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Block of neuronal apoptosis by a sustained increase of
steady-state free Ca®** concentration

JAMES L. FRANKLIN anp EUGENE M. JOHNSON ]Jr
Department of Molecular Biology and Pharmacology, Washington University School of Medicine, 660 South Euclid Avenue,

St Louis, Missouri 63110, U.S.A.

SUMMARY

Programmed death is a ubiquitous feature of the development of the vertebrate nervous system. This
death is prevented iz vivo by trophic factors and by afferent input. Death of neurons can also be
prevented in culture models of programmed death by trophic factors and by chronic depolarization with
elevated concentrations of KT in the culture medium. The latter effect is mediated by Ca®" influx
through voltage-gated channels and may prevent death by mimicking survival-promoting effects of
naturally occurring electrical activity. Little is currently known about the mechanism by which either
trophic factors or increased cytoplasmic Ca?* promote survival.

1. INTRODUCTION

During the neurogenesis of the vertebrate nervous
system, about fifty percent of neurons produced die at
about the time functional connections to target tissues
are being made (Oppenheim 1991). As this death is
a normal component of development rather than a
pathological process, it is called naturally occurring or
programmed cell death (pcp). The apparent purpose
of this death is to sculpt the developing nervous system
by matching the number of neurons innervating a
target tissue with the target size. Neurotrophic factors,
released by target or other cells, are thought to be the
principal agents controlling neuronal survival during
and after pcD. Secreted in minute amounts, these
factors bind to receptors on neuronal processes where
they are internalized and retrogradely transported
with the receptors to the neuronal soma. A retro-
gradely transported signal(s), which may be conveyed
via the ligand—receptor complex, initiates mechanisms
that maintain cellular survival and stimulates a
variety of trophic responses. It is believed that
neurons obtaining a sufficient amount of trophic
factor survive, whereas those that are inadequately
supplied undergo pcp.

Neuronal pcD resulting from insufficient availability
of trophic factors can be mimicked iz wvivo by
separating neurons from their targets via axotomy or
target removal. As with naturally occuring pcD, the
death caused by these insults can be averted by
systemic administration of the appropriate trophic
factor (Hendry & Campbell 1976; Hamburger et al.
1981) or, after axotomy, by administration of trophic
factor at the lesion site (Rich ez al. 1987). Systemic
treatment of developing animals with neutralizing
antibodies to growth factors also mimics pcp. Thus,

neuronal PcD caused by inadequate amounts of
trophic factors can be modelled iz vivo via antibody
administration, axotomy or target removal.

The physiological role of the prototypical neuro-
trophic factor, nerve growth factor (NGF), is the basis
for the most studied neuronal death caused by
insufficient availability of trophic factor. Depriving
immature sympathetic (Levi-Montalcini & Booker
1960) or certain sensory neurons (Johnson et al. 1980)
of NGF produces massive cell death i vivo and also in
cell culture. NGF deprivation causes extensive
sympathetic neuronal death even in adult animals
indicating a continued requirement for its availability,
although the rate of this death in older animals is
considerably slower than in immature ones (Gorin &
Johnson 1980). In vivo, NGF also blocks death caused
by axotomy, target removal, and even certain
chemical (Johnson & Aloe 1974) insults to these
neurons. Thus, death of sympathetic and sensory
neurons caused by NGF deprivation provides an
appropriate physiological model for studying neuro-
nal pcp. Dissociated embryonic rat superior cervical
ganglion neurons (scG) maintained in cell culture for
5—7 days in the presence of NGF hypertrophy and
develop extensive neurites. Most of these neurons die
within 48 h after being deprived of NGF. This death is
preceded by condensation of chromatin, membrane
blebbing, fragmentation of neurites, and atrophy of
the cell soma. Prior to demise the DNA of NGF-
deprived scG neurons becomes fragmented into
oligonucleosomes (Edwards et al. 1991; Deckwerth &
Johnson 1993). Descriptions of morphological changes
after trophic factor deprivation of other types of
neurons are similar (see Pilar & Landmesser 1976).
The morphological changes and DNA fragmentation
that occur after neurotrophic factor deprivation
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suggests that the death of these cells is apoptosis, a
type of death first identified in non-neuronal cells
(Duvall & Wyllie 1986). Further evidence that the
death of sympathetic neurons after trophic factor
deprivation is apoptotic comes from experiments with
inhibitors of macromolecular synthesis. In some types
of cells, apoptosis appears to require production of
new proteins since it is blocked by inhibitors of RNA
and protein synthesis. Sympathetic neuronal pcp also
exhibits this characteristic; block of macromolecular
synthesis with inhibitors such as actinomycin-D and
cycloheximide completely prevents death of these cells
after NGF deprivation in vitro (Martin et al. 1988).
Block of pcp by inhibition of macromolecular synthesis
has also been demonstrated iz vivo in motor neurons of
chicken embryos (Oppenheim ez al. 1990).

2. ELEVATED POTASSIUM BLOCKS
NEURONAL PCD IN VITRO

Scott & Fisher (1970) found that elevated extra-
cellular K¥ concentrations ([K*],) can maintain the
viability of embryonic chicken dorsal root ganglion
neurons iz vitro that would die in normal [K*], (about
5mM in vertebrates). Subsequent work from several
laboratories demonstrated a similar effect of high
[K*], on the survival of many other types of neurons
from both the peripheral and central nervous systems
(Franklin & Johnson 1992). Figure 1 illustrates the
ability of increased [K*], to promote the survival of
rat scG neurons in the absence of NGF. When these
cells are maintained in culture by high [K*], they
appear morphologically very similar to neurons
maintained by NGF and will live and remain healthy
for weeks or months without NGF. While other agents
(such as those increasing cellular cAMP, for example)
are capable of supporting survival of sympathetic
neurons in the absence of NGF (Martin et al. 1992),
none have as potent an effect on survival as high
[K*],. In fact, it appears that high [K*], can
almost exactly substitute for NGF in supporting
survival of sympathetic neurons in culture (Franklin
et al. 1994).

Intracellular and extracellular K* concentrations
are the primary determinants of the resting membrane
potential of neurons. Increasing [K*], in vitro causes
depolarization to a new resting membrane potential
at which cells remain for the duration of the exposure
to the elevated [K'], (Chalazonitis & Fischbach
1980). Such sustained depolarization may promote
survival by imitating the effects of naturally occurring
electrical activity, i.e. afferent input (Franklin &
Johnson 1992). This idea is supported by numerous
studies demonstrating that pharmacological blockade
of electrical activity or removal of afferent input can
increase the death of some populations of developing
neurons (for review, see Oppenheim 1991). Nishi &
Berg (1981) demonstrated that enhancement of the
survival of chicken ciliary ganglion neurons by high
[K*], is blocked by the relatively non-selective Ca?*
channel antagonists D-600 and Mg?*, suggesting
that influx of Ca?* through voltage-gated channels is
responsible for mediating the survival-promoting
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effects of depolarization. More recent work has
shown that promotion of the survival of several
types of neurons by high [K*], can be prevented by
the more specific dihydropyridine (DHP) Ca?*
channel antagonists (Gallo et al. 1987; Collins & Lile
1989; Koike et al. 1989). Conversely, at least some
neurons are made more responsive to increased [K*],
by DHP Ca?*-channel agonists. These data suggest
that, in these types of neurons, chronic depolarization
causes activation of DHP-sensitive or L-type Ca’*
channels (Fox et al. 1987) and that influx of Ca%*
through these channels is responsible for the enhanced
survival.

In addition to the pharmacological evidence, a role
for voltage-gated Ca%" channels in high [K*],-
promoted survival is supported by measurements of
intracellular free Ca?* concentrations ([Ca?*];) with
the Ca%*-sensitive dye fura-2 (Grynkiewicz et al. 1985).
Acute exposure of neurons to elevated [K1], causes a
rapid elevation of [Ca?*];. After the initial increase,
[Ca2*]; falls, in at least some types of neurons, to a new
steady-state concentation that remains elevated above
baseline levels for hours or days with continued
exposure to increased [K*],. A sustained rise of
[Ca?*]; in K*-depolarized neurons has now been
demonstrated in rat sympathetic neurons (Koike &
Tanaka 1991; Franklin et al. 1994), chicken ciliary
ganglion neurons (Collins et al. 1991), and rat
cerebellar granule neurons (Bessho et al. 1994).
Treatment of neurons with agents that block promo-
tion of survival by chronic depolarization, such as DHP
Ca?*-channel antagonists, return the sustained rise
of [Ca®]; to basal, or near basal, levels. Figure 2
illustrates the effects of elevated [K*], and the DHP
antagonist, nifedipine, on steady-state [Ca?*]; and
survival of rat scG neurons in culture. In these cells
low concentrations of nifedipine block both the
sustained rise of [Ca%*]; caused by K* depolarization
and also block survival. These data suggest that the
sustained increase of [Ca?*]; caused by influx of Ca?*
through DHP-sensitive, voltage-gated channels is
responsible for promoting survival of these cells
rather than some other effect of depolarization or
high [K*],.

In addition to chronic depolarization, we have
found that NGF-deprived rat sympathetic neurons are
saved from death by treatment with the sesquiterpene
lactone, thapsigargin (Lampe ¢/ al. 1992), a potent
and selective inhibitor of a Ca?* pump responsible for
sequestration of Ca% into a subset of intracellular
Ca®* stores (Thastrup et al. 1990). In many types of
cells, exposure to thapsigargin causes a rapid rise of
cytoplasmic [Ca%*]; as Ca?* leaks out of these stores
after pump inhibiton. The plasma membrane Ca%*
pumps, which are unaffected by thapsigargin, then
remove excess Ca’t and reduce [Ca?t];. However,
[Ca%t]; in some types of cells does not return to
baseline concentrations after thapsigargin exposure
but remains elevated at a new steady-state level. It is
thought that a messenger molecule, released by
depletion of the Ca?* stores, activates a plasma
membrane Ca?" conductance and the resulting
Ca?* influx causes the sustained rise of [Ca®'];
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Figure 1. Effect of increasing [K*], on survival of NGF-deprived rat sympathetic neurons. (a) Culture of rat scc
neurons maintained for 6 days in medium containing an anti-NGF antibody and 50 mm extracellular Kt with
no NGF. Neurons are alive and healthy. (§) Culture maintained in medium with 5mMm extracellular K*, but
without NGF for 6 days. All neurons have died. (¢) Quantification of the ability of different [K*], to maintain
survival of these neurons in the absence of NGF. Cells were deprived of NGF 6 days after plating embryonic-
day-21 cells and were exposed to the indicated [K*], for 4 days. Survival was assayed by blinded counting. Con-
trol survival is the number of cells maintained in NGF and 5mm K* for the same period as the deprived cells.

Error bars ares.d., n = 8-12 for each data point.

(Hoth & Penner 1992; Putney 1993). Our work shows
that thapsigargin not only saves NGF-deprived
sympathetic neurons from dying, but also causes a
DHP-insensitive sustained increase of [ Ca?*];. Increas-
ing extracellular Ca®?* in the presence, but not absence,
of thapsigargin increases [Ca]; to levels similar to
those associated with optimal survival with [K*], but
does not depolarize cells to membrane potentials that
are associated with survival promotion by elevated
[K*], (unpublished observation). Therefore, thapsi-
gargin treatment provides a means for inducing a
sustained rise of [Ca?*]; that prevents pcD, is indepen-
dent of depolarization, and independent of activation of
L-type Ca?* channels. This finding lends strong support
to the notion that the elevation of steady-state [Ca®*]; is
responsible for promoting survival by high [K*],.
Based upon our work and that of others, we have
suggested a ‘Ca’" set-point’ hypothesis of neuronal
survival and neurotrophic factor dependence (Koike

Phil. Trans. R. Soc. Lond. B (1994)

et al. 1989; Franklin & Johnson 1992; Johnson et al.
1992). This hypothesis is similar to that of Kater ef al.
(1988) regarding the effects of [Ca?']; on neurite
outgrowth. The survival set-point hypothesis posits
four steady-state levels, or set-points, of [Ca?"]; that
affect neuronal survival. The first set-point encompases
levels of [Ca%t]; that are too low to support essential
Ca?"-dependent processes and cause neuronal death
even in the presence of appropriate neurotrophic
factors. The existence of this set-point is supported by
experiments showing that very low levels of [Ca?*]; are
deleterious to neuronal growth and survival in cell
culture (Tolkovsky et al. 1990; J. L. Franklin & E. M.
Johnson, unpublished observations). Although neurons
can be killed in vitro by reducing [Ca?*7]; to low levels by
incubating them in medium containing low Ca%"
concentrations, in vivo, these levels of [Ca?*]; probably
never occur and this set-point is, therefore, of little
relevance to physiological situations. In the presence of
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Figure 2. Effect of elevated [K+], on [Ca?*]; and survival of
SCG neurons maintained in culture medium containing
50 mM K+ (50 K) and no NGF. Chronic depolarization with
high [K*], caused a sustained increase of steady-state
[Ca®t]; (shown as higher Fura-2 340/380 ratios). The DHP
Ca?* channel antagonist nifedipine largely blocked this
increase. Cells were depolarized with 50K for 24h and
exposed to 100 nM nifedipine for 3—4 h before measurements
were made. n = 25—27 for each bar. Survival enhancement
of NGF-deprived neurons caused by growth in 50K
medium was also blocked by 100 nM nifedipine. Cells were
deprived of NGF on the fifth day after plating and
maintained four additional days in 50K = nifedipine.
Survival was then assayed by blinded counting. n = 9—12
for each bar.

neurotrophic factors, resting [Ca2+]; (about 100 nM in
many cells; the second set-point) is adequate for the
survival of trophic-factor-dependent neurons. A modest
sustained elevation of [Ca?*];, such as that induced by
elevated [K*], or thapsigargin treatment (100 nM to
several 100nM), converts neurons to trophic-factor-
independence. Thus, [Ca%t];, over a limited range,
determines the trophic factor dependence of neurons.
These levels of [Ca?*]; comprise the third set-point of
our hypothesis. This set-point is of possible physiological
relevance as the electrical activity of neurons resulting
from afferent input can increase [Ca?*]; and may
reduce the requirement for neurotrophic support from
target tissues (Schmidt & Kater 1993). Very high levels
of [Ca?*]; such as those occurring during excitotoxicity
stimulate injurious processes within cells and are toxic to
neurons (Choi 1987, 1988). These toxic levels of [Ca?*];
comprise the fourth set-point of the hypothesis. There-
fore, the near absence of [Ca%"]; (the first set-point)
or an excess of [Ca?t]; (the fourth set-point) cause
neuronal death; the second set-point allows neuronal
survival with support by neurotrophic factor, while
the third set-point promotes survival of neurons
independently from neurotrophic factor.

3. MECHANISMS BY WHICH INCREASED
[Ca?*]; PROMOTES SURVIVAL

Little is known about the mechanisms underlying
survival-promotion by elevated [Ca%t];. However,
because intracellular free Ca?t is a major second-
messenger molecule, it is likely that increased [Ca?*];
promotes survival by stimulating a signal transduction
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pathway, possibly the same one stimulated by trophic
factors. Identification of Ca?* signalling pathways for
survival may, therefore, also provide information about
trophic-factor signalling. Calcium signals are translated
into cellular events by intracellular CaZ?*-binding
proteins. Of these proteins the most ubiquitous and
abundant is calmodulin, the principal intracellular
Ca%* receptor of all non-muscle eukaryotic cells. When
bound to Ca?*, calmodulin modulates the activity of a
number of Ca?*-dependent molecules that are involved
in a myriad of cellular events. Because of its abundance,
ubiquity, and multiple effects, calmodulin is a reason-
able candidate Ca?*-binding protein for the initial
signal transduction event that leads to Ca?*-promoted
survival. We have found that the calmodulin antago-
nists, calmidazolium and W7, prevent survival of
depolarized NGF-deprived rat sympathetic neurons at
concentrations that do not affect survival in the
presence of NGF and normal [K*], . However, these
compounds appear to inhibit survival by blocking the
sustained increase of Ca?* caused by the chronic
depolarization rather than through a specific effect on
calmodulin (Franklin et al. 1992, 1994). The block of the
sustained [Ca?*]; increase is probably caused by
antagonism of Ca?* channels carrying the Ca?" influx
responsible for the increased [Ca?*]; (Doroshenko et al.
1988). Recently, Hack et al. (1993) showed that
calmodulin antagonists block depolarization-enhanced
survival of embryonic rat cerebellar ganglion neurons at
concentrations that do not significantly affect Ca?*
influx and that an antagonist of Ca?"-calmodulin-
dependent protein kinase (CAM-kinase) blocks
depolarization-enhanced survival of these cells. These
results suggest that a calmodulin-CAM-kinase path-
way is responsible for the effect of Ca?* on survival in
these neurons. However, the effect on [CaZ?*]; of these
compounds was not determined leaving open the
possibility that the block of survival may be through
an effect on [Ca?t]; rather than on calmodulin.
Indeed, preliminary experiments in our laboratory
with fura-2 loaded granule cells have found that a
survival-inhibiting concentration of calmidazolium
(1um) blocks the sustained increase of [CaZt];
caused by 25mMm extracellular Kt (T. Miller &
E. M. Johnson, unpublished observations). We have
not yet tested the effects of CAM-kinase inhibitors on
[Ca%"]; in these cells. Thus, while calmodulin may well
be a mediator of Ca?"-promoted neuronal survival, lack
of specificity of available calmodulin inhibitors has
hampered investigation of this possibility.

Another protein whose activity can be affected by
increases of [Ca?'];, protein kinase C (PKC), has
been implicated in depolarization-promoted survival
of embryonic chicken sympathetic neurons in cul-
ture. In these cells depolarization with elevated
[K*], increases protein kinase C (PKC) activity and
phorbol esters, which mimic PKC activation by
diacyl glycerol, can substitute for chronic depolariza-
tion in promoting survival (Wakade et al. 1988).
However, phorbol esters have no effect on survival
of NGF-deprived rat sympathetic neurons (Martin et
al. 1992); thus, PKC is probably not involved in
depolarization-enhanced survival of these cells. It is
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also unlikely that Trk, the high-affinity NGF
receptor, is a part of the signal-transduction path-
way for depolarization/Ca?*-promoted survival of
sympathetic neurons. We have found that, in scG
neurons, NGF causes constitutive phosphorylation of
Trk on tyrosine residues, an indication of the
activation of Trk tyrosine kinase activity (Franklin et
al. 1992). Removal of NGF causes this phosphoryla-
tion to drop to undetectable levels. After depriva-
tion, NGF readdition causes rapid rephosphorylation
of Trk but depolarization has no effect. Therefore, it
appears that Ca?" and NGF signalling, if they
converge on the same survival-signalling pathway do
so downstream of Trk. A possible point of conver-
gence of the two survival promoting signals is MAP
kinases. In PC12 cells, MAP kinases show increased
tyrosine phosphorylation when the cells are exposed
to either NGF or elevated [K*], (Tsao et al. 1990).
In total cell lysates of rat scG neurons, we have
found that a 44kDa protein, probably a MAP
kinase, is tyrosine phosphorylated by NGF and
chronic depolarization (Franklin et al. 1994). It will
be of interest to study further the effects of trophic
factors and depolarization on the activity of these
kinases and to characterize the downstream effects of
their activation that may be involved in promotion
of survival.

When embryonic rat scG neurons are maintained in
culture in the presence of NGF, they not only survive
but exhibit sustained growth for at least several weeks
after initial plating. The cell soma hypertrophies,
neurite outgrowth occurs at a linear rate, and total
protein content increases at a linear rate. When
these cells are maintained in the absence of NGF
with optimal survival-promoting [K*], little, if any,
somatic hypertrophy, neurite outgrowth, or increase
of protein content occurs. Therefore, although
removal of NGF in the presence of optimal survival-
promoting [K*], (50 mM) maintains these cells in a
viable state, growth almost completely ceases. Thus,
while NGF promotes both growth and survival of
rat sympathetic neurons in culture, chronic depolari-
zation supports only survival (Franklin et al. 1994).
This finding strongly suggests that survival and
growth are separable process mediated by different
signalling pathways. There currently is considerable
interest in utilizing neurotrophic factors for treatment
of neurodegenerative diseases (Olson 1993). It is likely
that a secondary consequences of such treatment is
unwanted outgrowth of neurites. Because chronic
depolarization stimulates survival-promotion, but not
growth, it may be a useful means of teasing out the
survival signal transduction pathway(s) from the
signalling pathway(s) that induce growth. Such data
would may aid in the development of agents that
could be used clinically to enhance neuronal survival
without causing ectopic growth.
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igure 1. Effect of increasing [K™ ], on survival of NGF-deprived rat sympathetic neurons. (a) Culture of rat scc
ieurons maintained for 6 days in medium containing an anti-NGF antibody and 50 mM extracellular K™ with
10 NGF. Neurons are alive and healthy. (4) Culture maintained in medium with 5mM extracellular K™, but
vithout NGF for 6 days. All neurons have died. (¢) Quantification of the ability of different [K™ ], to maintain
curvival of these neurons in the absence of NGF. Cells were deprived of NGF 6 days after plating embryonic-
lay-21 cells and were exposed to the indicated [K™], for 4 days. Survival was assayed by blinded counting. Con-

rol survival is the number of cells maintained in NGF and 5mM K™ for the same period as the deprived cells.
.rror bars ares.d., n = 8-12 for each data point.
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