyclonal anti-GFAP
antibodies were used to identify astrocyte intermediate filaments (1:300;
Accurate Chemicals, Westbury, NY). Control sections that did not
receive primary antibodies were used to distinguish specific staining from
nonspecific antibody binding and/or autofluorescent components of le-
sion areas. Sections were examined using a Zeiss laser-scanning confocal
microscope and/or a Leitz Orthoplan-2 fluorescence light microscope
(Wetzlar, Germany).

In vivo cavitation experiments. Surgical procedures and microinjection
techniques were performed as described previously (Anthony et al., 1997;
Davies et al., 1997; Fitch and Silver, 1997a). Adult Sprague Dawley
female rats (300–325 gm) were anesthetized by intramuscular ketamine
(100 mg/kg) and xylazine (2.4 mg/kg). A midline scalp incision was used
to access the skull, and a stereotaxic drill was used to remove a small area
of bone. Stereotaxic microinjection into the brain was conducted with a
glass micropipette with an outer diameter of 120 mm with a sharp beveled
edge. Stereotaxic coordinates of the injections were relative to the
bregma at 1 mm rostral, 2 mm lateral, and a depth of 2.5 mm. Minute
quantities (0.25 and 0.5 ml) were gently injected into the white matter of
the corpus callosum using a Picospritzer (General Valve, Fairfield, NJ)
to cause minimal physical damage to the brain parenchyma. Zymosan

Figure 1. Astrocyte GFAP staining of statistically representative tissue sections (selected based on average cavity sizes; see Fig. 2) at the site of
minimally invasive microinjections of zymosan (A–D; n 5 32), saline (E–H; n 5 14), or latex beads (I–L; n 5 10) immediately (A, E, I ), 3 d (B, F, J ),
1 week (C, G, K ), and 2 weeks (D, H, L) after injection. Note the enlarged astrocyte-free cavity present at 3 d (B) and 1 week (C) after microinjection
of zymosan, a potent inflammatory stimulant. There is no significant increase in cavity size after saline injection (E–H), and no significant increase in
cavity size is seen after injection of particulate latex beads ( I–K) the same size and concentration as zymosan particles. Scale bar, 340 mm.
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(12.5 mg/ml; Sigma; an inert particulate macrophage activator), lipopoly-
saccharide (LPS; 20 mg/ml; Sigma; a soluble immunostimulant), 3 mm
latex microspheres (Polysciences, Warrington, PA; a particulate control
used at the same particle concentration as zymosan), and PBS (a control
for the injection procedure) were among the test substances used. After
postoperative periods of 10–30 min, 3 d, 1 week, and 2 weeks, animals
were deeply anesthetized and perfused through the aorta with 100 ml of
PBS followed by 400 ml of 4% paraformaldehyde in phosphate buffer.
Coronal tissue sections 60 mm thick were cut using a Vibratome and
processed for immunohistochemical analysis. For quantitation of astro-
cyte cavity size, a single representative fluorescent photograph stained to
visualize the GFAP of astrocytes was taken at the site of each initial
injection needle tract. These were scanned into an Apple Macintosh
computer and randomized, and the size of the cavity was measured in a
blinded manner using the NIH Image analysis program. Data were
subsequently analyzed using Statview statistical software with ANOVA
and Fisher’s PLSD for multiple comparisons.

In vitro neuron toxicity experiments. Adult DRGs were plated at a
density of 5000–6000 neurons per well in 24-well tissue culture plates on
glass coverslips coated with poly-L-lysine (0.1 mg/ml) and laminin (5
mg/ml). In some experiments, DRG neurons were grown on astrocyte
monolayers to model more closely the normal cellular associations found
in vivo. After 24 hr of growth in culture, microglial cells or peritoneal
macrophages were added to each of the wells at a density of 50,000 cells
per well. Nonactivated macrophages or microglial cells served as controls
and were compared with zymosan-activated (0.1 mg/ml) macrophages or
microglial cells. After 24 hr or 3 d of coculture of macrophages and
DRGs, propidium iodide (50 mg/ml) was used to assess cell viability by
membrane integrity (Freshney, 1987) before culture fixation with 4%
paraformaldehyde. The fixed cultures were stained with antibodies to
b-tubulin to identify DRG neurons and their processes and with ED1 to
stain macrophages and/or microglia. Separate control experiments dem-
onstrated that zymosan treatment alone was nontoxic to DRGs alone,
astrocytes alone, macrophages alone, or DRGs cultured with astrocytes.

All statistical comparisons were made between control DRG cultures
with nonactivated macrophages versus DRG cultures with zymosan-
activated macrophages. Each experiment was coded, randomized, and
scored in a blinded manner. For each coverslip, 10 microscopic fields of
view were counted from a standard grid using a low-power 163 objective.
The quantitative data from each measurement group were expressed per
field of view relative to the appropriate control group average being
standardized to a value of 1. Data were analyzed with StatView statistical
software using the nonparametric Mann–Whitney U test. For time-lapse
video microscopy, cultures were maintained at 37°C, and still-frame–
digitized images were captured by computer every minute for the course
of the analysis using the Metamorph imaging software (Universal Imag-
ing Corporation, West Chester, PA).

In vitro cavitation assay. Astrocytes that had been grown for at least
10 d in culture were seeded at identical densities in 24-well tissue culture
plates (plating densities of 50,000–100,000 cells per well, depending on
the experiment) on glass coverslips coated with poly-L-lysine (0.1 mg/ml)
or poly-L-lysine and laminin (5 mg/ml) and allowed to reach confluency
(1–3 d) in DMEM-F12 media with 10% heat-inactivated and sterile-
filtered fetal calf serum. Peritoneal macrophages were isolated from
adult Sprague Dawley rats and introduced into the astrocyte cultures at
a density of 25,000–100,000 cells per well, depending on the experiment.
Nonactivated macrophages (controls) were seeded in culture media only,
whereas activated macrophages were introduced with 0.05 or 0.1 mg/ml
Zymosan (Sigma), a potent macrophage activator. The cocultures were
maintained for periods of 24 hr or 3 d. After the culture period, pro-
pidium iodide (50 mg/ml; Molecular Probes, Eugene, OR) was used to
assess cell viability by membrane integrity (Freshney, 1987) before fixa-
tion of the cultures with 4% paraformaldehyde. The fixed cultures were
stained with antibodies to GFAP to identify astrocytes, ED1 to stain
macrophages, and 4,6-diamidino-2-phenylindole (DAPI) to label all cell
nuclei. Each experimental condition was replicated at least six times in at
least two independent setups, and replicates were expressed relative to
their own simultaneous controls set to a value of 1 and combined for
statistical analysis and presentation. Separate control cultures demon-
strated that zymosan alone with astrocytes was nontoxic and did not
significantly affect viability or the formation of culture cavities.

All statistical comparisons were made between control astrocyte cul-
tures with nonactivated macrophages versus astrocyte cultures with
zymosan-activated macrophages. For each experiment, six microscopic
fields of view from a single coverslip were photographed from a standard

grid using a low-power 163 objective. For each field of view, the numbers
of dead astrocytes and macrophages stained with propidium iodide were
recorded; macrophages were photographed in one fluorescent channel,
and GFAP1 astrocytes and the total number of cell nuclei were photo-
graphed in another. These photographs were scanned into an Apple
Macintosh computer, randomized, and analyzed blindly using NIH Im-
age to count and subsequently calculate the numbers of astrocytes and
macrophages, the cell density, and the size of culture cavities (areas of
the culture devoid of astrocyte monolayers). The quantitative data from
each measurement group were expressed per field of view relative to the
appropriate control group average being standardized to a value of 1.
Data were then analyzed with StatView statistical software using the
nonparametric Mann–Whitney U test and ANOVA with Fisher’s PLSD
for multiple comparisons. Additional post hoc analyses were conducted
on the data from Figures 9 and 13 with Scheffe’s F test and the Bonferroni–
Dunn test and yielded equivalent significance levels. For time-lapse video
microscopy, cultures were maintained at 37°C, and still-frame–digitized
images were captured by computer every minute for the course of the
analysis using the Metamorph imaging software (Universal Imaging
Corporation).

For experiments using conditioned media from activated and nonac-
tivated macrophage cultures, the same astrocyte culture methods were
used without the addition of live macrophages or zymosan-stimulant
particles. The conditioned media were used full strength (100%) or
diluted 1:1 with fresh media (50%) for 24 hr or 3 d of incubation. For
some experiments, full-strength media (both activated and nonactivated)
were heated to 60°C for 15 min before use. In other experiments, the
conditioned media (both activated and nonactivated) were boiled for 40
min before 1:1 dilution with fresh media and subsequent use. Statistical
comparisons were made between cultures using conditioned media from

Figure 2. Graphical comparisons and statistical analysis of the average
size (6 SEM) of the astrocyte-free cavity areas (in mm 2) after in vivo
callosal microinjections of zymosan (n 5 32), saline (n 5 14), or latex
beads (n 5 10). Cavity sizes are significantly larger than that of the
immediate time point after zymosan injection at 3 d ( p , 0.01) and 1
week ( p , 0.05), and by 2 weeks the healing process has diminished the
cavity to within control levels as astrocytes have repopulated the cavity.
Injections of saline or latex beads do not lead to significant increases in
cavity size at any time point. ANOVA with Fisher’s PLSD is reported
relative to the immediate time point for each category (*p , 0.05; **p ,
0.01).
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Figure 3. The area of axon damage precisely surrounds the area of astrocyte cavitation at 3 d after zymosan injection in vivo but does not show evidence
of repair or regeneration of neurofilament-containing axons after astrocytes repopulate the cavity after 2 weeks. A, Astrocyte GFAP staining demarcates
this white matter cavity at 3 d (same section shown in Fig. 1B). B–D, Neurofilament staining in B demonstrates an increased intensity in the axons at
the borders of the developing cavity in an adjacent section to A, and ends of axons that have been secondarily damaged can be seen at high power in
C from the area outlined in B. Dystrophic axon endings are found within the cavity (C; arrows) and are also demonstrated in another 3 d developing cavity
(D; arrows). E, F, Astrocyte GFAP staining in E illustrates the partial filling in of the cavity by astrocytes at 2 weeks after injection, which is not mirrored
by any changes in the neurofilament-containing axons as seen in F. G, These destructive effects on axons were not seen at the injection site with
neurofilament staining immediately after zymosan injection (arrow), illustrating the minimal direct injury from the injection itself. Scale bars: A, B, 200
mm; C, D, 20 mm; E–G, 180 mm.
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nonactivated macrophages and conditioned media from zymosan-
activated macrophages treated in identical ways.

For receptor agonist experiments, particulate b-glucan isolated from
Saccharomyces cerevisiae (0.05 mg/ml; Sigma) and/or mannosylated bo-
vine serum albumin (mBSA; 1 mM; E-Y Labs, San Mateo, CA) were
added to macrophage cultures in the place of zymosan to stimulate
specific interactions with the b-glucan–binding site of the complement
receptor type 3 (CR3) integrin receptor and/or the macrophage mannose
receptor, respectively (Wileman et al., 1986; Thornton et al., 1996;
Engering et al., 1997; Gelderman et al., 1998; Xia et al., 1999).

For experiments examining the effects of anti-inflammatory agents, all
astrocyte cultures were grown on poly-L-lysine coverslips coated with
laminin, and the cocultures were maintained for 3 d with 100,000 mac-
rophages, astrocyte monolayers, and a drug treatment. Each group had
two components (nonactivated macrophages with treatment and
zymosan-activated macrophages with treatment) for standardization
within each group to control for any variances in drug effects on nonac-
tivated culture preparations. The treatment groups included no treat-
ment [vehicle only (DMSO at 1 ml /ml)], indomethacin treatment (100
mM; Sigma), prostaglandin J2 treatment (10 mM; Calbiochem, La Jolla,
CA), and ciglitazone treatment (50 mM; Biomol, Plymouth Meeting, PA)
of the zymosan-activated macrophages.

RESULTS

Persistent inflammation in vivo leads to
progressive cavitation
The in vivo model of progressive cavitation used in this study was
designed to separate persistent secondary inflammatory events
that are commonly found in the vicinity of CNS injuries from
those pathological changes that are a result of direct tissue dam-
age. Using a technique that minimizes direct cellular injury
(Davies et al., 1996), we were able to introduce various com-
pounds carefully into the adult rat corpus callosum via a single
microinjection of ,0.5 ml. Zymosan, a nontoxic particulate yeast
wall preparation used widely as a macrophage and/or microglia
activator in tissue culture studies (Giulian et al., 1994; Klegeris
and McGeer, 1994), was the only specific molecule we tested in
this manner that was sufficiently potent in vivo to induce persis-
tent inflammation leading to cavity formation and glial scarring.
Other molecules tested in our in vivo model that were unable to
initiate the cascade of cellular events leading to cavitation with
only a single microinjection included interleukin-1b, transform-
ing growth factor-b, epidermal growth factor, vascular endothe-
lial growth factor, ciliary neurotrophic factor, thrombin, and LPS.
Therefore, we used zymosan microinjections into the corpus
callosum of the adult rat brain to study the effects of intense
inflammation in the absence of significant direct tissue damage.

A series of control experiments conducted in vitro confirmed
that zymosan particles were not directly toxic to cells. Zymosan
particles were added separately to astrocyte cultures, adult DRG
neuron cultures, cocultures of adult DRG neurons with astro-
cytes, and macrophage cultures. The addition of zymosan did not
significantly affect numbers of live cells counted in these cultures
after 24 hr or 3 d when compared with matched cultures without
zymosan. Only when zymosan-activated macrophages or micro-
glial cells were cocultured with other cells were the detrimental
effects observed, consistent with results demonstrated by other
investigators in which zymosan without microglia had no effect on
astrocytes or neurons (Giulian et al., 1993a, 1994). The concen-
tration of zymosan used in culture contained ;25 3 106 particles
in 1 ml of media, which settled down densely on top of the cells
at a concentration of 1.25 3 106 particles per square millimeter of
culture area.

Microinjection of 0.25 or 0.5 ml of highly concentrated sterile
zymosan (;1.25 3 106 particles/0.5 ml) with a micropipette into
the corpus callosum of adult Sprague Dawley rats initially pro-
duced only a very small cavity evident with astrocyte GFAP
immunostaining as a direct result of the relatively atraumatic
injection of the tiny bolus of particles (n 5 13; Fig. 1A). By 3 d
(n 5 7; Fig. 1B), the persistent inflammation generated by the
zymosan particles had caused a statistically significant ( p 5
0.0055; Fig. 2) sevenfold increase in the average size of the
astrocyte-free cavity, a result that was maintained ( p 5 0.0297;
Fig. 2) at 1 week after injection (n 5 6; Fig. 1C). By 2 weeks after
zymosan injection (n 5 6; Fig. 1D), the cavity was beginning to
resolve. As the inflammatory infiltrates diminished, astrocytes
were found to be repopulating the cavity area, and the size of the
cavity diminished toward the size of the initial immediate injec-
tion cavity. Figure 1 illustrates statistically representative sections
(i.e., representative of the mean cavity size of each group) based
on the quantitative analysis of cavity sizes at each time point seen
in Figure 2.

Figure 4. Fluorescent photomicrographs of zymosan-induced inflamma-
tion in vivo within the developing cavities 3 d (A), 1 week (B), and 2 weeks
(C) after zymosan injection. The high concentration of activated macro-
phages and microglia stained with ED1 present at 3 d (A) gradually
diminishes from 1 week (B) to 2 weeks (C). Scale bar, 340 mm.
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As a control for the injection procedure, microinjections of 0.5
ml of saline at the four time points did not lead to increased cavity
size over the 2 week experimental period (Figs. 1E–H, 2), dem-
onstrating that physical aspects of the injection protocol were not
sufficient to lead to cavitation. As an additional particulate con-
trol, 0.5 ml of latex microspheres 3 mm in diameter (the same size
as zymosan particles and at the same concentration) was injected
and analyzed at the four time points and also did not lead to
significant increases in cavity size from initial injection to 2 weeks
(Figs. 1 I–L, 2), demonstrating that zymosan-induced inflamma-
tory cavitation is a specific secondary effect that is not reproduced
by merely the presence of foreign particles of this size in the
brain.

Particulate macrophage activator in vivo leads to
cavitation, inflammation, and putative inhibitory
molecule production within white matter
The areas of corpus callosum devoid of astrocytes at 3 d after
zymosan injection (Fig. 3A) were associated with axonal destruc-
tion in the region of developing cavitation (Fig. 3B). Thus, large
numbers of damaged and dystrophic-appearing axon ends with
enhanced neurofilament immunostaining were found at the bor-
ders of the enlarging cavities and sometimes within the cavities
themselves (Fig. 3C,D, arrows). These pathological axon changes
were not found after control saline injections and were minimal
after latex bead injections. Importantly, the damage done to
axons by the process of cavitation was irreparable even though
filling in of the wound cavity by astrocytes and blood vessels had
occurred. Thus, the borders of the initial cavity demonstrated by

the damaged neurofilament-containing axons at 3 d (Fig. 3B)
remained large at 2 weeks and did not fill in even with the return
of astrocytes into the lesion (Fig. 3E,F). Compare the dramatic
areas of inflammatory axon damage after 3 d (Fig. 3B) and 2
weeks (Fig. 3F) with the minimal amount of direct damage
evident immediately after zymosan injection (Fig. 3G).

The in vivo microinjection of sterile zymosan particles led to a
rapid development of intense inflammation with dense accumu-
lations of activated macrophages and microglia observed with the
ED1 antibody at the site of injection at 3 d (Fig. 4A). The
activated inflammatory infiltrates identified by ED1 immuno-
staining were diminished by 1 week (Fig. 4B) and by 2 weeks were
even further diminished (Fig. 4C). Although a modest number of
inflammatory cells was associated with the needle tracts of all
injections, the dense accumulations of macrophages and microglia
found with a single injection of zymosan were not observed with
single injections of saline, latex beads, or LPS.

The large inflammation-induced cavities that developed 3 d
after zymosan injection were devoid of astrocyte GFAP staining
(Fig. 5A) and vimentin staining (Fig. 5B) and were filled with
dense accumulations of activated macrophages and microglia
(Fig. 5C) that were closely associated with areas of tissue dem-
onstrating increased levels of chondroitin sulfate proteoglycans
(Fig. 5D), particularly at the borders of the developing cavities
(Fig. 5A,D, arrows). The astrocyte-free cavities, which persisted at
1 week after injection (Fig. 6A), contained high levels of proteo-
glycan immunoreactivity inside and at the borders of the cavities
(Fig. 6A,B, white arrowheads). At 1 and 2 weeks after zymosan

Figure 5. Representative zymosan-induced cavities, inflammation, and proteoglycan upregulation at 3 d after microinjection in vivo. Astrocyte GFAP
staining (A) and vimentin intermediate filament staining (B) demarcate the astrocyte-free cavity that is filled with activated macrophages and microglia
(C). These inflammatory infiltrates are associated with increases in proteoglycans ( D), especially at the borders of the developing cavity (arrows; A, C,
D). Scale bar, 225 mm.
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injection, increases in proteoglycans were found immediately
surrounding structures resembling blood vessels within the heart
of the macrophage-filled cavity (Fig. 6B,D, black arrows), and
staining for a marker of endothelial cells (RECA-1) demon-
strated similar patterns of blood vessel staining in adjacent sec-
tions (data not shown). At 2 weeks after injection, astrocytes
began to repopulate the cavity (Fig. 6C), which led to a statisti-
cally smaller cavity area at this time point (see Fig. 2). Single
injections of latex beads, saline, or LPS did not lead to dramatic
increases in proteoglycans, although the immediate site of injec-
tion and the needle tract itself did demonstrate local production
of proteoglycans.

Activated microglia and macrophages in vitro are
detrimental to adult neurons
Cocultures of microglial cells in direct contact with adult DRG
neurons demonstrated that in comparison with nonactivated mi-
croglia, zymosan-activated microglia significantly lowered the sur-
vival of DRG neurons after 24 hr and 3 d (Fig. 7A). Similarly,
peritoneal macrophages activated with zymosan also significantly
lowered the number of live adult DRG neurons when compared
with coculture with nonactivated macrophages (Fig. 7B).

To determine whether the detrimental effects of activated
microglia and/or peritoneal macrophages on adult neurons could
be modulated by their association with growth-supportive astro-
cytes, we conducted experiments to examine the effects of
zymosan-activated inflammatory cells on neurons growing on
astrocyte monolayers. These experiments showed similar reduc-
tions in adult neuron survival with activated microglial cells or
macrophages even in the presence of an astrocyte substrate (Fig.

7C,D), demonstrating that the presence of astrocytes was not
sufficient to attenuate the detrimental effects on neuron survival.

Activated macrophages in vitro lead to progressive
cavitation of astrocytes
Interestingly, both activated microglial cells and activated peri-
toneal macrophages also appeared to have striking morphological
effects on the astrocyte monolayers themselves, in addition to
their detrimental effects on neurons in the coculture experiments.
Although the astrocyte effects were not quantified in this initial
experiment, the cellular responses leading to astrocyte-free areas
of the cultures may model some relevant biological aspects of the
process of progressive cavitation in vivo. Therefore, we developed
an in vitro model to determine whether macrophages activated
with zymosan were sufficient to induce the development of
astrocyte-free cavities in tissue culture.

Our tissue culture model of cavity formation compared the
reactions of astrocytes in established confluent monolayers with
the introduction and direct interaction with activated or nonac-
tivated macrophages, similar to the sequence of events after
trauma in the nervous system. Quantitative measurements were
taken to evaluate the integrity of the astrocyte monolayer after a
24 hr or 3 d inflammatory challenge by zymosan-activated or
control nonactivated peritoneal macrophages. The areas of the
culture that were covered previously by the initial confluent
monolayer of astrocytes that then subsequently became devoid of
cells after the coculture period were quantitatively measured and
expressed as the area of “culture cavity” formation (see Fig.
8E,F). These cavities could result from astrocyte migration, as-
trocyte loss, or various combinations of processes.

Figure 6. Analysis of zymosan microinjection sites in vivo at 1 week (A, B) and 2 weeks (C, D) using double-immunostaining techniques to visualize
GFAP (A, C) and chondroitin sulfate proteoglycans (B, D). Note the increases in proteoglycans associated with the borders of the cavity (A, B; white
arrowheads) and the intense upregulation of proteoglycan staining associated with blood vessels within the cavity at 1 week (B; black arrows) and 2 weeks
(D; black arrows; higher power). Intensely GFAP1 astrocytes have repopulated and filled in the cavity at 2 weeks in C (higher power), which reduces
the cavity size to control levels found immediately after injection (see Fig. 2). Scale bars, 250 mm.
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Qualitatively, cocultures that contained zymosan-activated
macrophages were strikingly different from those with nonacti-
vated macrophages, in that astrocytes vacated large areas of the
culture dish and the density of remaining astrocytes appeared to
be increased. Computer-assisted image analysis was conducted to
measure these cellular changes in representative low-power mi-
croscopic fields of view for each experiment. All comparisons
were made between control astrocyte cultures with the addition
of nonactivated macrophages and experimental astrocyte cultures
with the addition of zymosan-activated macrophages. Statistical
analysis demonstrated that the astrocyte area of culture cavitation
was significantly increased with activated macrophages at 24 hr
and at 3 d (Fig. 8A). Astrocyte density was significantly increased
at 24 hr and slightly increased at 3 d (Fig. 8B), suggesting that
astrocyte migration was a possible mechanism that led to cavita-
tion in the cultures exposed to activated macrophages. The num-
bers of astrocytes were also decreased at both time points, which
suggested that some astrocytes in the activated cultures may have

died or perhaps may have changed their adhesive properties in
response to the inflammatory stimuli and detached from the
matrix either before or after culture fixation. To diminish the
possibility of astrocyte detachment, experiments using more ad-
hesive laminin-coated culture substrates were conducted, which
demonstrated that when activated macrophages were added to
astrocytes on laminin, the average area of culture cavities was also
significantly increased and astrocyte density was increased. How-
ever, the number of astrocytes on this more adhesive substrate
was unchanged, suggesting that astrocyte detachment was primar-
ily responsible for the decreases in cell number seen in the other
experiments. Control experiments demonstrated that zymosan
treatment of astrocyte cultures in the absence of macrophages did
not lead to significant changes in astrocyte number, the size of
culture cavities, or astrocyte density.

To determine whether these effects on astrocytes might be
mediated by soluble macrophage secretory products, experiments
using media conditioned by nonactivated macrophages in com-
parison with media conditioned by zymosan-activated macro-
phages demonstrated results similar to those of the experiments
conducted with live macrophages. Conditioned media from acti-
vated macrophages used for 3 d on astrocyte cultures with laminin
substrates demonstrated significant increases in astrocyte cavity
area (Fig. 8C), along with significantly increased astrocyte density
and no changes in astrocyte number. Figure 8C illustrates the
average astrocyte cavity area for three different sets of condi-
tioned media experiments using 5 3 10 6, 10 3 106, and 12 3 106

macrophages per flask for conditioning the media. Higher num-
bers of macrophages in the conditioning media were associated
with larger astrocyte cavities (Fig. 8C).

To characterize further the heat sensitivity or stability of the
unidentified inflammatory factors in the activated macrophage–
conditioned media that were leading to astrocyte cavitation, ex-
periments were conducted using heated or boiled conditioned
media on astrocytes growing on poly-L-lysine–coated substrates.
Figure 8D illustrates that full-strength conditioned media from
zymosan-activated macrophages caused astrocyte cavitation after
24 hr in culture when compared with astrocyte cultures with
nonactivated macrophage–conditioned media. Mild heat treat-
ment of 60°C for 15 min diminished the effect of the activated
macrophage–conditioned media but did not completely prevent
it. In other experiments, macrophage-conditioned media were
used in a 1:1 dilution with fresh culture media. Zymosan-
activated macrophage–conditioned media diluted 50% with fresh
media were still sufficient to induce the astrocytes to form culture
cavities, a result that was completely abolished by boiling the
conditioned media before dilution with fresh media. These ex-
periments suggest that the cavity-inducing factors present in the
activated macrophage–conditioned media are sensitive to heat
and boiling.

Two specific receptor agonists are required for cavity
formation in vitro
Zymosan particles are composed of a-mannan and b-glucan res-
idues (Lombard et al., 1994), and zymosan phagocytosis by mac-
rophages involves the mannose receptor and/or the b-glucan
lectin-binding site of the CR3 b2-integrin (Mac-1; CD11b/CD18)
receptor present on macrophages (Xia et al., 1999). To address
the issue of potential signaling mechanisms and cellular triggers
for these effects, we used two separate receptor agonists in our in
vitro cavitation assay to determine which receptors may be in-
volved in the specific activation of macrophages to stimulate the

Figure 7. Activated microglial cells and activated peritoneal macro-
phages are detrimental to adult neurons in direct coculture conditions. A,
The survival of adult DRG neurons is diminished by the presence of
zymosan-activated microglial cells at 24 hr and 3 d in comparison with
control nonactivated microglial cells (controls standardized to 1.0 in all
graphs). B, Similarly, adult DRG neuron survival is compromised by the
addition of activated peritoneal macrophages as compared with nonacti-
vated macrophages. C, Growth of adult neurons on supportive astrocyte
monolayers is not sufficient to prevent the loss of live neurons caused by
activated microglial cells at 24 hr and 3 d of culture. D, Similarly, activated
peritoneal macrophages added to adult neurons cultured on astrocyte
monolayers lead to a significant loss of live neurons when compared with
nonactivated macrophages at 24 hr of culture. Significance is relative to
the control nonactivated macrophage preparations using the nonparamet-
ric Mann–Whitney U test, and graphs report group means 6 SEM (*p ,
0.05; **p , 0.0001).
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Figure 8. Inflammation leads to astro-
cyte cavitation in the in vitro astrocyte
cystic cavitation model. The area of
astrocyte cavity per microscopic field is
significantly increased by activated mac-
rophages or activated macrophage–
conditioned media. A, B, Astrocytes 1
macrophages coculture. Astrocyte mono-
layers were established on poly-L-lysine
coverslips, and peritoneal macrophages
were added with no activating stimu-
lant [control nonactivated macrophages
(Control )] or with zymosan particles [ac-
tivated macrophages (Activated)]. Con-
trol cultures are normalized to a value of
1, and all replicates are combined and
expressed relative to their own individ-
ual controls. A, Astrocyte cavity area per
field of view (areas of the culture that
were covered previously by the confluent
monolayer of astrocytes and that are sub-
sequently devoid of cells). Significant in-
creases at 24 hr ( p , 0.0001) and 3 d
( p , 0.0001) in the presence of activated
macrophages as compared with nonacti-
vated macrophages are shown. B, The
density of astrocytes. A significant in-
crease at 24 hr ( p , 0.0001) and a slight
increase at 3 d ( p 5 0.0723) suggest that
astrocyte migration may be occurring in
the cultures exposed to activated macro-
phages. C, D, Astrocytes 1 macrophage-
conditioned media. Astrocyte monolay-
ers were established with conditioned
media from macrophage cultures, either
zymosan-activated macrophages (Acti-
vated) or nonactivated control macro-
phages (Control ). Control cultures are
normalized to a value of 1. C, Cavity
area of astrocyte monolayers grown on
laminin in the presence of macrophage-
conditioned media for 3 d with increasing
numbers of macrophages present during
the initial conditioning step (5 3 10 6,
10 3 10 6, and 12 3 10 6 macrophages per
10 ml of conditioned media). The signif-
icant cavity formation produced by acti-
vated macrophage–conditioned media
is demonstrated. D, Cavity area of
astrocyte monolayers grown on poly-L-
lysine in the presence of macrophage-
conditioned media for 24 hr with various
treatments to the conditioned media.
Full-strength conditioned media [Activat-
ed (100%)] lead to a significantly larger
culture cavity ( p , 0.0001), whereas
heating that same full-strength media to
60°C for 15 min [Activated (100%) Heat]
modestly decreases the cavitation, which
is still significantly higher than that in
control nonactivated macrophage–con-
ditioned media that have been heated
( p , 0.0001). Conditioned media diluted
to 50% strength with fresh media [Acti-
vated (50%)] retain cavity-inducing activ-
ity ( p , 0.0001), but boiling the condi-
tioned media for 40 min before 50%
dilution with fresh media [Activated
(50%) Boiled] abolishes the effects. E, F,
Representa-tive photomicrographs of as-trocyte cultures in the in vitro cavitation model stained with GFAP to visualize astrocyte intermediate filaments
and with DAPI to visualize cell nuclei demonstrating a typical control (E; nonactivated macrophage–conditioned media from C) and a typical activated
(F; activated macrophage–conditioned media from C). Note the even distribution of the astrocyte monolayer in E, whereas F contains areas of increased
astrocyte density (arrows) and areas of culture cavity (asterisks). Similar results were seen with the cell coculture experiments reported in A and B. Scale
bars, 225 mm. ANOVA with reported significance is relative to the appropriate control nonactivated macrophage preparation or conditioned media, and
graphs report group means 6 SEM (*p , 0.005; **p , 0.0001).
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formation of astrocyte cavities in our system. Particulate
b-glucan, a specific agonist for the b-glucan site of macrophage
CR3 (Thornton et al., 1996), and mBSA, a specific high-affinity
agonist for the mannose receptor of macrophages (Wileman et
al., 1986; Engering et al., 1997), were used in the place of zymosan
as potential macrophage activators. In these experiments, the
particulate macrophage activator b-glucan was used at 0.05 mg/ml
alongside simultaneous cultures with zymosan at 0.05 mg/ml, and
mBSA was used at 1 mM, a concentration slightly higher than the
maximum demonstrated to activate macrophages fully in another
model (Gelderman et al., 1998). Separate control experiments
demonstrated that astrocytes by themselves treated with mBSA
alone, b-glucan alone, or mBSA 1 b-glucan were not significantly
affected in any of the categories tested, particularly important
controls in view of the recent report that, for the first time,
describes mannose receptor expression by astrocytes themselves
(Burudi et al., 1999). However, these control experiments indi-

cated that the mannose receptor ligand (mBSA) with or without
b-glucan particles did not induce any significant astrocytic
changes in the absence of macrophages.

As illustrated in Figure 9, mBSA-activated macrophages were
not sufficient to increase the cavity area significantly. Similarly,
b-glucan–activated macrophages were not sufficient to increase
the cavity area significantly. However, simultaneous stimulation
of macrophages with both mBSA and b-glucan in coculture with
astrocytes mimicked the zymosan activation experiments by in-
creasing the astrocyte cavity area significantly. Therefore, stimu-
lation of either the macrophage mannose receptor or the b-glucan
site of CR3 alone is not sufficient to cause culture cavities,
whereas concurrent stimulation of both receptors using these
reagents does duplicate the results obtained with zymosan-
activated macrophages.

Time-lapse recording of in vitro cavitation
demonstrates astrocyte migration and morphological
changes and suggests one mechanism for axon injury
Analysis of the in vitro cavitation model using time-lapse imaging
allowed direct observation of the cellular interactions and pro-
vided insights into the mechanisms of cavity formation. Record-
ings of control cultures with astrocytes and nonactivated macro-
phages showed relatively static cultures with only minor cellular
movements. In striking contrast, during the recordings of cocul-
tures of activated macrophages with astrocyte monolayers, nu-
merous examples of rapidly enlarging cavities were observed,
primarily a result of astrocyte movement, morphological changes,
and surprisingly rapid cellular withdrawal behaviors. In the cul-
tures with activated macrophages, astrocytes were observed to
extend and withdraw cellular processes, migrate into tight bun-
dles, crawl from the culture substrate onto the upper surfaces of
other cells, and change shapes as the cavities in the culture dish
enlarged. Numerous examples of enlarging cavities were seen
throughout the cocultures as the astrocyte movements appeared
to be random and with no apparent organization. Still-frame
excerpts of one region from a session of time-lapse recording in
an activated culture are presented in Figure 10A. Note the en-
larging cavity in the center of the frame as the astrocytes with-
draw from that region. Time-lapse analysis indicated that astro-
cyte migration and withdrawal are major mechanisms of astrocyte
cavity formation in our in vitro model.

On the basis of the results of the astrocyte and macrophage
coculture imaging, additional time-lapse movies were taken of
adult DRG neurons growing on astrocyte monolayers in the
presence of macrophages. The DRG neurons were allowed to
extend neurites for 12 hr on top of astrocytes before inflamma-
tory challenge by the addition of nonactivated or activated mac-
rophages. Neurites were identified on the basis of the morpho-
logical characteristics of long and thin cellular processes that were
never flat and could be traced back to round neuronal cell bodies
that always were located on the top of the glial monolayer
throughout the time-lapse analysis period. Control cultures of
adult DRG neurons growing on astrocytes in the presence of
nonactivated macrophages again demonstrated relatively static
cultures with only minor cell movements during the observation
periods. However, in the series of time-lapse images with acti-
vated macrophages, striking observations were made of astrocytes
abandoning the overlying adult DRG neurites while neuronal
processes were stretched, moved, pulled, and even torn or dis-
lodged as the astrocytes migrated to create cavities in the culture
dish. Figure 10B presents a series of still-frame excerpts of a

Figure 9. Simultaneous activation of both the macrophage mannose
receptor and the b-glucan–binding site of CR3 on macrophages induces
astrocyte cavitation in the in vitro astrocyte cystic cavitation model. Each
receptor agonist category is expressed relative to simultaneous control
(no agonist) nonactivated macrophage and astrocyte cocultures set to a
value of 1, and all replicates are combined for each category. Astrocyte
monolayers were established, and peritoneal macrophages were added
with no activating stimulant [Control (no agonist); nonactivated macro-
phages] or with various receptor agonists (zymosan, mBSA, b-glucan, or
b-glucan 1 mBSA). Mannose receptor agonists alone (mBSA) or CR3
b-glucan site agonists alone (purified particulate b-glucan) were not
sufficient to activate the macrophages to induce the formation of astrocyte
cavities in vitro. However, addition of both mBSA and b-glucan simulta-
neously as macrophage activators in the macrophage and astrocyte cocul-
ture mimicked the development of astrocyte cavities induced by the
zymosan stimulation of macrophages. ANOVA with reported significance
is relative to the control (no agonist) nonactivated macrophage prepara-
tion or conditioned media, and the graph reports group means 6 SEM
(*p , 0.0001).
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Figure 10. Time-lapse video analysis of the in vitro cavitation model. A, Selected panels from time-lapse video analysis of a developing astrocyte cavity
in an astrocyte and zymosan-activated macrophage coculture. Intervals of 45 min separate each panel (1–6 ) for a total recording time of 3.75 hr. Note
the double-headed arrows in panels 1 and 6 that demarcate the width of the cavity at this location for each time point, illustrating the increase in cavity
size at that point from ;80 to 200 mm over the observed time period. Arrows track a single astrocyte as it is stretched until it is broken or dislodged ( panel
2), gradually moves up from the surface of the culture plate ( panels 3, 4 ), and migrates back on top of the astrocyte monolayer (Figure legend continues)
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rapidly developing astrocyte cavity in which neurites that had
been associated with the upper surfaces of astrocytes are sud-
denly exposed and dynamically stretched across the new cavity. In
particular, note the transition between 4 and 5 min in Figure 10B
as a cavity rapidly develops where none existed previously, illus-
trating the sometimes rapid time course of astrocyte abandon-
ment of neuronal processes within the activated macrophage
cultures. Figure 11 demonstrates still-frame excerpts from a ses-
sion of time-lapse recording of activated cultures in which the
astrocyte movements directly impacted a neuron process. Figure
11 shows a single neurite as it was dislodged or broken as the
astrocyte withdrawal pulled in the opposite direction, demon-
strating the potentially destructive mechanical forces that such
astrocyte movements can exert on neurites. These observations of
dynamic cellular interactions between astrocytes and neuron pro-
cesses suggest a mechanism for neurite movement and possible
injury attributable to mechanical movements of astrocytes in
response to inflammatory infiltrates.

Activated macrophages in vitro stimulate production
of proteoglycans by astrocytes
Because in vivo inflammatory events are associated with increases
in proteoglycan production (Figs. 5, 6), we looked for similar
increases in chondroitin sulfate proteoglycans in our in vitro
model of progressive cavitation. Astrocytes alone, astrocytes with

zymosan alone, astrocytes with nonactivated macrophages (Fig.
12A), and astrocytes with nonactivated macrophage–conditioned
media exhibited uniform low levels of proteoglycan staining and
did not demonstrate any dramatic increases in proteoglycan
throughout the culture. Interestingly, increased proteoglycan
staining of individual astrocytes in a heterogeneous manner was
found throughout the astrocyte cultures treated with zymosan-
activated macrophages or in astrocyte-only cultures grown with
activated macrophage–conditioned media (Fig. 12B). Examina-
tion of single cells at high power demonstrated that some astro-
cytes exhibited increased proteoglycan staining while others in
close proximity did not (Fig. 12C–F).

Anti-inflammatory PPAR-g agonists prevent in vitro
cavity formation
On the basis of our results demonstrating the role of inflamma-
tory activation of macrophages in the development of astrocyte
cavitation in our in vitro model, we hypothesized that blocking the
inflammatory activation would prevent these effects. Therefore,
we tested anti-inflammatory agents that act as agonists to
PPAR-g for their ability to inhibit the formation of cavities in our
in vitro cavitation assay. Astrocyte monolayer cultures on poly-L-
lysine coverslips coated with laminin were maintained in cocul-
ture for 3 d with 100,000 macrophages and one of three drug
treatments or vehicle control. Each group had two components

4

( panel 5) where it remains as a loosely attached ball ( panel 6 ). Presumably, loosely attached cells such as this one would be subsequently lost into the
liquid phase of the culture media either before or after culture fixation. B, Time-lapse video analysis of a rapidly appearing astrocyte cavity that exposes,
stretches, and exerts force on overlying neurites that were abandoned by the supportive astrocyte substrate in an astrocyte, adult DRG neuron, and
zymosan-activated macrophage coculture. Elapsed time is indicated in the lower right-hand corner of each panel. Note the astrocyte at 0 and 4 min that
is undergoing mitosis (large arrow; 0 min) with the clearly visible separating chromosomes (small double arrows; 4 min). This single cell apparently
occupies a key location for holding the local astrocyte meshwork together, as demonstrated at 5 min when this single cell has completed dividing and
the astrocyte networks on either side rapidly pull apart leaving a cavity that continues to grow from 5 to 30 min. Neurites from the adult DRG neurons
are growing throughout this area of the culture and are exposed across this cavity by the astrocyte withdrawal and subsequent cavity formation. Note
the dynamic movements of the neurites after the astrocyte abandonment as they are pulled and stretched by the astrocytes on either side of this
developing cavity. Scale bars: A, 100 mm; B, 40 mm.

Figure 11. Selected panels from time-lapse video analysis demonstrating that astrocyte movements can have dynamic effects on neuron processes during
astrocyte abandonment and cavity formation. An interval of 6 min separates each panel for a total recording time of 54 min. Panel 1 is a low-power view
of an adult DRG neuron (arrow) with a process (boxed area) that can be followed at higher power in panels 2–10. Note especially the astrocyte marked
with an arrowhead and the bifurcated neurite marked with an arrow in panels 2 and 3. As this astrocyte cavity gradually increases in size, the marked
astrocyte is pulled and stretched to a very thin morphology, whereas the marked neurite is broken or pulled free from its original connection in panel
3 and is left to retract in panels 4–10. Note the retracting end of the neurite that is being reabsorbed in panels 9 and 10 (arrows). This is a dramatic
demonstration of the potential for neurite damage seen several times in our time-lapse analysis simply because of the physical processes of astrocyte
movement and withdrawal. Scale bar, 40 mm.
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(nonactivated macrophages with treatment and zymosan-
activated macrophages with treatment) for standardization within
each treatment group. The treatment groups included no treat-
ment [vehicle only (DMSO at 1 ml /ml)], indomethacin treatment
(100 mM), prostaglandin J2 treatment (10 mM), and ciglitazone
treatment (50 mM) of the zymosan-activated macrophages. As
demonstrated in Figure 13, the area of culture cavity was signif-
icantly increased by activated macrophages with no treatment (as
seen in Fig. 8), and indomethacin treatment of the activated
macrophages did not prevent this increase in the area of the
culture cavity relative to control levels. Prostaglandin J2 treat-
ment and ciglitazone treatment of the activated macrophages
while interacting with the astrocyte cultures abolished the in-
creases in the area of culture cavities relative to their control
levels with nonactivated macrophages. These results further dem-
onstrate the importance of inflammatory macrophage interaction
in the formation of astrocyte cavities and suggest that PPAR-g
agonists are able to block the destructive inflammatory events
that follow activation of the macrophages by zymosan, thus pre-
venting the subsequent astrocyte reactions leading to cavities in
our in vitro model.

DISCUSSION
These experiments demonstrate the destructive effects of inflam-
mation in the CNS by separating pathology caused by physical
trauma from deleterious changes in response to inflammatory
processes using models of postinjury progressive cavitation. Per-
sistent inflammation in the absence of significant physical damage
within CNS white matter can result in an expanding astrocyte-
free cavity surrounded by glial scarring and extracellular matrix
proteoglycans and the secondary destruction of axons. Activation
of macrophages in our novel culture model of cavitation stimu-
lated astrocyte reactions leading to dynamic migration, cavity
formation, and astrocyte abandonment of neuronal processes,
which suggests that a mechanical component may contribute to
neurite damage. Our in vitro model identified the macrophage
mannose receptor and b-glucan lectin site of the CR3 integrin
receptor as important in inducing the macrophage state leading to
astrocyte cavitation. We also demonstrated the therapeutic po-
tential of anti-inflammatory treatments with agonists to PPAR-g
to prevent inflammation-induced astrocyte cavitation in our cul-
ture model.

Persistent inflammation in the absence of significant
damage replicates postinjury secondary pathology
Our in vivo model of progressive cavitation minimized direct
physical trauma while maximizing inflammatory activation by
careful delivery of minute volumes of concentrated zymosan
particles into the CNS. The intense inflammatory responses led
to the rapid development of astrocyte cavities by a process that
may model cavitation after traumatic injury (Windle et al., 1952;
Balentine, 1978; Noble and Wrathall, 1985; Guth et al., 1994;

4

astrocyte-only cultures with activated macrophage–conditioned media
(B). The arrow and arrowhead in B indicate two astrocytes shown in high
power in C (proteoglycan) and D (GFAP). One astrocyte has increased
proteoglycan staining (arrow), whereas the other nearby astrocyte has no
such increase (arrowhead). E, F, High-power view is shown of two astro-
cytes (arrow and arrowhead) in which one has increased proteoglycan
staining (E) whereas the other does not in an astrocyte culture (GFAP in
F ) with activated macrophages. Scale bars: A, B, 210 mm; C, D, 40 mm; E,
F, 60 mm.

Figure 12. Inflammation in vitro leads to heterogeneous increases in
proteoglycans in astrocyte cultures. Areas of the in vitro cavitation model
were stained for chondroitin sulfate proteoglycans (A–C, E) or GFAP (D,
F ). A, Astrocytes with nonactivated macrophages demonstrate a uniform
low level of proteoglycan staining in control cultures, a result that is also
seen in astrocyte cultures with zymosan only or with nonactivated mac-
rophage–conditioned media (data not shown). B–D, In contrast, individ-
ual cells with increased levels of proteoglycans can be observed in astro-
cyte cultures containing activated macrophages (data not shown) or in
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Fitch and Silver, 1997a; Zhang et al., 1997). Secondary pathology
in our inflammatory model mimicked the sequelae of CNS injury,
such as increases in molecules associated with regenerative failure
(Laywell et al., 1992; Levine, 1994; Fitch and Silver, 1997a).
Proteoglycan upregulation in blood vessels is consistent with the
increased vascularity within lesions (Blight, 1991b; Bartholdi et
al., 1997) and the expression of syndecan in capillary endothelia
during healing (Elenius et al., 1991; Wight et al., 1992). Our
results support others suggesting similar destructive secondary
inflammatory phenomena (Blight, 1985, 1994; Giulian and Rob-

ertson, 1990; Hirschberg et al., 1994; Popovich et al., 1994; Zhang
et al., 1997; Weldon et al., 1998; Fitch and Silver, 1999b).

Specific and persistent macrophage activation induces
cavity formation
A persistent macrophage stimulus was closely associated with the
induction of the cascade of cellular events leading to in vivo
astrocyte cavitation and axon damage. Zymosan stimulated a
vigorous inflammatory response for days to weeks, presumably
because of the insoluble nature of the particles remaining at the
injection site. LPS, in contrast, is a soluble immunostimulant
unable to initiate the cavitation cascade after a single injection in
this study and others (Andersson et al., 1992; Montero-Menei et
al., 1994), possibly because of its diffusible nature. In support of
this idea, chronic inflammation from continuous LPS infusion
does lead to cavitation (Szczepanik et al., 1996). The specificity of
zymosan as an in vivo inflammatory activator was highlighted by
the inability of control latex microspheres to initiate cavitation.

Zymosan contains a-mannan and b-glucan, and phagocytosis
involves the mannose receptor and/or the b-glucan site of CR3
(Stewart and Weir, 1989; Ross and Vetvicka, 1993; Lombard et
al., 1994; Xia et al., 1999). In our model, zymosan-activated
macrophages induced changes in astrocytes that mimicked cavity
formation after CNS injury. This was duplicated by simultaneous
stimulation of the macrophage mannose receptor and the CR3
b-glucan site, whereas agonists to either receptor alone did not
generate this response. Such costimulation and coincident signal-
ing through multiple receptors have been highlighted as impor-
tant in the immune system (Weintraub and Goodnow, 1998). In
some cases, ligand binding to distinct receptors activates the
integrin CR3 itself and enhances its affinity (Hazenbos et al.,
1993; Schnitzler et al., 1999), and such “inside out” signaling
requires kinase activity (Rabb et al., 1993; Hazenbos et al., 1995).
Functional links between the mannose receptor family and other
receptors have been suggested (McKay et al., 1998), and although
the signaling pathway of the mannose receptor is unknown, it
involves calcium flux (Marodi et al., 1993) and tyrosine kinase
activation (Murai et al., 1996). The underlying pathways behind a
potential functional link between the CR3 and mannose recep-
tors remain to be elucidated.

Specific factors produced by activated macrophages that are
responsible for astrocyte cavitation are unknown. Astrocyte
clearing throughout our cultures suggests that these factors can
lead to widespread migration, in contrast to movements away
from a central source of in vivo inflammation. Our conditioned
media experiments indicated that these factors are secreted, sol-
uble, and heat sensitive, suggesting that they are distinct from
neurotoxic factors secreted by activated microglia that are heat
stable (Giulian et al., 1993a,b).

Highlighting the importance of the variable activation state of
inflammatory cells, macrophages or microglial cells may benefit
axon sprouting in some situations (Lazarov-Spiegler et al., 1996;
Prewitt et al., 1997; Rabchevsky and Streit, 1997; Streit et al.,
1998; Batchelor et al., 1999). In view of the apparent importance
of the type of activation state in determining whether inflamma-
tion has positive or detrimental effects, an intriguing question
remains about the identity of physiological ligands for the man-
nose receptor and the CR3 in vivo and what additional receptors
may be important for activating the destructive form of inflam-
mation. Substances potentially found in areas of trauma that can
bind to the CR3 and mannose receptors include infectious organ-
isms, lysosomal enzymes, tissue plasminogen activator, red blood

Figure 13. Quantitative analysis of the changes in astrocyte and macro-
phage cocultures by activation of macrophages and treatment with anti-
inflammatory PPAR-g agonists. Each treatment category is expressed
relative to the appropriate drug- or vehicle-treated nonactivated macro-
phage control, with the average for each control group being set to 1 and
all replicates being combined in each category. The area of astrocyte
cavity per microscopic field is significantly increased by activated macro-
phages with no treatment (vehicle), which is analogous to the cavitation
found after an in vivo CNS injury. Indomethacin treatment (100 mM) of
the zymosan-activated macrophages does not prevent this increase in the
area of the culture cavity relative to control levels. Prostaglandin J2
treatment (10 mM) and ciglitazone treatment (50 mM) of the zymosan-
activated macrophages while interacting with the astrocyte cultures abol-
ish the increases in the area of culture cavities relative to their control
levels with nonactivated macrophages. ANOVA with Fisher’s PLSD
statistical significance is relative to the pooled Control: Nonactivated
macrophages category (*p , 0.0005; **p , 0.0001).
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cells, factor X, complement protein iC3b, and fibrinogen (Muller
et al., 1983; Ross et al., 1985; Stewart and Weir, 1989; Taylor,
1993; Ishihara et al., 1998; Issekutz et al., 1999).

Astrocyte migration is a contributing factor to
progressive cavitation
Delayed cell death after CNS injury is documented as one mech-
anism of secondary pathology leading to glial and neuronal cell
loss and cavitation (Crowe et al., 1997; Liu et al., 1997; Conti et
al., 1998). Although a small amount of cell death was observed in
our cultures, time-lapse analysis demonstrated that dramatic as-
trocyte movements, morphological changes, and migration may
be another mechanism for cavitation. Astrocyte movements, in
turn, may lead to rapid abandonment of axons, thereby leaving
them vulnerable to inflammatory damage, whereas stretching
forces generated by astrocyte migrations may even contribute
directly to axon damage.

Proteoglycans may be involved with cell migration
during cavitation
Proteoglycan increases previously described surrounding cavities
in vivo (Figs. 5, 6) (MacLaren, 1996; Fitch and Silver, 1997a) were
also demonstrated in vitro by astrocytes stimulated to change their
motility and morphological characteristics in coculture with acti-
vated macrophages or conditioned media. This heterogeneous
increase in chondroitin sulfate proteoglycan may be related to the
astrocyte migration and adhesive changes seen in our time-lapse
analysis, as proteoglycans have been implicated previously in cell
motility and migration (Kinsella and Wight, 1986; Faassen et al.,
1992; Wight et al., 1992; Grumet et al., 1993; Faber-Elman et al.,
1996; Gary et al., 1998).

This highlights an interesting paradox concerning proteogly-
cans, because it is also well established that proteoglycans are
capable of inhibiting axon regeneration (Snow et al., 1990;
McKeon et al., 1991; Dou and Levine, 1994). Although migration
of progenitor cells occurs within the proteoglycan-rich extracel-
lular matrix of the subventricular zone (Gates et al., 1995;
Thomas et al., 1996; Alvarez-Buylla and Temple, 1998), glial cell
matrix molecules also serve as boundaries for axon growth during
development and regeneration (for review, see Fitch and Silver,
1997b). A similar phenomenon was documented here; astrocytes
and endothelial cells repopulated the proteoglycan-filled cavities
after 2 weeks, whereas no axon growth into this area was ob-
served. These contrasting reactions suggest fundamental differ-
ences between the mechanisms of axon regeneration and cellular
migration.

Treatments that limit inflammatory factor transcription
may have therapeutic effects after trauma
We used a class of broadly acting anti-inflammatory agents that
act as agonists of the transcription factor PPAR-g to test our
hypothesis that blocking inflammatory activation would prevent
cavitation in our culture model. The PPARs are a steroid hor-
mone receptor superfamily of transcription factors that, when
activated, lead to gene activation or repression. PPAR-g is a
potent negative regulator of macrophage activation, and agonists
to this ligand-dependent transcription factor depress macrophage
inflammatory expression (Jiang et al., 1998; Ricote et al., 1998).
Some of this inhibition of macrophage inflammatory gene tran-
scription appears to be a result of antagonizing the transcription
factors NF-kB, AP-1, and the STATs (Ricote et al., 1998). NF-kB
has been implicated previously as important for inflammatory
damage after spinal cord injury (Bethea et al., 1998) and is

stimulated in macrophages activated by b-glucan (Battle et al.,
1998).

The potent PPAR-g agonists ciglitazone and prostaglandin J2
effectively blocked the destructive effects of activated macro-
phages in our in vitro model of cavitation. These results suggest a
potential therapeutic use for PPAR-g agonists in the treatment of
spinal cord and brain injuries to prevent the inflammatory se-
quelae leading to secondary damage. Insights into inflammatory
cell activation via specific receptor pathways, the role of macro-
phages in tissue destruction, and ways to modify these reactions
with anti-inflammatory agents will lead to therapeutic strategies
designed to limit secondary pathology and promote CNS wound
healing.
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