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Nociceptive sensory neurons (SNs) in Aplysia provide useful
models to study both memory and adaptive responses to nerve
injury. Induction of long-term memory in many species, includ-
ing Aplysia, is thought to depend on activation of cAMP-
dependent protein kinase (PKA). Because Aplysia SNs display
similar alterations in models of memory and after nerve injury, a
plausible hypothesis is that axotomy triggers memory-like
modifications by activating PKA in damaged axons. The
present study disproves this hypothesis. SN axotomy was pro-
duced by (1) dissociation of somata from the ganglion [which is
shown to induce long-term hyperexcitability (LTH)], (2) transec-
tion of neurites of dissociated SNs growing in vitro, or (3)
peripheral nerve crush. Application of the competitive PKA
inhibitor Rp-8-CPT-cAMPS at the time of axotomy failed to alter
the induction of LTH by each form of axotomy, although the

inhibitor antagonized hyperexcitability produced by 5-HT appli-
cation. Strong activation of PKA in the nerve by coapplication of
a membrane-permeant analog of cAMP and a phosphodiester-
ase inhibitor was not sufficient to induce LTH of either the SN
somata or axons. Furthermore, nerve crush failed to activate
axonal PKA or stimulate its retrograde transport. Therefore,
PKA activation plays little if any role in the induction of LTH by
axotomy. However, the expression of LTH was reduced by
intracellular injection of the highly specific PKA inhibitor PKI
several days after nerve crush. This suggests that long-lasting
activation of PKA in or near the soma contributes to the main-
tenance of long-term modifications produced by nerve injury.

Key words: sensitization; nerve injury; long-term memory;
cAMP; protein kinase inhibitor (PKI); cell dissociation

After nerve injury, some somatosensory neurons display electro-
physiological alterations, growth, and transcriptional responses
that resemble alterations associated with memory (Titmus and
Faber, 1990; Walters, 1994; Zimmermann and Herdegen, 1996).
An interesting question is whether common signal transduction
pathways are critical for inducing both injury-related and
memory-related responses. The most extensively analyzed signal-
ing pathway for the induction of long-term memory involves the
synthesis of cAMP, activation of protein kinase A (PKA), trans-
location of PKA into the nucleus, and activation of a Ca21/
cAMP response element binding protein (CREB) (for review, see
Abel and Kandel, 1998; Dubnau and Tully, 1998; Silva et al.,
1998). Some have suggested that cAMP regulation of gene ex-
pression is a universal requirement for induction of long-term
memory (Goda, 1995).

Nociceptive sensory neurons (SNs) in the pleural ganglia of
Aplysia provide an opportunity to compare learning-related and
injury-related plasticity within the same neurons. In co-cultures
with dissociated motor neurons, SNs have revealed mechanisms
that may underlie long-term memory. They display presynaptic
facilitation and synaptic growth 24 hr after prolonged application
of serotonin (5-HT) (Montarolo et al., 1986; Dale et al., 1988;

Bailey et al., 1992) or cAMP analogs (Schacher et al., 1988, 1993).
SNs also display long-term hyperexcitability (LTH) of the soma
after 5-HT or cAMP application (Dale et al., 1987; Scholz and
Byrne, 1988; Lewin and Walters, 1996, 1999). Procedures that
injure axons of Aplysia SNs elicit long-term responses indistin-
guishable from those elicited by 5-HT or cAMP treatment: syn-
aptic facilitation, growth, and LTH (Walters, 1991; Clatworthy
and Walters, 1994; Steffensen et al., 1995; Bedi et al., 1998).
Because axotomy procedures usually release neuromodulators
that may activate adenylyl cyclase, and because Ca21 influx into
injured axons (Ziv and Spira, 1993) may also activate adenylyl
cyclase (Weisskopf et al., 1994), a plausible hypothesis is that
long-term plasticity after axotomy is induced by the cAMP–
PKA–CREB pathway (Walters and Ambron, 1995; Bedi et al.,
1998; Dash et al., 1998). Indeed, Bedi et al. (1998) reported that
a PKA inhibitor blocked LTH induced by transecting neurites of
SNs in culture, although this study did not distinguish between
effects of the inhibitor on maintenance and induction of LTH.

We have investigated contributions of PKA to LTH of Aplysia
SNs induced by three forms of axotomy (Fig. 1). First is the
disconnection of SN somata from their axons during dissociation.
Second is in vitro transection of neurites of previously dissociated
SNs. Third is crush of peripheral nerves containing SN axons, in
vivo or in vitro. We find that PKA inhibitors do not affect the
induction of LTH by axotomy. However, they reduce the expres-
sion of LTH when applied days after its induction. In addition,
PKA is not activated at a site of nerve crush, and its activation in
the nerve is neither sufficient nor necessary for the induction
of LTH.
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Some of these results have been published previously in ab-
stract form (Liao et al., 1997).

MATERIALS AND METHODS
General. Aplysia californica (70–200 gm) were supplied by the National
Institutes of Health-Aplysia Resource Facility (Miami, FL) and Alacrity
Marine Biological Services (Redondo Beach, CA). Animals were housed
in aquaria containing artificial seawater (ASW) (Instant Ocean, Burling-
ton, NC) at 15–18°C for 1–7 d before use. Constant body weight was
maintained on a diet of Gracilaria seaweed. Animals were dissected after
injection of isotonic MgCl2 (equivalent to ;50% of body volume), and
the ganglia were excised and desheathed in a 1:1 solution of isotonic
MgCl2 and ASW.

Axotomy by cell dissociation. Cultures of pleural SNs (Walters et al.,
1983) were prepared using methods modified from those of Schacher and
Proshansky (1983), Montarolo et al. (1986), and Rayport and Schacher
(1986). Pleural VC clusters were excised (Fig. 1 A) and placed in poly-
styrene dishes coated with poly-L-lysine containing Liebowitz-15 (L15)
(Sigma, St. Louis, MO) supplemented with appropriate salts. Cells were
dissociated by gently vibrating two micropipettes within each cluster. No
protease was used. The dissociated SNs were then cultured at 16–18°C in
a 1:1 mixture of L15 and filtered hemolymph until they were tested for
excitability 1–5 d later.

Axotomy by neurite transection. Cultures of dissociated pleural SNs
were prepared using the methods of Ambron et al. (1996). Briefly,
polystyrene dishes coated with poly-L-lysine were exposed to hemolymph
for 3 hr at room temperature. The dishes were washed thoroughly to
remove soluble proteins, and isotonic L15 lacking hemolymph was used
as the culture medium. Pleural SNs were dissociated using protease, and
individual neurons were added to the dish and maintained at 16°C for
3 d. On day 2, most of the major neurites of each SN were transected (Fig.
1 B) with a sharp micropipette. On day 3 (24 hr later), each cell was tested
for excitability.

Axotomy by nerve crush. For in vitro nerve injury, the longest pedal
nerves (p7, p8, p9) on one side were crushed (Fig. 1C) ;1 cm from the
ipsilateral pedal ganglion in 1:1 ASW/isotonic MgCl2 solution, whereas
all other nerves were cut as far as possible from the ganglion (Gunstream
et al., 1995). For in vivo nerve injury, a small incision was made in the
intact, anesthetized animal (injected into the head with ;30% of its
volume of isotonic MgCl2 ), and all major pedal nerves were crushed ;1
cm from the ganglion on one side of the animal (Walters et al., 1991).
The incision was sutured, and the animal was returned to its home tank
for 4–5 d.

Electrophysiolog ical tests. Intracellular recordings from SN somata
were made with glass microelectrodes filled with 3 M potassium acetate
(electrode resistance 8–20 MV). Recordings were made at 19–21°C while
the preparation was bathed in buffered ASW, L15 medium, or a 1:1
mixture of ASW and L15, pH 7.6. These different test solutions had no
apparent effects on excitability. Soma spike threshold was measured with
a standard series of 20 msec depolarizing pulses. Repetitive firing (spike
accommodation) was quantified by counting the number of spikes evoked

by a 1 sec intracellular depolarizing pulse using 2.53 the threshold
current determined with the 20 msec pulse. In some experiments, repet-
itive firing was examined by counting the number of spikes evoked by a
series of 1 sec depolarizing pulses at 1.25, 2.5, and 53 the threshold
current, or by 1, 2, 3, and 5 nA. Input resistance (Rin ) was determined
from the voltage change produced during injection of a 1 sec hyperpo-
larizing pulse (0.5 nA). Axon excitability was tested by passing current
between two compartments through a narrow, Vaseline-sealed opening
containing nerves p7, p8, and p9. Threshold was determined with a rapid
series of 2 msec pulses, and then repetitive firing was tested by applying
two 1 sec pulses at 0.4 and 0.83 the 2 msec threshold current.

Pharmacological treatments. The membrane-permeant PKA inhibitors
Rp-8-CPT-cAMPS and Rp-cAMPS (Biolog) were applied in the bath to
a final concentration of 100–1500 mM 0.5–1 hr before axotomy or testing,
and left in the bath for the times indicated. Protein kinase inhibitor
peptide PKI(6–22)amide (Life Technologies, Gaithersburg, MD) was
pressure-injected into SN somata at a concentration of 1.5 mM after
being dissolved in a solution of 350 mM KCl containing 0.05% fast green
(FG) dye with pH adjusted to 7.3. Injection electrodes were beveled from
10 to 7 MV and backfilled with PKI by suction. Pulses (10 msec at 2–10
psi) were rapidly repeated until the soma became visibly green. All
injections were performed in isolated ganglia preparations. 5-HT (Sig-
ma) was applied in the bath or by pressure ejection (with 0.05% FG dye
for visibility) onto the SN soma.

Measurement of PK A activity. In protocol 1, the CNS and major
peripheral nerves were exposed, and pedal nerves p8 and p9 on one side
were crushed 3 cm from the ganglion. Five minutes later the nerves were
rapidly frozen, and the 1 cm segment immediately proximal to the crush
site, the segment from the same nerves adjacent to the ganglion, and a
segment from an uninjured nerve on the contralateral side were removed.
The appropriate segments from three animals were pooled, homoge-
nized in 50 mM Tris-HCl, 5 mM EDTA, pH 7.6, and centrifuged at
16,000 3 g to obtain the soluble and membrane fractions. In protocol 2
(Ambron et al., 1995), the pedal nerves on one side were crushed 3 cm
from the ganglion and were then ligated 1 cm proximal to the crush site.
Control nerves were ligated only. Twenty hours later, axoplasm was
extruded from the 0.5 cm segment located proximal to the crush site (Cr),
distal to the ligation on the crushed nerve (Cr/Lig), and distal to the
ligation on the control nerve (Lig). Axoplasm from each site from two or
more animals was pooled for analysis. PKA activity was determined with
a kit from Life Technologies, using methods that have been used effec-
tively with Aplysia tissue (Hooper et al., 1994a,b). The reaction mixture
contained 5 mg of nerve fractions or axoplasm, 50 mM of a peptide
containing a consensus PKA phosphorylation site, 50 mM g–32P-ATP, 10
mM MgCl2 , 250 mg BSA, in 10 mM Tris-HCl, pH 7.5, in a total volume
of 50 ml. The reaction was performed at 30°C: incorporation is linear for
more than 20 min. At 15 min a sample was removed and distributed on
a phosphocellulose disk. The disk was washed with acid, and radioactiv-
ity was measured by liquid scintillation. The total amount of holoenzyme
was determined using a duplicate reaction mixture containing 10 mM
cAMP to dissociate the catalytic and regulatory subunits, and specificity

Figure 1. Three forms of sensory neu-
ron (SN ) axotomy. A, Dissociation of
SN somata, which severed the major ax-
on(s) of each SN close to the soma.
Neurites began to grow within hours
after plating. B, Transection close to the
soma of outgrowing neurites from iso-
lated SNs 2 d after dissociation. C, Axo-
tomy produced by crushing pedal nerves
containing SN axons, either in vivo or in
an in vitro preparation (in which all
nerves were left as long as possible). In
both cases nerves innervating the mid-
body region and tail (notably p7, p8, and
p9) were crushed ;1 cm from the pedal
ganglion. In some studies PKA activity
was measured in segments of the nerve
or axoplasm extruded from nerve seg-
ments (Fig. 7) after crushing pedal
nerves ;3 cm from the ganglion. Some
of the nerves were ligated (data not shown) midway between the crush site and the ganglion to accumulate material transported retrogradely from
the crush site (see measurement of PKA activity in Materials and Methods).
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was determined using another sample containing 1 mM of a PKA
pseudosubstrate. PKA activity was calculated after subtracting the ra-
dioactivity incorporated into the pseudosubstrate and was expressed as
picomoles of phosphate transferred from ATP to the substrate per
minute per microgram of protein.

Statistical analysis. Pretests and post tests of the same group were
compared with paired t tests. Comparisons of test responses of two
separate groups were made with unpaired t tests, whereas comparisons of
more than two groups were made with one-way ANOVA followed by
Newman–Keuls or Dunnett’s multiple comparisons tests.

RESULTS
PKA inhibitors reduce 5-HT-induced hyperexcitability
of SN somata
Before examining effects of PKA inhibitors on axotomy-induced
hyperexcitability, we wanted to confirm that these inhibitors affect
properties of Aplysia SNs previously linked to PKA activation.
One such property is hyperexcitability of the SN soma that
appears in the presence of 5-HT (Hochner et al., 1986; Baxter
and Byrne, 1990; Ghirardi et al., 1992; Goldsmith and Abrams,
1992). We examined the effect of bath-applied Rp-cAMPS on
hyperexcitability of SNs in excised ganglia produced by (1) ap-
plying 5-HT in the bath and (2) puffing 5-HT directly onto the
soma. We were surprised to find that bath application of Rp-
cAMPS at 0.5 mM caused little or no depression of hyperexcit-
ability of SNs produced by either form of delivery of 5-HT, and
only partially attenuated hyperexcitability at 2 mM. In addition,
when we tested dissociated SNs, depression of 5-HT-induced
hyperexcitability by 0.5 mM Rp-cAMPS was not reliable. How-
ever, the more permeant analog, Rp-8-CPT-cAMPS (1 mM),
clearly reduced 5-HT-induced hyperexcitability in excised ganglia
(Fig. 2A). Excitability was quantified by counting the spikes
(repetitive firing) evoked by a 1 sec depolarizing test pulse. The
repetitive firing evoked in the presence of both 5-HT (5–10 mM)
and this PKA inhibitor was less than the firing evoked in the same
cells in the presence of 5-HT alone (mean 6 SEM number of
spikes, 7.3 6 0.9 and 12.9 6 0.9, respectively; p , 0.001; n 5 10
and 9 cells). We also observed that bath application of Rp-8-
CPT-cAMPS (0.5–1 mM) consistently reduced 5-HT-induced
hyperexcitability in dissociated SNs in culture (data not shown),
extending observations of Ghirardi et al. (1992), who used the less
permeant PKA inhibitor, Rp-cAMPS. We then confirmed, as
shown previously by Goldsmith and Abrams (1992), that injection
of the highly specific PKA inhibitor PKI (1.5 mM in micropipette)
into SNs in the isolated ganglion preparation reduces hyperexcit-
ability produced by puffing 5-HT (50 mM) onto the soma (Fig.
2B). This reduction by injected PKI was observed in every cell
examined (n 5 5). Together, these results indicate that either bath
application of Rp-8-CPT-cAMPS or injection of PKI into SNs
reduces soma hyperexcitability that is thought to depend on PKA
activation.

Dissociation of SNs induces LTH with a latency of
several days
LTH of Aplysia SNs is produced by several forms of axon injury,
including excision of the cluster of SN somata from the ganglion
(Gunstream et al., 1995). This suggested that axotomy caused by
dissociating individual SNs might also induce LTH. We dissoci-
ated pleural SNs using standard methods (in particular, [Mg 21]
was elevated during dissection and desheathing to prevent neu-
romodulator release, but not during dissociation). Figure 3A
shows the effects on repetitive firing evoked by a 1 sec test pulse
normalized to spike threshold. This normalization factored out
alterations attributable to changes in spike threshold (see below),

leaving alterations caused primarily by changes in spike accom-
modation (Walters et al., 1991). No significant differences were
seen in repetitive firing between dissociated SNs and SNs in
control ganglia for 3 d after dissociation. However, on days 4–7,
dissociated SNs displayed significant enhancement of repetitive
firing compared with SNs in control ganglia (F8,60 5 18.2; p ,
0.0001; with p , 0.01 for each day between days 4 and 7 by
Dunnett’s test). Dissociation also enhanced excitability by lower-
ing spike threshold (Fig. 3B); lower thresholds were observed in
dissociated SNs compared with thresholds in control ganglia 2–7
d after dissociation (F8,60 5 5.35; p , 0.0001; with p , 0.01 for
each of days 2–7). The decrease in threshold was caused, at least
in part, by an increase in input resistance, Rin. Because of large
variability in Rin after dissociation, we pooled measurements on
days 0–3 and measurements on days 4–7. Rin on days 4–7 (117 6
9 MV, n 5 20) was significantly greater than Rin on days 0–3
(90 6 9 MV, n 5 35), and both groups of dissociated SNs showed
significantly greater Rin than SNs tested in control ganglia at-
tached to long pedal nerves during the same period (46 6 5 MV,

Figure 2. Examples of the reduction of immediate 5-HT-induced hyper-
excitability by PKA antagonists. A, Bath application of 1 mM Rp-8-CPT-
cAMPS reduced the increase in repetitive firing (compared with the
pretest) caused by applying 5 mM 5-HT to the bath. B, Injection of PKI
(1.5 mM, with 0.05% FG dye) into the SN reduced the increase in
repetitive firing produced by puffing 50 mM 5-HT onto the cell soma.
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n 5 21; F2,75513.6; p , 0.0001, ANOVA; p , 0.001 for each
dissociated group vs SNs in ganglia, and p , 0.05 for days 4–7 vs
days 0–3; Newman–Keuls tests). For purposes of comparison (see
next section), this figure also shows the previously reported LTH
on day 3 produced by transecting neurites of dissociated SNs on
day 2 (data from Ambron et al., 1996). These experiments were
run during the same period in the same populations of animals as
reported by Ambron et al. (1996).

Rp-8-CPT-cAMPS blocks expression but not induction
of dissociation-induced LTH
Four days after dissociation, repetitive firing was reduced and
spike threshold was increased when SNs were tested in the pres-
ence of Rp-8-CPT-cAMPS (0.5–1.2 mM) (Fig. 4A,B). Depression
of firing was observed at each of the three test currents used ( p ,
0.001 in each case; n 5 47, 14, and 10 for the 1, 2, and 3 nA groups
tested in ASW, and n 5 32, 23, and 21 for the same groups tested
in Rp-8-CPT-cAMPS). These effects were rapidly reversed by
washout of the inhibitor (data not shown). In contrast to its
immediate depressive effect on SNs made hyperexcitable by pre-
vious dissociation, the Rp-8-CPT-cAMPS did not affect the in-
duction of LTH by dissociation. When Rp-8-CPT-cAMPS (1 mM)
was present from 30 min before to 24 hr after dissociation, LTH
4 d later was unaffected (Fig. 4C) (n 5 37 each for the 1, 2, and

3 nA groups axotomized in L15 alone; n 5 32 each for the same
groups axotomized in Rp-8-CPT-cAMPS). These data indicate
that PKA activity is not necessary for the induction of LTH by
the axotomy that occurs during dissociation, but they suggest that
it contributes to the later expression of LTH.

Rp-8-CPT-cAMPS blocks expression but not induction
of LTH induced by neurite transection
Soma hyperexcitability also appears 24 hr after transecting the
neurites of previously dissociated SNs growing in vitro (Ambron
et al., 1996; Bedi et al., 1998). We asked whether this form of
LTH requires PKA activation, as suggested by Bedi et al. (1998).
Two days after plating, the SN neurites were severed (Fig. 1), and
the cells were then tested for excitability 24 hr later. Cells tested
in the presence of Rp-8-CPT-cAMPS (0.5–1 mM) were signifi-
cantly less excitable than cells tested in the absence of inhibitor
(Fig. 5). To examine effects on induction of LTH, we superfused
Rp-8-CPT-cAMPS (0.5–1 mM) onto dissociated SNs 0.5 hr be-
fore transection of SN neurites and washed it out either 5.5 hr or
22.5 hr later. SN excitability was tested 24 hr after transection.
When transection occurred in the presence of the PKA inhibitor,
but testing was performed in its absence, no significant reduction
of LTH was found, even when the inhibitor was left in until 90
min before testing. For the data shown in Figure 5, only the
untransected cells and the cells tested in the presence of Rp-8-
CPT-cAMPS were significantly less excitable than the transected
cells (F4,34 5 24.8; p , 0.0001; with p , 0.01 for these two groups
compared with the group transected in the absence of inhibitor;
Dunnett’s test). These data suggest that PKA activity is not
necessary for the induction of LTH by axotomy of SNs growing in
dissociated cell culture but might contribute to the later expres-
sion of LTH.

Axonal PKA activation is neither sufficient nor
necessary for induction of delayed LTH by nerve crush
Crushing of pedal nerves containing the axons of SNs causes LTH
of both the SN soma and axon, and in each case the LTH depends
on protein synthesis within the ganglia (Walters et al., 1991;
Gunstream et al., 1997). LTH occurs even if spike activity and
synaptic transmission in the ganglia are blocked while the nerve is
crushed. Under these conditions, rapid activation of PKA in the
soma is unlikely, and the crush-induced LTH depends on retro-
grade transport of macromolecular signals from the axonal injury
site to the soma (Ambron et al., 1995; Gunstream et al., 1995). An
interesting possibility is that the generation of such retrogradely
transported injury signals depends on activation of PKA in the
axons (Schmied et al., 1993). We tested this possibility by con-
ducting the study summarized in Figure 6. Both sets of pleural–
pedal ganglia were dissected from eight animals, leaving all pedal
nerves as long as possible so that retrogradely transported injury
signals from the site of surgical transection would not reach the
soma during the period of the experiment (Gunstream et al.,
1995). One of four different treatments was then given to each of
the 16 pleural–pedal ganglion preparations (with attached
nerves) (Fig. 1), as described below. After 24 hr, the excitability of
both the soma and axon of sampled SNs was tested while the
nerve was bathed with ASW and the ganglion was bathed with a
solution containing altered concentrations of Ca21 (0.01% nor-
mal) and Mg 21 (200% normal). This prevented release of neu-
romodulators in the ganglia during testing, as well as generation
of afterdischarge in or near the SN soma that could confound
measurements of axonal excitability.

Figure 3. Long-term hyperexcitability of SNs produced by dissociation.
Repetitive firing (A) and spike threshold ( B) were tested in SNs sampled
at the indicated times after dissociation. G, Control cells tested in excised
ganglia preparations during the same period. Data in this and other
figures are shown as means 6 SEM. *Significant differences ( p , 0.05)
compared with control SNs in ganglia. In addition to producing changes in
repetitive firing and spike threshold, dissociation increased Rin (see Re-
sults). Also shown is the previously reported enhancement of excitability
24 hr later produced by transecting SN neurites 2 d after dissociation
(Ambron et al., 1996).
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We first tested the sufficiency of PKA activation in the nerve to
induce LTH in the absence of proximal nerve injury. To strongly
stimulate axonal PKA in each experimental preparation, pedal
nerves 7, 8, and 9 were bathed 1–2 cm from the pedal ganglion
with a solution containing both the membrane-permeant cAMP
analog 8-CPT-cAMP (100 mM) and a phosphodiesterase inhibi-
tor, IBMX (500 mM), for 2 hr (Schacher et al., 1988). In the
control (contralateral) preparation, the nerves were treated with
ASW. Although 8-CPT-cAMP and IBMX produced an imme-
diate increase in SN axon excitability that persisted for as long as
the drugs were present (X. Liao, C. Brou, and E. Walters, unpub-
lished observations), this treatment did not alter the repetitive

firing (Fig. 6A) or spike threshold (Fig. 6B) of either the soma or
the axons 24 hr after treatment (n 5 4 preparations in each group,
with six SNs sampled per preparation).

We then tested the necessity of PKA activation in the nerve for
axon and soma LTH induced by nerve injury. Pedal nerves 7, 8,
and 9 were crushed 1 cm from the pedal ganglion in eight
pleural–pedal ganglion preparations. In half the preparations, the
crush was administered to a region of nerve that was bathed in
Rp-8-CPT-cAMPS (1 mM); in the contralateral preparations the
crush was administered in ASW. The Rp-8-CPT-cAMPS had no
effect on the induction of axonal LTH, because there was no
significant difference between the two groups (Fig. 6A), and both
nerve-crushed groups displayed significant long-term enhance-
ment of evoked repetitive firing compared with evoked firing in
the uncrushed preparations ( p , 0.01; n 5 8 preparations in each
group, with six SNs sampled per preparation). To assess soma
LTH in these sensitized preparations, we measured spike thresh-
old but did not test repetitive firing. We did this to avoid the
intense repetitive firing that is often evoked by prolonged stimu-
lation of the soma in such preparations, which could alter re-
sponses to subsequent test stimuli applied to the axon. Although
nerve crush significantly decreased SN soma spike threshold com-
pared with threshold in uncrushed preparations (Fig. 6B) ( p ,
0.01; n 5 8 preparations in each group, with six SNs sampled per
pleural ganglion), soma spike thresholds in SNs whose axons were
crushed in Rp-8-CPT-cAMPS were not significantly different
from those of SNs whose axons were crushed in ASW (Fig. 6B)
(n 5 4 pleural ganglia in each group, with six SNs sampled per
ganglion).

Nerve crush does not activate axonal PKA or stimulate
its retrograde transport
The lack of a contribution of PKA activation to the induction of
LTH by nerve crush received further support from measurements

Figure 4. Rp-8-CPT-cAMPS applied dur-
ing dissociation does not prevent the induc-
tion of LTH, although it reduces the ex-
pression of LTH when applied later. A,
Examples of repetitive firing tested at three
test current intensities in the presence and
absence of Rp-8-CPT-cAMPS 4–5 d after
dissociation. B, Significant depression of
repetitive firing and elevation of spike
threshold when SNs (dissociated 4–5 d pre-
viously) were tested in the presence of Rp-
8-CPT-cAMPS (Rp). Thresh, Mean
threshold in nanoamperes for eliciting a
single spike in each group (horizontal error
bars that would indicate variability of
threshold current are too small to be seen).
C, Lack of effect of Rp-8-CPT-cAMPS
(present during dissociation) on the induc-
tion of LTH measured 4–5 d later.

Figure 5. Rp-8-CPT-cAMPS (Rp) applied during neurite transection
does not prevent the induction of LTH, although it significantly reduces
the expression of LTH if present during the test 24 hr after transection.
Times indicate duration of Rp-8-CPT-cAMPS treatment after
transection.
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of PKA activity in the region of the crush. Pedal nerves were
crushed 3 cm from the ganglion. Five minutes later crushed and
uncrushed nerves were rapidly frozen and 1 cm segments were
taken from three regions: (1) immediately proximal to the crush
site, 2–3 cm from the ganglion, (2) proximal to the crush site,
adjacent to the ganglion, and (3) 2–3 cm from the ganglion in
uncrushed nerves. These nerve segments from three animals were
pooled, homogenized, and centrifuged to obtain soluble and
membrane fractions. No differences in constitutive activity were
found among the different regions in either fraction. This consti-
tutive activity was similar to levels of PKA activity reported in
Aplysia muscle in the absence of stimulation (Hooper et al.,
1994a,b). All nerve segments also contained large amounts of
inactive PKA, which could be activated by adding exogenous
cAMP to the extracts. Despite the abundance of the holoenzyme,
there was no significant difference in total activity among the
nerve segments (Fig. 7A). The distribution of the catalytic subunit
between the supernatant and pellet was also essentially the same
in the different segments. Because activation of a small amount of
axonal PKA might be masked by a lack of activation of a poten-

tially larger pool of PKA in surrounding glia and connective
tissue, we also examined PKA activity in axoplasm extruded from
nerve segments. Roughly one-third of the total kinase in the
segment was found in the extrudate, but again there was no
difference in activity of the axoplasm between the crushed seg-
ment and the two control segments (data not shown).

To determine whether PKA had been transported toward the
soma 20 hr after nerve crush, we collected axoplasm that had
accumulated at a ligation near the pedal ganglia in two animals
(Ambron et al., 1995). The amount of PKA activity found in
whole nerve segments (Fig. 7B) or in extruded axoplasm (Fig. 7C)
from the ligated site on crushed nerves was no higher than the
corresponding activity from the ligated site in uncrushed nerves.
This shows that axotomy does not trigger the transport of PKA
toward the soma.

PKI injection reduces expression of central LTH
induced by in vivo nerve crush
Our studies found no evidence that PKA activation in the nerve
contributes to the induction of LTH after axotomy. The experi-

Figure 6. PKA activation in the nerve is
neither sufficient nor necessary for the in-
duction of LTH. A, Activation of PKA by
bathing the nerve in 8-CPT-cAMP 1
IBMX (cAMP) for 2 hr failed to increase
repetitive firing of the soma or axons when
tested 24 hr later. In addition, bathing the
nerves in Rp-8-CPT-cAMPS (Rp) for 30
min before and 2 hr after they were crushed
failed to prevent LTH 24 hr later. B, Bath-
ing the nerve in 8-CPT-cAMP 1 IBMX
also failed to reduce spike threshold in the
soma 24 hr later, and bathing the nerves in
Rp-8-CPT-cAMPS during and after nerve
crush failed to prevent the reduction in
soma threshold 24 hr later.

Figure 7. Nerve injury does not activate PKA or stimulate its transport toward the soma. A, Lack of injury-activated PKA at the crush site 5 min after
crushing pedal nerves. No increase in the constitutive activity of the catalytic subunit in the crushed region was found in either the supernatant (Sup)
or pellet (Pellet) compared with activity in a region of the same nerves near the ganglion (Proximal control ) or in the region in uncrushed contralateral
nerves corresponding to the crushed region (Contralateral control ). Each segment contained a considerable amount of the PKA holoenzyme, which was
revealed by adding exogenous cAMP to the extracts (Total activity). No transfer of active catalytic subunit from the soluble fraction (Sup) to the
membrane fraction (Pellet) occurred in the crushed region, as indicated by similar ratios of Sup/Pellet activity in each region. B, C, Lack of injury-induced
transport of PKA. Activity of the PKA catalytic subunit was assessed 20 hr after pedal nerve crush in segments of whole nerve (B) and in extruded
axoplasm (C). Segments (supernatant) or extruded axoplasm were assayed on the proximal side adjacent to the crush site (Cr) and immediately distal
to a ligation that was midway between the ganglion and the crush site (Cr/Lig). Any PKA that was activated and transported retrogradely would
accumulate at the Cr/Lig site. As controls, segments and axoplasm immediately distal to a ligation on an uncrushed nerve (Lig), or from a corresponding
section of a control nerve that was neither crushed nor ligated (Co), were examined (Ambron et al., 1995).
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ments shown in Figures 4 and 5, however, suggest that persistent
PKA activity in the soma does contribute to the maintenance or
expression of LTH. To test this possibility further, pedal nerves
were crushed unilaterally in vivo. Both pleural–pedal ganglia were
excised and exposed to Rp-8-CPT-cAMPS (0.5–1 mM in the
bath) 4–5 d later. We found a significant depression of repetitive
firing in the presence of the inhibitor (data not shown). Unex-
pected, however, was the observation that this inhibitor (and
Rp-cAMPS) also reduced repetitive firing in SNs whose axons
had not been crushed. Among other possibilities (see Discussion),
this suggested that these monophosphorothioate PKA inhibitors
might have immediate effects on excitability that are independent
of PKA activity. Therefore, we then tested the effects of injecting
PKI, an unrelated and more specific PKA inhibitor. Pedal nerves
were crushed unilaterally in vivo under anesthesia. Pleural ganglia
were excised 4–5 d later from each animal under heavy anesthe-
sia, with the nerves left as long as possible, to prevent effects on
excitability from either rapid or slow injury signals generated
during the dissection. Individual SNs were then tested before
(baseline) and after being injected with either FG dye or PKI 1
FG. Figure 8A shows the effects of these injections on repetitive
firing measured 1–2 min after injection. SNs whose axons had not
been crushed 4–5 d earlier showed no significant changes in
repetitive firing responses after PKI injection, and responses of
these cells (n 5 17) were not significantly different from those of
SNs in the same ganglion that were injected with FG alone (n 5
14). In contrast, previously axotomized SNs injected with PKI
showed significant depression of repetitive firing compared with
both their pre-injection responses ( p , 0.001; n 5 20) and
responses of axotomized cells in the same ganglia injected with

FG alone ( p , 0.005; n 5 22). PKI injection also altered spike
threshold (Fig. 8B); the increase in threshold was significantly
greater in previously axotomized SNs than in SNs whose axons
had not been crushed ( p , 0.005; n 5 20 and 17) and was larger
than the increase in threshold in both groups injected with FG
alone ( p , 0.05 in each case; n 5 20, 14, and 22). There was also
a small but significant increase of threshold of previously crushed
nerves after injection of FG alone, indicating that FG, the injec-
tion per se, or the pre-injection test can increase threshold even if
no PKA inhibitor is injected. However, the larger increase in
threshold by PKI injection in previously axotomized SNs than in
uninjured SNs (Fig. 8B) and the greater reduction of repetitive
firing in previously axotomized SNs (compared with uninjured
SNs) (Fig. 8A) suggest that nerve crush under anesthesia results
in a maintained activation of PKA in or near the SN soma 4–5 d
later.

DISCUSSION
Dissociation induces delayed long-term
hyperexcitability of SNs
Dissociated SNs from Aplysia are commonly used to study
memory-related alterations, including changes in excitability
(Dale et al., 1987). Although dissociation severs SN axons and
other forms of axotomy trigger LTH (Walters et al., 1991; Gun-
stream et al., 1995), it was not known whether dissociation also
triggers LTH. Dissociation-induced LTH is not expressed for 3–4
d and peaks after an additional 2–3 d. Thus, LTH is probably still
developing 4–5 d after dissociation, when synaptic growth has
plateaued and studies of dissociated SNs are typically conducted.
The latency for dissociation-induced LTH is 1–2 d longer than

Figure 8. Evidence that LTH induced by nerve crush 4–5
d earlier is partially maintained by PKA activity. A, Left,
Neither injection of Fast Green (FG) dye nor FG 1 protein
kinase inhibitor (FG 1 PKI ) affected repetitive firing re-
sponses tested in somata of SNs whose axons had not been
crushed in vivo. Right, SNs whose axons had been crushed
displayed greater firing responses than SNs with uncrushed
axons, but this injury-induced hyperexcitability of the soma
was significantly reduced by injection of PKI. B, Left, Injec-
tion of PKI significantly increased spike threshold in SNs
whose axons had not been crushed. Right, Injection of both
FG and PKI 1 FG significantly increased threshold in SNs
with previously crushed axons. However, the percentage
increase (black bars) after PKI 1 FG injection into previ-
ously axotomized SNs (Crushed nerves, right side) was sig-
nificantly greater than the increase after FG injection, or the
increases in previously unaxotomized SNs (Uncrushed
nerves, lef t side).
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that for LTH induced by either nerve crush close to the ganglion
or excision of the whole SN cluster (Gunstream et al., 1995),
suggesting that the long latency is not simply a consequence of
the time required to transport injury signals to the soma. The
latency for the decrease in spike threshold after dissociation was
shorter than the latency for the increase in repetitive firing (Fig.
3), perhaps because of the early increase in Rin after axotomy.
Conductance changes that persist long after axotomy may be
complex and have yet to be characterized. It should be noted that
SNs were dissociated under conditions that allow Ca21 influx.
Therefore, PKA might have been activated during dissociation
not only by indirect effects of Ca21 flux into axotomized SNs but
also by release of neuromodulators from terminals near SN so-
mata (Zhang et al., 1991).

PKA activation is not important for induction of long-
term hyperexcitability by axotomy
An extensively documented pathway for induction of
transcription-dependent plasticity involves synthesis of cAMP,
activation of PKA, translocation of PKA into the nucleus, and
activation of CREB transcription factors (Abel and Kandel, 1998;
Dubnau and Tully, 1998; Silva et al., 1998). Because much evi-
dence for this pathway in memory formation was obtained from
Aplysia SNs, and 5-HT (which stimulates cAMP–PKA–CREB in
these cells) produces long-term effects similar to those of axotomy
(Walters and Ambron, 1995; Ambron and Walters, 1996), it
seemed likely that PKA activation would contribute to induction
of LTH by axotomy. Strengthening this assumption was a report
that C/EBP, an immediate-early gene induced in Aplysia CNS by
in vivo treatment with 5-HT or cAMP analogs, is also induced by
tissue dissection (Alberini et al., 1994). This suggested that some
SN genes can be induced by both PKA and injury.

Although research on long-term plasticity has focused on syn-
aptic alterations, a parsimonious assumption has been that long-
term changes in soma conductances and synapses are induced by
the same signal pathways (Dale et al., 1987; Scholz and Byrne,
1987; Walters, 1987). Indeed, Scholz and Byrne (1988) showed
that injection of cAMP into individual SNs depressed outward
currents in the soma 24 hr later, and Lewin and Walters (1996,
1999) found that cAMP injection caused soma LTH as revealed
by the tests used in the present study. Furthermore, Bedi et al.
(1998) observed that application of Rp-cAMPS during neurite
transection reduced 24 hr LTH in dissociated cell culture. These
findings, however, did not prove that PKA contributes to the
induction of LTH by axotomy. The concentrations of cAMP used
to induce LTH were quite high (200–400 mM in the micropipette)
(Scholz and Byrne, 1988; Lewin and Walters, 1996, 1999) and
thus might have had nonspecific effects. Moreover, the Rp-
cAMPS applied during neurite transection by Bedi et al. (1998)
was not washed out until shortly before testing. Because Rp-
cAMPS is not highly membrane permeant and is resistant to
phosphodiesterases, intracellular Rp-cAMPS levels would be un-
likely to change rapidly after washout of extracellular Rp-
cAMPS. Consequently, the reduction in LTH observed by Bedi
et al. (1998) might have represented an effect of the Rp-cAMPS
on expression rather than induction of LTH.

Our results show that PKA makes little or no contribution to
the induction of LTH by axon injury. Prolonged application of
Rp-8-CPT-cAMPS or Rp-cAMPS during axotomy, at concen-
trations effective for blocking 5-HT-induced hyperexcitability,
had no effect on LTH 1–5 d later. These PKA inhibitors failed to
reduce LTH of the soma (or, in some cases, the axon) when

applied during (1) dissociation of SNs, (2) transection of neurites
growing from dissociated SNs, or (3) nerve crush. Activating
PKA by exposing uninjured nerve segments to solutions contain-
ing 8-CPT-cAMP and IBMX failed to induce LTH of the soma
or axon. Furthermore, despite substantial inactive PKA in pedal
nerves, nerve crush failed to activate PKA in the nerve or induce
its retrograde transport. Interestingly, LTH induced by brief
noxious stimulation of the body is also independent of PKA
activation (Lewin and Walters, 1998, 1999).

These findings suggest that protein kinases other than PKA
induce long-term changes after axotomy. Among candidate pro-
tein kinases are several that have been implicated in long-term
plasticity of the SNs. For example, a mitogen-activated protein
kinase (MAPK) is necessary for 5-HT-induced long-term synap-
tic facilitation (Martin et al., 1997). Injection of MAPK into the
soma can induce LTH, and a possible MAPK homolog in Aplysia
nerve is activated by nerve crush and transported to the soma
(Sung et al., 1998). In addition, PKC can activate MAPK cascades
(Berra et al., 1995), and an activator of PKC can induce LTH in
the SNs (Manseau et al., 1998). An important role for PKC is
further suggested by observations that PKC inhibitors, but not a
MAPK inhibitor, significantly reduce induction of LTH by dis-
sociation (Liao et al., 1998). Another potential contributor to the
induction of LTH by injury is PKG, because LTH induced by
body pinch depends on PKG activation, and injection of cGMP
into the SN soma induces LTH (Lewin and Walters, 1999). Given
the high metabolic cost of injury responses (especially regenera-
tive growth), it may be adaptive for LTH and other long-term
reactions to axotomy to be contingent on multiple signals.

An unanswered question is why 5-HT-induced long-term syn-
aptic facilitation in dissociated cell culture depends on PKA
activation, whereas LTH induced by axotomy or by noxious
cutaneous stimulation does not. Answers to this question may
have to consider not only differences in types of plasticity and
induction conditions, but also the possibility that such plasticity
involves intermediate consolidation phases that connect early
induction to late expression phases. Delayed PKA activity might
contribute to some consolidation phases after axotomy [also see
Lewin and Walters (1999)].

PKA activity contributes to the late expression of
axotomy-induced hyperexcitability
Injection of the PKA inhibitor PKI into SNs 4–5 d after axotomy
decreased repetitive firing and increased spike threshold, whereas
injection of PKI into SNs that had not been axotomized did not.
This indicates that nerve injury causes an activation of PKA in
the soma that lasts for days and contributes to the maintenance of
LTH. A similar role for prolonged PKA activation in the main-
tenance of long-term plasticity is indicated by enhanced PKA
activity in the SNs 1 d after 5-HT treatment (Mueller et al., 1998).
PKA activation produces immediate hyperexcitability of Aplysia
SNs (Baxter and Byrne, 1990; Goldsmith and Abrams, 1992;
Hochner and Kandel, 1992), in part by closing S-type K1 chan-
nels (Siegelbaum et al., 1982). Thus, persistent activation of PKA
after nerve crush should continuously maintain hyperexcitability.
Maintained PKA activation could be produced by persistent
activation of interneurons that continuously release neuromodu-
lators (e.g., 5-HT) that activate PKA in SNs. This possibility is
supported by observations of a reduction in the expression of
nerve crush-induced LTH by treatments that block ongoing spike
activity (Gasull et al., 1997), or by a 5-HT antagonist (Liao, Brou,
and Walters, unpublished observations). A second possibility is
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that noxious stimulation causes loss of regulatory subunits of
PKA, thereby maintaining activity of the catalytic subunits
(Greenberg et al., 1987; Hegde et al., 1993). Although this effect
lasts ,24 hr after 5-HT treatment (Hegde et al., 1997), it might
last longer after nerve crush or dissociation.

Application of Rp-8-CPT-cAMPS several days after axotomy
reduced soma excitability, providing additional evidence that
continuing PKA activity maintains LTH. However, Rp-8-CPT-
cAMPS also reduced excitability of SNs that had not been axo-
tomized previously. The action on uninjured SNs could be ex-
plained by either (1) inhibition of basal PKA activity causing a
reduction in background excitability or (2) PKA-independent
effects on membrane excitability. In separate studies (Liao and
Walters, unpublished observations) we found that both Rp-8-
CPT-cAMPS and Rp-cAMPS have transient effects on SN mem-
brane properties that differ somewhat from those of PKI. Because
PKI is a highly specific inhibitor of PKA (Kemp et al., 1988) and
because all of the electrophysiological effects of PKI, unlike some
of those of the monophosphorothioate analogs of cAMP, oppose
known actions of cAMP in Aplysia SNs, we have relied on PKI to
assess contributions of PKA to the expression of LTH. On the
other hand, using Rp-8-CPT-cAMPS to test the role of PKA
activity in the induction of LTH (see above) is appropriate
because the monophosphorothioate analogs of cAMP effectively
inhibit PKA (Van Haastert et al., 1984). Any transient, nonspe-
cific effects on excitability should not affect measurements of LTH
made several days after washout of the inhibitor.
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