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Axoplasm Enriched in a Protein Mobilized by Nerve Injury Induces
Memory-Like Alterations in Aplysia Neurons
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Axon regeneration after injury and long-term alterations as-
sociated with learning both require protein synthesis in the
neuronal cell body, but the signals that initiate these
changes are largely unknown. Direct evidence that axonal
injury activates molecular signals in the axon was obtained
by injecting axoplasm from crushed or uncrushed nerves
into somata of sensory neurons with uncrushed axons.
Those injected with crush axoplasm behaved as if their ax-
ons had been crushed, exhibiting increases in both repet-
itive firing and spike duration, and a decrease in spike af-
terhyperpolarization 1 d after injection. Because similar
changes occur in the same cells after learning, these data
suggest that some of the long-lasting adaptive changes
that occur after injury and learning may be induced by
common axoplasmic signals. Since the signals in axo-
plasm must be conveyed to the cell soma, we have begun
to test the hypothesis that at least some of these signals
are proteins containing a nuclear localization signal (NLS).
Axoplasmic proteins at the crush site and those that ac-
cumulated at a ligation proximal to the crush were probed
with an antibody to an amino acid sequence (sp) containing
a NLS that provides access to the retrograde transport/nu-
clear import pathway. One protein, sp97, displayed prop-
erties expected of an axonal injury signal: it responded to
injury by undergoing an anterograde-to-retrograde change
in movement and, when the ligation was omitted, it was
transported to the cell bodies of the injured neurons.

[Key words: retrograde axonal transport, injury signals,
axotomy, excitability, sensitization, nuclear import, learn-
ing]

A central issue in the search for therapies that promote the repair
of injured nerves concerns the identity of the signals that initiate
the repair process. Since axons have a limited capability for
synthesizing macromolecules, most proteins required for axon
extension and reinnervation must be supplied by the biosynthetic
centers in the cell soma. How is information from the site of
injury, which can be a great distance from the cell body, con-
veyed back to the nucleus to initiate these changes? While this
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question is posed within the context of injury, the occurrence of
neuronal growth during learning (e.g., Bailey and Kandel, 1993)
and the dependence of learning-related hyperexcitability on pro-
tein synthesis (Dale et al., 1987) raise interesting general ques-
tions about cellular signaling systems that trigger long-lasting
neuronal alterations in response to inputs remote from the soma.
For example, are retrograde signaling systems that trigger re-
generative growth after peripheral axon injury also used to ini-
tiate synaptic growth and changes in excitability after appropri-
ate stimulation of remote synaptic terminals (see Clark and
Kandel, 1993; Emptage and Carew, 1993)?

In principle, three classes of signals could inform the cell
soma that the axon has been injured: (1) injury-evoked action
potential discharge, (2) interruption of the retrograde transport
of constitutive homeostatic signals from target tissues, and (3),
the retrograde transport of molecular signals activated as a con-
sequence of nerve injury. Although spike activity can regulate
the transcription of certain immediate-early genes (Leah et al.,
1991; Herdegen et al., 1992), this signal is not specific to injury
(Sheng and Greenberg, 1990; Morgan and Curran, 1991; Ven-
drell et al., 1993) and is not necessary for adaptive reactions to
axonal injury in neurons of the marine mollusk Aplysia (Walters
et al., 1991; Gunstream et al., 1994a). Likewise, injury-induced
deprivation of trophic signals from peripheral targets or support
cells may cause significant alterations in neuronal phenotype and
gene expression (Nja and Purves, 1978; Wu et al., 1993), but
the precise contribution of these widely discussed “‘negative”
signals to the induction of long-term adaptive reactions of neu-
rons to injury is unknown (Watson, 1968; Grafstein and Forman,
1980; Aldskogius et al., 1992; Traynor et al., 1992). Finally, a
role for ‘““positive” induction signals carried from the site of
injury to the soma is an attractive idea that has long been pos-
tulated (Kristensson and Olsson, 1975; Bisby and Bulger, 1977),
but has been difficult to verify experimentally; evidence for the
existence of such molecules therefore is indirect (Singer, 1982;
Soiefer et al., 1988; Walters et al. 1991; Gunstream et al.,
1994a). A pathway was recently discovered in Aplysia neurons
that conveys soluble axoplasmic proteins via rapid retrograde
transport through the axon to the cell body and then into the
nucleus (Ambron et al., 1992; Schmied et al., 1993). It occurred
to us that a protein signal generated by injury could conveniently
use this pathway to get back to the nucleus. Proteins that use
this pathway have a short amino acid sequence (signal peptide,
sp) that, because it contains a nuclear localization signal (NLS),
provides access to retrograde transport and nuclear import (Am-
bron et al., 1992; Schmied et al., 1993).

In the present study we have directly tested the hypothesis



that positive molecular signals are activated in injured axons.
First, we used alterations of sensory neuron soma excitability
and spike duration as a monitor for long-lasting effects of so-
matic injection of axoplasm from crushed or uncrushed nerves.
Second, using an antibody that recognizes the sp, we examined
whether some axonal injury signals are NLS-containing proteins.

Some of these findings have been published in abstract form
(Ambron et al., 1994; Walters et al., 1994).

Materials and Methods

Nerve crush and extrusion of axoplasm. Animals (75-200 gm), pur-
chased from Marinus, Long Beach, CA, were maintained in aerated,
filtered Instant Ocean (Aquarium Systems, Eastlake, OH) with seaweed
as food. In a typical experiment, the animal was anesthetized by in-
jecting an isotonic solution of MgCl, equivalent to one-third its body
weight. The animal was suspended, head up, from a yoke so that the
hemolymph pooled in the caudal regions. A I cm incision was made
in the anterolateral body wall and nerves p7 and p9 were located. One
nerve, sclected randomly, was crushed 3 cm from the pedal ganglion
with a number 5 forceps and then both nerves were ligated with a suture
I cm from the ganglion. The incision was closed and the animal was
placed in the aquarium. Twenty-four hours later, the CNS was removed
and axoplasm in the 5 mm segment adjacent (distal) to the ligations
was extruded into 50 pl ice-cold iso-osmotic buffer (Sherbany et al.,
1084; Schmied et al., 1993) without protease inhibitors. The extrudates
from four to six ligations were combined. A sample was removed to
determine total protein and, after concentrating to approximately 1 pg
protein/ul, the remainder was either stored at —20°C for injection or
was extracted with buffer containing SDS at 70°C for 20 min.

Intrasomatic injection of axoplasm. After anesthetizing 150-300 gm
animals by cooling to 4°C and injection of isotonic MgCl, (50% of
body weight), each pair of pleural-pedal ganglia was excised, leaving
all pedal nerves as long as possible so that axonal injury signals from
the cut ends would not have time to get to the ganglia during the course
of the experiment (see Gunstream et al., 1994a). The pleural ganglia
were surgically desheathed in a 1:1 mixture of ASW and isotonic
MgCl,. One hour after washing out the MgCl,, 10-15 sensory neuron
cell bodies in each pleural ganglion were injected by pressure (two 10
msec pulses at 20 psi through unbeveled electrodes) with approximately
5 pl of axoplasm (1 pg protein/pl) and fast green in 1.0 pM potassium
phosphate buffer (pH 7.6). One side received axoplasm from uncrushed
nerves and the other, axoplasm from crushed nerves. The ganglia were
then placed in a 1:1 mixture of culture medium (pH 7.5) and hemo-
lymph.

Testing procedures were nearly identical to those used to measure the
electrophysiological properties of the sensory neuron soma after axonal
injury in vivo (Walters et al., 1991; Clatworthy and Walters, 1994) and
in vitro (Gunstream et al., 1994a). Briefly, intracellular recordings were
made using glass microelectrodes filled with 3 M potassium acetate.
Sensory neurons retaining green dye were sampled alternately in the
left and right ganglia, pairing each neuron with a cell in the correspond-
ing location in the contralateral cluster. Spike amplitude, duration, and
afterhyperpolarization were examined by stimulating the cell through
the recording electrode with a 2 msec depolarizing pulse. Repetitive
firing properties were assessed by counting the number of spikes elicited
by a | sec depolarizing pulse. To separate changes in spike accommo-
dation from changes in spike threshold, the current used in this 1-sec
test stimulus was 1.25X or 2.5X the current required to reach spike
threshold (see Table 1), which was determined beforehand with a stan-
dard 20 msec pulse (see Gunstream et al.,1994a). Input resistance of
each cell was calculated from the voltage change produced by injecting
a | sec, 0.5 nA hyperpolarizing pulse through the recording electrode
(after rebalancing the bridge).

Statistical comparisons were made across animals with paired, two-
tailed 1 tests. Four to eight injected cells were sampled successfully per
cluster (with each cell paired with a sensory neuron in the contralateral
cluster). The average values for each property per cluster were used as
individual data points to compare cells injected with crush or control
axoplasm.

SDS-PAGE and Western blotting. SDS extracts of equivalent
amounts of axoplasmic protein from the various sources, or of sensory
cell bodies with crushed or noncrushed nerves, were separated on 10%
polyacrylamide slab gels (Ambron et al., 1992). The proteins were ei-
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Table 1. Sensory neuron properties altered by injection of
axoplasm from injured nerves

Control Crush

Property injection injection p
Repetitive firing (# of spikes)

1.25X threshold 1.6 + 0.2 3.3 £ 0.6 0.004¢"

2.5X threshold 42 + 03 6.5 £ 0.8 0.002¢"
Threshold (nA) 1.4 + 0.1 14 £ 0.1 0.70
AHP (mV) 46 + 05 32 £ 04 0.02¢%
Spike amplitude (mV) 87.0 £ 22 917 24 0.09
Spike duration (msec) 2.6 = 0.1 3.1 = 0.2 0.02¢
Input resistance (M) 293 = 28 341 = 44 0.30
Resting potential (mV) 459 £ 1.0 478 £ 14 025

Statistics are for seven animals (paired, two-tailed 7 tests). Each animal con-
tributed a mean value for control and crush propertics based on measurements
from four to six pairs of sensory neurons.

“ Previously shown to be altered after in vivo nerve crush.
" Previously shown to be altered after learning.

ther visualized by silver staining or were transferred to nitrocellulose,
which was probed with the affinity-purified anti-sp antibody (1:300)
(Ambron et al., 1992; Schmied et al., 1993). The antibody can detect
as little as 3 ng of protein. In some experiments, serial dilutions of
axoplasm were made to achieve the optimum ratio of antigen to anti-
body. Some blots were developed using a chemiluminescent assay
(Kierkegard & Perry, Gaithersburg, MD).

Protein phosphorylation in response to injury. The right and left
pleuropedal ganglia, each with the maximal lengths of p7 and p9 at-
tached, were removed from the animal and placed in a 0.5 cm well
containing phosphate-free medium. The nerves were threaded through
a vaseline gap into another chamber containing artificial seawater
(ASW). Carrier-free *P; (150 wCi) (Dupont, Boston, MA) was added
to the central well. This procedure labels the intraganglionic pools of
ATP (Bernier et al., 1982). Eighteen hours later, which is enough time
for radiolabeled ATP to move several centimeters along the nerves, the
medium in the central well was replaced with ASW. Both nerves were
ligated 0.5 cm from the ganglion, and then one nerve was crushed 2
cm more distally. After an additional 24 hr at 15°C, the 5 mm segment
of nerve on the distal side of each ligation was removed, extracted into
hot SDS, and equal cpm were subjected to SDS-PAGE and autoradiog-
raphy.

Results

Axoplasm from crushed nerves induces long-term
hyperexcitability when injected into neurons
To test the hypothesis that axoplasm from injured nerves con-
tains positive molecular signals that trigger long-term alterations
of the neuron, we injected axoplasm from crushed and uncru-
shed nerves into somata of nociceptive mechanosensory neurons
in the ventrocaudal (VC) cluster of each pleural ganglion (Wal-
ters et al., 1983a). The 200 or so sensory neurons in each VC
cluster send axons via the pedal nerves to innervate most of the
ipsilateral body surface (Walters et al., 1983a; Dulin et al.,
1994). Axoplasm for injection was obtained using a simple li-
gation paradigm (Fig. 1). Peripheral nerves p7 and p9 were ex-
posed through an incision in the neck. One nerve was crushed
and then both were ligated close to the pedal ganglion. The
incision was sutured and the animal was returned to its aquari-
um. Twenty-four hours later axoplasm was extruded from the §
mm segment on the distal side of each ligation; this segment is
enriched in proteins that have been retrogradely transported (Fig.
1, retro).

Extrudates from four to six similarly treated nerves were com-
bined, and a small amount from crushed nerves was injected
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Pleural ganglion

Figure 1. Diagram showing nerve
crush site, ligation sites, and sensory
neuron somata. The regions of the
nerve that were removed for the extru-
sion of axoplasm are indicated. Rela-
tionships are not drawn to scale. Retro-
distal side of the ligation, which
accumulates retrogradely transported
material. Antero-proximal side of the
crush, which accumulates anterograde-
ly transported material.

VC sensory
cluster

with fast green dye into 10-15 sensory neurons in one pleural
sensory cluster. The same amount of control axoplasm and dye
was injected into the same number of sensory neurons in the
contralateral cluster. Eighteen to 20 hr after injection, the marked
neurons were impaled and tested with a standardized intracel-
lular stimulation sequence that has revealed characteristic
changes in soma excitability and action potential properties after
axonal injury in vive (Walters et al., 1991; Clatworthy and Wal-
ters, 1994) and in vitro (Gunstream et al., 1994a). As found after
axonal injury, sensory neurons injected with axoplasm from
crushed nerves exhibited significantly increased repetitive firing
during prolonged depolarization compared to cells injected with
axoplasm from uncrushed nerves (Fig. 2A,B; Table 1). The in-
crease was not due to differences in the amount of current in-
jected, since injected current was normalized to spike threshold,
which was identical in each group. Sensory neurons injected
with axoplasm from uncrushed nerves showed no significant dif-
ference in repetitive firing compared to sensory neurons that had
not been injected (Fig. 2B). Injection of crush axoplasm also
caused a significant increase in spike duration and decrease in
magnitude of the afterhyperpolarization (AHP) (Fig. 2C, Table
1). Spike threshold, input resistance, and resting potential
showed no significant alterations after crush axoplasm injection.
Although the effect on spike amplitude was not significant using
a two-tailed t-test, the low p value for this result suggests a
potential effect that should be examined further.

Crush injury results in the retrograde transport of sp97

The injection experiments suggested that axoplasm from crushed
nerves contains plasticity signals that are absent in axoplasm
from nerves ligated in the absence of nerve crush. Reasoning
that these signals might be proteins that contain the sp sequence,
we used an affinity-purified antibody to the sp (Ambron et al.,
1992) and compared axoplasm from crush/ligated and ligated
nerves. Several sp-containing polypeptides were recognized on
Western blots, and in three of four experiments, axoplasm at the
ligation from the crushed nerves was markedly enriched in only
one of several sp-polypeptides, sp97 (Fig. 34). No differences
were found when polypeptides in axoplasm from the two sources
were compared by silver staining (not shown).

One interpretation consistent with these results is that sp97
responds to a crush injury by undergoing an anterograde-to-ret-
rograde shift in transport at the site of the lesion. Some proteins
(Frizell et al., 1976; Bulger and Bisby, 1978; Smith and Snyder,
1991) and organelles (Schmidt et al., 1980; Smith, 1988) in ver-
tebrate nerves behave this way. If so, then an enrichment in sp97
at the ligation should be accompanied by a reduction at the crush
site. To test this idea, we crushed and ligated nerves as before,
but extruded axoplasm from both the distal side of the ligation

Pedal ganglion
Retro Antero Body Wall
e
Crush
Ligations

Pedal nerves

(retro, Fig. 1) and from the proximal side of the crush, which
should accumulate anterogradely transported material (antero,
Fig. 1). In all four experiments, involving a total of 20 nerves
from eight animals, sp97 accumulated at the ligation, and was
greatly reduced or absent at the crush site (Fig. 3B). In contrast,
the content of sp83 and the other constituents was unchanged at
the crush site. Their presence argues against the reduced amount
of sp97 being due to an injury-induced general proteolysis.

We next wondered whether sp97 would be transported all the
way to the cell body it the ligation were omitted. To investigate
this possibility, we took advantage of the fact that the pedal
nerves contain axons from the pleural mechanosensory neurons
(Fig. 1). We crushed the nerves 0.5 cm from the sensory cell
cluster, excised the nervous system, and placed it in a supple-
mented seawater (Eisenstadt et al., 1974). One day later, the
somata in the sensory cluster were removed and combined. An
equal number of sensory somata were removed from nervous
systems whose axons were not crushed. The two samples were
then examined for their content of sp-containing proteins. We
carried out two experiments, and in each, sensory neurons with
crushed axons contained much more sp97 than did clusters
whose axons were not crushed (Fig. 3C). There was no differ-
ence in the amount of sp83. Sp97 probably entered the nucleus
of these cells because microinjection of proteins containing the
sp sequence into Aplysia axons results in transport of the pro-
teins to the soma and then import of the proteins into the nucleus
(Ambron et al., 1992; Schmied et al., 1993).

Sp97 is phosphorylated after crush injury to peripheral nerves
Both sp97 and sp83 contain the sp, which mediates transport,
yet only sp97 changed direction in response to the crush. This
points to the reversal in transport as an important event, and
prompted us to investigate what causes sp97 to move retrograde-
ly. Some soluble proteins are rapidly transported through the
axon via an association with the surface of vesicles (Greengard
et al., 1993), and the association is often regulated by phos-
phorylation. To see if any proteins are phosphorylated in re-
sponse to injury, the crush/ligation protocol was repeated with
nervous tissue that had been exposed to P, in vitro to label
ATP (Bernier et al., 1982). In each of two experiments there was
an increase in the phosphorylation of several polypeptides after
crush, one of which corresponded to sp97 (Fig. 3D). In contrast,
sp83 was not labeled. If phosphorylation leads to the retrograde
mobilization of sp97, then the kinase(s) responsible for the phos-
phorylation would be a link between injury and the retrograde
signaling system.

Discussion

Long-lasting reactions of neurons to peripheral injury require
that signals from the axon reach the nucleus to alter protein



A.
Control injection
2 ]

Crush injection
20 mvV
=
- e ————
1 sec
B. s

i Crush

6| injection
wn
Q 57
.45‘_ Control
» 4} injection

3| No

injection
2
1.25 25
Injected Current
(x threshold)
C.
Crush

o injection

Control —2~ 20mv
injection

1 msec

Figure 2. Long-term alterations in electrophysiological properties pro-
duced by injection of axoplasm from crushed nerves into sensory neu-
ron somata. Control injections were identical except that axoplasm was
collected from uncrushed nerves. A, Examples of repetitive firing in the
sensory neuron soma 20 hr after injection of control or crush axoplasm.
Spikes were elicited by a | sec depolarizing pulse of constant current
(set at 2.5% the current required to reach threshold during a 20 msec

The Journal of Neuroscience, May 1995, 15(5) 3443

A B
12 12
sp97 —» — !’
spsa e | —_— h,» B
P
— *' ol
1 ® o
-
.
L
>
Figure 3. Distribution of sp-containing proteins in axoplasm. A-C,

Western blots of axoplasm probed with the anti-sp antibody. Polypep-
tides were detected with HRP (A and B) or by chemiluminescence (C).
The position of sp97 and sp83 is indicated by the arrows. A, Compar-
ison of axoplasm extruded from the retrograde side of ligations showing
an enrichment of sp97 at the ligation on six crushed nerves (2) relative
to six uncrushed nerves (/). As shown in B, there was a marked re-
duction in the amount of sp97 in axoplasm at the crush site (2) relative
to axoplasm behind the ligation (six nerves) (/). The other sp-contain-
ing polypeptides were present in roughly equal amounts at both loca-
tions. When the ligation was omitted (C), sp97 was greatly enriched in
the cell bodies of the six sensory neuron clusters with crushed axons
(1) relative to the six clusters with neurons whose axons were not in-
jured (2). D, Autoradiograph of *P-labeled proteins at the ligation from
two crushed (/) and two ligated nerves (2). Equal amounts of radiola-
beled protein from the two sources were separated by SDS-PAGE. The
proteins were transferred 1o nitrocellulose, which was then exposed to
x-ray film for 2 d. The arrows show the positions of sp97 and sp83
determined from a Western blot on an accompanying gel. There was
no phosphorylated band corresponding to sp83 under either condition.

synthesis. The identification of such signals would provide in-
sight into how neuronal function and morphology are regulated
by events in the axon periphery. In this article we have begun
to test the hypothesis that some of the signals are intrinsic, con-
stitutive proteins present in the axoplasm that communicate in-
formation about axon injury directly to the cell nucleus, We were
in a favorable position to test this idea. First, we could obtain
axoplasm free of glial cell and connective tissue proteins (Sher-
bany et al., 1984: Schmied et al., 1993). This enabled us to focus
our search for the signal proteins on a relatively small and ap-
propriate population of proteins. Second, the nerves that we used
contain axons of the mechanosensory neurons whose reactions
to injury have been well characterized (Walters et al., 1991:
Dulin et al.. 1994; Gunstream et al., 1994a.b). Finally, by as-

€«

pulse). B, Mean number of spikes evoked during 1 sec depolarizations
at 1.25% and 2.5% spike threshold. Data for crush injection cells and
control injection cells were collected from the same animals (n = 7;
see Table 1). Data for cells that were not injected came from animals
(n = 6) from the same shipments that were examined at about the same
time. C, Example of increase in soma action potential duration after
injection of crush axoplasm. Duration was measured from the peak of
the spike to the first intersection with the extrapolated initial resting
potential. Summary results are presented in Table 1.
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suming that the previously defined retrograde axonal transport/
nuclear import pathway transports the signals to the nucleus
(Ambron et al., 1992; Schmied et al., 1993), we could use the
antibody to sp to monitor the proteins that use this pathway.

Evidence for positive molecular injury signals

A positive injury signal is defined as an endogenous molecule
that, when activated by injury, travels to the soma and induces
a cellular reaction in the injured neuron. In contrast, negative
injury signals result from an interruption of transport to the soma
of molecules conveying information from peripheral targets or
support cells. Although there is some evidence for the existence
of positive injury signals in mammalian peripheral nerves (Sing-
er et al., 1982; Soiefer et al., 1988), the evidence is indirect.
Detection of protein injury signals in vertebrates is confounded
by the complexity of their nerves and by the variability in the
response of different neurons to injury (Titmus and Faber, 1990;
Snow and Wilson, 1991). Such variability can be minimized,
and the biological significance of injury reactions better under-
stood, if axonal injury is studied in functionally identified neu-
rons. Damage to axons of the 200 or so pleural mechanosensory
neurons in Aplysia reliably causes well-defined alterations of
several electrophysiological properties of the cell soma and syn-
apse (Walters et al., 1991; Clatworthy et al., 1994). The altera-
tions require gene transcription and protein synthesis (Gun-
stream et al., 1994b) and result in a long-lasting enhancement
of the signalling effectiveness of the nociceptive sensory neu-
rons. Evidence consistent with a role for positive injury signals
in these cells was the finding that inhibitors of axonal transport
(nocodazole and colchicine) block the crush-induced alterations
and that the same inhibitors fail to produce the alterations when
applied to uncrushed nerves (Gunstream et al., 1994a).

Because nocodazole is known to block the retrograde portion
of the retrograde transport/nuclear import pathway (Ambron et
al., 1992), sp-containing proteins that use this pathway to return
to the nucleus after injury are primary candidates for injury sig-
nals. We found several sp-containing proteins in axoplasm from
peripheral nerves and one, sp97, responded to a crush injury by
undergoing retrograde transport to the cell soma (Fig. 3C). Be-
cause sp provides access to the nuclear import apparatus, it prob-
ably entered the nucleus. None of the other sp-containing pro-
teins was affected by the crush. We do not know if there are
axoplasmic proteins with other nuclear localization signals and,
if so, whether they would have access to the retrograde transport/
nuclear import pathway. Comparison of axoplasm from crushed
and uncrushed nerves by silver staining did not reveal any pro-
teins that reversed transport after injury. Of course, if they were
of low abundance like sp97, they could escape detection.

The experiments with nocodazole and colchicine (Ambron et
al., 1992; Gunstream et al., 1994a) suggested that axoplasm from
crush-injured nerves, but not uninjured nerves, would contain a
molecular signal that induces the long-term electrophysiological
alterations. This was substantiated when we injected axoplasm
from crushed nerves into individual sensory neuron somata and
found that it induced alterations very similar to those observed
after axonal injury (Table I, Fig. 2). These include increased
repetitive firing, decreased AHP magnitude, and increased spike
duration (cf. Walters et al., 1991; Clatworthy and Walters, 1994;
Gunstream et al., 1994a). In addition, there was a suggestion of
an increase in spike amplitude, which has recently been ob-
served in these sensory neurons after axon injury (Dulin, 1994).
The injection of crush axoplasm failed to induce the decrease in

spike threshold that is usually seen after nerve crush. However,
our sample size in the present study is much smaller than those
used in the nerve crush studies, so it is premature to conclude
that this effect is not induced by injection of crush axoplasm.
We are now extending this approach to determine what other
responses to injury might be triggered by retrogradely trans-
ported signal molecules. For example, Dulin et al. (1994)
showed that crush injury induces regenerative and collateral
sprouting of sensory neuron axons. When the axoplasm from
crushed nerves that induced the electrical changes was injected
into the cell bodies of Aplysia neurons in vitro, it promoted
neurite outgrowth (Ambron et al., 1994). The growth was in-
duced by a fraction of axoplasm that contains high molecular
weight proteins, including sp97. Our experiments to date show
that both the electrophysiological and growth sequelae of injury
are elicited by constituents in axoplasm from injured nerves, but
not from uninjured nerves. The fact that sp97 is relatively abun-
dant at the ligation from the crushed nerves relative to the non-
crushed nerves suggests that this protein is involved in inducing
these responses. Injury to the axons of the sensory neurons also
induces long-term synaptic facilitation (Walters et al., 1991; Cla-
tworthy and Walters, 1994), and it will be interesting to see if
crush axoplasm can bring about this alteration as well.

Convergence of signals for injury and learning

An advantage to using Aplysia sensory neurons for studies of
injury-induced plasticity is that there is a wealth of information
about changes in these neurons associated with learning, specif-
ically, with short- and long-term sensitization of defensive be-
havior following noxious stimulation (reviewed by Bailey and
Kandel, 1993; Byrne et al., 1993; Hawkins et al., 1993; Walters,
1994). A notable finding therefore is that the enhanced repetitive
firing found in the present study resembles learning-induced,
long-term hyperexcitability in these same cells that was ex-
pressed as enhanced afterdischarge (Walters, 1987) and de-
pressed outward currents (Scholz and Byrne, 1987) 24 hr after
strong cutaneous shock. Long-term changes in spike duration
and AHP have not been explicitly studied during learning-relat-
ed manipulations in Aplysia sensory neurons, but the short-term
changes in these soma properties (e.g., Walters et al., 1983b;
Hawkins et al., 1983; Klein et al., 1986; Dale et al., 1987; Baxter
and Byrne, 1990) resemble those that we observed 20 hr after
injecting crush axoplasm. Furthermore, sensory neurons undergo
long-term synaptic facilitation after learning and after axonal
injury, and in both cases this facilitation involves some degree
of axon growth (Bailey and Kandel, 1993; Ambron et al., 1994;
Dulin et al., 1994). These parallels support the suggestion that
some learning and memory mechanisms evolved from primitive
mechanisms underlying adaptive reactions to neuronal injury
(Walters et al., 1991; Walters, 1994). Moreover, they suggest that
injury reactions and some forms of memory may share axo-
plasmic induction signals.

Model for induction of long-term alterations by axoplasmic
signal proteins

Our data strongly point to intrinsic protein signals in axoplasm
as triggers of long-lasting changes caused by injury to axons of
the sensory neurons. Retrograde transport of such signals could
also contribute to long-term memory induced by application of
serotonin to synapses distant from the soma of the sensory neu-
rons (Clark and Kandel, 1993; Emptage and Carew, 1993) where
diffusion of the signal to the soma is unlikely. How could an
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Figure 4. Retrograde transport/nucle-
ar import model of axonal injury sig-
nals and potential memory signals.
Second messengers released during in-

jury cause phosphorylation (and/or oth-
er modifications) of the signal protein,
) revealing the NLS, which provides the

signal protein access to the retrograde

transport and nuclear import pathways.

The same modification of signal pro-

teins might be produced during learn-

ing via second messengers produced at
presynaptic terminals, dendrites, or the
cell soma. If convergence of injury sig-

“— Retrograde Transport

_C/l) = Signal protein

8 = Nuclear localization sequence (NLS)

@, = Phosphorytated signal protein (exposed NLS)

endogenous protein in the axon become a signal to the nucleus?
While we do not have definitive evidence that sp97 causes elec-
trophysiological or morphological responses to injury, this pro-
tein does, in many respects, behave like an injury signal. Thus,
we can use what we know about this constituent to propose a
preliminary, but testable, model of axoplasmic events that trigger
long-term reactions to injury. We suggest that signal proteins
containing a concealed NLS are dispersed throughout the neuron
by slow axonal transport (Schmied et al., 1993) (Fig. 4). The sp
contains but one example of a NLS, but others exist on cyto-
plasmic proteins and may also be present in the axon. During
injury, increased levels of appropriate second messengers acti-
vate enzymes that phosphorylate, or otherwise modify the in-
active signal proteins. The signal proteins unfold, exposing the
NLS, which then provides access to the retrograde transport/
nuclear import pathway. The activated signal proteins are rapidly
carried through the axon and imported into the nucleus where
they trigger long-lasting alterations by regulating genes that con-
trol neuronal excitability, synaptic strength, and growth (see
Ambron et al., 1994). NLS-containing signal proteins might also
be activated by a learning-related increase in second messengers
at synaptic terminals or in the cytoplasm of the soma. Whether
the signal proteins for injury and learning are the same is an
important unanswered question. One approach will be to see if
NLS-containing proteins like sp97 regulate transcriptional fac-
tors, such as CREB, and immediate early genes, such as C/EBP
that have been implicated in both memory induction and injury
reactions (Dash et al., 1990; Herdegen et al., 1992, 1993; Kaang
et al., 1993; Alberini et al., 1994).
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