JOURNAL OF NEUROTRAUMA
Volume 18, Number 3, 2001
Mary Ann Liebert, Inc.

Astrocytes Produce and Release Interleukin-1, Interleukin-6,
Tumor Necrosis Factor Alpha and Interferon-Gamma
Following Traumatic and Metabolic Injury

LOK TING LAU and ALBERT CHEUNG-HOI YU

ABSTRACT

The brain is no longer considered immune-privileged due to its capability of producing cytokines
in response to neurotrauma; however, the cellular sources of cytokines have not been defined. This
study focused on the production of four inflammatory cytokines, interleukin-1 (IL-1a), interleukin-
6 (IL-6), tumor necrosis factor alpha (TNFa), and interferon gamma (IFN-y) in primary culture of
astrocytes under two different injury models which simulated in vivo mechanical trauma (scratch
injury) and ischemia. Results demonstrated that astrocytes after scratch injury were positively im-
munostained with IL-1a, IL-6, and TNFa. A slot-blot study of culture media showed that the re-
lease of IL-1a, IL-6, TNFa, and IFN-y by astrocytes subsequent to scratch and ischemic injury
reached approximately twice the control values. The temporal expression of these cytokines was dif-
ferent for the two models. All four cytokines began to increase 1 h postscratch and remained at high
levels throughout the experiment. In the ischemic model, however, the increase of cytokine expres-
sion was delayed until 4-8 h of ischemia, when sharp increases were seen in all four cytokines. In
this culture system, the exogenous influence of blood-borne factors and leukocytes, which occur with
in vivo trauma and ischemia, was eliminated. Accordingly, the cytokines detected in the culture me-
dia were derived from astrocytes. This study provides the first evidence that astrocytes, without the
influence from other cell types, can produce and release cytokines following mechanical and ischemic
injury.
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INTRODUCTION

creased production of inflammatory mediators—inter-
leukin-1 (IL-1), interfeukin-6 (IL-6), tumor necrosis fac-

THE CONCEPT that the brain is an immune-privileged
site is undergoing radical change, as it is now known
that it is capable of mounting an immunological response,
characteristic of peripheral immune functions. The brain
produces cytokines, antigen presenting cells and phago-
cytic cells in response to a wide variety of stresses and
injuries (Benveniste, 1993; Schmidt et al., 1990). The in-

tor alpha (TNFa), and interferon-gamma (IFN-y)—has
been demonstrated in brains afflicted by bacterial (Waage
et al.,, 1989) or viral infection (Frei et al., 1989), im-
munological disorders, including multiple sclerosis (Mer-
rill, 1992), acquired immunodeficiency syndrome (Mer-
rill, 1992), and experimental allergic encephalomyelitis
(Chung et al., 1991).
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Cytokines detected in the brain were thought (o be
produced  primarily by activated  lvmphocyies  and
monocyies That have infilirnied the nervous syslem
(Hicley, 19913, Other evidence, however, has shown
thai some endogenous cells such as microglin and os-
lrocyles also produce eviokines under various injury
conditions (Benveniste, 1993; Schmidt et al., 1990). In-
cremsed production of eyvlokines has ulse been demon-
sfrated in noninflummatory neurological disorders such
as ischemic infuretion (Minami et al., 1992 Szallarski
et al, 1995) where Tew circulating levkoovies und no
Iymphocyies enter the brain.

Imcreased production of 121, TL-6. and TNFq oc-
curred in the brain hours after travma (Taupin et al., 1993)
prior to the appearance of inflammatory cells and
macrophages. Under these conditions the cytokine pro-
duction was mtributed to astrocytes and neurons. In cul-
tured sstrocytes, increased production of 1L-le and
TMFee was induced by lipopolysnecharide (Chung and
Benveniste, 19900, and that of TL-6, by fluid percussion
trauma {Hariei et al., 1994 Tchealingerian et al., 1993) as
well as by hypoxia-reoxveenation (Maeda et al., 1944,

This sindy focused on the production and release of
[-Tee, TG, TN, and IFMN-v in cultured astrocytes
subsequent to two models of injury: the first was a
seratch wound model that mimicked a pure mechanical
trawma (Y et al., 1993 Ghirmikar et al., 1994; oo e
al., 1995): the second was o combination of hypoxia and
reduced cullure medium that contaimed no glueose, o
sitnation that simuolated feovive ischemic injury (Kaku
el al.. 1991; Yu and Lao, 20040) The primary cullure

used or the study was o highly enriched preparation ol

astrocyte, Therefore, the cellular responses observed un-
der these experimental conditions were assumed 1o be
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MATERIALS AND METHODS

Astrocytic cultures were prepared from the cerebral
cartex ol newborn mice as previously described (Y u and
Lau, 20000, Dissociated brain cells were seaded in 35-
mim Faleon culivre dishes {Beclon Dickinson Labware,
Franklin Lakes, NI and maintaned in minimuom essen-
Lol mediom (MEM} with 10% fetal call serum (Hyclone,
Logan, UTh at 37°C in 3% C05. ConlTuent cultures were
subjecied (o the seralch wound as previously described
(Y0 el al, 1993 Ghirnikar et al., 1994 How e al., 1995),
In briel, the cullures were washed twice with MEM with-
out serum and scraiched with a sterile plastic pipetie ap
in I mL of serom-lree medium. The seratch was per-
formed by following a grid that resulted inoan injury of
A0% ol the cells Yo et al., 1993, The cultures were then
mcubated in g COn meobator for 1, 20 4, and 8 b before
harvesting. Control medium for the serateh experiment
wis lken [rom the colture immediately aller serawch,
eouivalent o 0 h. Control incubation was performed with
cultures that had gone through all the preparation proce-
dures exeept the scratching.

The ischemic model was established using an anaero-
bic chamber (Yo and Lao, 2000 Forma Scientific, Wa-
rictta, OH). The chamber was Glled with a mixtore of
HA/COoM- ina proportion of 1005/85. The oxygen level
in the chamber was monitored throughout the experiment
using an OM-1 Oxygen Meter (Microelectrodes Ine, Bed-
fard, NI Culoures were placed in the anaepobic charmn-
Ber and washed twice with glucose-free MEM that had
been degassed for 300 min and saturated with nitrogen,
Eight hundred microliters of glucose-free medium was
acldedd to cover the cells in the colture dish, This amcunt
of mnevbation medium was less than the amount vsed in
other hypoxia‘hvpoglyeemia culture modals, and thos

Phase contrast micmographs showed the control (a), serateh (b, and ischemic (e) coltores of astrocytes, These cultores

wiere ab least 4 weeks old, Serarch cullures were taken 6 hafler scratch, Some cells along the scratch began o semd processes
mia the denuded area of the seratch. lschemic culmre showed huge merphological changes, indicating the nature of injury was
dilferent from the seratch injury, The cell death was quite even on the plate, The picture was taken 6 h after ischemic incuba-

tici.
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FIG. 2. Screh astrocyie cultures stained for cytokines: 1L-tea () THFa (e, and L6 (g0, a0 ¢, and ¢ were phase con-
trast micnmrraphss by o, and ©owere foorescent micrographs of the same Geld, respectively, boand d wers aken from flooresseent
microscope, and [ was aken from confocal microscope. [n £ the amrows indicated cells that were positively stained for [L-6. 5m-
ilar cells were positively stained for GFAP in another experimeant.

acquired a lower extracellular and intracellular volume  obic chamber m 37C. Control eultures were incubated
ratiog a condition more comparable to the fr sife ischemia  in parallel with the ischemic cultures but in 800 gl of
(Ames and Meshetr, 1983 Yo and Lo, 20000, The cul-  normal MEM insicde a normal GO incubator,

ture dish wrapped with pacalfin W prevent evaporation Scratched culiwres Tor immunostaining were washed
was placed inside an incubator located inside the anacr-  twice with phosphate bulTered saline (PBS), then [ixed
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with 4% paraformaldehyde (Sigma, St. Louis, MO) at
room temperature. They were then washed with 0.1 M
glycine in PBS for 5 min and permeabilized with 0.1%
saponin (Sigma) in PBS for 10 min. The cultures were
stained with cytokine antibodies. The cytokine antibod-
ies were polyclonal anti-IL-1le, polyclonal anti-TNFea,
monoclonal anti-IL-6 (Genzyme Corp., Cambridge, MA),
and monoclonal anti-IFN-y (BD PharMingen Inc., San
Diego, CA). The antibodies were diluted 100 times in
PBS/0.1% saponin (1% bovine serum albumin was in-
cluded for monoclonal antibodies). After the addition of
cytokine antibodies, the cultures were incubated at room
temperature for 1 h (overnight for monoclonal antibody).
All the primary antibodies were then visualized by 1 h
incubation with rhodamine conjugated secondary anti-
body (Sigma) in 1:100 dilution. All stained cultures were
mounted in Mowiol (Calbiochem, San Diego, CA) and
observed under Confocal Laser Scanning Microscope
(Bio-Rad Laboratories, Hercules, CA) or fluorescent mi-
croscope (Zeiss, Germany).

Slot-blot analysis was performed using a Bio-Dot ap-
paratus (Bio-Rad Laboratories). Two hundred ul of sam-
ples was loaded onto a nitrocellulose membrane (Micron
Separations Inc., Westboro, MA). After fixation, the blot
was blocked with 5% nonfat dry milk in Tris-buffered
saline Tween 20 (2% normal goat serum was included
for polyclonal antibodies). Then the blot was incubated
in the following primary antibodies: polyclonal anti-IL-
la (Genzyme Corp.) 1:250, polyclonal anti-TNFa (Gen-
zyme Corp.) 1:250, monoclonal anti-IL-6 (Genzyme
Corp.) 1:1,000 and, monoclonal anti-IFN-y (BD
PharMingen) 1:1,000. The blot was stained with HRP-
conjugated secondary antibody (Amersham, Pharmacia
Biotech, Buck, UK) 1:1,000 in Tris-buffered saline con-
taining 2.5% milk. The signal was detected by ECL de-
tection reagents and ECL Hyperfilm (Amersham). The
film was scanned, and the signal intensities were mea-
sured by a Personal Densitometer (Molecular Dynamic
Inc., Sunnyvale, CA). The change in signal intensity was
estimated as ratios of the values in media of the injured
and control cultures to the values in the media collected
at 0 h treatment.

Each experiment was performed three times with du-
plicate cultures. All data were expressed as mean *
SEM. Statistical analysis was performed by ANOVA us-
ing SPSSWIN program. A confidence interval of 95%,
that is, p < 0.05, was considered statistically significant.

RESULTS

Figure 1 showed some representative phase contrast
micrographs of a normal astrocyte culture (Fig. 1a) and

culture under the two injury models scratch and ischemic,
respectively (Fig. 1b,c). As seen in Fig. la, the primary
culture consisted of a confluent layer of astrocytes. All
cells in the control preparation appeared intact and im-
portantly the culture appeared to consist of a homoge-
nous population of cells. With scratch injury, some as-
trocytes along the scratch wound started to extend
processes into the denuded areas. In this model, the de-
gree of injury was geographically distributed with the
most severe injury associated with those cells along the
scratch. Cells beyond the scratch appeared normal. In cul-
tures under ischemia, no cell death was detected prior to
2 h of ischemia. The magnitude of cell death increased
from 3 h upward and by 6 h, the integrity of many cells
was altered (Fig. 1c). The morphology of the ischemic
astrocytes was different from those seen in the scratch
model. Many nuclei were condensed and the cytoplasm
was disintegrated. Only 10% of the cells were considered
viable at 8 h of ischemia.

The production of cytokines by astrocytes was demon-
strated in the scratch model via immunostaining. The as-
trocytes along the scratch were positively stained for IL-
la (Fig. 2a,b), TNFa (Fig. 2¢,d), and IL-6 (Fig. 2e.f).
The immunostaining of IL-1a and TNFa was located pri-
marily in cells paralleling the scratch. Some cells beyond
the scratch edge also revealed strong TNFa staining. IL-
6 immunostaining was also seen in some cells with typ-
ical astrocytic morphology close to the scratch. In this
study, no astrocyte was immunostained with antibodies
targeting IFN-y.

Using slot-blot analysis cytokines were detected in the
cell lysate but not in the medium of control culture (data
not shown). Similar tests were performed on the media
of control cultures that underwent the full preparative
procedure including washing, without the induction of
any injury procedure. Within the control incubation pe-
riod, all cytokine levels in the scratch injury controls were
low and did not shown any significant change. In the cul-
tures prepared as controls for ischemia model, all the cy-
tokine levels remained low, except with prolonged in-
cubation when the levels of TNFa and IFN-y were in-
creased (data not shown).

In the scratch wound culture medium, a significant in-
crease in the IL-1a level occurred beginning at 1 h postin-
Jjury, reaching 1.3 times of the control at 8 h (Fig. 3a,
Table 1). In the ischemic culture, the IL-1a level re-
mained the same at 1 h, dropped slightly from 2 to 4 h,
and increased abruptly by 1.8 times at 8 h (Fig. 4a, Table
1). Compared with the changes in IL-1 in both models
in their corresponding control incubations, the IL-1a lev-
els in the media of injured cultures were increased sig-
nificantly (p < 0.05).

One hour after scratch wound injury, the IL-6 level
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rose to 1.2 times of the control and, at 2 h, reached its
maximum level of 1.3 times of the control values. This
was followed by a gradual decline to 1.2 times of the
control at 8 h (Fig. 3b, Table 1). In the media of ischemic
cultures, the IL-6 level remained close to normal until 2
h. The level significantly increased by 1.5 times at 4 h
and abruptly to 2.6 times of the control value at 8 h (Fig.
4b, Table 1). Compared with changes in IL-6 in both

- models in their corresponding control incubations, the IL-
6 levels in the media of injured cultures were increased
significantly (p < 0.05).

In the media of scratch wound cultures, the TNFa level
notably increased at 1 h, and at 4 h it reached a maxi-
mum level of 1.4 times of the control (Fig. 3c, Table 1).
In the media of ischemic cultures, the level remained un-
changed between 1 and 2 h. It then increased at 4 h and
reached its maximum level of 2.2 times of the control
value at 8 h (Fig. 4c, Table 1). Compared with the
changes in TNFa in both models in their corresponding
control incubations, the TNFa levels in the media of in-
Jured controls increased significantly (p < 0.05).

In the media of scratch-wound cultures, the IFN-vy level
increased sharply by 1.6 times at 1 h and remained at a
similar level up to 8 h (Fig. 3, Table 1). In the media of
ischemic culture, the IFN-y level showed little change
for the first 2 h. The value increased over 1.6 times at 8
h (Fig. 4b, Table 1). Compared with the changes in IFN-
v in both models in their corresponding control incuba-
tions, the IFN-vy levels in the media from the injured cul-
tures increased significantly (p < 0.05).

DISCUSSION

The results of this study demonstrate that astrocytes un-
der mechanical and metabolic injury were capable of re-
leasing IL-1e, IL-6, TNFa, and IFN-y. The immunocyto-

chemical studies clearly demonstrated that some astrocytes
along the scratch edge were positively stained with anti-
bodies to the cytokines. These astrocytes, when observed
under time lapse video recording, were mobile (Yu et al.,
unpublished data). This indicates that some astrocytes were
most likely activated by the scratch injury. Based on the
staining result, we conclude that astrocytes could be in-
duced to produce IL-1e, IL-6, and TNFa by mechanical
injury. Although we could not identify any astrocytes pos-
itively stained for IFN-v, others have demonstrated that
astrocytes along lesions in multiple sclerosis showed IFN-
v immunoreactivity (Schmidt et al.,, 1990; Traugot and
Lebon, 1988). The lack of IFN-y positive staining in as-
trocytes in the scratch model may be related to the epitope
specificity of the IFN-y antibody used in this study.

These cytokines, including IFN-vy, were released into
the culture medium by astrocytes subsequent to scratch
wound and ischemic injury. In the astrocytic cultures, the
exogenous influence of circulating factors and leuko-
cytes, which occur in the irn vivo models of trauma and
ischemia, was eliminated. The cytokines released into the
culture medium were therefore the sole product of injured
astrocytes. This study thus provides the first evidence for
the release of these cytokines from astrocytes under me-
chanical and metabolic injuries.

A difference in the timecourse of expression of the cy-
tokines was observed between the two models. In the
scratch wound model, all four cytokines began to increase
1 h postlesion and reached the peak levels at 4-8 h. In
the ischemic model, however, the increase of cytokine
expression was delayed until 4-8 h after ischemia when
sharp increases were seen in all four cytokines. The dis-
tinct difference in the time of the onset of cytokine re-
lease could be related to the nature of the injury and the
rate of cell death inherent in these two models. The
scratch model (Ghirnikar et al., 1994; Hou et al., 1995;
Yu et al., 1993) was designed to simulate traumatic in-

a b 'y d
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4

FIG. 3. Slot-blot analysis of changes of cytokine levels in astrocytic culture media after scratch injury. (a) TL-1a. (b) IL-6. (c)
TNFa. (d) IFN-v. The slot-blot shown was selected from six blots in three separated experiments.
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FIG. 4. Slot-bln analyvsis of changes af cytokine levels inoastrocytie cultore medip onder ischemin, (8) (=T, (b 16, (00
THFe. (d) [IN-9. The slot-blot shown was selected [Tom six hlows in three sepamted experimenls.

sult, and the injury and demb imposed on many astro-
eytes were of rapid onset along the scratch. The scratch-
ing injury therefore rapidly release imracellular ¢ylokines
From these astrocyles into the mediom, Cells distant from
the seratch edge were not physically injured (Yu et al.,
1993], This was supported by the location of immune-
poesitive staining of cyviokines only in astrocytes along the
seruteh It s also possible that the eyvtokines leaked from
these injured wstrocyles could also prompt the neighbor-
ing vells Lo produce more cylokines, and such paruciine
action possibly contributed o the consistent high levels
ol cvilokings in the media of the seratch astrocyiic cul-
lure throughout the experimental period.

In the ischemic model, astrocytes could withstand a
relatively long pericd of ischemia exposure. With [ess
thin 2 b of ischemia, no detectable cell death occurred
in the cultures. After 4G h of ischemiz, the cells began
e show severe depletion of energy metabaolites (Fu and
Yu, 1995 alter & b, only 1% of cultured sstrocytes were
still viable (Yung er al., [998). Because the ischemia
mwdel| was designed to simulate terminal cell death un-
der ischemia, the injury imposed on the astrocyles was
progressive and cumulative with time, This difference in
the nature of injury was ascertained by the release pat-
tern of the cytokines. The first two cylokines released al
2 hoof ischemia wers IL-6 and IFM-v, which are known
to have neuroprotective effects (Balasingam ¢l al., 1994,
Getper et al., 1997 Maeda et al., 1994 Toulmond et al.,
19923 AL 4 hool ischemia, TNFo was released into the
medium, while 1IL-lee was not released until at & h ol is-
chemua, This pattern suggests that the release mecha-
nisms [or [L-lee were different from the other cytokines
under ischemia, suggesting that 1L-la was not released
by intacl astrocytes bot leaked out from the damaged or
dead astrocytes in & b ischemic culture. This is also sup-
ported by the observation in the scratch madel that the
early detection of [L-To might be related w the mem-
brane-oriented nature of the injury. The unlavorable en-

virenment created by the low medivm volume in culures
ol ischemin experiment could explain the high levels of
THFe and IFMN-v detected in the media in the later peri-
ods of the contrel mcubation. Farthermore, these culures
were incubated in serum ftee medium, which alse may
cause injury and trigger the release of these cytokines un-
der control mcubation,

The production and release of inflammatory cytokines
from injured astrocytes in culture indicates thar astrocyres
are cupable of taking part in the immune response to in-
jury. These cytokines have pleiotropic and overlapping
functions and play fundamental roles in the induction and
regulation of immune and inflammatory response (Arai
et al., 1990; Benveniste, [993: Rothwell and Hopkins,
1993). 1L-1, IL-6, TNFew, and [FN-y induced [CAM-1
expression  and  antigen presentation by astrocvies
(Frohman er al., 1989 and the activation of T Ivimpho-
cytes (Fierz et al., 1983). TNFe alrered vascular perime-
ahility and enhanced adhesion of leukocytes o the en-
dothelial surfaces {(Pohlman et al., 1986) They were
shown o exhibit eytotoxic activities and were held re-
sponsible for tissve damage and demyelination in BAE
(Selmaj and Raine, 1988), IL-1-receptor antugonists [L-
Ira inhibited neurodegeneration induced by focal brain
ischema (Bourdiol et al., 19913 1L-1, 1L-6, and TNFa
mmduce (Balasingam et al., 1994 Selmaj ot al, 19900, but
LFN-y wzhibits {Pawlinski and Janeceko, 1997) prolifer-
atien of astrovyles. On the other hand, IL-1 and TNFe
have been demonstrated to induce or modulate zenes that
are known to have nearoprotective roles such as nerve
arovvih factor (Lindholm et al, 1987, platelet-derived
arovwth factor (Silberstein et al., 1960), heat shock pro-
tein (7 Souza et al, 1994) and nitdc oxide synthase
(Hewett et al., 19933, 1.6 is considered to promote nen-
ronal survival and inhibit NMDA mediated neurotosic-
ity ane ischemic nevronal damage (Bourdiol et al,, 1991;
Maeda et al., 1994 Toulmond et al.,, 1992) [FN-v in-
duces the expression of many zenes (Kuchioke el al,
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1995) including immediate early genes c-fos and c-jun
(Rubio, 1997). The contradictory pictures that are emerg-
ing suggest that the inflammatory cytokines may have
opposing actions depending on the dosage of production,
local circumstances and interaction with other molecules.
The temporal difference in the induction and release of
these cytokines from astrocytes under different types of
injury revealed the complexity of the response of these
cytokines to injury. It also ratified the role of astrocytes
in the immunoresponse in CNS injury.

Findings presented in this study suggest that astrocytes
participate in the response to pathophysiological condi-
tion by releasing cytokines. Astrocytes play a specific
role in blood-brain barrier (BBB). This makes them the
first neural cells facing any ischemic insult and other in-
sults related to BBB. The cytokines released from injured
or activated astrocytes may prime other astrocytes and
neural cells for subsequent roles in diverse adaptive re-
sponse including defense against infection, immunolog-
ical response, wound repair, and nerve regeneration. Most
important of all, we have shown that astrocytes are ca-
pable of responding directly to injury by the production
and release of proinflammatory cytokines.
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