The Journal of Neuroscience, December 1, 1996, 16(23):7469-7477

Intrinsic Injury Signals Enhance Growth, Survival, and Excitability of

Aplysia Neurons

Richard T. Ambron,’ Xiao-Ping Zhang,' John D. Gunstream,2 Michael Povelones,' and Edgar T. Walters2

1Department of Anatomy and Cell Biology, Columbia University, New York, New York 10032, and 2Department of
Integrative Biology, University of Texas at Houston, Medical School, Houston, Texas 77030

Neurons undergo extensive changes in growth and electro-
physiological properties in response to axon injury. Efforts to
understand the molecular mechanisms that initiate these
changes have focused almost exclusively on the role of extrin-
sic signals, primarily neurotrophic factors released from target
and glial cells. The objective of the present investigation was to
determine whether the response to axonal injury also involves
intrinsic axoplasmic signals. Aplysia neurons were removed
from their ganglia and placed in vitro on a substratum permis-
sive for growth, but in the absence of glia and soluble growth
factors. Under these conditions, neurites emerged and grew for

~4 d. Once growth had ceased, the neurites were transected.
In all, 46 of 50 cells regenerated, either by resorbing the re-
maining neurites and elaborating a new neuritic arbor or by
merely replacing the neurites that had been severed. Cut cells
also exhibited enhanced excitability and, paradoxically, pro-
longed survival, when compared with uninjured neurons. These
findings indicate that axons contain intrinsic molecular signals
that are directly activated by injury to trigger changes underly-
ing regeneration and compensatory plasticity.
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Axons, because they extend great distances from the cell body, can
sustain severe damage without lethal consequences to the neuron.
This permits restoration of function by regeneration of new axons.
It also allows the signals activated at the site of axonal injury to be
studied separately from the processes they regulate in the distant
cell body, making neurons excellent models to investigate molec-
ular mechanisms underlying cellular adaptations to stress. Nerve
injury in vertebrates and invertebrates triggers long-term alter-
ations that involve not only regenerative growth but also altered
excitability and selective cell death (Bulloch and Ridgway, 1989;
Titmus and Faber, 1990; Kreutzberg, 1995). These changes com-
monly are assumed to be initiated by disconnection of the injured
neuron from its target, thereby interrupting its supply of target-
derived trophic factors (Nja and Purves, 1978; Wu et al., 1993).
The idea that this deprivation can elicit regeneration has guided
efforts to restore function after nerve damage (Derby et al., 1993).
Far less attention has been paid to the possibility that nerve injury
directly activates intrinsic signals within axons that are transported
to the cell body where they induce long-term changes, including
axon regeneration. Some evidence supporting this hypothesis has
been obtained recently by using nociceptive sensory neurons in
the marine mollusc Aplysia (Ambron et al., 1995; Walters and
Ambron, 1995). Crushing the axons of these neurons induces
regenerative growth and collateral sprouting, as well as hyperex-
citability and synaptic facilitation, that persist for weeks (Billy and
Walters, 1989; Walters et al., 1991; Clatworthy and Walters, 1994;
Dulin et al., 1995; Steffensen et al., 1995). The development of
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long-term hyperexcitability is not caused by interrupting the ret-
rograde transport of target-derived signals but, instead, involves
“positive” molecular signals that are transported from the axon to
the neuronal soma and nucleus after nerve injury (Ambron et al.,
1995; Gunstream et al., 1995a; Walters and Ambron, 1995). Two
central questions not answered in these earlier studies are ad-
dressed in the present paper: (1) Do intrinsic injury signals affect
neuronal growth and survival as well as excitability? (2) Are
soluble extrinsic factors from damaged glia, other support cells, or
hemolymph (Ridgway et al., 1991; Curtis et al., 1993) necessary
for axotomy-induced hyperexcitability, or are intrinsic axoplasmic
signals sufficient?

MATERIALS AND METHODS

Dissociated cell culture. Polystyrene dishes coated with poly-L-lysine were
exposed to hemolymph for 3 hr at room temperature. Macromolecules in
the hemolymph bind to the poly-L-lysine, forming an adhesive substratum
permissive for growth (Burmeister et al., 1991). The dishes were washed
thoroughly to remove soluble hemolymph proteins, and isotonic L15
medium was added. Neurons from the abdominal, pedal, and pleural
ganglia were dissociated by using protease, which also destroys the glial
cells (Schacher and Proshansky, 1983). Individual neurons were added to
the dish and were maintained at 15°C. The L15 was changed every 4-5 d.

Growth and survival. The cells were photographed with a Leitz inverted
microscope equipped with phase contrast and Nomarski optics. The
image was transmitted to a Hammamatsu Argus system and was then sent
to a computer for storage. Composite pictures were assembled from
saved images with Adobe Photoshop. Survival time was defined as the
period from plating until the soma disintegrated. Survival was evaluated
on a daily basis, with each cell scored unequivocally as either surviving
or not.

Electrophysiology. See Gunstream et al. (1995a) for details. Intracellu-
lar recordings were made from sensory neuron somata dissociated from
the ventrocaudal cluster in each pleural ganglia and from presumptive
motor neurons dissociated from the region in each pedal ganglion con-
taining identified tail motor neurons as well as unidentified parapodial
and body wall motor neurons (Walters et al., 1983; E.T. Walters, unpub-
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Figure 1.

Phase-contrast views depicting the fate of Aplysia neurons in vitro. A, Neuritic processes 5 d after plating showing the bulbous, birefringent

endings that have replaced the growth cones on the newly formed neurites. The appearance of these structures marks the end of the growth period. Scale
bar, 50 um. B, Cell death typically ensues when the neurites become varicose. Scale bar, 50 um. C, The varicosities are connected via fine strands
(arrowheads). These eventually break, resulting in fragmentation of the neurite. Scale bar, 30 wm. The progression of two cells toward death is shown in
D-F and G-I. The cells were photographed 1 d after plating (D, G) and then 4 d later (E, H) when the neurites were becoming varicose. The nucleus
(N) in E has moved to one pole of the cell. After an additional 9 d (F) and 8 d (I), each cell had disintegrated. The entire process from plating to death

takes 17 d on average. Scale bar for both cells, 100 um.

lished observations). Motor neurons were identified by their size (100-
200 wm soma diameter), relatively brief action potentials, and patterns of
spontaneous synaptic input (Walters et al., 1983). Although we did not
confirm that they innervated the tail, midbody, or parapodia, all of the
cells satisfying these criteria in this region of the ganglion have peripheral
axons and produce movements of the posterior body when stimulated
intracellularly (Walters, unpublished observations). The neurites of dis-
sociated sensory and motor neurons were transected 2 d after plating.
The next day, the cells were impaled with single-barreled glass micro-
electrodes filled with 3 M potassium acetate (electrode resistance 5-20
MQ). Recordings were made after the L15 solution was replaced with
buffered artificial seawater, pH 7.6. Test stimuli used to characterize
soma excitability were applied in a standard test sequence (Walters et al.,
1991; Gunstream et al., 1995a). Briefly, a rapid, ascending series of 20
msec depolarizing pulses was used to determine spike threshold. Then the
capacity for repetitive firing was assessed by counting the number of
spikes evoked by a 1 sec pulse set at 2.5 times the threshold current
determined with the 20 msec pulses.

Statistics. Comparisons were made with a two-tailed ¢ test for indepen-
dent groups or, when data were not normally distributed, with Mann—
Whitney U tests. A probability ( p) of <0.05 was considered significant.

RESULTS

Responses of dissociated neurons to axonal injury

in vitro

We first examined the behavior of Aplysia neurons cultured in the
absence of supporting cells or soluble growth factors (Fig. 1).
Under these conditions, neurites emerge within hours and typi-
cally elongate until the fourth day when the growth cones become
bulbous and growth ceases (Fig. 14). After a quiescent period
that lasts as long as 12 d, the neurites become varicose (Fig.
1B,C), the nucleus condenses and becomes eccentric, and within
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Figure 2. Phase-contrast photomicrographs of neurons showing the two typical patterns of neurite regeneration. 4, An example of regenerative growth
in which the new growth merely extends the cut neurites 4 d after plating growth had ceased and the neurites were cut at the arrowhead. Fifteen minutes
later the cell was photographed again (C). One day later (F') several prominent growth cones were visible. In the ensuing days the neurites extended,
retracted, and then slowly extended again. Seventeen days later, the cell was still growing (I), and it survived >32 d. The other response (B) is much more
complex. The neurites of this cell were cut after 4 d in culture (arrowheads), and the cell was photographed 15 min later (D). During the next 11 d the
neurite stumps were resorbed into the soma, and new growth emerged (G). The neurites formed thick fascicles that grew extensively and by 24 d after
cutting had formed an arbor very different from the original (/) (see also Fig. 3). This cell survived for 31 d. Scale bar, 4, B, 100 um. A control cell (E)
in the dish with the cell in 4 had stopped growing after 4 d. Varicosities on the neurite began to appear 6 d later (H); by day 17 many of the neurites
had disappeared, and the cell began to disintegrate (K). Scale bar, 150 um.

2 d the cell soma disintegrates (Fig. 1 D-F, G-I ). The latter events To determine whether any axoplasmic injury signals are truly
are characteristic of programmed cell death in vifro (Deckworth intrinsic, we grew the cells as above, waited until growth had
and Johnson, 1993). A study of 28 cells growing in vitro yielded a ceased, and then injured the cells by pruning the newly formed
mean survival of 16.5 d. neurites with a microneedle (Fig. 2). The extent of the pruning
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Figure 3. Photomicrographs of a cell after transecting neurites in vitro. a, The cell is seen 9 d after plating and just before the neurites were cut. Neurites
extend from the large remnant of the original axon. b, The cell 15 min after the neurites had been severed and (c) 7 d later. The appearance is radically
altered because the axon and many of the neurites were resorbed. d, After an additional 7 d, new neurites have emerged. These continued to grow for

several more days, and the cell died on day 35. Scale bar, 100 wm.

varied from removing only the distal-most neurites to completely
severing all of the new growth. Regardless, the cells were extraor-
dinarily resilient in that 92% (46 of 50) survived the pruning and
regenerated neuritic processes. The four cells that did not (in-
cluding one that was minimally trimmed), detached from the
substratum within 24 hr. Two modes of regeneration were ob-
served. Most of the cells merely elongated the severed processes
(Fig. 2A4), whereas the others underwent a dramatic reorganiza-
tion of the entire arbor (Figs. 2B, 3). The latter changes typically
began with a gradual resorption of the remaining neurites and,
sometimes, of the neurites that were not cut (Fig. 3). This was
followed by the emergence and growth of new processes. Control
cells, which were in the same dishes as the cut cells, stopped
growing and died at a time when the cut cells were regenerating
(Fig. 2E; also see below). The factors that govern the particular
mode of regeneration are not known, but neither the extent of the
injury nor the origin of the cut neurites (whether from the cell
body or axon stump; Figs. 2B, 3) seems to be important. Pruning
the processes is a powerful signal to the cell. We have cut some
cells twice and found that they were capable of regenerating
another arbor. How many times a cell can recover presently is
being investigated.

Isolated axons have a limited capacity for growth

The new growth that emerges from the proximal stump almost
immediately after injury is supported by the reuse of materials
already present in the axon (Ashery et al., 1996). Sustained
growth, however, requires the synthesis of new components in the
cell body. An assessment of the relative amount of growth that can
occur via the first route is made traditionally by using inhibitors of
protein synthesis. This approach is not ideal, however, because
some inhibitors (e.g., anisomycin) interfere with export into the
axon (Ambron et al., 1975) and cause cellular stresses that can
activate protein kinase cascades (Kyriakis et al., 1994). To assess
directly the ability of axons to grow in the absence of the cell
soma, we examined isolated axons in vitro (Fig. 4). These axons,
which can survive for relatively long periods without a cell body
(Benbassat and Spira, 1993), did sprout neurites, but the extent of
growth did not approach nearly the levels seen after injury of
neurites attached to the cell soma (compare Figs. 2, 3). Also, the
neurites that emerged typically stopped growing by the second day
(Fig. 4). These findings support the idea that intrinsic signals
generated at a site of axonal injury regulate events in the nucleus
that are necessary for effective regeneration.
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Axotomy promotes cell survival

Both modes of regeneration after axotomy required many days to
complete, suggesting the paradoxical possibility that axonal injury
delays the onset of cell death. To test this hypothesis, we com-
pared the life span of 27 cells in four dishes: 13 cells that had
survived pruning and were regenerating and 14 undamaged con-
trol cells from the same dishes (Fig. 5). Using the disintegration of
the soma as an obvious endpoint (Fig. 1), we found that the
neurons, the neurites of which had been transected, survived
279 * 1.6 d (mean = SEM; n = 13), which was significantly
longer than the 18.3 = 2.1 d mean survival of those with unsevered
axons (n = 14; t,5 = 3.64; p = 0.0013).

Axotomy causes electrophysiological changes in the
cell body

Recently, it was reported (Salim and Glanzman, 1995) that
transecting the neurites of dissociated Aplysia sensory neurons in
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Figure 4. Typical examples of neurite out-
growth from isolated axons. Axons, which
had detached from their cell bodies during
plating, sprouted neurites within the first 24
hr (4, C, E), but there was little subsequent
growth. The axons were followed for 22 d
(B),9d (D), and 4 d (F), respectively; shortly
thereafter, each disintegrated. Scale bar,
100 pm.

vitro enhances the electrical excitability of the soma measured 24
hr later, indicating that hyperexcitability also is triggered directly
by axon damage. The cells in this study were grown in hemolymph,
however, which contains soluble factors that could contribute to
this alteration (Schacher and Proshansky, 1983; Krontiris-Litowitz
et al., 1989; Burmeister et al., 1991). We asked whether injury-
induced hyperexcitability in vitro occurs in the absence of hemo-
lymph and, if so, whether this intrinsic response is unique to
sensory neurons. Sensory neurons from the ventrocaudal cluster
of the pleural ganglion or motor neurons in the pedal ganglion
that innervate the tail and parapodia (Walters et al., 1983) were
placed in culture without hemolymph. Two days later their neu-
rites were transected.

Twenty-four hours after this axotomy, sensory neurons (Fig.
6A4,B) and motor neurons (Fig. 6C) were significantly more excit-
able than the corresponding neurons, the outgrowing neurites of
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Figure 5. Histogram showing the in-
creased survival time after axotomy in
vitro. Twenty-seven cells growing in
four dishes in vitro were followed on a
daily basis until they died. The neu-
rites of some cells, selected at random,
were severed after growth had ceased
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(filled bars), and their survival was T 231

compared with control cells in the
same dish (open bars).

which were not severed. As occurs after nerve crush in vivo
(Walters et al., 1991; Dulin and Walters, 1993; Dulin et al., 1995;
Clatworthy and Walters, 1994) and in isolated ganglia (Gun-
stream et al., 1995a), transection-induced hyperexcitability was
expressed as an increase in repetitive firing (Fig. 6) and a tendency
for action potential (spike) threshold to decrease. Repetitive
firing is the electrophysiological property most sensitive to axon
damage (Walters et al., 1991; Clatworthy and Walters, 1994;
Gunstream et al., 1995a). Because hemolymph had little or no
effect in the present study (Fig. 6B,C), we pooled the threshold
data from experiments with and without hemolymph to increase
statistical power. Axotomized motor neurons displayed a signifi-
cant decrease in median threshold during 20 msec test pulses, as
compared with unaxotomized controls: 0.12 versus 0.19 nA (p =
0.01). None of the motor neurons examined exhibited background
spike activity. For axotomized and control sensory neurons, the
median spike thresholds were, respectively, 0.13 and 0.19 nA (p =
0.19, Mann-Whitney U Test; see figure legend). Although not
significant in this small sample, the somewhat lower threshold in
transected sensory neurons shows that the significant increase in
repetitive firing in these cells could not have been attributable to
inadvertent delivery of higher test currents. Because the test
currents were normalized to spike threshold, these cells would
have received the same or lower intensity test pulses as those
received by the control sensory neurons.

Having observed that injury-induced hyperexcitability can be
expressed <1 d after axotomy in a ganglion preparation (Gun-
stream et al., 1995a), we were surprised to find that sensory
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3 14 15 16 17 18 19 20 21 22 23 24 25 27
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neuron somata required ~4 d after their dissociation from the
ganglion to become hyperexcitable. We do not yet know which
aspects of the highly traumatic dissociation procedure (e.g., close
proximity of the injury site to the soma, protease treatment, the
release of heterogenous modulators by damage to surrounding
tissue) is responsible for the delay in hyperexcitability triggered by
dissociation. Nevertheless, the cells have recovered sufficiently
within 2 d to express significant hyperexcitability in response to
the severing of outgrowing neurites (Fig. 6; see also Salim and
Glanzman, 1995). Detailed analyses of electrophysiological effects
of axon transection produced both by cell dissociation and by
severing neurites growing in culture will be described elsewhere
(J.D. Gunstream, X. Liao, G.A. Castro, and E.T. Walters, unpub-
lished data).

DISCUSSION

Our results show that diverse long-term neuronal changes can be
triggered directly by axon injury and demonstrate that simple
preparations of dissociated neurons will be useful for identifying
intrinsic injury-activated signals for growth, resistance to cell
death, and hyperexcitability. These alterations occur in a wide
range of neuron types, including sensory and motor neurons. The
neurons that were injured in our experiments were maintained in
dishes that did not contain hemolymph, glial cells, or soluble
factors from the CNS. Because humoral factors greatly promote
growth of molluscan neurons in culture (Schacher and Proshan-
sky, 1983; Bulloch and Ridgway, 1989), most studies of axotomy in
vitro have used medium that either contained hemolymph or was
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Figure 6. Long-term hyperexcitability induced
by transecting neurites of isolated sensory and
motor neurons in the presence or absence of
hemolymph in the culture medium. 4, Exam-
ples of repetitive firing during testing of a con-
trol sensory neuron and a sensory neuron, the
outgrowing neurites of which had been
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conditioned with factors released from tissue (Benbassat and
Spira, 1993; Williams and Cohan, 1994). The few observations of
growth after injury to axons of dissociated neurons in the absence
of humoral factors have been restricted to short-term effects at the
level of growth cones (Williams and Cohan, 1994). Although the
substratum in our experiments was pretreated with hemolymph, it
is likely that the constituents of the hemolymph that bound to the
poly-L-lysine merely provide an adhesive surface that is permissive
for growth (Burmeister et al., 1991). Indeed, neurons from Aplysia
and other invertebrates grow on lectins in the absence of hemo-
lymph (Chiquet and Acklin, 1986; Lin and Levitan, 1987; Wilson
et al., 1992). Moreover, the substrate-bound factors in our exper-
iments do not, by themselves, initiate growth because neurite
extension ceases in vitro after a few days, although the substratum
still has the capacity to support growth. Interactions between
bound factors and the neuritic surface may be important for
growth, but our data support the idea that it is events produced
within the axon by injury that initiate the growth. A critical role for
signals intrinsic to injured neurites is consistent with the results of
previous experiments, which showed that injection of axoplasm
from injured nerves into uninjured neuronal somata induced the
same electrophysiological changes that occur after nerve injury
(Ambron et al., 1995).

If the responses of the cells after injury are not elicited by
extrinsic growth factors, then what events associated with axonal
injury activate the intrinsic signals? A good possibility would be an
influx of calcium (Ziv and Spira, 1993), especially because long-
term, injury-induced hyperexcitability is dependent on extracellu-
lar calcium at the axonal injury site (Gunstream et al., 1995b). The
calcium could then activate protein kinase cascades in the axon.
Other consequences of disrupting the axon might also activate
protein kinases. Interestingly, a family of Jun kinases recently has
been discovered that is responsive to cellular stress (Kyriakis et

1sec

Motor neurons

*

+ Hemolymph

L transected 1 d earlier. The test stimulus was a 1
sec depolarizing pulse injected into the neuro-
nal soma through the recording electrode. In-
jected current was set at 2.5 times that required
to reach spike threshold during a previous se-
ries of 20 msec pulses. B, Repetitive firing in

* sensory neurons 1 d after neurite transection.
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n = 14 control and 6 transected neurons, p <
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transected neurons, p < 0.05.

- Hemolymph

al., 1994). At activation, these kinases enter the nucleus where
they phosphorylate c-Jun, a transcription factor that has been
widely linked to regeneration after injury in both the CNS and
peripheral nervous system (PNS) (Herdegen and Zimmermann,
1994).

The intrinsic injury signals from the axon that regulate growth,
survival, and excitability in vivo would, under natural conditions,
be expected to act in concert with extrinsic signals released from
other cells. Different combinations of intrinsic and extrinsic sig-
nals might be used to signify the degree of injury or the stage of
recovery. An important question concerns the sites of conver-
gence of intrinsic and extrinsic injury signals and the extent of
overlap of these signals with those that induce formally similar
cellular alterations associated with learning (Walters and Am-
bron, 1995; Ambron and Walters, 1996). Thus, treatment of the
sensory cells in the pleural ganglion with serotonin can produce
long-term facilitation of the sensory—motor synapse (Emptage and
Carew, 1993). Like injury, serotonin induces growth (Bailey and
Chen, 1988; Bailey et al., 1992) and relatively long-lasting changes
in excitability (Dale et al., 1987). Furthermore, both injury and
serotonin induce the synthesis of some of the same proteins (Noel
et al., 1993, 1995), including the transcription factor C/EBP (Al-
berini et al., 1994). Because long-term facilitation is also induced
at distal sensory—motor synapses in response to exogenous sero-
tonin (Clark and Kandel, 1993; Emptage and Carew, 1993), some
of the signals to the nucleus from these synapses may be the same
as the intrinsic injury signals that travel from a site of axonal
injury. Although there are many possible sites of convergence,
there also may be signals that are unique to each phenomenon.
For example, the transcription factor NF-«B is strongly affected
by nerve crush (M. Povelones, C. Tran, D. Thanos, and R.T.
Ambron, unpublished data) but seems not to be involved in the
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induction of long-term facilitation (Alberini et al., 1995; Povelo-
nes, Tran, Thanos, and Ambron, unpublished data).

An interesting question is whether the trauma associated with
excising neurons from the nervous system enhances the response
of the cells to subsequent axotomy (produced by severing out-
growing neurites). A testable hypothesis is that aspects of the
dissociation procedure act like the conditioning lesions that have
been shown in many studies to enhance subsequently triggered
axonal regeneration (McQuarrie and Grafstein, 1973; Carlsen,
1983; Jacob and McQuarrie, 1991). Our findings that intrinsic
axonal injury signals promote the survival as well as growth and
excitability of isolated neurons suggest that the enhanced growth
seen in conditioning lesion studies and the enhanced excitability
often seen after axotomy (Devor, 1994) may both be components
of a common, compensatory response to neuronal stress. Indeed,
it has been hypothesized that neural regeneration and memory
involve very primitive mechanisms that first evolved for detecting
and adapting to cellular stress (Walters, 1991, 1994). These con-
siderations suggest that regulatory molecules prominently in-
volved in diverse cellular stress responses, such as the Jun kinases
(Kyriakis et al.,, 1994), are also important for initiating axonal
regeneration and some forms of memory.
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