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Apoptosis in the nervous system: New revelations

S-C Chen, T Curran, J I Morgan

Introduction
The elimination of neurones through pro-
grammed cell death is essential for the correct
structural and functional maturation of the
mammalian nervous system.' Inappropriate
neuronal death also occurs in a number of
clinically important neuropathological states
in the adult nervous system, such as stroke,
amyotrophic lateral sclerosis, and Parkinson's
and Alzheimer's diseases. Therefore, the elu-
cidation of the mechanisms involved in apop-
tosis will contribute not only to our
understanding of the normal development
and physiology of the nervous system but also
to its pathophysiology. Furthermore, the
prevalence of apoptosis in the nervous system
also suggests that brain tissue might be suit-
able for identifying and studying the specific
molecular and cellular events that contribute
to, or accompany, cell suicide.
A novel strategy for investigating neuronal

death in the mammalian nervous system
involves the use of transgenic mice carrying a
fos-lacZ fusion gene. We have shown previ-
ously that a cellular immediate-early gene
(cIEG) response precedes cell death in vivo
and in culture.2 While the importance of the
response itself is not entirely clear, monitor-
ing of specific cIEG components in vivo pro-
vides a powerful anatomical mapping
technique for detecting cells destined to die.
As other methods of monitoring cIEG prod-
ucts are time-consuming or ambiguous, we
have generated lines of transgenic mice in
which a cIEG promoter drives expression of
bacterial fl-galactosidase. Thus, histochemical
detection of fl-galactosidase activity can be
used to unambiguously monitor cIEG expres-
sion with single cell resolution either in fixed,
frozen sections or in culture. This leader will
discuss the background and application of
cIEG mapping to the investigation of cell
death in the adult and developing nervous
system by highlighting results obtained with
these transgenic mice.
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The immediate-early gene response
Genes of the cellular immediate-early class,
such as c-fos and c-jun, are characterised by
their rapid induction in a protein synthesis
independent manner.3 Many cIEGs encode
transcription factors which are thought to
serve as nuclear third messengers which
constitute a link between extracellular
stimuli and longer term alterations in gene
expression. These inducible proteins control
the expression of further, target, genes
whose products contribute to an aspect of
the cellular phenotype. The cIEG response is
elicited by a diverse array of stimuli in many

biological contexts, including mitogenesis,45
differentiation,67 neuronal activation,8 10 and
even cell death.2 1114 One can presume, there-
fore, that the target genes must be equally
diverse in nature and precisely which ones are
influenced by cIEG products must be dictated
by the cell type involved, the stimulus, and its
biological context.
Amongst the best characterised cIEG

products are those encoded by the fos and jun
proto-oncogenes. These genes belong to the
basic-zipper superfamily of transcription fac-
tors which contain a leucine zipper,'5 which
facilitates protein-protein associations, and a
region rich in basic amino acids which per-
mits DNA binding.'6 Members of the basic-
zipper superfamily form intra- and inter-
family homo- and heterodimers via leucine
zipper interactions. The various dimeric
complexes then interact with specific DNA
elements to bring about alterations in the
transcription of target genes containing these
elements-for example, Fos and Jun dimerise
and bind to the activator protein 1 (AP-1)
DNA consensus site (TGACTCA) which is
essential for both basal and stimulated tran-
scription of a series of genes.'7 18 Cellular
IEGs are also members of the basic-zipper
superfamily-for example, junB is an
inducible gene that is closely related to c-
jun.'9 However, junD, another close family
member of c-jun, is a constitutively expressed
gene.20 Therefore, the cIEG response, viewed
from the perspective of basic-zipper proteins,
should be seen as one in which a variety of
inducible transcription factors interact with
each other and with resident transcription
factors to bring about alterations in target
gene expression.

Immediate-early gene expression as an
anatomical mapping technique
As many types of stimuli induce a cIEG
response, mapping the anatomical sites of
expression of their products has become a
popular approach for identifying the target
cells upon which particular agents act in vivo.
Furthermore, in the nervous system enhanced
neuronal activity can elicit a cIEG response
and so detection of cIEG products has even
been used as a surrogate activity mapping
technique much like 2-deoxyglucose uptake.
Conventionally, immunohistochemistry or in
situ hybridisation have been used to follow
cIEG expression in tissue sections. These
techniques, however, have certain drawbacks
and limitations-for example, they can be
time-consuming, they may not be amenable
to extensive fine localisation analysis, in situ
hybridisation does not detect protein, and
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immunohistochemistry frequently relic
commercial reagents which are notori
variable and sometimes cross-react
related proteins. To circumvent these dii
ties, a new technology has been pioneei
which a bacterial reporter gene, lacZ (
encodes /,-galactosidase), is driven by a
promoter. Such fusion genes have been
duced into the germline of mice and
transgenic animals now serve as a mo
which ,3-galactosidase activity mirrors
expression.
With respect to the c-fos-lacZ fusion

the construct was engineered such that i
duced a fusion protein between Fos and
containing a sufficient contribution fror
that it directed translocation of the:
protein to the cell nucleus.2' Thus, ,B
tosidase activity appears in the nuclei o
in which c-fos-lacZ (and cognate c-fo.
been induced. A typical example c
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induction of the fos-lacZ transgene in the ner-
vous system is shown in the figure. The
fusion gene also retains all of the known cis-
acting regulatory elements of c-fos as well as
the 3' untranslated region of the fos messen-
ger RNA (mRNA) which is important for the
stability of the fos message.22 In this configu-
ration the kinetics of induction and repression
of the transgene are similar to the cognate
gene and both fos-lacZ mRNA and protein
have short half-lives, like the endogenous
gene products. Therefore, the net characteris-
tics of the induction of the transgene and the
longevity of its products largely reflect those
of the endogenous gene.

*galac- Fos-lacZ expression and neuronal death
of cells The conventional view is that c-fos expression
s) has is low in the unstimulated cell but rises tran-
)f the siently to quite high levels when an appropri-

ate stimulus is applied. Generally, fos-lacZ
expression fitted this profile, in that it was
also undetectable in most tissues but could be
induced with various types of challenges.2123
However, a number of instances were noted
in which fos-lacZ expression was constitu-
tively elevated in the adult transgenic mouse.
Principal sites of continuous expression
included the skin, hair follicles, bone, and
nail bed.2' One common feature of these tis-
sues is that the Fos-lacZ positive cells are all
terminally differentiated and destined to die
within a few days. This observation prompted
us to examine other adult and fetal tissues
and organs in which cell death occurs. This
analysis revealed expression of fos-lacZ in fol-
licular cells of the degenerating ovarian folli-
cles, interdigital web cells, and periderm cells
of the embryo as well as in the heart valve
cushion.224 These findings were the first sug-
gestion that there might be a persistent cIEG
response associated with the events leading to
cell death.

In addition to the instances cited previ-
ouslyfos-lacZ expression was also observed in
a number of neural structures at a time when
there was active programmed cell death. Such
instances included the hypoglossal and facial
motor nuclei, the hippocampus, and superior
cervical ganglion (unpublished observations,
1994, Smeyne et al). Sporadic Fos-lacZ posi-
tive neurones were also observed in the dorsal
root ganglia and spinal motor neurons imme-

[, * diately before and during programmed cell
death.

While the spatial and temporal expression
of Fos-lacZ in the nervous system was consis-
tent with the gene being expressed in neu-

~ rones destined to die, it is difficult to be
certain of the association. This is mainly
because the number of Fos-lacZ positive cells
per section is small as is the potential number
of dying neurones. It should be remembered
that neurones are selectively eliminated over
several days and their corpses are phagocy-
tosed within a few hours in the embryonic
nervous system.' Therefore, relatively few

ckelalsnwcere cells in any one section are dying and it is
practically impossible to determine whether
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the Fos-lacZ positive cells represent the same
small population of moribund neurones.
However, the biology of the situation pro-
vides us with a means to increase the size of
the dying population and to determine
whether the number of Fos-lacZ positive cells
increases in parallel.
Programmed cell death in the developing

nervous system is largely used to match the
sizes of two populations of cells-that is, it
adjusts the size of the input population (which
is usually produced in excess) to match the
size of the target population.' This excess of
neurones may also provide for a certain
degree of redundancy during development,
permitting inadvertant cell loss.
Mechanistically, this selection process often
involves the competition of input neurones for
trophic factors produced by the target cells or
neurones. Typically, input neurones have a
developmental window when their axons must
encounter the trophic factor; neurones whose
axons fail to enter their correct target field in
time succumb to growth factor deprivation.
Subsequently, neurones that have reached
their targets form stable synapses and fre-
quently lose their dependence on the trophic
factor. This situation means that one can
manipulate the fate of neurones by influencing
their ability to obtain target derived growth
factors. This can be achieved by simple surgi-
cal transection of the developing sciatic nerve,
which separates the neurone from its target
derived growth factors. If the surgery is per-
formed in the neonatal transgenic mouse dur-
ing the critical period, this results in the
essentially synchronous suicide of ventral horn
a-motor neurones and sensory neurones in
the dorsal root ganglia.
When the sciatic nerve was transected uni-

laterally in the neonatal fos-lacZ mouse there
was an initial induction of the transgene in
the entire body wall musculature and dorsal
horn sensory neurones ipsilateral to the
lesion.2 Subsequently, this expression sub-
sided and 24 hours after surgery, Fos-lacZ
expression appeared in the ipsilateral dorsal
root ganglia and ventral motor neurones,
where it persisted. This expression was not
observed contralateral to the lesion and was
restricted to the lumbar segments represented
in the sciatic nerve. These are precisely the
neuronal populations destined to die in this
model. Thus, when the number of dying neu-
rones in the sections is increased there is a
parallel increase in the number of Fos-lacZ
positive cells. Interestingly, if the same
surgery is performed in the adult transgenic
mouse, when the motor and dorsal root gan-
glion neurones have lost their dependency on
target derived products, there is only a tran-
sient burst of Fos-lacZ expression (unpub-
lished observations, 1994, Soares et at).
Furthermore, other studies have indicated
that in the adult the axotomised neurones
show sustained expression of c-jun.2526 Thus,
continuous expression of c-jun may be an
indicator of regeneration in the nervous sys-
tem while persistent expression of c-fos may
be a marker of neuronal demise.

From the molecular biological perspective
these findings also indicate that c-fos and c-
jun are not always co-expressed, as has been
inferred from their behaviour in cell culture.
Indeed, in vivo each can be continuously
expressed in the absence of the other. This
raises several important issues. Firstly, the
kinetics of expression prior to death (or
regeneration) are quite unlike those seen in
culture or in many other situations in vivo.
Therefore, it is important that the molecular
signalling events that induce this persistent
pattern of expression be established as they
may provide new clues to the secondary mes-
senger pathways involved in cell death and
regeneration. Secondly, the discordance offos
and jun expression raises the issue of which
proteins interact with them in normal circum-
stances. Classically, transcription factor AP-1
was considered to be a heterodimer between
Fos and Jun (or a Jun-Jun homodimer). In
the degenerating neurone, however, this can-
not be the case and in the regenerating neu-
rone Jun may be dimerised with a protein
other than itself. Clearly, it is now critical to
identify the natural partners for Fos and Jun
in these paradigms. One must also consider
the intriguing possibility that the immediate-
early response has a unique composition in
these various natural situations and may con-
tribute to these processes.
To pursue these issues further and to con-

firm that fos-lacZ expression is related to neu-
ronal death, two types of experiments were
performed. The first approach was to take
advantage of the fact that there are inbred
strains of mice that exhibit neuronal degener-
ation.27 In one of these mice strains, weaver,
there is a degeneration of cerebellar granule
cells during the first week after birth28 and a
subsequent loss of neurones in the substantia
nigra during adulthood.29 Therefore, the fos-
lacZ mouse was crossed with the weaver strain
and Fos-lacZ expression monitored in the
neonatal cerebellum and adult substantia
nigra. Both regions showed enhanced Fos-
lacZ expression. Furthermore, in the cerebel-
lum the Fos-lacZ positive cells were localised
precisely to the regions where degenerating
granule neurones were known to be. In the
case of the cerebellum this is an example of
an augmentation of programmed cell death,
as granule cells are lost naturally during cere-
bellar development.30 The weaver mutation
appears to greatly augment this process. In
the substantia nigra, however, the situation is
somewhat different in that it involves the
delayed degeneration of neurones in the adult
nervous system and is more akin to the
human pathological condition, Parkinson's
disease (for which weaver has been used as a
model). Thus, Fos-lacZ appears to mark nor-
mal and augmented programmed cell death
during development and slow neuronal
degeneration in the adult. Whether this indi-
cates that the two processes bear some molec-
ular similarities is an intriguing point meriting
further study.
The former strategy was used to demon-

strate the coincidence of Fos-lacZ expression
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and cell death as well as providing a system in
which molecular genetic and biochemical
analyses can be performed. Besides pro-
grammed and genetically determined cell
death, neurones may be killed by exposure to
excitotoxins.3' These agents are typically
direct or indirect agonists of glutamate recep-
tors, the major excitatory neurotransmitter
system in the mammalian brain. Several of
the excitotoxins enter the food chain and
pose substantial health risks to humans in
some areas of the world. Administration of a
typical excitotoxin, kainic acid, to mice or
rats causes seizures followed, hours or days
later, by the death of selective neuronal popu-
lations. In the case of kainic acid these neu-
rons are found in the CAl and CA3 fields of
the hippocampus, the dorsomedial nucleus of
the amygdala, and the pyriform cortex.32

After treatment of fos-lacZ transgenic mice
with kainic acid, the transgene was acutely
induced in many regions of the nervous sys-
tem. Twenty four hours after treatment, this
expression had returned to baseline. Thus,
this phase of fos-lacZ expression appears to
have been triggered by the seizures that
immediately follow treatment with this, and
other chemoconvulsants. Another convulsant
agent, pentylenetetrazole (PTZ), also elicits
seizures and a robust, but transient, induction
offos and fos-lacZ in many regions of the ner-
vous system.923 However, in the kainic acid
treated mouse fos-lacZ expression is sponta-
neously re-induced in various neuronal cell
populations days after administration of the
excitotoxin. This second phase of expression
is never seen with PTZ and occurs only in
neuronal populations susceptible to kainic
acid toxicity (for example, CAl and CA3
pyramidal neurones of the hippocampus).
One remarkable feature of this second period
of expression is that ,B galactosidase activity
appears in the cytoplasm of vulnerable neu-
rones, a situation never encountered in nor-
mal circumstances. This is taken to mean that
these neurones may be degenerating and los-
ing nuclear integrity permitting Fos-lacZ to
leak into the cytoplasm. Alternatively, ele-
vated proteolytic activity in compromised
neurones may cleave galactosidase from the
Fos sequences necessary for its translocation
to the nucleus. Finally, this may be an indica-
tion of the failure, or overload, of the intracel-
lular protein trafficking machinery. Whatever
the explanation, the presence of a biphasic
cIEG response and of cytoplasmic Fos-lacZ
appears to be a striking marker of delayed
neuronal death in vivo.
The finding of cytoplasmic Fos-lacZ asso-

ciated with moribund neuronal populations
provides a more refined marker with which to
investigate the mechanisms involved in the
demise of neurones following kainic acid
treatment. As discussed earlier in this paper,
cell death may be necrotic or apoptotic in
nature. One biochemical feature frequently
associated with apoptotic cell death is the
active degradation of the genome into
oligonucleosomal sized fragments, sometimes
referred to as DNA ladders.33 This process

can be monitored in tissue sections by the
TUNEL (terminal transferase UTP nick end
labelling) procedure which labels free 3'
DNA terminal regions.34 Recently, it has been
established that days after administration of
kainic acid TUNEL positive neurones appear
in vulnerable regions of the central nervous
system. These TUNEL positive populations
are coincident with cells with cytoplasmic
Fos-lacZ staining (unpublished observations,
1994, Kasof et al). This leads us to suggest
that kainic acid triggered neuronal death has
features indicative of apoptosis and that Fos-
lacZ expression is associated with this type of
cellular demise. This suggestion is consistent
with the coincidence of Fos-lacZ with neu-
rones undergoing natural programmed cell
death which is also believed to be apoptosis.
The presence of apoptosis, rather than necro-
sis, is somewhat surprising as in culture gluta-
mate and glutamate agonists rapidly kill
neurones in a fashion resembling necrosis-
that is, the cells swell up and appear to lyse,35
presumably as a consequence of the perturba-
tion of ion (particularly calcium) balance.32
Swelling and lysis of intracellular membrane
bound organelles are characteristic features of
necrosis not normally associated with apopto-
sis. Therefore, to establish whether Fos-lacZ
expression is uniquely associated with apop-
tosis it is important to determine whether it is
expressed in cells undergoing necrotic death.
From the theoretical standpoint the over-

riding issue is the importance of the cIEG
response in neuronal death. Is it involved in a
causative manner? Is it an epiphenomenon? Is
it a stress response aimed perhaps at counter-
acting the processes that lead to neuronal
death?
The widespread distribution of Fos-lacZ in

terminally differentiating and dying cells sug-
gests that the association of Fos expression
with the impending demise of a cell is com-
mon to many cell types. Thus, this association
can be observed naturally during development
as well as in a number of tissues in the adult,
such as skin, hair, and bone. Fos and Fos-lacZ
expression is also triggered by events leading
to unscheduled cell death. In addition to the
examples elaborated above cIEG expression
has been associated with cell death in the
prostate following hormone deprivation" and
in various cell types following treatment with
agents that damage DNA, such as topoiso-
merase inhibitors2 and ultraviolet irradia-
tion.3637 In many of these examples, as in the
kainic acid model, the expression of the trans-
gene precedes the formal death of the cell by
many hours or days. It is most unlikely, there-
fore, that the cIEG response is triggered by a
catastrophic failure of intracellular signalling.
Recent biochemical evidence also indicates
that the composition of AP-1 complexes asso-
ciated with moribund neurones is unique and
quite unlike those found following seizures
(unpublished observations, 1994, Kasof et al).
This differential expression of cIEG products
would not be compatible with random activa-
tion of the cIEG response by a collapse of cel-
lular signalling pathways.
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While the induction of these genes before
death may not be a trivial event, the associa-
tion alone does not prove whether any of the
gene products are actually involved in the
process leading to cell death. The evidence
supporting the direct involvement of cIEG
products in cell death is derived from experi-
ments where antisense oligonucleotides or
transdominant suppressors have been intro-
duced into cells in culture.'2-14 In the case of
fos and jun antisense oligonucleotides blocked
apoptosis in lymphocytes.'2 However, this was
only evident when oligonucleotides to both
gene products were used simultaneously, sug-
gesting that the combined function of Fos and
Jun is necessary for apoptosis following
growth factor withdrawal in lymphoid cells. In
the case of the steroid receptor NGFI-B,
which is encoded by a cIEG induced in lym-
phoid cells before apoptosis,'3 14 transdomi-
nant suppressors block death.'3 Thus, this
cIEG product also appears to be necessary for
death to occur. Some caution is necessary
when interpreting these experiments since
inhibitors of protein and mRNA synthesis can
block apoptosis and one needs to be sure that
these treatments did not exert their action
through non-specific inhibition of transcrip-
tion or translation. However, there is also evi-
dence from studies involving gene deletion
which indicates that some of the cIEGs impli-
cated in cell death are not necessary for
apoptosis-for example, there is no overt dis-
ruption of programmed cell death in fos-null
mice.38 39

Taken together, the case for the direct
involvement of specific cIEGs in apoptosis is
still unconfirmed. Therefore, an additional
possibility should be considered. Namely,
that the cIEG response is a reaction to the
events that are set in motion by the cell sui-
cide programme.
A scenario can be constructed in which

some elements of the cIEG response are
linked to oxidative stress or its consequences.
This would account for the general induction
of the cIEG response following seizures
which result in increased metabolic demand
in neurones, as manifested by increased
2'-deoxyglucose uptake.40 Indeed, maps of
2'-deoxyglucose uptake are often coincident
with the patterns of fos expression in the
brain.40 A second feature of oxidative stress is
the production of reactive oxygen intermedi-
ates that can damage macromolecules such as
proteins, lipids, and DNA-events that have
been implicated in neuronal death and gluta-
mate toxicity.4' We and others have noted
that free radical generating systems and DNA
damaging agents, such as ultraviolet radia-

2 3637 42tion, can induce a cIEG response.
Recent evidence also suggests that kainic acid
leads to DNA damage in hippocampal neu-
rones that express cytoplasmic Fos and Jun
(unpublished observations, 1994, Kasof et
al). Therefore, we would argue that this DNA
damage could be the result of free radical
damage triggered by the glutamate agonist.
The connection between oxidative stress,

DNA damage, and cIEG expression is an

intriguing one which may account for the
presence of cytoplasmic Fos in vulnerable
neurones. The binding of Fos-Jun hetero-
dimers (as well as several other transcription
factors) to DNA is subject to redox regula-
tion.4243 The single cysteine residue conserved
in all Fos and Jun family members must be
constantly reduced to a sulphhydryl form for
DNA binding to occur.42 Thus, loss of reduc-
ing capacity, as occurs during oxidative stress,
would result in loss of DNA binding which
might account for the leakage of Fos into the
cytoplasm. A ubiquitous nuclear protein
(Ref-1) has been cloned that carries out the
reduction of the critical cysteine in Fos and
Jun.4445 Intriguingly, this enzyme has a dual
activity in that it is also an apurinic/apyrimi-
dinic endonuclease45 46-that is, a DNA repair
enzyme responsible for dealing with bases
damaged by free radicals.47 Thus, both the
expression and biological activities of cIEG
products appear to be controlled by oxidative
stress and they may interact with the DNA
repair system in neurones.
The next level of analysis must be directed

at determining the role of individual cIEG
products in the events leading to neuronal
death in live animals. While the present trans-
genic animals provide useful correlates, future
experiments will involve the generation of
transgenic animals that produce genetically
altered forms of cIEG proteins that potentiate
or inhibit the function of the endogenous pro-
tein. Indeed, as we are dealing with a pro-
gramme of gene induction it is likely that
more than one product must be modified, or
strategies evolved that simultaneously affect
several genes. Finally, it will be interesting to
establish whether cIEGs are expressed in the
human brain in neuropathological conditions.
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