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Abstract

Astrocytes form an integral part of the blood brain barrier and are the ®rst cell type in the central nervous system to

encounter insult if there is an ischemic attack. The immunologic reaction of astrocytes to an ischemic insult would be a�ective
to the subsequent responses of other nerve cells. We previously showed that ischemia caused an increase in the levels of
interleukin 1a (IL-1a), tumor necrosis factor a (TNFa), and interleukin 6 (IL-6) in the culture medium of mouse cerebral
cortical astrocyte. We did not have evidence on the source of these cytokines. This study aimed to investigate the expressions of

these cytokine mRNAs in the astrocytes under ischemia. Results demonstrated that ischemia could induce necrosis and
apoptosis in astrocytes. By using the RT-PCR method, we demonstrated for the ®rst time that the mRNA levels of IL-1a,
TNFa and IL-6 in normal astrocyte was very low, but their expressions could be induced quickly under ischemia. These

cytokines might be interactive as indicated by the di�erence in time course of their expressions, with IL-1a being the earliest and
IL-6 being the latest. The result provided some understanding of the induction and progression of these immunologic responses
in astrocytes under ischemia. It also supported our previous ®ndings that astrocytes contributed to the cytokines released under

ischemia. # 2000 Elsevier Science Ltd. All rights reserved.

1. Introduction

Cerebral ischemia increases the expression of several
groups of genes in the central nervous system (CNS)
(Yu et al., 1995). The cellular sources of these gene ex-
pressions in the ischemic brain have not been de®ned.
We have previously shown that astrocytes in primary
culture under ischemia altered their gene expression in
c±fos, hsp-70, GFAP, vimentin, and b-actin (Yu et al.,
1995). This suggested that ischemia triggers dynamic
changes in expression of genes in astrocytes which
plays an important and determinant role in the dama-
ging and recovering process of nerve cells after ische-
mia.

Astrocytes form an integral part, both structurally
and functionally, of the blood brain barrier (BBB) and

would be the ®rst cell type in CNS to encounter an

insult if there is an ischemic attack. Its response to the

ischemic insult would be a�ective to the subsequent re-

sponse of other nerve cells such as neurons, oligoden-

drocyte and microglia (Weiss and Berman, 1998).

Although astrocytes have been viewed traditionally as

supportive cells for the neurons in the CNS, mounting

evidence indicates that astrocytes have a wide range of

functions other than maintaining a balanced homeo-

static environment in the CNS (Eng et al., 1995;

Hertz, 1990). It has even been suggested that neur-

onal±glial interactions are necessary during the estab-

lishment of memory (Ng et al., 1997). Astrocytes have

been reported to protect neurons against anoxic

damage by accumulating glutamate and thus keeping

the extracellular glutamate concentration lower than in

isolated neuronal cultures (Huang et al., 1997). The

production of neurotropic mediators and other immu-

nologic agents from injured astrocytes re¯ected their

critical role in the CNS response to ischemia. There-
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fore, it is important to study the induction and pro-
gression of immunologic response in astrocytes under
injurious conditions.

We have previously shown that there was an
increase in interleukin 1a (IL-1a), tumor necrosis fac-
tor a (TNFa), and interleukin 6 (IL-6) content in the
culture medium of astrocytes after a scratch or an
ischemic injury (Lau et al., 1996; Lau and Yu, 2000).
Although some injured astrocytes were positively
stained with antibodies for IL-1a, TNFa, and IL-6,
there was no evidence to support the notion that these
proin¯ammatory cytokines were synthesized by the
astrocytes and were secreted to the culture medium
under ischemia. This study aimed to investigate the ex-
pression of these cytokine mRNAs in normal and
ischemic astrocytes using a reverse transcription Ð
polymerase chain reaction (RT-PCR). The result might
play an important role in redirecting immunological
events observed under ischemia. It would also eluci-
date the role of astrocyte in the CNS response to
ischemia.

2. Experimental procedures

2.1. Materials

LIVE/DEAD
1

Eukolight
2

Viability/Cytotoxicity Kit
was purchased from Molecular Probes Inc. OR, USA.
In situ Cell Death Detection Kit, ¯uorescein was pur-
chased from Boehringer Mannheim, Germany. LigA-
Tor cloning kit was from R&D Systems, MN, USA.
Wizard

2

Plus minipreps DNA puri®cation system and
AMV reverse transcriptase were purchased from Pro-
mega Corporation, WI, USA. Superscript preampli®-
cation system, Taq polymerase and TRIZOL reagent
were purchased from Life Technologies, Inc, MD,
USA. AutoRead DNA sequencing kit was purchased
from Pharmacia LKB Biotechnology, Sweden. Diethyl
pyrocarbonate was purchased from Sigma, MO, USA.

2.2. Primary culture of mouse cerebral cortical astrocyte

The primary cultures of astrocytes were prepared
from cerebral cortices of new born ICR mice (Animal
Care Centre, HKUST, Hong Kong) as described in
Yu et al. (1986, 1993) with minor modi®cation. In
brief, cerebral cortices freed of meninges were cut into
small cubes (<1 mm3) in modi®ed eagle's medium
(MEM) (Life Technologies, Inc., MD, USA) with
7.5 mM glucose. The cubes were dissociated by vortex-
ing for 1.5 min. The cell suspension was sieved
through 70 mm and a 10 mm sterile Mesh

1

nylon ®lters
(Spectrum Medical Industries, Inc., TX, USA). The
suspension was diluted with MEM containing 10%
fetal calf serum (Globepharm, UK) to 3� 105 cells per

ml and 2 ml of which was seeded per 35 mm Falcon
1

culture dish (Becton Dickinson Labware, CA, USA).
All cultures were incubated in a 378C CO2 incubator
(Napco, Precision Scienti®c Inc., USA) with 5% CO2

and 95% mixture of atmospheric air (vol/vol). The cul-
ture medium was changed after 1 day of seeding and
subsequently 2 times per week. Cultures of at least 4
weeks old were used for the experiment.

2.3. Ischemic model

The model was created by incubating the cultures in
an anaerobic chamber (Forma Scienti®c, Inc., OH,
USA) as previously described by Kaku et al. (1991)
and Juurlink and Hertz (1993) with modi®cation. The
chamber was made anaerobic by ®lling it with a mix-
ture of H2, CO2 and N2 (15:5:85). The oxygen level
inside the chamber was monitored throughout the ex-
periment with an OM-1 oxygen meter (Microelec-
trodes, Inc., NH, USA). In the anaerobic chamber,
cultures were washed twice with glucose-free MEM
that was degassed and saturated with N2. After wash-
ing, 800 ml of the glucose-free MEM was added and
the culture was wrapped with para®lm to prevent
evaporation. This reduced amount of MEM was
enough to cover the culture. The culture was incubated
at 378C in an incubator inside the chamber. Control
cultures in reduced amount of normal culture medium
were incubated in parallel but in a normal CO2 incu-
bator.

2.4. Cell viability assay

The cell viability assay was preformed with a LIVE/
DEAD

1

Eukolight
2

Viability/Cytotoxicity Kit (Mol-
ecular probes Inc., OR, USA). The TdT-mediated
dUTP nick end-labeling (TUNEL) technique was per-
formed with an In Situ Cell Death Detection Kit, ¯u-
orescein (Boehringer Mannheim, Germany). The
procedure for the staining was provided with the kits
from the manufacturer.

2.5. Extraction of RNA

The culture medium was drained and 1 ml of TRI-
ZOL reagent (Life Technologies, Inc., MD, USA) was
added to the culture. The cells were lysed by multiple
pipetting and the lysate was transferred to a microcen-
trifuge tube. It was incubated at room temperature for
5 min before 0.2 ml of chloroform (Sigma, MO, USA)
was added. The lysate was shaken vigorously for 15 s,
then left under room temperature for 10 min. After
centrifugation at 12,000 g at 48C for 15 min, the top
aqueous layer was transferred to a microcentrifuge
tube and 0.5 ml of isopropanol was added. The
samples were incubated at room temperature for
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30 min before being centrifuged at 12,000 g at room
temperature for 10 min. The supernatant was dis-
carded and the pellet was washed once with 75% etha-
nol. The pellet was dried brie¯y under air and
resuspended in 20 ml diethyl pyrocarbonate (Sigma,
MO, USA) treated water.

2.6. Reverse transcription Ð polymerase chain reaction

Reverse transcription (RT) can be done either with
AMV Reverse Transcriptase (Promega, WI, USA) or
Superscript Preampli®cation System (Life Technol-
ogies, Inc., MD, USA). One tenth of the RT product
was added to a reaction mixture containing 1 � PCR
bu�er (20 mM Tris-HCl, pH 8.4, 50 mM KCl),
1.5 mM MgCl2, 0.2 mM dNTPs, 20 rmole target
speci®c primers and 2 units of Taq polymerase (Life
Technologies, Inc., MD, USA). The sequences of the
primers used were: IL-1a forward: 5 'CTC TAG AGC
ACC ATG CTA CAG AC3 ', IL-1a reverse: 5 'TGG
AAT CCA GGG GAA ACA CTG 3 ', TNFa forward:
5 'GCG ACG TGG AAC TGG CAG AAG3 '; TNFa
reverse: 5 'GGT ACA ACC CAT CGG CTG GCA3 ';
IL-6 forward: 5 'GTG ACA ACC ACG GCC TTC
CCT ACT3 '; and IL-6 reverse: 5 'GGT AGC TAT
GGT ACR CCA3 '. The reaction was done by a ther-
mal cycler (MJ Research, Inc., MA, USA). The
ampli®cation condition was the same for IL-1a,
TNFa and IL-6, i.e., denature for 60 s at 948C,
anneal at 558C for 120 s, then extend at 728C for
120 s, except for TNFa the annealing was performed
at 588C for 90 s and extension was at 728C for 140 s.

The number of cycle performed for each of them
was 30.

2.7. DNA sequencing

After PCR ampli®cation, the products were cloned
using LigATor cloning kit (R&D Systems, MN, USA).
The detailed procedures were described in the instruc-
tion manuals. The successful clones were white in
color and some of them were cultured. The plasmid
DNA was extracted and puri®ed by the Wizard

2

Plus
Minipreps DNA Puri®cation System (Promega, WI,
USA) as described in the instruction manual provided
with the kit. The inserts were sequenced by an Auto-
Read sequencing kit (Pharmacia LKB Biotechnology,
Sweden) and an ALF automated sequencer (Pharmacia
LKB Biotechnology, Sweden).

3. Results

3.1. Cell death under ischemia

Astrocytes under ischemia showed severe cell death
at 6 h (Fig. 1). Cell death began at 3 h but only dra-
matically increased from 4 to 6 h. There was no
obvious cell death in astrocytes under less than 2 h of
ischemia as indicated by the cell viability test. In Fig.
1(A) and (B) were taken from the same ®eld. Astro-
cytes with red ¯uorescent nuclei were dead and some
of them still had the green ¯uorescent cytoplasmic
attachment. The TUNEL staining (Fig. 1(D)) in astro-

Fig. 1. Ischemia induced severe cell death in astrocytes. (A) and (B) were from the same ®eld. (A) was phase contrast micrograph of astrocytes

under 6 h of ischemia and (B) was a ¯uorescent micrograph showing cells treated with LIVE/DEAD
1

Eukolight
2

Viability/Cytotoxicity Kit,

where dead cell nuclei were stained orange and cytoplasm stained ¯uorescent green. (C) and (D) were from the same ®eld. (C) was phase contrast

micrograph of astrocytes under 6 h of ischemia and (D) was a ¯uorescent micrograph showing cell stained with TUNEL. Arrows indicating cell

nuclei did not stain with TUNEL. Scale bar=20mm.
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cytes under 6 h of ischemia demonstrated that many
but not all of the dead cells were apoptotic. In cultures
under 4±6 h of ischemia, many cells died of necrosis.
These dead cells were not seen in Fig. 1 because they
were removed from the cultures during the washing
and staining procedure.

3.2. Cytokine gene expression

The expressions of IL-1a, TNFa and IL-6 mRNAs
in astrocytes under ischemia and control incubation
were compared by amplifying the mRNA signals using
RT-PCR. Fig. 2 showed the expression of IL-1a
mRNA in cultured astrocyte under ischemic (A) and
control (B) incubations. From the controls, there was
a basal level of IL-1a expression that remained
unchanged throughout the 8 h of incubation. In cul-

tures under 0.5 h of ischemia, the mRNA level was the
same as in the control. However, the signal began to
increase dramatically at 1 h and reached a higher level
at 6 h; it then decreased slightly at 8 h. The RT and
PCR negative controls indicated no contamination
during the RT-PCR processes.

Fig. 3 showed the expression of TNFa mRNA in
cultured astrocytes under ischemic (A) and control (B)
incubations. There were TNFa mRNA expressions
being detected at 0 h in both ischemic and control cul-
tures. These background signals were quite high. In
the controls, TNFa mRNA signal increased at 0.5 h,
then the level decreased at 1 h and remained at the
same low level until 4 h. It disappeared in the controls
after 6 h of incubation. Under ischemia, the level of
TNFa gene expression did not change very much from
0 to 0.5 h. At 1 h of ischemia, the signal began to

Fig. 3. Expression of TNFa mRNA in astrocytes under ischemic (A) and control (B) conditions. The RT-PCR products were ampli®ed by the

TNFa primers and analyzed by agarose gel electrophoresis. Lane 1 in both (A) and (B) was 1 kb DNA ladder. PCR ÿve cont was PCR negative

control and RT ÿve cont was RT negative control. The experiments were repeated three times with a total of six cultures.

Fig. 2. Expression of IL-1a mRNA in astrocytes under ischemic (A) and control (B) conditions. The RT-PCR products were ampli®ed by the

IL-1a primers and analyzed by agarose gel electrophoresis. Lane 1 on (A) and (B) are the 1 kb DNA ladder. PCR ÿve cont was PCR negative

control and RT ÿve cont was RT negative control. The experiments were repeated three times with a total of six cultures.
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increase and reached the maximum at 2 h. It decreased
between 6 and 8 h. The RT and PCR negative controls
indicated no contamination during the RT-PCR pro-
cesses.

Fig. 4 showed the changes of IL-6 mRNA level in
cultured astrocytes under ischemic (A) and control (B)
conditions. In the control experiment, no IL-6 mRNA
could be detected except at 1 h of incubation. The
level was very low as compared to IL-1a and TNFa.
In the ischemia experiment, no IL-6 mRNA signal was
detected at 0, 0.5 and 1 h. The signal for IL-6 mRNA
expression was detected at 2 h of ischemia, but the
level was very low. The signal dramatically increased
between 2 to 4 h and gradually decreased between 6
and 8 h of ischemia. The RT and PCR negative con-
trols indicated no contamination during the RT-PCR
processes.

3.3. Con®rmation of the PCR products

To con®rm that the PCR products were ampli®ed
from the corresponding cytokines cDNA, they were
cloned and sequenced. The DNA sequences were then
aligned with the known cytokines cDNA sequences
obtained from the Genebank. Fig. 5(A) showed the
alignment between the cloned PCR product ampli®ed
by the IL-1a primers and the mouse IL-1a cDNA
(Lomedico et al., 1984; Genebank accession number:
X01450). The extremely high homology indicated that
the fragment was ampli®ed from IL-1a cDNA. Fig.
5(B) showed the alignment between the cloned PCR
product by the IL-6 primers and the mouse IL-6
cDNA (Grenett et al., 1990; Genebank accession num-
ber: X54542). The extremely high homology indicated
that the fragment was ampli®ed from IL-6 cDNA.

4. Discussion

Ischemia is a pathophysiological condition ac-
companied by the lack of oxygen and nutrients, and
the accumulation of toxins. Several in vitro models
have been established (Pellegrini-Giampietro et al.,
1990; Juurlink and Hertz, 1993; Ogata et al., 1995; Yu
et al., 1992, 1995). In this study, ischemia was created
in an anaerobic chamber and cultures were incubated
in a reduced volume of glucose-free medium. The re-
duction of the volume of the medium can abide the
model to have the accumulation of toxins as one of
the causes of injury, a condition more competent to
the physiologic ischemia (Lau and Yu, 2000; Yu et al.,
1992, 1995). Most important of all, this experimental
design allows us to investigate the response of an iso-
lated population of astrocytes to ischemia insult with-
out the in¯uence of other cell types such as neurons,
microglia, or endothelial cells.

We showed that ischemia induced necrosis and
apoptosis in astrocytes (Fig. 1). In this model system,
astrocytes experienced a terminal death process. Many
astrocytes became necrotic during the ischemia incu-
bation. Many of them were not shown on the phase
contrast micrographs (Fig. 1(A) and (C)) as they were
removed during the staining procedure. The TUNEL
staining indicated that many cells underwent apoptosis
(Fig. 1(D)). As shown in Fig. 1(C), these TUNEL
positive cells seemed to die of necrosis Ð secondary
necrosis. It is because the experiment was designed
that the injury imposed on astrocytes was accumulat-
ive. Cells that had the apoptotic pathway initiated
could not generate su�cient energy to complete the
energy dependent apoptosis, and thus died of a sec-
ondary necrosis.

Fig. 4. Expression of IL-6 mRNA in the cultured astrocyte under ischemic (A) and ischemic (B) conditions. The RT-PCR products were ampli-

®ed by the IL-6 primers and analyzed by agarose gel electrophoresis. Lane 1 in (A) and (B) was 1 kb DNA ladder. PCR ÿve cont was PCR

negative control and RT ÿve cont was RT negative control. The experiments were repeated three times with a total of six cultures.
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It is believed that the basal expression of cyto-
kine is absent or is of very little amount in the
normal brain. We measured the expression of IL-
1a, TNFa and IL-6 mRNA in the control cultures.
The high background signal for TNFa mRNA in
the controls and cultures had 0±0.5 h ischemia, in-
dicating that the expression of this gene is very sen-
sitive. It could be induced by the minor disturbance
created in the preparation of astrocytes for exper-
iment. This background signal vanished later in the
control incubation, indicating that the induction was
transient. This high sensitivity in TNFa mRNA ex-

pression was not observed in IL-1a and IL-6. It
might imply that the induction of TNFa expression
could be independent from IL-1a. The return of
TNFa to an undetectable level in the controls sup-
ports the observation of a lack of cytokine ex-
pression in the brain under normal condition.

There is no doubt that astrocytes are capable of
exerting immunologic responses. In an injured brain,
cytokines are usually detectable before the invasion of
white blood cells, indicating that the brain cells must
have synthesized them. Astrocytes form an integral
part of BBB. They would be the ®rst of all nerve cells

Fig. 5. Alignment between the cloned PCR products (upper sequence) and the mouse cDNA (lower sequence) obtained from Genebank. The

underlined region was the primer sequence and � indicates mismatches. (A) was IL-1a (Genebank accession no.: X01459; and (B) was IL-6

cDNA (Genebank accession no.: X54542).
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in the CNS to encounter the insult during an ischemic
attack; thus astrocytes could be the cells to initiate the
immunologic cascade in the brain under an ischemic
attack. This is supported by the evidence that ischemia
expressed immunologic mediators earlier than macro-
phages and reactive microglia in the ischemic brain tis-
sue (Gourmala et al., 1997; Weiss and Berman, 1998).
In this study, all three cytokines were found to be
expressed in a very short time after the imposition of
the ischemic condition. This agreed with the in vivo
studies on rat cerebral cortex that the expressions of
these cytokines mRNA took place at 3±4 h under

ischemia (Sza¯arski et al., 1995; Wang et al., 1995).
The PCR products were ampli®ed from the corre-
sponding cytokines cDNA because only one band with
the expected size could be identi®ed after the gel elec-
trophoresis analysis for each PCR product. Neverthe-
less, a sequencing test was performed on two selected
PCR products. The results clearly showed their corre-
spondence to cytokine cDNAs. The time course for
the expressions of these cytokine mRNAs was di�er-
ent. The expression of IL-1a was induced at 1 h and
the level was maintained high through out the ischemic
incubation. The peak level of TNFa expression was

Fig. 5 (continued)

A.C.H. Yu, L.T. Lau / Neurochemistry International 36 (2000) 369±377 375



not reached until 2 h after ischemia. Whether the ex-
pression of TNFa is induced by IL-1a or ischemia still
needs to be clari®ed in the future. The IL-6 expression
did not elevate until 4 h of ischemia. The late ex-
pression of IL-6 supports that IL-6 is involved in the
later stage of the immune response triggered by IL-1a
and TNFa.

Some previous studies indicated that similar astro-
cytes under ischemia could secrete these cytokines into
the culture medium (Lau et al., 1996; Lau and Yu,
2000). Others have shown that astrocyte release IL-1a,
TNFa and IL-6 after being stimulated by lipopolysac-
charide (Chung and Benveniste, 1990; Fontana et al.,
1982). IL-1a has been shown to have diverse functions
in the CNS. They can induce the proliferation of astro-
cytes (Giulian and Lachman, 1985; Selmaj et al.,
1990). Relton and Rothwell (1992) have shown that
the IL-1 receptor antagonist can reduce neuronal
death induced by ischemia or excitotoxin. IL-1a is
believed to be one of the key factors in triggering
brain immune responses by inducing the expressions of
IL-6 (Benveniste et al., 1990, Frei et al., 1989) and
TNFa (Bethea et al., 1992; Chung and Benveniste,
1990). In neuron, TNFa can modulate calcium chan-
nels (Soliven and Albert, 1992), decrease catecholamine
secretion (Soliven and Albert, 1992), alter synaptic
transmission (Tancredi et al., 1992) and protect CNS
neurons against metabolic-excitotoxic insults and pro-
mote calcium homeostasis (Cheng et al., 1994). IL-6
can induce astrocyte to secrete nerve growth factor
(Frei et al., 1989). The ®ndings from this study as well
as the many functions of IL-1, TNFa and IL-6 sustain
the essential role of astrocytes in the immunologic re-
sponse in brain under ischemia.

The expressions of proin¯ammatory cytokine
mRNAs in ischemic astrocytes supported our previous
®ndings that the cytokines released under ischemia
were synthesized by the astrocytes. This also a�rmed
astrocytes' ability to initiate immunologic cascade
under ischemic attack. The expression of these cyto-
kines might be interactive as indicated by the di�er-
ence in time course of their expressions. Using RT-
PCR, we showed for the ®rst time that mRNA level of
cytokines in normal astrocytes was very low, but it
could be induced to rise very rapidly under ischemia.
The result provides some understanding of the induc-
tion and progression of such immunologic responses in
astrocytes.

Acknowledgements

We thank Isabella L.L. Lo for her assistance in
preparation of this manuscript. This work was sup-
ported by grants from the Hong Kong Research Grant
Council (DAG 95/96.SC07, HKUST6177/97 M) and

the North American Medical Association Foundation
(Hong Kong) (NAMA 94/95.SC01) to Albert C.H.
Yu. Lok Ting Lau was supported by a post-graduate
teaching assistantship from the Department of Bi-
ology, HKUST.

References

Benveniste, E.N., Sparacio, S.M., Norris, J.G., Grenett, H.E., Fuller,

G.M., 1990. Induction and regulation of interleukin-6 gene ex-

pression in rat astrocytes. Journal of Neuroimmunology 30, 201±

212.

Bethea, J.R., Chung, I.Y., Sparacio, S.M., Gillespie, G.Y.,

Benveniste, E.N., 1992. Interleukin-1b induction of tumour necro-

sis factor alpha gene expression in human astroglioma cells.

Journal of Neuroimmunology 36, 179±191.

Cheng, B., Christakes, S., Mattson, M.P., 1994. Tumour necrosis

factors protect neurons against metabolic-excitotoxic insults and

promote maintenance of calcium homeostasis. Neuron 12, 139±

153.

Chung, I.Y., Benveniste, E.N., 1990. Tumor necrosis factor-alpha

production by astrocytes: induction by lipopolysaccharide, inter-

feron-gamma and interleukin-1. Journal of Immunology 144,

2999±3007.

Eng, L.F., Lee, Y.L., Murphy, G.M., Yu, A.C.H., 1995. An RT-

PCR study of gene expression in a mechanical injury model.

Progress in Brain Research 105, 219±229.

Fontana, A., Kristensen, F., Dubs, R., Gemsa, D., Weber, E., 1982.

Production of postaglandin E and interleukin-1-like factor by cul-

tures astrocytes and C6 glioma cells. Journal of Immunology 129,

2413±2419.

Frei, K., Malipiero, U.V., Leist, T.P., Zinkernagel, R.M., Schwab,

M.E., Fontana, A., 1989. On the cellular source and function of

interleukin-6 produced in the central nervous system in viral dis-

eases. European Journal of Immunology 19, 689±694.

Giulian, D., Lachman, L.B., 1985. IL-1 stimulation of astroglial pro-

liferation after brain injury. Science 228, 497±499.

Gourmala, N.G., Buttini, M., Limonta, S., Sauter, A., Boddeke,

H.W., 1977. Di�erential and time-dependent expression of mono-

cyte chemoattractant protein-1 mRNA by astrocytes and macro-

phages in rat brain: e�ects of ischemia and peripheral

lipopolysaccharide administration. Journal of Neuroimmunology

74, 35±44.

Grenett, H.E., Fuentes, N.L., Fuller, G.M., 1990. Cloning and

sequence analysis of the cDNA for murine interleukin-6. Nucleic

Acids Research 18, 6455.

Hertz, L., 1990. Regulation of potassium homeostasis by glial cells.

In: Levi, G. (Ed.), Development and Function of Glial Cells.

Alan R. Liss, New York, pp. 225±234.

Huang, R., Sochocka, E., Hertz, L., 1997. Cell culture studies of the

role of elevated extracellular glutamate and K+ in neuronal cell

death during and after anoxia/ischemia. Neuroscience &

Biobehavioral Reviews 21, 129±134.

Juurlink, B.H.J., Hertz, L., 1993. Ischemia-induced death of astro-

cytes and neurons in primary culture: pitfalls in quantifying neur-

onal cell death. Developmental Brain Research 71, 239±246.

Kaku, D.A., Goldberg, M.P., Choi, D.W., 1991. Antagonism of

non-NMDA receptor blockade in cortical cultures subject to pro-

longed deprivation of oxygen and glucose. Brain Research 554,

344±347.

Lau, L.T., Fu, W.Y., Yu, A.C.H., 1996. Expression of tumour

necrosis factor alpha in injured neural cells. Neuroscience Letter

46 (Suppl.), S9.

Lau, L.T., Yu, A.C.H., 2000. Astrocytes produced and released

A.C.H. Yu, L.T. Lau / Neurochemistry International 36 (2000) 369±377376



interleukin-1, interleukin-6, tumour necrosis factor alpha and

interferon-gamma under traumatic and metabolic injuries.

Journal of Neurotrauma, in press.

Lomedico, P.T., Gubler, U., Hellmann, C.P., Dukovich, M., Giri,

J.G., Pan, Y.C., Collier, K., Semionow, R., Chua, A.O., Mizel,

S.B., 1984. Cloning and expression of murine interleukin-1 cDNA

in Escherichia coli. Nature 312, 458±462.

Ng, K.T., O'Dowd, B.S., Rickard, N.S., Robinson, S.R., Gibbs,

M.E., Rainey, C., Zhao, W.Q., Sedman, G.L., Hertz, L., 1997.

Complex roles of glutamate in the Gibbs-Ng model of one-train

aversive learning in the new-born chick. Neuroscience &

Biobehavioral Reviews 21, 45±54.

Ogata, T., Nakamura, Y., Tsuji, K., Shibata, T., Kataoka, K., 1995.

A possible mechanism of the hypoxia-hypoglycemia-induced

release of excitatory amino acids form cultured hippocampal

astrocytes. Neurochemical Research 20, 737±743.

Pellegrini-Giampietro, D.E., Cherici, G., Alesiani, M., Caria, V.,

Moroni, F., 1990. Excitatory amino acid release and free radical

formation may cooperate in the genesis of ischemia-induced neur-

onal damage. Journal of Neuroscience 10, 1035±1041.

Relton, J.K., Rothwell, N.J., 1992. Interleukin-1 receptor antagonist

inhibits ischemic and excitotoxic neuronal damage in the rat.

Brain Research Bulletin 29, 243±246.

Selmaj, K.W., Farooq, M., Norton, W.T., Raine, C.S., Brosnan,

C.F., 1990. Proliferation of astrocytes in vitro in response to

cytokines. A primary role for TNF. Journal of Immunology 144,

129±135.

Soliven, B., Albert, J., 1992. Tumour necrosis factor modulates the

inactivation of catecholamine secretion in cultured sympathetic

neurons. Journal of Neurochemistry 58, 1073±1078.

Sza¯arski, J., Burtrum, D., Silverstein, F.S., 1995. Cerebral hypoxia-

ischemia stimulates cytokine gene expression in perinatal rats.

Stroke 26, 1093±1100.

Tancredi, V., D'Arcangelo, G., Grassi, F., Tarroni, P., Palmieri, G.,

Santoni, A., Eusebi, F., 1992. Tumour necrosis factor alters

synaptic transmission in rat hippocampal slices. Neuroscience

Letter 146, 176±178.

Wang, X., Yue, T.L., Young, P.R., Barone, F.C., Feuerstein, G.Z.,

1995. Expression of interleukin-6, c-fos, and zif268 mRNAs in rat

ischemic cortex. Journal of Cerebral Blood Flow and Metabolism

15, 166±171.

Weiss, J.M., Berman, J.W., 1998. Astrocyte expression of monocyte

chemoattractant protein-1 is di�erentially regulated by transform-

ing growth factor beta. Journal of Neuroimmunology 91, 190±

197.

Yu, A.C.H., Chan, P.H., Fishmen, R.A., 1986. E�ects of arachidonic

acid on glutamate and g-aminobutyric acid uptake in primary

cultures of rat cerebral cortical astrocytes and neurons. Journal

of Neurochemistry 47, 1181±1189.

Yu, A.C.H., Lee, Y.L., Eng, L.F., 1993. Astrogliosis in culture I.

The model and the e�ect of antisense oligonucleotides on glia

®brillary acidic protein synthesis. Journal of Neuroscience

Research 34, 295±303.

Yu, A.C.H., Lee, Y.L., Eng, L.F., 1992. Glutamine as an energy

substrate in neuronal-astrocytic interaction. Progress in Brain

Research 94, 251±259.

Yu, A.C.H., Lee, Y.L., Fu, W.Y., Eng, L.F., 1995. Gene expression

in astrocytes during and after ischemia. Progress in Brain

Research 105, 245±253.

A.C.H. Yu, L.T. Lau / Neurochemistry International 36 (2000) 369±377 377


