Correspondence should be
addressed to K.R. Pennypacker,

Email: kpennypa@hsc.usf.edu

Acta Neurobiol. Exp. 2000, 60: 515-528

Brain injury: prolonged induction of
transcription factors

Keith R. Pennypackerl, Cheryl A. Kassed', Shabnam
Eidizadeh' and James P. O’Callaghan®

1University of South Florida, College of Medicine, Department of
Pharmacology and Thera;z)eutics, 12901 Bruce B. Downs Boulevard MDC 9,
Tampa, FL 33612, USA; "Centers for Disease Control and Prevention,
National Institute for Occupational Safety and Health, Morgantown, WV
26505, USA

Abstract. A specific temporal order of events at the cellular and molecular
level occurs in response to injury to the brain. Injury-compromised neurons
degenerate while surviving neurons undergo neuritogenesis and
synaptogenesis to establish neuronal connectivity destroyed in the injury.
Several genes, such as those coding cytoskeletal proteins and growth factors,
have been shown to be regulated by AP-1 and NF-«xB transcription factors,
two of the most studied DNA binding regulatory proteins. Our laboratory has
discovered that Fos-related antigen-2 from AP-1 transcription factor family
and NF-xB p65 and p50 subunits are induced long-term (days to months) in
the brain after neurotoxic, excitotoxic or ischemic insult. Fos-related antigen-2
is induced in neurons in several models of injury and its elevated expression
lasts days to months, corresponding to the severity. The time-course of FRA-2
induction is abbreviated with less severe insult (terminal damage) relative to
the cell death, but the induction occurs during the period of regeneration and
repair in both models. NF-xB p65 is basally expressed in hippocampal and
cortical neurons, but is elevated in reactive astrocytes in hippocampus and
entorhinal cortex starting at two days and lasting at least two weeks after
kainate treatment. Neurons of the hippocampus surviving ischemic or
neurotoxic injury increase expression of NF-xB p50 for at least a week after
injury, suggesting a function for p50 in neuronal survival and/or repair. The
extended expression of these transcription factors implies a role in the
activation of genes related to repair and regeneration, such as growth factors
and synaptic proteins, after injury to the CNS.

Key words: AP-1, NF-kB, Fos-related antigen, neurotoxicity, ischemia,
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INTRODUCTION

After injury to the brain via chemical, mechanical or
ischemic means, neurons in the area of damage either
survive or die (Fig. 1). Death can occur by necrosis inde-
pendent of gene expression or by apoptosis, requiring
transcriptional activation of genes. Initiation of gene
transcription relating to regeneration and repair forms
new connections and synapses within neurons that sur-
vive injury to foster adaptation to an altered milieu. Glial
cells, including both astrocytes and microglia, alter their
morphology when reacting to injury. Within hours,
microglial cells, the macrophages of the brain, become
ameoboid in shape and migrate to the area of injury to re-
move cellular debris. Astrocytes become reactive in the
first few days after injury by becoming hypertrophic and
expressing elevated levels of glial acidic fibrillary pro-
tein. The function of reactive astrocytes is not clearly un-
derstood but they may play a role in supplying
neurotrophic factors to the injured area. Transcription
factors modulate the transcriptional activity of genes in-
dicating that they are key molecular players whenever
dramatic changes in gene expression occur, such as in
the response to brain injury. Here, we report elevated
levels of transcription factors from the AP-1 and NF-kB
families, identified by our laboratory, that are expressed
for extended periods by brain cells after injury.

The ultimate goal of our research is to identify and
characterize the molecular processes that result from
brain injury. Such knowledge is essential to the design
and development of pharmacological agents that specifi-

cally target these processes and, consequently, promote
neuronal regeneration and repair in an injured human
brain. Transcription factors are ideal candidates for phar-
macological intervention as their activities, which are
typically subject to a variety of regulatory events, are
easily manipulated at numerous levels. Although many
transcription factors are activated in response to injury,
an understanding of their contribution to neuronal sur-
vival remains obscure. Elucidation of the role of a partic-
ular transcription factor in the brain response to injury
has been hampered by the complexity of this response,
which encompasses a variety of cell types and occurs
over an extended time period. Use of gene knock-out
mice, however, now provides an effective means of es-
tablishing specific factor/function relationship in the
context of the intact brain. As an alternative strategy,
some investigators have resorted to use of tissue culture
systems; such systems, however, do not recapitulate the
in vivo situation and can lead to spurious results. For ex-
ample, we have found that a number of transcription fac-
tors that are expressed by astrocytes in culture are not
expressed by their in vivo counterparts (Pennypacker et
al. 1996). Moreover, the effects of the disruption of the
blood brain barrier, of cell-cell and cell-substratum inter-
actions and of late-occurring events are difficult if not
impossible to assess in tissue culture models. The in vivo
approach, while more technically demanding and less
amenable to artificial manipulation, is the best way to in-
vestigate the process of brain injury. Our laboratory is
examining several distinct models of brain injury in or-
der to discern commonalities in the patterns of transcrip-

CELLULAR INJURY
DEATH SURVIVAL
-NECROSIS
-APOPTOSIS
REGENERATION AND
REPAIR

Fig. 1. Determination of cellular fate after injury.
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Fig. 2. Temporal order of expression of genes after injury.

tion factor expression during the period of regeneration
and repair.

TEMPORAL ORDER OF EVENTS

There exists a specific temporal order of cellular
events associated with brain injury. At the molecular
level, there is a heirarchy of expression of transcription
factors (Fig. 2), of which the temporal expression of
AP-1 after injury to the brain is the best-characterized ex-
ample (Dragunow and Preston 1995, Gass and Herdegen
1995). Fos, perhaps the most studied transcription factor
in the CNS, is induced within minutes after a noxious
stimuli and its expression remains elevated for about
24 h. Although its function remains unknown, it has
been suggested that Fos is involved in the initiation of
neuronal apoptosis. Jun expression is induced early

REPAIR

LONG-TERM GENES
EX: FOS-RELATED ANTIGENS

(within hours), and its expression does not return to basal
levels for several days. Jun is apparently bifunctional,
with early expression being related to apoptosis while
the later expression is in neurons that survive injury
(Herdegen et al. 1997). There are several Fos-related an-
tigens (FRA) that are induced within the first 24 h to sev-
eral days after the CNS insult but whose expression
remains heightened for days to months (Pennypacker et
al. 1995). The extended expression of these factors sug-
gests arole in regeneration and repair processes in the in-
jured brain. The long-term expression of FRAs and
NF-«B transcription factors in brain injury will be the fo-
cus of this paper.

Genes related to neuronal regeneration and repair are
targets for NF-xB and AP-1 transcription factors (Fig. 3)
and their expression is increased days to weeks after in-
jury. Neurotrophic factors, such as nerve growth factor,

POTENTIAL TARGET GENES

EXTRACELLULAR MATRIX PROTEINS:

TENASCIN, LAMININ, FIBRONECTIN (Brodney et al. 1995, Pasinetti et al. 1993)

STRUCTURAL PROTEINS:

TUBULIN, MAP-2, TAU, GAP-43, GFAP (Pollard et al. 1994, Jacobson et al. 1986, Brock and O’Callaghan 1987)

MATRIX METALLOPROTEINASES:
Matrix Metalloprotease-2 (Zhang et al. 1998)

GROWTH FACTORS:
NGF, bFGF (Lee et al. 1996, Takami et al. 1992)

SYNAPTIC PROTEINS:
SYNAPSIN-1(Brock and O’Callaghan 1987)

OTHERS:

APP, APOE, PRESENILINS (Hall et al. 1995, Poirier et al. 1995, Pennypacker et al. 1999)

Fig. 3. Potential target of transcription factors expressed during the period of regeneration and repair.
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are induced in neurons and reactive astrocytes and are se-
creted to salvage injured neurons and initiate
neuritogenesis followed by synaptogenesis (Lee et al.
1996, Goss et al. 1998). For example, growth-associated
protein-43 is an essential component of nascent axons
while other proteins, such as microtubule-associated
protein-2, aids in the formation of dendrites; both of
these proteins are upregulated after brain injury (Jacobson
etal. 1986, Pollard et al. 1994). Proteases, such as matrix
metalloproteinase-2, are expressed after injury to de-
grade extracellular matrix proteins (Zhang et al. 1998) so
nascent neurites can proceed through the extracellular
environment for formation of new connections. Synaptic
proteins, such as synapsin-1, are induced to construct
new synaptic structures for completion of the neuronal
circuitry (Brock and O’Callaghan 1987). Of interest,
genes related to Alzheimer’s disease, apolipoprotein E,
presenilin-1, presenilin-2 and amyloid precursor protein
show elevated protracted expression in brain injury sug-
gesting a role for these proteins in the repair of the in-
jured brain (Poirier 1994, Hall et al. 1995, Pennypacker
et al. 1999).

Our laboratory has been interested in identifying in-
ducible transcription factors that (1) are expressed for
prolonged periods (days to months) after injury, and (2)
are induced in many different brain injury models. The
Fos-related antigen-2 (FRA-2) and NF-kB p65 and p50
subunits fit both criteria. Their extended period of ex-
pression in diverse types of brain injury suggests arole in
governing the expression genes related to regeneration
and repair in the CNS.

BRAIN INJURY MODELS

There are three major types of injury models (Fig. 4)
for the study of brain injury. Percussive impact and
puncture wounds to the head are two examples of trau-
matic injury. There are many methods to produce brain
ischemia but middle cerebral artery occlusion is becom-
ing the most accepted method for transient focal
ischemia. After an embolus is introduced into the carotid
artery to occlude blood flow to the middle cerebral artery
for a specific period of time, an area of necrosis develops
in striatum and frontal cortex. Chemically-induced in-
jury does not necessitate surgery or injury to the head of
the animal. Neurotoxicants, such as kainate and
trimethyltin (TMT), are administered peripherally and
cause damage to specific, well-characterized regions of
the CNS. In contrast to traumatic and ischemic models,

TYPES OF BRAIN INJURY:

TRAUMA-Percussion, Stab
STROKE-Ischemic

CHEMICAL-Neurotoxic

Fig. 4. Categories of brain injury models.

neurotoxicant administration does not compromise the
blood brain barrier. Upon compromise of the blood brain
barrier, lymphocytes and other immune cells gain access
to the CNS, potentially confounding interpretation of re-
sults since lymphocytes release cytokines, chemokines
and other biomolecules which are potent activators of
transcription factors.

Brain injury by neurotoxicants can be further sepa-
rated into categories involving cell body degeneration
and terminal degeneration (Fig. 5). Kainate and TMT
cause the former type of injury. Both agents cause
neurodegeneration in the pyramidal cell layers of the
hippocampus and other limbic regions of then brain. Re-
active gliosis lasts for at least 35 days after TMT treat-
ment and 200 days after kainate treatment indicating a
prolonged response to injury (Brock and O’Callaghan
1987, Van-Den-Berg and Gramsbergen 1993). Agents,
such as 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP), methamphetamine (METH) and methy-
lene-dioxymethamphetamine (MDMA), do not cause
death of neurons but do precipitate degeneration of
dopaminergic terminals that project from the substantia
nigra and synapse on medium spiny neurons in the
striatum (O’Callaghan and Miller 1994). The injury
caused by these drugs is subtle when compared to the
damage caused by TMT or kainate. Reactive gliosis
ended 14 to 21 days after treatment (O’Callaghan and
Miller 1994). Our laboratory has been comparing the
brain injury response between models that cause cell
body degeneration (kainate, MCAO, and TMT) and
those that cause terminal degeneration (MPTP, MDMA,
METH).
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TYPES OF CHEMICALLY-INDUCED INJURY

CELL BODY DEGENERATION

®_

ex: Kainate
Trimethyltin

TERMINAL DEGENERATION

CO—X

Fig. 5. Categories of chemically-induced brain injury.

AP-1 TRANSCRIPTION FACTORS

AP-1 transcription factors are among the
best-characterized inducible DNA-binding proteins in
the brain. This family includes c-Fos and Fos-related an-
tigens (FRA) as well as the Jun-related factors. The AP-1
DNA-binding complex is composed of a Jun: FRA
heterodimer, but Jun proteins can homodimerize or
heterodimerize with other Jun-related factors (Hai and
Curran 1991). The AP-1 DNA binding complex recog-
nizes the consensus DNA sequence TGACTCA in the
promoter regions of target genes; however, there are
many variations on this theme. Therefore, different AP-1
dimer combinations may arise with varied affinities for
DNA elements leading to differential effects on gene
transcription.

The induction of these DNA binding proteins adjusts
gene expression in response to a changing environment
and integrates information from a host of stimuli. It has
been proposed that AP-1 factors initiate genomic pro-
grams for functions such as cell death (Smeyne et al.
1993, Estusetal. 1994, Kamifiska et al. 1994, Kasof et al.
1995) and learning and memory (Kaczmarek 1993). In
brain, AP-1 transcription factors are induced by a variety
of stimuli. Seizure activity dramatically increases AP-1
DNA binding activity in the hippocampus and other
brain regions (Morgan et al. 1987, Sonnenberg et al.
1989, Pennypacker et al. 1993, Smeyne et al. 1993,

ex: Methamphetamine
MDMA
MPTP

Kaminiska et al. 1994). In the striatum and nucleus
accumbens, dopamine receptor agonists enhance the
expression of these transcription factors, suggesting a
role for these factors in the brain’s reaction to drugs of
abuse (Dragunow et al. 1990, Robertson et al. 1991,
Pennypacker et al. 1992, Bronstein et al. 1994, Rosen et
al. 1994).

As mentioned previously, the various members of the
AP-1 transcription factor family are induced in a specific
temporal pattern with certain proteins expressed
short-term while others are present long-term. In the
CNS, c-fos is induced in the hippocampus as a result of
seizure activity (Morgan et al. 1987). Several FRA-
-immunoreactive proteins are also induced, yet the
time-course of expression of these FRA proteins differs
in a brain region-specific manner (Sonnenberg et al.
1989, Pennypacker et al. 1994, Kasof et al. 1995). The
time course of expression of these FRA proteins is also
dependent on which seizure-inducing drugs are used.
Glutamate receptor agonists, such as kainate, produce
prolonged FRA expression, while the chemoconvulsant
pentylenetetrazol causes transient induction. Kainate
delivered intraperitoneally induces seizure activity
within one hour (lasting an additional 4-6 h), while
pentylenetetrazol, a GABA receptor antagonist, causes a
much shorter period of convulsive behavior. After
kainate administration, expression of Fos protein de-
clines within 1-4 h, however other FRA proteins persist.
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FRA proteins of 46 kDa and 35 kDa in particular main-
tain an extended expression, and we have observed ex-
pression of the 35 kDa protein for several months after
kainate treatment (Pennypacker et al. 1995). These ob-
servations led to the hypothesis that different FRA:Jun
dimer combinations modulate genes in a distinct tempo-
ral sequence; acutely-induced AP-1 proteins modulate a
distinct set of genes on a short-term basis while the per-
sistently upregulated AP-1 factors alter expression of a
different set of genes.

AP-1 regulatory sites have been located in a number
of promoter regions including in genes associated with
regeneration and repair. The growth associated pro-
tein-43 gene contains an AP-1 site that appears to func-
tion in transcriptional activity (Nedivi et al. 1992).
Matrix metalloproteinase (MMP)-1 gene contains 2
AP-1 sites with one involved in basal transcription and
the other in phorbol ester-induced transcription (White
1994). AP-1 regulation has also been reported for
MMP-9 (Huhtala et al. 1991). Synapsin-1, a synaptic
vesicle-associated protein present in all nerve terminals,
declines initially after TMT treatment in the rat hippo-
campus, but expression rebounds 3 months later (Brock
and O’Callaghan 1987) and its promoter has an
AP-1-like site. Several genes related to regeneration and
repair are transcriptionally upregulated or potentially
upregulated by AP-1 transcription factors suggesting an
AP-1 influence on neuroplastic gene expression. How-
ever, the AP-1 transcription factors that regulate
long-term changes in gene expression related to neuro-
plasticity are not well-characterized.

35 kDa FRA IN KAINATE-INDUCED
NEURODEGENERATION

Our laboratory became interested in transcription fac-
tors that exhibited prolonged expression with the discov-
ery that a 35 kDa FRA is expressed in neurons of the
dentate gyrus for extended periods of time after kainate
treatment. There is a specific temporal expression of
FRA transcription factors in the hippocampus after
kainate administration. Initially, four FRA-immuno-re-
active proteins are induced within four hours after treat-
ment, but after three days only the 35 kDa band
continues to be expressed in hippocampus and continues
to be expressed at elevated levels for at least three
months. The AP-1 DNA binding activity in the hippo-
campus is increased four hours after kainate administra-
tion and remains elevated for at least two weeks. There

are very low levels of 35 kDa FRA protein in the un-
treated hippocampus but the majority of expression is in
the dentate gyrus. Increased immunoreactivity is de-
tected in the dentate gyrus one week after a single dose of
kainate (Pennypacker et al. 1994). In saline-treated hip-
pocampus, the neuronal layers of the dentate gyrus and
pyramidal layers of the CA1, CA2 and CA3 subregions
can be visualized with thionin staining; however, one
week after kainate treatment, only dentate and CA2 neu-
rons are intact.

In contrast to other brain regions examined in the
adult rat, basal expression of the 35 kDa FRA is elevated
in the adult olfactory bulb (OB) (Pennypacker et al.
1995) relative to the entorhinal cortex, midbrain, hypo-
thalamus, hippocampus and cerebellum. The entorhinal
cortex, striatum and hippocampus contained low levels
of this 35 kDa protein; this protein was undetectable in
the midbrain, cerebellum and hypothalamus. Immuno-
histochemical analysis revealed nuclear localization of
the FRA protein in the olfactory bulb. Closer inspection
revealed that the nuclear FRA immunoreactivity was
arranged in rows or striations. The immunoreactive cells
appeared to be granule cells, a neuronal population that
divide throughout 90% of the lifetime of the rat (Brunjes
1994).

Both AP-1 DNA binding activity and FRA
immunoreactivity are elevated in the olfactory bulb and
hippocampus three months following one systemic in-
jection of kainate (Pennypacker et al. 1995). Other brain
regions showed little or no elevation in FRA immuno-
reactivity at three months. Like the hippocampus, the ol-
factory bulb is a site for kainate-induced neurotoxicity
(Altar and Baudry 1990). To determine the components
of the prolonged AP-1 DNA binding complex, antibod-
ies specific to FRA, cAMP responsive element binding
protein (CREB) and Jun-related factors were used to
characterize the proteins in the AP-1 complex three
months after kainate treatment. High basal levels of
AP-1 DNA binding are observed during brain develop-
ment (Pennypacker et al. 1995) and in the adrenal gland
(Pennypackeret al. 1992). The AP-1 DNA binding com-
plex in the olfactory bulb contained predominantly FRA
and Jun immunoreactivity with some CREB protein also
present. The components were similar for the hippo-
campal AP-1 DNA binding activity. In contrast, the cer-
ebellar AP-1 complex was composed of both Jun and
CREB proteins, but not FRA. Thus, FRA appears
uniquely associated in areas recovering from neurode-
generation.



FRA-2

The FRA-2 protein was originally identified as a 46
kDa protein induced in growth-stimulated chicken em-
bryo fibroblasts (Nishina et al. 1990). Unlike Fos,
FRA-2 exhibits delayed and prolonged kinetics (Nishina
et al. 1990) suggesting protracted regulation of target
genes. The role of FRA-2 in gene expression in the brain
is not well-studied, however, kainate treatment induces
rapid and prolonged expression of FRA-2 mRNA in the
rat hippocampus, providing a sound model for the study
of this transcription factor in the rat hippocampus (Kasof
et al. 1995). In rat retinal ganglion cells, axotomy
decreases basal expression of FRA-2 but FRA-2 levels
return within three-four weeks after regeneration
(Robinson 1996). In contrast, FRA-2 expression is de-
layed and protracted after TMT-induced brain injury.
Thus, FRA-2 expression is altered in diverse brain injury
models during periods of neuronal regeneration suggest-
ing a role of FRA-2 in neuroplasticity in the brain.

FRA-2 IN BRAIN INJURY

Recently, our laboratory has found that FRA-2 is in-
duced after exposure to a variety of treatments that pro-
duce brain injury: (1) TMT, an organometallic
compound that kills cells in the rat hippocampus, (2)
MCAO, amodel of stroke, (3) METH and MDMA, sub-
stituted amphetamines that damage dopaminergic nerve
terminals in the mouse and (4) MPTP, a substituted
pyridine used as amodel for Parkinson’s disease (Xiao et
al. 1999, Pennypacker and O’Callaghan, unpublished).
After TMT treatment, the elevation in the expression of
FRA-2 in the rat hippocampus does not occur until at

Growth Factors

Reactive Astrocyte ——,_—>

Fig. 6. Activation of FRA-2 in the brain injury response.

‘}MAP Kinase™) ‘} FRA-2C) ﬁ Repair
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least one week after treatment and remains significantly
elevated for 60 days. FRA-2 immunoreactivity is in-
creased in neurons surviving TMT neurotoxicity
throughout the hippocampus. The TMT-induced AP-1
DNA binding complex contains FRA-2 immunoreactiv-
ity suggesting the FRA-2-containing AP-1 complex is
regulating AP-1 target genes in hippocampal neurons
during and after TMT neurotoxicity (Xiao et al. 1999).
One week after MCAO, levels of FRA-2 immunoreac-
tivity are increased in the contralateral and ipsilateral
hippocampi, and localized in hippocampal neurons that
have survived MCAO-induced neurodegeneration. Ele-
vated levels of FRA-2 are found in hippocampal neurons
that survive due to ischemia or neurotoxicity
(Pennypacker, unpublished).

FRA-2 expression is induced in neuronal injury mod-
els that do not involve cell death, in which reactive
gliosis lasts two weeks (Miller and O’Callaghan 1994,
O’Callaghan and Miller 1994). The expression of
FRA-2 is increased in the MPTP and substituted am-
phetamine models of dopaminergic nerve terminal de-
generation. The amphetamine congener, dexfenflura-
mine (DEX) which does not cause degeneration in
dopaminergic terminals was used as a negative control
and did not affect FRA-2 levels. MPTP, METH and
MDMA caused 3-fold increases in striatal FRA-2 levels
coincident with peak increases in GFAP and maximal
decreases in dopamine; non-target regions were unaf-
fected. Increments in FRA-2 and GFAP returned to con-
trol levels by 3-weeks post-dosing. Lowered ambient
temperature blocks amphetamine but not MPTP-in-
duced neurotoxicity, and a 7°C decrease in ambient tem-
perature abolished the METH- and MDMA-induced
FRA-2 levels but did not affect MPTP-induced FRA-2.

Surviving Neuron

Genes related to
Regeneration and

Ex. Synapsin 1
SNAP-25
GAP-43
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Together, these data indicate that enhanced expression
of FRA-2 coincides with nerve terminal degeneration in-
duced by dopaminergic neurotoxicants that do not cause
neuronal cell death.

FRA-2 DNA binding activity is increased by
phosphorylation of FRA-2 via MAP kinase (Gruda et al.
1994, Murakami et al. 1997). This kinase is activated by
neurotrophic factors, which are secreted by reactive
astrocytes. It is possible that growth factors are activat-
ing mitogen activated protein (MAP) kinases in neurons
surviving injury to phosphorylate FRA-2 (Fig. 6). The
FRA-2 DNA binding complex not only targets genes re-
lated to regeneration and repair, but has been shown to
increase transcription levels of the FRA-2 gene.

IMPLICATIONS OF FRA-2 DATA

Induction of FRAs in the hippocampus is associated
with neuronal survival in the case of MCAO and TMT.
Clearly, however, neurotoxic effects in the absence of
neurodegeneration can also be associated with induction
of FRAs. Our finding that the substituted amphetamine,
METH, induces FRA-2 shows that more subtle damage
can result in activation of transcription factors. METH
causes loss of dopaminergic nerve terminals (as evi-
denced by decreased dopamine, tyrosine hydroxylase
and silver degeneration staining) and concomitant reac-
tive gliosis (as evidenced by increases in GFAP) in the
mouse neostriatum, with preservation of dopamine
neuronal perikarya in the substantia nigra (O’Callaghan
and Miller 1994). Thus, METH neurotoxicity offers a
paradigm for studying the role of transcription factor ac-
tivation in neuronal responses to injury that do not re-
quire neuronal cell death. Moreover, METH neuro-
toxicity (unlike TMT) can be manipulated by pharmaco-
logical agents, stress and the environment (Miller and
O’Callaghan 1994). Finally, dopaminergic agonists are
known to enhance the expression of FRAs in dopamino-
ceptive neurons of the neostriatum. Therefore, it possible
to alter METH-induced neurotoxicity predictably, al-
lowing for examination of the influence of terminal de-
generation on expression of FRA-2. Thus, the FRA-2
transcription factor is induced after neuronal cell death
and terminal degeneration indicating that activation of
this signal transduction pathway is common to neurons
undergoing regeneration. However the possibility exists
that FRA-2 plays a different role in each of these brain in-
jury models as with axotomy of retinal ganglion neurons
(Robinson 1996).

The prolonged expression of FRA proteins has been
connected to experimental models in which major and
long-lasting changes in the biochemical milieu have oc-
curred. FRA proteins dimerize with Jun proteins to form
a complex that binds to AP-1 sequence in the promoter
of genes to regulate transcription. Genes related to pro-
cesses involved with neuronal plasticity may be targets
for long-term FRA-containing AP-1 complexes during
synaptogenesis and other neuroplastic events in the re-
pair of the CNS. These results demonstrate that both de-
generation of neuronal cell bodies (MCAO, TMT) or
terminal degeneration (MPTP, METH, MDMA) in-
duces this transcription factor in surviving neurons sug-
gesting that FRA-2 may play an universal role in
activating genomic programs relating to neuronal regen-
eration.

NF-«xB

The NF-kB/Rel transcription factors regulate the ex-
pression of a number of genes after activation due to
pathogen stimulation or injury (Baeuerle and Baltimore
1991). This family of transcription factors is ubiqui-
tously expressed and includes seven known members
and seven inhibitory proteins (O’Neill and Kaltschmidt
1997). The classic NF-«xB transcription factor is com-
posed of p50 and p65 subunits, and interacts with an in-
hibitory cytosolic protein (IxB) to maintain an inactive
complex in the cytosolic compartment until the appro-
priate intracellular signal causes dissociation of the in-
hibitory protein (Baeuerle and Baltimore 1989).
Phosphorylation of IkB by IxB kinases and its conse-
quent degradation (Stancovski and Baltimore 1997)
result in the migration of p65:p50 into the nucleus to
modulate target gene expression (Shirakawa and
Mizel 1989, Ghosh and Baltimore 1990, Link et al.
1992). The activated DNA binding complex recog-
nizes promoter sequences of the consensus sequence,
GGGRNNY YCC. Phosphorylation and release of [kB is
insufficient for NF-kB activation, which requires kB
degradation to yield an activated complex (Henkel et al.
1993). Activation of NF-kB DNA binding activity can
occur very rapidly within minutes upon cellular stimula-
tion and appears to be an important mechanism for the
relay of stress responses. A variety of stimuli including
cytokines, bacterial and viral products, UV radiation and
oxidative stress have been shown to initiate the activa-
tion of this transcription factor. Of particular interest,
NF-kxB is induced by oxidants (Meyer et al. 1993,



Schenk et al. 1993, Galter et al. 1994) demonstrating the
importance of this factor in signal transduction related to
cellular injury. The NF-kB complex is a molecular trig-
ger poised for quick adaptation of the cell to extracellular
environment, particularly noxious stimuli. No other
transcription factor has as many target genes as NF-kB
which suggests the importance of this factor in cellular
regulation. Target genes include cytokines such as TNF,
IL-2 and IL-6, inducible forms of nitric oxide synthase,
cycloxygenase and magnesium superoxide dismutase
(O’Neill and Kaltschmidt 1997), several of which play
significant roles in response to brain injury. A recent re-
port has shown that NF-kB activation via TNF1 receptor
stimulation increases transcription of genes that suppress
apoptosis (Wang et al. 1998).

NF-xB IN NEURONS AFTER INJURY

Neurons in the brain contain activated NF-kB in the
nucleus, and neurons in the hippocampus contain the
highest amount of this constitutive activity (Kaltschmidt
et al. 1994). NF-«B activity in neurons is increased by
exposure to glutamate (Kaltschmidt et al. 1995), and
neurons exposed to glutamate undergo apoptosis, sug-
gesting that NF-kB activation leads to neurodegenera-
tion. The cytotoxic peptide, amyloid -peptide, also in-
creases NF-kB activity in neurons (Yan et al. 1995,
1996, Kaltschmidt et al. 1997) and this peptide is be-
lieved to be a major player in the pathology of Alzhei-
mer’s disease. However, the fact that a particular
molecule activates NF-kB and induces apoptosis does
not necessarily link NF-xB with apoptosis. For example,
TNF-o. induces NF-kB activity and also causes
apoptosis but eliminating NF-kB activity renders cells
more susceptible to TNF-a-mediated apoptosis (Beg
and Baltimore 1996). Other investigators have found
that activating NF-«xB resulted in the enhanced survival
of neurons exposed to amyloid B-peptide (Barger et al.
1995). The soluble forms of amyloid precursor protein
are neuroprotective and these proteins activate NF-xB in
neurons (Barger and Mattson 1996). A recent report has
demonstrated that TNF-a-stimulated induction of the
anti-apoptotic gene, IEX-1L, is mediated through
NF-«B in immune cells (Wu et al. 1998). In further sup-
port of the role of NF-«xB in cell survival, Bcl-2, another
anti-apoptotic protein, activates NF-xB by degradation
of IxB (de Moissac et al. 1998), and NF-xB activation in-
creases the expression of anti-apoptotic genes to sup-
press expression of genes that cause apoptosis (Wang et
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al. 1998). Two groups have used mice lacking NF-xB
p50 to determine the role of p50 in their model of brain
injury. Instead of elucidating the role of p50, these re-
ports have only added to the controversy surrounding
the role of this subunit in neuronal injury. Schneider et
al. (1999) have discovered increase survival of
hippocampal neurons three days after ischemic insult in
mice lacking p50. Yu et al. (1999) found decreased
neuronal survival in mice lacking pS0 expression eight
hours after intrahippocampal kainate injections. Data
from our laboratory indicate that pS0 expression occurs
in rat neurons that have survived injury. A similar con-
troversy existed about the Jun transcription factor but it
is now believed that Jun can perform dual functions as
both a pro- and anti-apoptotic factor depending on its
dimerization partner (Herdegen et al. 1997). It has been
suggested that NF-xB is also multifunctional (Lipton
1997) and the temporal order of expression and activa-
tion may be the key to understanding this transcription
factor in brain injury.

NF-«xB IN GLIAL CELLS AFTER
INJURY

Unlike in neurons, NF-kB is not constitutively acti-
vated in astrocytes. Astrocytes adjacent to areas of
neurodegeneration are exposed to numerous agents, in-
cluding TNF-a., IL-1 and free radicals, that are known
to activate NF-kB. NF-kB immunoreactivity occurs in
astrocytes reacting to ischemia and kainate-induced
neurodegeneration (Perez-Otano et al. 1996, Terai et al.
1996). However, cultured astrocytes, which show simi-
larities in gene expression to reactive astrocytes
(McMillian et al. 1994), have been used as a model to
study NF-xB activation by inflammatory cytokines and
other factors that are known to be released by activated
microglia after central nervous system injuries, which
suggests that NF-kB may play a role in changing gene
expression in reactive astrocytes. Studies in vitro have
shown that NF-«B is activated in astrocytes in response
to cytokines, such as IL-1B (Sparacio et al. 1992,
Moynagh et al. 1993), where it regulates the expression
of adhesion molecules, major histocompatibility com-
plex Class II molecules, proenkephalin, growth factors,
and other cytokines (i.e., IL-6) (for review see: O’Neill
and Kaltschmidt 1997). While cultured astrocytes have
proven to be ideal models to study expression of some
genes, these cells artifactually express genes not ex-
pressed by their in vivo counterparts (Pennypacker et al.
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1996) so caution must be used when extrapolating cul-
ture data to the in vivo condition.

After injury to the brain, microglial cells are activated
prior to neuronal apoptosis and reactive gliosis. These
activated microglial cells constitute a source for many
cytokines (IL-1B, TNF-a and TGFp) (Giulian et al.
1993). It is conceivable that cytokines released by acti-
vated microglia, particularly IL-13 and TNF-a, which
are well-characterized activators of NF-kB are responsi-
ble for NF-«kB activation in reactive astrocytes and neu-
rons. Free radical intermediates, known to be released by
microglia and which may contribute to neurodegenera-
tion, could also be involved in triggering NF-kB activa-
tion since oxidative stress is another well-known
stimulator of this transcription factor. It is conceivable
that cytokines and free radicals released by activated
microglia, particularly IL-13 and TNFa, which are
well-characterized activators of NF-kB, are responsible
for NF-kB activation in reactive astrocytes and neurons.

GENE TARGETS OF NF-kxB IN CNS
INJURY

Putative NF-kB-response elements have been identi-
fied in anumber of genes which encode proteins of phys-
iological importance in modulating immune and
inflammatory responses. These proteins include
cytokines and adhesion molecules which are known to
be upregulated in reactive astrocytes (Eddleston and
Mucke 1993). TNF-a is expressed by astrocytes in vivo
after brain ischemia and trauma (Kita et al. 1997, Uno et
al. 1997). Interestingly, TNF-a is a potent activator of
NF-kB which increases expression of itself via a NF-xB
response element at -103 to -86. The function of this
cytokine in CNS pathology has not yet been defined but
there are some reports that it is beneficial (Bruce et al.
1996, Liu et al. 1998). Interleukin-6 that is expressed by
astrocytes is another cytokine with putative neuroprotec-
tive properties (Sparacio et al. 1992, Lafortune et al.
1996, Schaninger et al. 1997). TNF and IL-1 treatment
increases NF-kB binding to a site in the IL-6 promoter
resulting in increased transcription of IL-6 (Zhang et al.
1990). Astrocytes express intercellular adhesion mole-
cule-1 (ICAM-1) in injury and diseases of the CNS and
the expression of this gene is regulated by IL-13 and
TNF-a (Ballestas and Benveniste 1995). An NF-xB
site (Voraberger et al. 1991) is involved in TNF-a acti-
vation of the ICAM-1 promoter activity (Wissnik et al.
1997).

Growth factors are another set of gene targets for
NF-«B. Nerve growth factor (NGF), the best character-
ized neuronal growth factor, is induced by IL-1f3 in rat
hippocampal astrocytes and its expression is mediated
by NF-xB (Friedman et al. 1996). The NGF promoter
contains an NF-kB regulatory site (Friedman et al.
1996). Reactive astrocytes are the major source of NGF
in traumatic brain injury (Goss et al. 1998) and NGF ex-
pression increases for extended periods of time in reac-
tive astrocytes in many models of brain injury including
kainate, TMT and ischemia (Takamiet al. 1992,
Lowenstein et al. 1993, Strauss et al. 1994, Lee et al.
1996, Oderfeld-Nowak and Zaremba 1998). Amyloid
precursor protein (APP) is expressed in reactive
astrocytes and its expression induced by exposure of
astrocytes to IL-1f3 (Lahiri and Nall 1995). Its promoter
contains several potential NF-xB sites (Quitsche and
Goldgaber 1992). The secreted APP fragment acts as a
growth factor which protects neurons in the
hippocampal CA1 subregion against ischemic injury
(Smith-Swintosky et al. 1994). Transgenic mice ex-
pressing various forms of human APP exhibited de-
creased damage to the hippocampus after excitotoxic
insult (Masliah et al. 1997). Astroglial cells that support
axonal outgrowth express APP in the CNS (Chauvet et
al. 1997) and secreted APP has been reported to activate
NF-xB (Barger and Mattson 1996) so it could be
upregulating its own expression. These studies suggest
that NF-kB activation in reactive astrocytes is regulating
genes that are related to regeneration and repair of the
brain after injury.

The only known kinase that responds to TNF-o. and
IL-1B is NF-«xB-inducing kinase (NIK), which then
stimulates IKKo and [ to phosphorylate IxB.
(Stancovski and Baltimore 1997). To our knowledge,
the expression of these kinases has not been examined in
brain cells either in vitro or in vivo. However, one study
has shown that IxkB-o expression is increased in
astrocytes and other nonneuronal cells after peripheral
lipopolysaccharide treatment (Quan et al. 1997). Ex-
pression and activity of the IKKs and IkB-a. in the brain
have not been investigated. Thus, studies are needed in
this area to elucidate NF-xB signal transduction in
astrocytes and neurons in response to injury since itis in-
volved in the processes of apoptosis/anti-apoptosis and
in regulating the expression of genes related to regenera-
tion and repair.

One important point somewhat overlooked in brain
injury studies is the role of the breakage of the blood



brain barrier. In traumatic injury and stroke models, the
blood brain barrier is compromised allowing the infiltra-
tion of peripheral lymphocytes, which secrete cytokines,
such as IL-18 and TNF-q, into the brain. These
cytokines are potent activators of NF-kB and other tran-
scription factors so the compromising of the blood brain
barrier adds factors which may confound data interpreta-
tion. One strength of the TMT model is that the blood
brain barrier is not compromised. Cytokines have not
been detected in the hippocampus of adult rats after TMT
treatment (Little and O’Callaghan 1999), but, NF-xB
pS0 expression is induced. Thus, factors other than
cytokines are regulating this transcription factor.

NF-«B IN BRAIN INJURY RESPONSE

Our laboratory has found increased immunoreactivity
to the NF-kB p65 subunit in reactive astrocytes of the rat
hippocampus and entorhinal cortex after kainate-in-
duced neurodegeneration (Perez-Otano et al. 1996). In
control animals, sparse cytoplasmic NF-xB p65
immunoreactivity was visualized in neurons of the hip-
pocampus, striatum, substantia nigra, and occasionally,
in some cortical areas such as the entorhinal and
pyriform cortex. Two days after systemic administration
of kainate, but not at earlier time points (three h to one
day), a pronounced increase in p65 protein was seen; in-
duction was maximal four days after kainate administra-
tion and remained elevated for at least seven-ten days.
Immunoreactivity against the p65 subunit of NF-kB was
observed both in the nucleus and the cytoplasm, includ-
ing the cell processes. Gel mobility-shift assays in
hippocampal and entorhinal cortex extracts showed the
induction of an NF-kB DNA binding complex after
kainate lesioning. This NF-kB-binding complex is not
present (or almost undetectable) in control animals, but
is apparent 2-4 days after kainate administration. A com-
plex composed of p65:p50 dimer persisted for at least 14
days after kainate treatment. Double immunocyto-
chemistry experiments confirmed the localization of
NF-«B immunoreactivity in the GFAP-positive
astrocytes. The expression and activation of NF-kB in
reactive astrocytes occurs when these cells are express-
ing genes known to be targets of this transcription factor,
such as those encoding cytokines and growth factors.
Therefore, these data suggest that p65 is trans-
criptionally regulating genes involved in regeneration
and repair. Recently, our laboratory has been examining
the expression of other NF-xB-related proteins, such as
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p50, IxB, and IkB kinase (IKK), after brain injury. Un-
like p65, expression of p50 dramatically increases in
neurons in the CA1, CA2, CA3, CA4 and dentate gyrus
of the rat hippocampus one week after TMT and MCAO
treatments. The level of pS0 is increased at three days af-
ter TMT treatment and continues to increase at day
seven. The pattern of immunocytochemical staining is
very similar between the MCAO and TMT treatments.
The cellular localization of p50 occurs in both the nu-
clear, cytosolic compartments and interestingly, in some
dendrites. The contralateral hippocampus also contains
increased p50 expression after MCAO. These data are in
concordance with our finding that glial fibrillary acidic
protein levels are increased on both sides of the brain af-
ter MCAO (Pennypacker et al. unpublished observation)
demonstrating that the contralateral side of the brain is
also reacting to the injury. Expression of p50 is not
co-localized with the fluorescent dye, Fluoro-Jade, a
marker of degenerating neurons as evidence that p50 is
expressed in hippocampal neurons that survive TMT
and MCAO neurodegeneration.

Both IKK, o and B, are modestly increased in the
hippocampal neuronal layers after TMT treatment, but
are absent in hippocampal neurons from saline-treated
rats. Both isoforms of IKKs are increased in neurons
throughout the hippocampus but the expression is more
prominent in the CA2/3 region. In contrast to the other
proteins, immunoreactivity to IkBa and § decreased in
hippocampal neurons after TMT treatment. This obser-
vation is consistent with the view that NF-xB activation
results in the degradation of IkB. With the loss of [kB ex-
pression, theoretically NF-xB activation should be ele-
vated in hippocampal neurons. The phosphorylated
form of IkBa on Western blots is increased at 24 h after
MCAO and TMT treatments and levels remain elevated
for at least a week after these treatments. Phospho-
rylation of IkB is an integral part of the activation of
NF-«kB signal transduction. These data show that NF-xB
signal transduction remains activated for at least a week
after injury. Phosphorylated IkBa declines seven days
after TMT, which coincides with decreased levels of
IkBo in immunostained sections. Again, the hippocam-
pus contralateral to MCAO also has elevated levels of
phosphorylated IxkBa indicating that this side of the
brain is also reacting to the injury.

Long-term expression of NF-«kB in neurons surviving
injury suggests a role in activating genes relating to re-
generation and repair. Several genes related to regenera-
tion and repair, such as nerve growth factor (NGF), have
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been shown to be targets of NF-kB. Levels of NGF were
elevated for days to weeks in many different brain injury
models, including kainate, TMT and MCAO (Takami et
al. 1992, Lowenstein et al. 1993, Strauss et al. 1994, Lee
et al. 1996, Goss et al. 1998, Oderfeld-Nowak and
Zaremba 1998). Recently, our laboratory has observed
distribution of NGF expression in the rat hippocampus
seven days after TMT and MCAO similar to that ob-
served with pSO immunostaining. Cells throughout the
layers of the CA1, CA3, CA4 and dentate gyrus show
positive staining for NGF. While double-staining meth-
odology is necessary to show NF-kB expression and ac-
tivation in the NGF-positive cells, these data suggest that
NGF will be co-localized with NF-kB. NF-kB may be
one of the regulators of the long-term expression of NGF
which is a well-characterized neurotrophic factor in the
process of regeneration and repair.

Free radicals

Microglia

Fig. 7. Activation of NF-«xB in the brain injury response.

IMPLICATIONS OF NF-«xB DATA

Well-known activators of NF-kB, such as free radi-
cals, TNF-a and IL-1[3, have been shown to be released
from microglia activated during brain injury. These se-
creted molecules initiate NF-kB signal transduction in
neurons and astrocytes. In immune-derived cells, TNF-a
and IL-1B receptor activation results in the
phosphorylation of IxB by IKK, and the consequent
translocation of NF-kB into the nucleus where it modu-
lates the expression of target genes. This pathway could
be operative in both neurons and astroglia (Fig. 7). In
neurons, the role of NF-kB is controversial with studies
suggesting that this transcription factor is regulating
genes related to apoptosis while other reports show that
antiapoptotic or neuroprotective genes are the potential
targets. In astrocytes reacting to injury, NF-kB-driven

NF-xB

NIK =>IKK == (B )

Ubiquitinated

4\
- — — Degraded



transcription would target genes such as NGF, APP,
TNF-a, ICAM and IL-6 which code for proteins that
play a part in regeneration and repair. However, in
TMT-induced neurodegeneration, cytokine levels are
not increased, so there may be parallel pathways in dif-
ferent injury models leading to NF-kB activation or a yet
to be discovered pathway common to all brain injury re-
sponses.

SUMMARY AND CONCLUSIONS

Neurons surviving brain injury express genes to adapt
to changes in the post-injury state. Transcription factors
are induced or modified to alter transcription of these
genes. We have discovered transcription factors from the
AP-1 and NF-kB families that are induced in neurons
and astrocytes days to months after injury and are in-
duced in different models of brain injury. These finding
suggest that the induction of the above factors are com-
mon response mechanisms to the injury state. Thus, the
understanding of their regulation and target genes will lead
to discovery of new pharmacological targets to enhance re-
covery and repair processes common to brain injury.
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