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Summary. After brain injury, neuronal genes are 
regulated to adjust to an altered environment; however, if 
neurons are damaged then genes related apoptosis are 
activated. Glial cells, astrocytes and microglia, respond 
to neuronal death by transcribing genes to enhance the 
survival of remaining neurons and for regeneration and 
repair. AP- I transcription factors are induced in the 
neuronal response to injury. Depending on the AP-I 
dimer combination , neuronal genes related to either 
apoptosis or survival are transcribed. A 35 kDa Fos
related antigen:JunD dimer is present in neurons that 
survive injury. Jun and JunD exists in neurons prior to 
undergoing apoptosis. Neuronal death activates gene 
expression in astrocytes and microglia . NFkB 
transcription factors are induced in astrocytes reacting to 
neuronal injury. In the microglial response, STATs 
appear to be activated to regulate gene transcription. 
These transcription factors that modulate the genes 
involved in the cellular processes of brain injury are 
examined in this review. 

Key words: Neuronal apoptosis, AP-l transcription 
factors, NFlCB transcription factors, Reactive astrocytes, 
Microglia 

Introduction to mechanisms of cell death 

The homeostatic challenge of all cells is to constantly 
adapt to a changing environment. External stimuli cause 
the release of signaling molecules, such as hormones and 
growth factors, to communicate environmental changes 
to other cells. Binding of these extracellular molecules to 
their respective cellular receptors activate signal 
transduction pathways composed of protein kinase and 
phosphatase cascades to adjust the intracellular 
biochemistry for both gene expression-dependent and 
-independent mechanisms. For gene expression
dependent events, transcription factors are the final 
target for signal transduction systems to modulate 
mRNA levels. Gene transcription is altered in response 
to these extracellular signals to enhance or repress the 
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quantity of intracellular proteins to maintain 
homeostasis. 

Injury to cells activates intracellular transduction 
pathways to produce molecules for cellular survival and 
repair. However, if cells become too compromised to 
recover then death occurs. Cell death is divided into 2 
basic categories; necrosis in which the cell dies rapidly 
and apoptosis in which cell death is a slow, orderly 
process (Buja and Eigenbrodt, 1993). 

Necrosis occurs when there is damage to the plasma 
membrane due to irreversible injury (Buja and 
Eigenbrodt, 1993). Damage to the plasma membrane 
leads to disruption of the ionic gradients and the cell 
begins to accumulate organic phosphate and hydrogen 
ions resulting in lowered pH (Farber, 1982). A decrease 
in the cellular levels of ATP results in increased 
intracellular sodium levels causing cell swelling. At this 
time, the membrane becomes non-specifically permeable 
and calcium homeostasis is lost activating proteases and 
lipases with consequent dismantling of the cellular 
structure. Necrosis differs from apoptosis by causing a 
random DNA fragmentation and cytokine-mediated 
inflammatory response which magnifies the tissue 
damage (Searle et aI., 1982). 

In contrast to necrosis, apoptosis proceeds in an 
orderly manner with some forms requiring de novo 
protein synthesis as demonstrated by blockade of protein 
synthesis inhibitors (Buja and Eigenbrodt, 1993). In 
these cases, cell death is delayed due to dependence on 
the activation of gene expression. The apoptotic program 
causes a time delay to allow some cells to migrate and 
proliferate followed by a death execution program. 
Genes encoding proteases and endonucleases are 
activated to degrade proteins and internucleosomal DNA 
breaks (Oberhammer, 1993). Like necrosis, calcium is a 
major player in this process. Since protein synthesis is 
required for most types of apoptosis, transcription 
factors are induced or activated to execute this genomic 
program leading to cell death. 

Injury to eNS 

Injury to the brain involves a complex interplay 
between neurons, astroglia and microglia. Neurons are 
the most vulnerable cell type to damage while glial cells 
attempt to repair the injured area. Neurons maintain a 
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highly regulated electrochemical gradient so mechanical 
or chemical injury to the cell can cause a loss of this 
gradient that leads to neuronal death, necrosis or 
apoptosis depending on the extent of the injury. During 
neuronal death, microglia, the CNS macrophages , 
become activated and begin to secrete substances that 
kill compromised neurons and perhaps stimulate 
astroglia to become reactive. The microglia scavenge the 
damaged area engulfing the cellular debris (Moore and 
Thanos, 1996). Reactive astrocytes increase their size, 
their number of cytoplasmic processes, and express 
cytokines, growth factors and structural protein markers, 
such as glial fibrillary acidic protein (Eddleston and 
Mucke, 1993). The function of reactive astrocytes is not 
well-stood but they appear to fill in the space around the 
area of the lesion to provide a substrate for axonal 
regrowth and neurotrophic support (Reier et aI., 1989). 

Transcription factors are the final target of signal 
transduction pathways that starts from an extracellular 
signal and ends at altered gene transcription. As 
mentioned above, gene expression in all cell types is 
dramatically altered after brain injury. Neurons alter 
gene expression in an attempt to survive and in response 
to glial signals, and if they do not, then apoptotic genes 
are activated. Astrocytes undergo their morphology and 
upregulate the transcription of usually inactive or low
basally expressed genes. Expression of genes, such as 
nitric oxide synthase, are enhanced in microglia to 
produce toxic molecules to degrade the cellular debris 
and over-reaction to the insult can kill surviving neurons. 

One of the primary mechanisms of neuronal damage 
is through the neurotransmitter, glutamate, an excitatory 
neurotransmitter. There are several glutamate membrane 
receptors but the NMDA receptor is the one associated 
with initiating neuronal death in many pathological 
situations. Binding to NMDA membrane receptors 
causes an influx of calcium, which under normal 
conditions relays transduction signals for memory and 
other neuroplastic functions. Overstimulation of this 
receptor due to pathological conditions, initiates the 
process of neuronal death through increased calcium 
influx activating proteases and endonucleases . Thus, 
understanding the signal transduction pathways may 
permit insight into pharmacological agents to regulate 
expression of genes involved in both survival (neuro
protective) and death/apoptosis. 

Transcription factors in brain injury 

Examination of signal transduction pathways and 
specific intracellular messengers which are activated 
following brain injury has been a major area of 
neuroscience research. The induction of transcription 
factors has been a major focus of this research. The 
rapidly-induced AP-l factors , Fos and lun, have been 
examined extensively in models of brain injury; 
however, other inducible factors such as zif-268, have 
been examined (Dragunow and Preston, 1995; Gass and 
Herdegen, 1995). While most factors have been linked to 

neurons, NFKB transcription factors, whose DNA 
binding activity is activated by calcium pathways, are 
induced in reactive astroglia (Perez-Otano et aI., 1996). 
The tran scription factors that are activated though 
phosphorylation on tyrosine residues, signal transduction 
activators of transcription, STATs, (Briscoe et aI., 1996) 
are expressed in microglia (Jonakait et aI. , 1994). 

AP-I transcri ption factors are among the best
characterized DNA-binding proteins in the brain 
(Morgan and Curran, 1991; Pennypacker et aI., 1994a). 
This family which is part of the basic leucine zipper 
superfamily (bZIP), includes Fos, FosB and fos-related 
antigens (Fra), Fra-I and Fra-2, as well as the lun
related factors, lun, lunB and lunD. The AP-l DNA
binding complex is a dimer of one member of the lun
related proteins plus a member of Fos-associated factors, 
but lun proteins can homodimerize or heterodimerize 
with other lun-related factors (Hai and Curran, 1991). 
lun proteins can also form dimers with non-inducible 
cAMP responsive element protein (CREB) whose 
phosphorylation state is altered during brain injury 
(Herdegen et aI., 1992). The AP-I DNA binding 
complex recognizes the consensus DNA sequence 
TGACTCA in the promoter regions of target genes; 
however, there are many variations on this theme. 
Therefore, different AP-l dimer combinations may arise 
with varied affinities for DNA elements leading to 
differential effects on gene transcription. 

The classic cAMP signal transduction pathway 
modulates gene transcription via CRE-binding factors . 
CREB is the best characterized of CRE-binding proteins 
which includes the activating transcription factors (ATF) 
and the inducible cAMP responsive element modulators 
(Lalli and Sassone-Corsi, 1994) . CREB, usually a 
constitutively expressed protein, activates transcription 
via phosphorylation at serine 133 by protein kinase A to 
change the conformation of the DNA-bound CREB. 
CREB expression is regulated during brain development 
(Pennypacker et aI., 1995b) and after chronic morphine 
treatment in the nucleus accumbens (Widnell et aI., 
1996). Again, as with the AP- l proteins, CREB forms 
homo- or heterodimers with other CRE-binding and AP
I proteins through the leucine zipper generating diverse 
array of combinations. 

The NFKB transcription factors were initially 
discovered as important regulator of immunoglobin 
genes in Band T cells (Grimm and Bauerle, 1993). The 
DNA binding complex composed of a p65:p50 dimer 
resides inactive in the cytoplasm bound to inhibitory 
factor, IkB. After an external stimulus, the IkB protein is 
phosphorylated by protein kinase C, protein kinase A or 
Raf-l followed by translocation of the p65 :p50 complex 
to the nucleus. This transcription factor recognizes the 
consensus sequence GGGACTITCCC in the promoter 
regions of genes. As with AP-l transcription factors, 
most promoters contain a NFKB-Iike motif. This protein 
family includes a number of factors so that many dimer 
combinations are possible. 

Several members of the zinc finger family of 
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transcription factors have also been studied in brain 
injury paradigms. A zinc ion binding to these proteins 
enables the formation of finger-like folding to bind to the 
DNA (Pabo and Sauer, 1992) which is a mechanism also 
used for by steroid receptors (Schwabe and Rhodes, 
1991 ). Zif-268 (also called NGFIA, EGR-I or KROX-
24) is another highly inducible protein that has been 
studied relating to visual stimulation, seizure activity and 
drug abuse and its regulation has been well-studied in 
brain injury. Expression of KROX-20, which resembles 
Zif-268 only in the zinc finger motif, has also been 
described in neuronal damage. Both of these proteins 
contains 3 zinc finger motifs to bind to GC-rich 
regulatory sequence. 

STAT are a recently di scovered family of tran s
cription factors (Briscoe et aI. , 1996). The STATs are 
cytosolic proteins which are phosphorylated on tyrosine 
residues by Janus kinases and then enter the nucleus to 
modulate gene expression. Cytokines and growth factors 
activate this transduction pathway. While the bulk of the 
work on these proteins has been related to immune 
function, recent studies have been examining their 
function in brain cells (Jonakait et aI., 1994). 

In this review, the models of brain injury, ischemia, 
mechanical and excitotoxicity, will be examined and 
commmonalities emphasized, since all share the element 
of glutamate toxicity. In these models, there is much 
confusion over the mechanism of degeneration whether 
necros is or apoptosis. However, it appears this 
controversy arises from differing degrees of brain injury 
provoked by each experimental paradigm. These 
ambiguities are further enhanced by the methodology 
used to examine the transcription factor's expression. 
Observing expression of transcription factor mRNA is a 
common method of study. However, a limitation of this 
approach is that, at least in some paradigms, mRNA is 
expressed without translation to protein (Kiessling et aI., 
1993). Thus, no modulation of gene transcription will 
follow and the increased levels of transcription factor 
mRNA appears to be a non-functional event. 

Ischemia 

Ischemia involves the lack of oxygen to the brain due 
to restriction of the blood flow. Both focal and global 
ischemic models have been used to study the induction 
of inducible transcription factors (ITFs) . Neuronal death 
occurs in a matter of hours after tissue damage from 
prolonged ischemia. The current understanding of 
mechanism of pathogenesis is that there is the activation 
of glutamate receptors followed by the influx of calcium 
causing neurodegeneration (Choi and Rothman, 1990). 
In global ischemia, the pyramidal neurons of the CA I 
are particularly susceptible to neurodegeneration. 

The ITFs, Fos, FosB, Jun, JunB , JunD and Krox-24, 
have been examined in this model with contradictory 
results. Some of these discrepancies can be explained by 
the severity of the ischemic event; moderate ischemia 
induces apoptosis while severe ischemia causes necrosis 

(Beilharz et aI., 1995). Prolonged expression of Jun has 
been implicated in the delayed death of CAl neurons 
(Dragunow et aI., 1993, 1994) . However, other 
investigators have not observed Jun protein expression in 
these dying neurons (Kiessling et aI., 1993), which may 
be explained by failure of protein synthesis in these 
irreversibly compromised neurons (Thilmann et a!., 
1986). Using an ischemic tolerance model in which CAl 
neurons survive (Kitagawa et a!., 1990), Jun protein 
expression showed a protracted expression related to the 
survival of these cells (Gass and Herdegen , 1995). 
However, these di sc repancies may be caused by 
differences in the experimental paradigms. Furthermore, 
the Jun protein could be serving dual functions. The 
specificity of the DNA binding is altered with different 
dimer partners, so Jun dimerizing with one bZIP protein 
would modulate genes related to apoptosis, but with 
another dimer combination would upregulate of genes 
related to neuronal survival. 

Seizures and neuronal death 

Glutamate is an excitatory neurotransmitter ; 
overstimulation of the glutamate receptor increases 
intracellular calcium levels which kill s neurons. Many 
glutamate receptors agonists have been used to study 
excitotoxicity. Direct and systemic administration of this 
agents ha s been used to observe neuronal death, 
although local application can confound the study by 
breaking the blood:brain barrier with further mechanical 
damage. Systemic administration of glutamate receptor 
agonists induces seizure activity and thus has been used 
as a model for epilepsy. 

Variou s glutamate receptor agonists, as well as 
GABA receptor antagonists, have been used to induce 
seizure activity. These agents cause seizure activity, but 
only a few lead to neuronal death. Kainate has been used 
extensively in studying convulsions and later neuronal 
death. Kainate administration causes short-term, seizure 
activity and in the long-term, selective neuro
degeneration. Systemically applied kainate will induce 
seizure behavior within 90 min with prolonged, robust 
convulsions (4-6 hours) followed by death of hilar and 
pyramidal neurons of the CA 1 and CA3 within 3 days, 
while the neurons of the dentate gyrus appear unaffected. 
The dying neurons have been shown to be undergoing 
apoptosis as determined by DNA fragmentation 
(Dragunow and Preston, 1995; Kasof et aI., 1995). 

The duration and intensity of seizure activity appears 
to playa role in kainate-induced neuronal death since 
other agents induce convulsions without damaging 
neuronal cells. Metrozol, a GABA receptor antagonist, 
induces seizure activity and transcription factors in the 
hippocampus without neuronal damage. However, the 
duration of the seizures is considerably shorter than 
those induced by kainate. The initial pattern of AP-l 
transcription factor expressed after metrozol treatment is 
similar to that after kainate, but again, expression is 
more prolonged in the kainate-treated animal (Kasof et 
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ai., 1995). In fact, a 35 kDa Fra remains elevated for 
months and maybe permanently upregulated in neurons 
of the dentate gyrus and olfactory bulb (Pennypacker et 
ai.,1995a,c). 

Kainate treatment induces an extended expression of 
ITFs expressed in a specific spacial-temporal order 
(Popovici et aI., 1990, Pennypacker et aI., 1994a-b; 
Kasof et aI., 1995). The ITFs, Jun, JunB, JunD, Zif-268, 
Fos, FosB, Fra-l, Fra-2 and some uncharacterized Fra
immunoreactive proteins at 46 and 35 kDa, are induced 
within the first hour of kainate administration and their 
expression is prolonged which may be due to long 
periods of seizure activity. Fos first appears in the 
dentate neurons followed by expression in the pyramidal 
neurons (Popovici et al., 1990). Jun B expression is only 
transiently expressed (1-2 days), Jun expression is 
intermediate (1-2 weeks) and JunD, while moderately 
up-regulated by this treatment, is constitutively 
expressed. Fos is only transiently expressed, while the 
other Fras are expressed from a few days to a week. 
However, the 35 kDa Fra is elevated in the neurons of 
the dentate gyrus for several months after kainate 
treatment (Pennypacker et ai., 1994b, 1995c). The AP-I 
DNA binding complex that predominates early after 
kainate in the rat hippocampus is composed of a 
Fos:JunB dimer, but within a week JunD:35 kDa Fra 
complex is the dominant complex (Kaminska et aI., 
1994; Pennypacker, et aI., 1994b). Thus, different AP-I 
DNA binding complexes are formed during kainate
induced seizure activity and later after neuro
degeneration, consequently changing specificity of AP-l 
driven gene transcription. 

Neuronal death in the CA 1 and CA3 occurs within 
2-4 days after kainate administration, so investigators 
have been examining the role of ITFs in apoptosis. 
Protein synthesis is necessary for kainate-induced 
apoptosis (Schreiber et aI., 1993). Fos has been 
implicated in initiating the apoptotic program in 
pyramidal neurons in fos-lacZ mice and rats (Smeyne et 
aI., 1993; Kasof et aI., 1995); however other studies have 
not seen Fos expression (Popovici et aI., 1990; Gass et 
ai., 1995). Several studies are now downplaying Fos' 
importance in apoptosis (Gajate et ai., 1996; Roffler
Tarlov et aI., 1996). Jun has also been observed in 
pyramidal neurons undergoing apoptosis (Dragunow et 
ai., 1993; Dragunow and Preston, 1995); however, other 
investigators propose Jun is involved in a neuronal 
rescue program (Gass and Herdegen, 1995). The 
specificity of Jun's transcriptional modulation depends 
the dimer combination so Jun could theoretically be 
involved in both processes . However, further studies in 
which Jun expression is directly blocked are needed to 
elucidate the role of Jun expression during the period of 
pyramidal neuron death. 

The neurons of the dentate gyrus remain unaffected 
from kainate-induced neurotoxicity. These cells adapt to 
loss of the CA3 target, loss of innervation from 
entorhinal cortex and loss of the inhibitory input from 
hilar neurons. The levels of 35 kDa Fra is induced in 

these neurons as well as in olfactory bulb and remain 
elevated for at least 3 months (Pennypacker, et aI., 
1995c). A Fra:JunD complex could drive the trans
cription of genes related to neuroplasticity that contain 
AP-1 sites, such as GAP-43 (Nedivi et aI., 1992). 
Granule neurons of the olfactory bulb express high levels 
of the 35 kDa Fra (Pennypacker et aI., 1995c); these 
cells grow throughout the lifetime of the rat supporting 
the idea that 35 kDa Fra-containing DNA binding 
complex is activating neuroplasticity-related genes 
(Pennypacker et aI., 1995a). Fra immunoreactivity is 
regulated by sensory stimulus in the olfactory bulb 
(Klintsova et aI., 1995). Some reports have indicated that 
this Fra may be a truncated form of FosB (Nakabeppu 
and N athans, 1991), but so far the evidence is not 
conclusive. 

Axotomy and related injury models 

Many different mechanical injury paradigms have 
been used to study ITFs, ranging from puncture wound 
to axotomy. The AP-l transcription factors are expressed 
during mechanical injury and glutamate receptor 
stimulation is involved. As expected many diverse 
results emanate from the various models used and from 
the experimental variance within each model. 
Mechanical injury to the rat cortex induces a rapid and 
transient increase in Jun and Fra proteins (Dragunow and 
Robertson, 1988; Herdegen et aI., 1995). A long-term 
induction in Fra immunoreactivity which is mediated by 
glutamate has been reported (Herrera and Robertson, 
1990; Sharp et aI., 1990; Herrera and Cuello, 1992). 
Many studies have used axotomy since this is a more 
specific treatment to determine the ITFs involved in 
neuronal regeneration andlor death. 

As with the other studies, the Jun, Fras and Zif-268 
have been the primary ITFs examined after axotomy. Jun 
and JunD are consistently induced with extended 
expression in peripheral and cranial nerves (Jenkins and 
Hunt, 1991; Herdegen et aI., 1992a,b; Jenkins et aI., 
1993a,b; Koistinaho et ai., 1993) as well as in neurons of 
the central nervous system (Dragunow 1992; Jenkins et 
aI. , 1993a,b; Leah et aI., 1993). Since the neurons 
survive in peripheral nervous system models, Jun and 
JunD appear to modulate regenerative-related gene 
transcription, but in the CNS there is an argument 
whether these factors modulate genes related to neuronal 
survival or death. Medial septal neurons survive 
axotomy and exhibit long-lasting induction of Jun 
suggesting the regeneration argument (Haas et aI., 1996). 
In contrast, Jun has been shown to be essential for 
apoptosis in cultured sympathetic neurons after nerve 
growth factor deprivation (Estus et aI., 1994). Again, it 
must be emphasized that the dimerization partner plays a 
key role in dictating the specificity of gene modulation. 
Thus different dimer complexes could be involved in 
modulating gene expression for diametrical opposed 
processes, survival and death. 

In summary, neuronal cell response to brain injury 
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has been extensively studied using models that mimic 
epilepsy and seizures, ischemia and stroke, as well as 
mechanical damage. Much contention exists over the 
function of ITFs in brain injury, ie., whether they 
modulate genes that lead to regeneration or degeneration 
of neurons. Evidence exists that Jun, JunD and 35 kDa 
Fra are important factors in the neuronal response to 
injury. Depending on the composition of the DNA 
binding complex, genes associated with apoptosis or 
regeneration will be modulated. 

Non-neuronal cells during brain injury 

Neurons have been the cell type emphasized in most 
brain injury studies; however, astrocytes and microglia 
play important roles in neurodegeneration that have been 
overlooked until recent years. The signal transduction 
pathways in glia have not been as well-characterized as 
their neuronal counterparts. In contrast to neurons, these 
cells are not excitable cells and usually do not have as 
rapid an induction of ITFs. 

Microglia 

These cells are considered the macrophages of the 
brain (Moore and Thanos, 1996). Whenever toxic, 
pathologic or mechanical damage occurs in the CNS, 
microglia scavenge the cellular debris and may thereby 
create an environment conducive for regeneration and 
reorganization in the damaged area. During develop
ment, they remove the neuronal debris resulting from 
programmed cell death, a fundamental process in the 
formation of the brain. Although still not completely 
understood, microglia are thought to be of hematopoeitic 
origin. Microglia are observed in 2 forms in the brain, 
ramified and ameboid. Ramified microglia have been 
proposed to be a quiescent state transforming into the 
ameboid form for phagocytic purposes, but ramified 
cells have been observed engulfing cellular debris 
(Thanos, 1992). 

Following injury, microglia usually form phagocytic 
clusters that surround the dying neurons (Streit et ai., 
1988). In response to cellular degeneration, many cell 
surface markers are upregulated, such as CR3, MHC I, 
and MHC II (Suzumura et ai., 1987; Graeber et ai., 
1988). Cultured microglia have been shown to produce 
many substances which may also occur in response to 
toxic or pathologic conditions. Growth factors such as 
FGF and NGF are produced to aid compromised neurons 
(Mall at et ai. , 1989) while cytokines are secreted to 
promote proliferation and phagocytic transformation of 
the microglia (Griffin et ai., 1989; Dickson et ai., 1993). 
Microglia release a number of cytotoxic substances such 
as glutamate, hydrogen peroxide and nitric oxide which 
have given them a bad reputation in neurodegeneration 
(Giulian and Baker, 1986; Piani et aJ., 1991; Kolb and 
Kolb-Bachofen, 1992). Other genes that are trans
criptionally activated include urokinase plasminogen 
activator which degrades extracellular matrix proteins to 

perhaps aid in their migration (Nakajima et ai., 1992). 
Many genes are activated in microglia responding to 

neurodegeneration. The signal transduction pathways 
that regulate the modulation of the microglial genes have 
yet to be completely elucidated. Since microglia respond 
to interferons and interleukins, one would assume that 
transduction would be similar to those found in other 
immune cells. Receptors for the interferons, growth 
factors and interleukins are coupled to a phosphotyrosine 
JAK-STAT transduction pathway. Receptor occupation 
activates the Janus tyrosine kinases which phosphorylate 
the cytosolic STAT proteins on tyrosine residues which 
then translocate into the nucleus and bind to recognition 
sites in gene promoters (Briscoe et ai., 1996). At least 
one report exists that shows the activation of this 
pathway in cultured microglia with gamma interferon 
treatment (Jonakait et ai., 1994). Further indication of 
the importance of phosphotyrosine signal transduction is 
the high level of phosphotyrosine staining in microglia 
using antibodies that are specific for phosphotyrosine 
residues (Tilotson and Wood, 1989). In fact, these 
antibodies can be used to as a marker for microglia and 
seem to preferentially stain ramified cells. Nitric oxide 
synthase gene expression is dependent on STAT factors 
in macrophages (Kolb and Kolb-Bachofen, 1992) while 
inhibitors of tyrosine kinases are able to block the 
formation of NO in cultured microglia (Kong et ai., 
1996). These results suggest the possible involvement of 
JAK-STAT signal transduction in microglial production 
of growth factors and cytokines. 

Dying neurons are communicating their compro
mised situation to microglia through an uncharacterized 
mechanism, probably through changes in cell surface 
molecules and/or secretable substances (Giulian et ai., 
1993) to activate phosphotyrosine second messenger 
systems and thereby modulate microglial gene 
transcription. Release of growth factors would aid in the 
survival of partially damaged neurons while fully injured 
ones would be eliminated by substances produced from 
cytotoxic genes. 

Astroglia 

Astrocytes respond to an injurious events in the brain 
by becoming "reactive" 2-3 days after a neurotoxic, 
neuropathological and other events that cause neuronal 
damage (Norenberg, 1994). After neurological insult, 
astrocytes increase their size, the number of cytoplasmic 
processes and content of glial marker proteins such as 
glial fibrillary acidic protein (GFAP) and S 100. Genes 
for growth factors, nerve growth factor, basic fibroblast 
growth factor and brain-derived growth factor, and 
cytokines, interleukins 1 and 6, interferons and tumor 
necrosis factor are upregulated, which may aid neuro
regeneration and repair (Eddleston and Mucke, 1993). 
The purpose of reactive gliosis is still unclear but may 
stabilize the tissue around the lesion, occupy the space of 
the lesion and provide a substrate for axonal elongation 
(Reier et ai., 1989). 
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In most studies the neuronal response to injury has 
been the primary focus with the non-neuronal cells' 
response being incidental so up until recently the signal 
transduction in reactive gliosis has not received as much 
attention. Many studies have focused on acute treatments 
of under 24 hours while astroglia usually became 
reactive 2-3 days after injury. Many different genes are 
modulated in reactive astrocytes; however, ITFs such as 
Fos and Jun are not as readily induced as in neurons. For 
example, focal brain injury induced expression of seven 
factors (Fos, FosB, Jun, Krox-24, Krox-20, JunB, JunO) 
in neurons while non-neuronal cells expressed only Fos, 
Jun and Krox-24 and weakly stained for JunB and JunO 
(Dragunow and Hughes, 1993). Injury to the superior 
cervical ganglion induced Jun in the neurons while 
several factors are induced in glia at least 6 days after 
injury (Koistinaho et ai., 1993). After kainate-induced 
lesions in the hippocampus, a small population of 
astroglia in the hilar region expressed Fra-immuno
reactive proteins (Pennypacker, et ai., 1994b). However, 
none of these studies have convincingly determined the 
ITFs that activate gene transcription in reactive gliosis . 

While basal levels of NFK~ expression and DNA 
binding have been reported in neurons (Bakalkin et ai., 
1993; Cauley and Verma, 1994; Kalstchmidt et ai., 1993, 
1994), reactive astrocytes express elevated levels of these 
factors in kainate-induced neuronal degeneration in the 
hippocampus and entorhinal cortex (Perez-Otano et ai. , 
1996). Other treatments that caused reactive gliosis, such 
as 6-hydroxydopamine, also induced NFKB in reactive 
astrocytes (unpublished observation). Primary cultures 
of astrocytes express NFKB when treated with cytokines 
(Sparacio et aI., 1992; Friedman et ai., 1993; Massa et 
aI., 1993). Activated microglia are a major source of 
cytokines proposed to mediate astrocytic reaction to 
injury (Bakalkin et ai., 1993; Giulian et ai., 1993, 1988); 
these cytokines induce expression and DNA binding of 
NFKB transcription factors. NFKB transcription factor 
binding is also induced by free radicals which are 
released by degenerating cells and microglia (Giulian 
and Baker, 1986). Cytokines, particularly TNF-a and IL-
113, have been shown to regulate nerve growth factor in 
astrocytes (Yoshida and Gage, 1992), a potential target 
gene for NFKB DNA binding. Microglia responding to 
neuronal degeneration release cytokines and/or free 
radicals which may induce NFKB in astrocytes to activate 
gene expression associated with reactive gliosis. 

Thus, during neurodegeneration, astrocytes undergo 
the process of reactive gliosis from an unknown signal 
which may be a cytokine or oxygen radical generated 
from microglia. The NFKB transcription factors are 
induced in reactive astrocytes and appear to be involved 
in modulating the expression of genes related to gliosis, 
such as GFAP. 

The cell to cell interaction during CNS injury is 
poorly understood. However, cultured astrocytes express 
high levels of proteins, such as GFAP, that are induced 
during reactive gliosis (Eddleston and Mucke, 1993). 
Levels of AP- l transcription factors, Jun, JunD and Fras, 

are increased in cultured astrocytes but are decreased 
with potential target genes, such as GFAP, with the 
addition of neurons to the glial culture (Pennypacker et 
ai., 1996). Some of the phenotypic changes in astroglial 
cells due to neuronal damage may be induced through 
the removal neuronal-glia interactions 

Glial cells in PNS 

Unlike the central nervous system, the peripheral 
nervous system has the ability to regenerate after injury. 
This regenerative capability is at least partially due to 
Schwann cells (SC), which change phenotype in 
response to injury. The SC are the oligodendrocytes of 
the PNS in that they wrap around axons and secrete 
myelin to form a laminar covering around the axon. 
Removal of the SC:axon interaction induces phenotypic 
changes by suppressing the expression of myelination
associated genes and by activating transcription genes 
associated with axonal regeneration. 

Jun protein is expressed in SC after loss of axonal 
contact; Jun expression is lost by activating cAMP signal 
transduction and the expression of SCIP, a transcription 
factor expressed in myelinating SC, is induced (Monuki 
et aI., 1989). Jun protein is elevated early in SC 
development, when SC are non-myelinating (Shy et aI., 
1996). Jun protein appears to be a marker for the ability 
of SC to aid in neuronal regeneration (Vaudano et ai., 
1996) since Jun-expressing SC have the ability to 
regenerate CNS axons. Thus, Jun may playa role in 
activating the non-myelinating, regenerative genomic 
program while SCIP directs transcription of the 
myelination-associated genes. 

GFs 

NFkB 

Neuron 

Survival-Fra or Jun/JunD 
Expression 
or 

Death-Jun/JunD I 
Expression , 

~
TS 

Activation 
Microglia 

.... 
Cytokines 

STAT 

Fig. 1. Summary of the communication between and within brain cells 
after brain injury. Depending on the AP-1 transcription factors induced 
within a neuron, the neuron undergoes degeneration or survives injury. 
The degenerative process activates NFKB and STAT signal transduction 
in astroglia and microglia, respectively. Cytokine (CT) and growth factor 
(GF) genes are transcribed in these glial cells and their gene products 
play key roles in the brain injury response. 
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Conclusion 

After an in sult to the brain due to neurotoxin s, 
excitotoxins , mechanical damage , ischemia , etc . , 
neuron s react by activating genes which initiate 
adaptation to this noxious stimulus (Fig. 1). However, if 
neurons can not maintain homeostasis then apoptotic
associated genes are activated. AP-l transcription factor 
a re involved in the modulation of both genomic 
programs; a 35 kDa Fra, JunO and Jun regulate genes 
related to survival and regeneration, while Jun and JunO 
have also been implicated in apoptosis . Neuronal death 
activate s microglia and astrocytes through an un
identified signal(s). Both microglia and astrocytes 
produce growth factors (GFs) to aid surviving neurons 
while cytotoxins (CTs) released by microglia kill the 
dying neurons. Cytokines released by glial cells function 
in intercellular communication. NFK~ transcription 
factors are induced in reactive astrocytes to modulate 
gene transcription. Since oxidative stress activates NFK~ 
DNA binding activity, free radicals produced from dying 
neurons and/or generated by microglia could be an 
additional signal for reactive gliosis. The STAT 
transcription factors, activated by cytokines, may play 
the pivotal role in modulating microglial gene trans
cription, cytotoxins, growth factors and cytokines. 

References 

Bakalkin G.Y. , Yakovleva T. and Terenius L. (1993). NF-kB-like factors 
in the murine brain: developmentally-regulated and tissue-specific 
expression. Mol. Brain Res. 20, 137-146. 

Beilharz E. , Williams C.E. , Dragunow M. , Sirimanne E. and Gluckman 
P.D. (1995). Mechanisms of delayed cell death following hypoxic

ischemic injury in the immature rat: evidence for apoptosis during 
selective neuronal loss. Mol. Brain Res. 29, 1-14. 

Briscoe J. , Kohlhuber F. and Muller M. (1996). JKAS and STATs branch 

out. TIBS 6, 336-340. 
Buja L. and Eigenbrodt M. (1993) . Apoptosis and necrosis. Basic types 

and mechanisms of cell death. Arch. Pathol. Lab. Med. 117, 1208-

1214. 
Cauley K. and Verma I.M. (1994). kB enhancer-binding complexes that 

do not contain NF-kB are developmentally regulated in mammalian 

brain. Proc. Natl. Acad. Sci. USA 91 , 390-394. 
Choi D. and Rothman S. (1990). The role of glutamate in hypoxic

ischemic neuronal death. Annu. Rev. Neurosci. 13, 171-182. 
Dickson C. , Lee S., Mattiace L. , Yen S. and Brosnan C. (1993) . 

Microglia and cytokines in neurological disease, with special 

reference to AIDS and Alzheimer's disease. Glia 7, 75-83. 
Dragunow M. (1992). Axotomized medial septal-diagonal band neurons 

express Jun-like immunoreactivity. Brain Res. 15, 141 -144. 
Dragunow M. and Hughes P. (1993) . Differential expression of 

immediate early proteins in non-nerve cells after focal brain injury. 

Int. J. Dev. Neurosci. 11 , 249-255. 
Dragunow M. , Beilharz E., Sirimanne E. , Lawlor P., Williams C., Bravo 

R. and Gluckman P. (1994) . Immediate-early gene protein 
expression in neurons undergoing delayed death , but not necrosis, 
following hypoxic-ischaemic injury to the young rat brain. Brain Res. 

25, 19-33. 

Dragunow M. and Preston K. (1995). The role of inducible transcription 
factors in apoptotic nerve cell death. Brain Res. Rev. 21, 1-28. 

Dragunow M. and Robertson H.A. (1988). Brain injury induces c-fos 
protein(s) in nerve and glial-like cells in adult mammalian brain . 
Brain Res. 455, 295-299. 

Dragunow M., Young D., Hughes P., MacGibbon G., Lawlor P., 
Singleton K., Sirimanne E., Beilharz E. and Gluckman P. (1993). Is 
c-jun involved in nerve cell death after status epilepticus and 

hypoxic-ischaemic brain damage. Mol. Brain Res. 18,347-352. 
Eddleston M. and Mucke L. (1993) . Molecular profile of reactive 

astrocytes: Implications for their role in neurologic disease. 
Neuroscience 54, 15-36. 

Estus S., Zaks W.J. , Freeman R.S., Gruda M., Bravo R. and Johnson 

E.M. (1994). Altered gene expression in neurons during 
programmed cell death: Identification of c-jun as necessary for 
neuronal apoptosis. J Cell. BioI. 127, 1717-1727. 

Farber J. (1982) . Biology of disease: Membrane injury and calcium 

homeostasis in the pathogenesis of coagulation necrosis. Lab . 
Invest. 47, 114-123. 

Friedman W., Thakur S. and Rabson A. (1993) . Induction of NFkB 
transcription factors in rat hippocampal astrocy1es. Soc. Neur. Abstr. 
19,1307. 

Gajate C. , Alonso M., Schimmang T. and Mollinedo F. (1996). C-Fos is 
not essential for apoptosis. Biochem. Biophys. Res. Commun. 218, 
267-272. 

Gass P. and Herdegen T. (1995). Neuronal expression of AP-1 proteins 

in excitoxic-neurodegenerative disorders and following nerve fiber 
lesions. Prog. Neurobiol. 47, 257-290. 

Gass P. , Katsura K. , Zuschratter W., Siesjo T. and Kiessling M. (1995). 
Hypoglycemia-elicited immediate early gene expression in neurons 
and glia of the hippocampus: Novel patterns of FOS, JUN and 
KROX expression following excitotoxic injury. J Cereb. Blood Flow 
Metab. 15, 989-1001. 

Giulian D. and Baker T.J. (1986). Characterization of ameboid microglia 
isolated from developing mammalian brain. J. Neurosci. 6, 2163-
2178. 

Giulian D. , Vaca K. and Corpuz M. (1993). Brain glia release factors 
with opposing actions upon neuronal survival. J. Neurosci. 13, 29-

37. 
Giulian D. , Woodward J., Young D.G., Krebs J.F. and Lachman L.B. 

(1988). Interleukin-1 injected into mammalian brain stimulates 
astrogliosis and neovascularization. J. Neurosci. 8, 2485-2490. 

Graeber M., Streit W. and Kreutzberg G. (1988). Axotomy of the rat 
facial nerve leads to increased CR3 complement receptor 

expression by activated microglial cells. J. Neurosci. Res. 21, 18-24. 
Griffin W., Stanley L., Ling C., White L. , Macleod V., Perrot L. , White C. 

and Araoz C. (1989). Brain interleukin 1 and S100 immunoreactivity 
are elevated in Down's syndrome and Alzheimer's disease. Proc. 
Natl. Acad. Sci. 86, 7611-7615. 

Grimm S. and Bauerle P.A. (1993) . The inducible transcription factor 
NF-kB: Structure-function relationship of its protein subunits. 

Biochem. J. 290 , 297-308. 
Haas C., Deller T. , Naumann T. and Frotscher M. (1996). Selective 

expression of the immediate early gene c-jun in axotomized rat 
medial septal neurons is not related to neuronal degeneration. J. 
Neurosci.16, 1894-1903. 

Hai T. and Curran T. (1991) . Cross-family dimerization of transcription 

factors Fos/Jun and ATF/CREB alters DNA binding specificity. Proc. 
Natl. Acad. Sci. 88, 3720-3724. 



1132 

Brain injury 

Herdegen T. , Brecht S. , Fiallos-Estrada C.E., Wickert H., Gillardon F., 
Voss S. and Bravo R. (1995). A novel face of immediate-early 
genes: Transcriptional operations dominated by c-Jun and JunD 

proteins in neurons following axotomy and during regenerative 
efforts. In: immediate-early genes in the CNS: more than activity 
markers. Tolle T ., Schad rack J. and Zieglgansberger W. (eds). 

Springer-Verlag. Heidelberg, Berlin. pp 78-103 
Herdegen T. , Fiallos-Estrada C.E. , Schmid W., Bravo R. and 

Zimmerman M. (1992a). The transcription factors c-JUN, JUN D and 
CREB, but not FOS and KROX-24 are differentially regulated in 
axotomized neurons following transection of rat sciatic nerve. Mol. 
Brain Res. 14, 155-165. 

Herdegen T. , Fialollos-Estrada C.E., Schmid W., Bravo R. and 

Zimmermann M. (1992b) . The transcription factor CREB, but not 
immediate-early gene encoded proteins, is expressed in activated 

microglia of lumbar spinal cord following sciatic nerve transection in 
the rat. Neurosci. Lett. 142,57-61. 

Herrera D. and Cuello A. (1992). MK-801 affects the potassium-induced 

increase of glial fibrillary acidic protein immunoreactivity in rat brain. 
Brain Res. 598, 286-93. 

Herrera D. and Robertson H. (1990) . N-methyl-D-aspartate receptors 

mediate activation of the c-fos proto-oncogene in a model of brain 
injury. Neuroscience 35, 273-281. 

Jenkins R. and Hunt S.P. (1991). Long-term increase in the levels of c
jun mRNA and Jun protein-like immunoreactivity in motor and 
sensory neurons following axon damage. Neurosci. Lett. 129, 107-
110. 

Jenkins R. , McMahon S.B. , Bond A.B . and Hunt S.P . (1993a). 
Expression of c-Jun as a response to dorsal root and peripheral 
nerve section in damaged and adjacent intact primary sensory 
neurons in the rat. Eur. J. Neurosci. 5, 751-759. 

Jenkins R., O'Shea R., Thomas K.L. and Hunt S. (1993b). c-Jun 
expression in substantia nigra neurons following striatal 6-hydroxy
dopamine lesions in the rat. Neuroscience 53, 447-455. 

Jonakait G.M., Wei R., Sheng Z., Hart R. and Ni L. (1994). Interferon

promotes cholinergic differentiation of embryonic septal nuclei and 
adjacent basal forebrain. Neuron 12, 1150-1159. 

Kalstchmidt C., Kaltschmidt B. and Bauerle PA (1993). Brain synapses 
contain inducible forms of the transcription factor NF-kB. Mech. Dev. 

43,135-147. 

Kalstchmidt C., Kaltschmidt B., Neumann H., Wekerle H. and Bauerle P. 
(1994) . Constitutive NF-kb activity in neurons. Mol. Cell BioI. 14, 
3981-3992. 

Kaminska B. , Filipkowski R. , Zurkowska G., Lason W., Przewlocki R. 
and Kaczmarek L. (1994). Dynamic changes in the composition of 
the AP-1 transcription factor DNA-binding activity in rat brain 
following kainate-induced seizures and cell death. Eur. J. Neurosci. 
6,1558-1566. 

Kasof G., Mandelzys A., Maika S., Hammer R. , Curran T. and Morgan J. 

(1995). Kainic acid-induced neuronal death is associated with DNA 
damage and a unique immediate-early gene response in c-fos-lacZ 
transgenic rats. J. Neurosci. 15, 4238-4249. 

Kiessling M., Stumm G., Xie Y., Herdegen T., Aguzzi A., Bravo R. and 
Gass P. (1993). Differential transcript ion and translation of 

immediate early genes in the gerbil hippocampus after transient 
global ischemia. J. Cerebr. Blood F. Met. 13, 914-924. 

Kitagawa K., Matsumoto M., Tagaya M., Hata R., Ueda H., Ninobe M., 
Handa N., Fukunaga R. , Kimura K., Mikoshiba K. and Kamada T. 

(1990). Ischemic tolerance phenomenon found in the brain. Brain 

Res. 528, 21-24. 
Klintsova A., Philpot B. and Brunjes P. (1995). Fos protein immuno

reactivity in the developing olfactory bulbs of normal and naris
occluded rats. Dev. Brain Res. 86, 114-122. 

Koistinaho J. , Pelto-Huikko M., Sagar S., Dagerlind A. , Roivainen R. 

and Hokfelt T. (1993). Injury-i nduced long-term expression of 
immediate early genes in the rat superior cervical ganglion . 

Neuroreport 4, 37-40. 
Kolb H. and Kolb-Bachofen V. (1992). Nitric oxide: A pathogenic factor 

in autoimmunity. Immunol. Today 13,157-160. 
Kong L., McMillian M., Maronpot R. and Hong J. (1996). Protein tyrosine 

kinase inhibitors suppress the production of nitric oxide in mixed 
glia, microglia-enriched or astrocyte-enriched cultures. Brain Res. 

729, 102-109. 
Lalli E. and Sassone-Corsi P. (1994). Signal transduction and gene 

regulation : The nuclear response to cAMP. J. BioI. Chem. 269, 
17359-17362. 

Leah J. , Herdegen T., Dragunow M., Murahov A. and Bravo R. (1993). 
Expression of immediate-early gene proteins following axotomy and 

inhibition of axonal transport in the rat central nervous system. 
Neuroscience 57, 53-66. 

Mallat M., Houlgatte R. , Brachet P. and Prochiantz A. (1989). lipopoly
saccharide-stimulated rat brain macrophages release NGF in vitro. 

Dev. BioI. 133, 309-311. 
Massa P.T ., Ozato K. and McFarlin D.E. (1993) . Cell type-specific 

regulation of major histocompatability complex (MHC) class I gene 

expression in astrocytes, oligodendrocytes, and neurons. Glia 8, 
201-207. 

Monuki E., Weinmaster G., Kuhn R. and Lemke G. (1989). SCIP: A glial 

cell POU domain gene regulated by cyclic AMP. Neuron 3,783-793. 
Moore S. and Thanos S. (1996) . The concept of microglia in relation to 

central nervous system disease and regeneration. Prog. Neurobiol. 
48, 441-460. 

Morgan J. and Curran T. (1991). Stimulus-transcription coupling in the 
nervous system: involvement of the inducible proto-oncogenes fos 
and jun. Annu. Rev. Neurosci. 14, 421-451. 

Nakabeppu Y. and Nathans D. (1991). A naturally occurring truncated 
form of FosB that inhibits Fos/Jun transcriptional activity. Cell 64, 
751-759. 

Nakajima K., Tsuzaki N., Shimojo M. , Hamanoue M. and Kohsaka S. 

(1992). Microglia isolated from rat brain secrete urokinase-type 
plasminogen activator. Brain Res. 577, 285-292. 

Nedivi E., Basi G. , Akey I. and Skene J. (1992). A neural-specific GAP-
43 core promoter located between unusual DNA elements that 
interact to regulate its activity. J. Neurosci. 12,691-704. 

Norenberg M.D. (1994). Astrocyte responses to CNS injury . J. 
Neuropathol. Exp. Neurol. 53, 213-220. 

Oberhammer F. (1993). Apoptotic death in epithelial cells: Cleavage of 
DNA to 300 and/or 50 kb fragments prior to or in the absence of 
inter nucleosomal fragmentation. Cell 12, 3679-3688. 

Pabo C. and Sauer R. (1992). Transcription factors: Structural families 
and principles of DNA recognition. Annu. Rev. Biochem. 61 , 1053-
1095. 

Pennypacker K. , Hong J. and McMillian M. (1994a). Pharmacological 

regulation of AP-1 transcription factor DNA binding activity. FASEB J 
8,475-478. 

Pennypacker K. , Thai L. , Hong J. and McMillian M. (1994b) . Prolonged 
expression of AP-1 transcription factors in the rat hippocampus after 

systemic kainate treatment. J. Neurosci. 14, 3998-4006. 



1133 

Brain injury 

Pennypacker K. , Hong J. and McMillian M. (1995a). Implications of 

prolonged expression of Fos-related antigens. TIPS 16, 317-321 . 
Pennypacker K., Hong J., Mullis S., Hudson P. and McMill ian M. (1996). 

Transcription factors in primary glial cultures: changes with neuronal 

interactions. Mol. Brain Res. 37, 224-230. 
Pennypacker K., Hudson P., Hong J. and McMillian M. (1995b) . DNA 

binding activity of CREB transcription factor during ontogeny of the 
central nervous system. Dev. Brain Res. 86, 242-249. 

Pennypacker K., Lennard D., Hudson P. , Hong J. and McMillian M. 
(1995c). Basal expression of 35 kDa fos-related antigen in olfactory 
bulb. Mol. Brain Res. 34, 161-165. 

Perez -Olano I. , McMillian M. , Chen J. , Bing G., Hong J . and 
Pennypacker K. (1996). Induction of NFkB-like transcription factors 
in brain areas susceptible to kainate toxicity. Glia 16, 306-315. 

Piani D. , Frei K. , Do K. , Cuenod M. and Fontana A. (1991) . Murine brain 
macrophages induce NMDA receptor mediated neurotoxicity in vitro 

by secreting glutamate. Neurosci . Lett. 133, 159-162. 
Popovici T., Repressa A., Crepel V., Barabin G. , Beaudoin M. and Ben

Ari Y. (1990). Effects of kainic acid-induced seizures and ischemia 
on c-fos-like proteins in rat brain. Brain Res. 536, 183-194. 

Reier P.J., Eng L.F. and Jakeman L. (1989). Reactive astrocytes and 

axonal outgrowth in the injured CNS: Is gliosis really an impediment 
to regeneration? In: Neural regeneration and transplanation. Seil 
F.J. (ed) . Alan R. Liss. New York. pp 183-209. 

Roffler-Tarlov S., Brown J., Tarlov E., Stolarov J. , Chapman D., Alexiou 

M. and Papaioannou V. (1996) . Programmed cell death in the 
absence of c-Fos and c-Jun. Development 123, 1-9. 

Schreiber S.S., Tocco G., Najm I. , Thompson R.F. and Baudry M. 
(1993) . Cycloheximide prevents kainate-induced neuronal death and 
c-fos expression in adult rat brain. J. Mol. Neurosci. 4, 149-159. 

Schwabe J. and Rhodes D. (1991). Beyond zinc fingers: Steroid 
hormone receptors have a novel structural motif for DNA 

recognition . TIBS 16, 291-296. 
Searle J. , Kerr J. and Bishop C. (1982). Necrosis and apoptosis: Distinct 

modes of cell death with fundamentally different significance . 

Pathology 17, 229-259. 
Sharp J., Sagar S., Hisanga K., Jasper P. and Sharp F. (1990) . The 

NMDA receptor mediates cortical induction of fos and fos-related 

antigens following cortical injury. Exp. Neurol. 109, 323-332. 

Shy M., Shi Y., Wrabetz L., Kamholz J. and Sherer S. (1996). Axon
Schwann cell interactions regulate the expression of c-jun in 
Schwann cells. J. Neurosci. Res. 43, 511-525. 

Smeyne R.J., Vendrell M. , Hayward M. , Baker S., Miao G., Schilling K., 
Robertson L. , Curran T. and Morgan J. (1993). Continuous c-fos 
expression precedes programmed cell death in vivo. Nature 363, 
166-169. 

Sparacio S.M., Zhang Y., Vilckeck J. and Benveniste E. N. (1992) . 

Cytokine regulation of interleukin-6 gene expression in astrocytes 
involves activation of an NF-kB nuclear protein. J. Neuroimmunol. 
39, 231-242. 

Streit W., Graeber M. and Kreutzberg G. (1988) . Functional plasticity of 
microglia: A review. Glia 1, 301-307. 

Suzumura A., Mezitis S., Gonatas N. and Silberberg D. (1987). MHC 

antigen expression on bulk isolated macrophage microglia from 
newborn mouse brain : Induction of 1 a antigen expression by 
gamma-interferon. J. Neuroimmunol. 15,263-278. 

Thanos S. (1992). Sick photoreceptors attract activated microglia from 

the ganglion cell layer: A model to study the inflammatory response 
cascades in rats with inherited dystrophy. Brain Res. 588, 21-28. 

Thilmann R. , Xie Y., Kleihues P. and Kiessling M. (1986) . Persistent 
inhibition of protein synthesis precedes delayed neuronal death in 
postischemic gerbil hippocampus. Acta Neuropathol. 71, 88-93. 

Tilotson M. and Wood J. (1989). Phosphotyrosine antibodies specifically 

label ameboid microglia in vitro and ramified microglia in vivo. Glia 2, 
412-419. 

Vaudano E. , Campbell G. and Hunt S.P. (1996) . Change in the 

molecular phenotype of schwann cells upon transplantation into the 
central nervous system: Down-regulation of c-jun . Neuroscience 74, 
553-565. 

Widnell K., Self D. , Lane S., Russell D., Vaidya V., Miserendino M., 

Rubin C., Duman R. and Nestler E. (1996). Regulation of CREB 
expression: In vivo evidence for a functional role in morphine action 
in the nucleus accumbens. J. Pharmacol. Exp. Ther. 276, 306-315. 

Yoshida K. and Gage F. (1992) . Cooperative regulation of nerve grow1h 
factor synthesis and secretion in fibroblasts and astrocytes by 
fibroblast grow1h factor and other cytokines. Brain Res. 569, 14-25. 




