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Transient versus Persistent Functional and Structural Changes 
Associated with Facilitation of Aplysia Sensorimotor Synapses Are 
Second Messenger Dependent 
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Increases in activity of both protein kinase A (PKA) and 
protein kinase C (PKC) contribute to shot-&-term facilitation 
of Aplysia sensorimotor synapses evoked by serotonin (5- 
HT). We report here that increasing levels of CAMP in sen- 
sory neurons evokes increases in both synaptic efficacy 
and in the number of sensory neuron varicosities contact- 
ing the major axons of motor cell L7 at intermediate times 
(3 hr) that persist for 24 hr. Treatment with phorbol esters 
results in a large transient increase in synaptic efficacy 
that is accompanied by a large transient increase in the 
number of sensory neuron varicosities with the newest var- 
icosities most susceptible to elimination. The reversal of 
the synaptic facilitation and the structural changes does 
not appear to be the result of long-term inhibitory actions 
of persistent PKC activation by phorbol esters, since 
changes in synaptic efficacy can be evoked by additional 
applications of either phorbol esters or 5-HT. The short- 
lived changes in structure evoked by phorbol esters occur 
in preexisting sensory neurites and not by new growth, 
since increases in PKC activity with phorbol esters lead to 
reductions in neurite extension and to retractions by sen- 
sory neuron growth cones. The action of phorbol esters on 
growth cone extension is reversible with washout. The re- 
sults suggest that increases in PKA and PKC activities by 
5-HT contribute to short (minutes) and intermediate (hours) 
forms of facilitation of sensorimotor synapses while in- 
creases in PKA activity also mediate long-term (days) 
maintenance of synaptic facilitation. 

[Key words: protein kinase A, protein kinase C, synaptic 
plasticity, intermediate term, long term, sensorimotor syn- 
apse, Aplysia] 

Changes in the activity of protein kinases play important roles 
in mediating short- and long-term changes in the properties of 
mature neurons and their connections. Changes in kinase activ- 
ities influence ionic conductances and excitability (Kandel and 
Schwartz, 1982; Acousta-Urquidi et al., 1984; Farly and Auer- 
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bath, 1986; Miller et al., 1992; McGlade-McCulloh et al., 1993; 
Raymond et al., 1993; Wang et al., 1994), the efficacy of syn- 
aptic transmission (Kandel and Schwartz, 1982; Malinow et al., 
1988; Dixon and Atwood; 1989; Schuman and Clark, 1994). or 
the number and structural properties of transmitter release sites 
(Wojtowitz et al., 1989; Corfas and Dudai, 1991; Nazif et al., 
1991; Zhong and Wu, 1991; Schacher et al., 1993). In some 
forms of hippocampal LTP, changes in the activities of several 
kinases, such as certain forms of Ca/calmodulin kinase (Malenka 
et al., 1989; Malinow et al., 1989; Silva et al., 1992). tyrosine 
kinase (O’dell et al., 1991; Grant et al., 1992), protein kinase C 
(Akers et al., 1986; Hu et al., 1987; Malinow et al., 1989; Abe- 
liovich et al., 1993), and protein kinase A (Frey et al., 1993; 
Bourtchuladze et al., 1994; Huang et al., 1994; Weisskopf et al., 
1994), contribute in varying degrees to the induction or main- 
tenance of the plasticity. The order of activation of these kinases, 

the critical substrates and sites of their activities in the presyn- 
aptic versus postsynaptic cells, and the time course of their ac- 
tivation and/or inactivation in mediating the change in synaptic 

function are not well understood. 
Sensitization of defensive reflexes in Aplwitr is mediated in 

part by the neurotransmitter 5-HT (Glanzman et al., 1989b) 
which evokes short- or long-term changes in the properties of 
the neurons in the circuit controlling the behaviors by affecting 
the activities of protein kinases. Various properties of mechano- 
sensory cells are affected by 5-HT: potassium and calcium con- 
ductances are altered which influence excitability and spike du- 
ration (Klein et al., 1982, 1986; Boyle et al., 1984; Ocorr and 
Byrne, 1985; Walsh and Byrne, 1989; Baxter and Byrne, 1990; 
Braha et al., 1993), evoked and spontaneous transmitter release 
from preexisting sensory terminals are increased (Brunelli et al., 
1976; Hochner et al., 1986; Rayport and Schacher, 1986; Dale 
et al., 1988; Braha et al., 1990; Dale and Kandel, 1990; Klein, 
1993, 1994), and the growth of new presynaptic branches and 
varicosities contacting target neurons are evoked with long-term 
facilitation (Glanzman et al., 1990; Bailey et al., 1992). Bio- 
chemical, physiological and pharmacological evidence indicate 
that many of the short-term changes in the sensory cells evoked 

by 5-HT or sensitizing stimuli are mediated by increases in the 
activity of PKA and PKC (Brunelli et al., 1976; Castellucci et 
al., 1980, 1982; Bernier et al., 1982; Siegelbaum et al., 1982; 
Ocorr and Byrne, 1985; Klein et al., 1986; Braha et al., 1990; 
Sacktor and Schwartz, 1990; Mercer et al., 1991; Critz and 
Byrne, 1992; Sossin and Schwartz, 1992; Ghirardi et al., 1992; 
Sugita et al., 1992, 1994). Persistent activation of the PKA path- 
way (Greenberg et al., 1987; Sweatt and Kandel, 1989; Schacher 
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et al., 1991; Backsai et al., 1993) can produce the long-term 
changes lasting at least 24 hr that are evoked by S-HT or sen- 
sitization training: increases in synaptic efficacy (Schacher et al., 
1988, 1993; Alberini et al., 1994), increases in the number of 
presynaptic varicosities and branches (Nazif et al., 199 I ; Schacher 
et al., I993), and changes in potassium conductance (Scholz and 
Byrne, 1987, 1988). The contribution of 5-HT-induced increase 
in PKC activity to long-term presynaptic facilitation is not clear, 
since an increase in PKC activity with phorbol esters fails to 
evoke long-term facilitation (Schacher et al., 1988; Sossin et al., 
1994) while pharmacological blockade primarily of the increase 
in PKC activity did not interfere with the expression of long 
term facilitation evoked with 5-HT (Emptage and Carew, 1993). 
However, recent evidence suggests that PKC activation may 
contribute to an intermediate phase of facilitation that lasts sev- 
eral hours. Treatments with 5-HT that evoke long-term facilita- 
tion first elicit a transient, protein synthesis-dependent phase of 
facilitation whose magnitude is greater than either short-term 
facilitation lasting minutes or long-term facilitation measured 24 
hr after treatment (Ghirardi et al., 199.5). Treatment with 5-HT 
or repeated sensitizing stimuli also evoke a persistent activation 
of some PKC isoforms in the sensory cells that lasts several 
hours after the completion of the facilitating stimulus (Sossin et 
al.. 1994). 

What ire the contributions of increasing the activity of each 
of these second messenger pathways in evoking functional and 
structural changes in the sensorimotor connection during inter- 
mediate phases of facilitation (hours) and to long-term facilita- 
tion (days)‘? Taking advantage of the simple in vitro preparation 
(Rayport and Schacher, l986), we examined the functional and 
structural changes in sensorimotor connections over time follow- 
ing prolonged activation of each second messenger pathway. 
Increasing CAMP levels in the sensory neurons evoked a func- 
tional change at intermediate times (three hours), while the struc- 
tural change is expressed partially at the intermediate time point 
and is further developed after 24 hr. By contrast, treatment with 
an activator of PKC evoked a large increase both in the efficacy 
of the connection and in the number of sensory varicosities at 
intermediate times, but these changes were no longer expressed 
by the cells 24 hr after treatment. The decline in varicosity num- 
ber after the intermediate time point was correlated with the 
elimination of the newest varicosities. Our results are consistent 
with the hypothesis that persistent activation of the PKC and 
PKA pathways by 5-HT can act in parallel in producing short- 
and intermediate-term synaptic facilitation of this connection. 
Persistent changes in synaptic efficacy and sensory neuron struc- 
ture require the critical contribution of increases in PKA activity 
that stabilizes both local changes in preexisting terminals and 
neurites as well as other changes that are essential for the growth 
and maintenance of new presynaptic structures. 

Materials and Methods 

Crll c-u/fur-r. Mechanosensory neurons of Apiysicc were isolated from 
the pleural ganglion dissected from adult animals (70-100 gm) and were 
cultured either alone or cocultured with identified motor cell L7 isolated 
from the abdominal ganglion of juvenile animals (l-3 gm; University 
of Miami Mariculture Facility) and maintained for up to 5 d as described 
previously (Schacher and Proshansky, 1983; Schacher, 1985; Rayport 
and Schacher, 1986). Individual cells were isolated with a segment 
(100-600 km) of their original axons intact (Schacher and Proshansky, 
1983). Each culture contained either a single sensory cell cocultured 
with a single L7 or S-IO sensory cells. Cocultures were allowed to 
grow processes for 4 d to permit the establishment of stable synaptic 
contacts and neuritic arbors (Montarolo et al., 1986; Dale et al., 1988; 

Glanzman et al., 1990; Schacher and Montarolo, 1991). Cultures with 
sensory cells alone were examined after 3 d to determine the effects of 
PKC activation during the period of rapid neurite growth (Peter et al., 
1994). 

Electrophysiology. The stimulation and recording techniques for mea- 
suring changes in the efficacy of the SN-L7 connection have been de- 
scribed (Montarolo et al., 1986). For monitoring changes in connectiv- 
ity, the motor cell was impaled with a microelectrode (15-20 M(2) 
containing 2.0 M KCI and held at a potential of -30 mV below the 
resting level (-49 to -65 mV) to permit accurate measurements of the 
amplitude of the EPSI? For each coculture, synaptic potentials were 
evoked in L7 before treatments and at 3 and 24 hr after the onset of 
the control or experimental treatments by stimulating the sensory neu- 
ron with a single brief (SO msec) depolarization using the dye-filled 
intracellular electrode after the iontophoretic injection of the dye. Dur- 
ing the recording and dye-filling, cultures were superfused at I ml/min 
with medium consisting of artificial sea water (Instant Ocean) and mod- 
ified Ll5 with salt concentrations added to levels consistent with sea 
water (Schacher et al., 1990). 

Drug applications. After recording the initial amplitudes of the 
EPSPs and imaging sensory neurites interacting with the major axon of 
L7 (see below), cocultures were divided into four groups. Cultures were 
incubated for 2 hr with 50 nM phorbol 12, I3-dibutyrate (Sigma; PDBU 
or phorbol) or 100 nM 4cY-phorbol (Sigma; inactive form referred in the 
text as c-u-phorbol) dissolved in perfusion medium. Alternatively, CAMP 
or S’AMP (Sigma) was injected via iontophoresis for IO min (Scholz 
and Byrne, 1988; Schacher et al., 1993) with intracellular microelec- 
trodes filled with 200 mM CAMP or S’AMI? Beginning IO min before 
and ending IO min after the injection, cultures were perfused with 100 
FM IBMX (Sigma) in perfusion medium (Schacher et al., 1993). All 
cultures were rinsed 4X with perfusion medium, and reexamined three 
hours after starting drug incubation or intracellular injection. Cultures 
were rinsed with culture medium, placed back into the incubator and 
reexamined for a third time after 24 hr. Another set of cocultures were 
used to examine the long-term consequences of PDBU treatment. 
EPSPs were recorded before and 24 hr after a 2 hr treatment with PDBU 
or cy-phorbol as described above. At the second recording, either S-HT 
(2 pM) was applied to the cultures after the sensory neuron was given 
IO stimuli at 30 set intervals to produce homosynaptic depression, or 
PDBU was applied for I hr after a single test stimulus to determine 
whether the synapse can undergo synaptic facilitation. To examine ef- 
fects of PDBU on sensory neuron growth, cultures with sensory neurons 
only that had IO or more sensory growth cones were first rinsed with 
perfusion medium and every growth cone was photographed before the 
2 hr incubation with PDBU or a-phorbol. The cultures were rinsed with 
perfusion medium and neurites and growth cones re-photographed start- 
ing 30 min or 4 hr after washout. Cultures treated with PDBU that had 
at least 10 growth cones that had stopped or retracted with treatment 
were reexamined at 4 hr after washout. The percent for each growth 
cone behavior was measured in each culture and averaged over all the 
cultures (Peter et al., 1994). 

Dye injrctim und imuging structurd charrgrs. The fluorescent dye 
5(6)-carboxyfluorescein (Molecular Probes; 6% in 0.44 M KOH; pH = 
7.0) was injected into the sensory cell in the cocultures with 0.3-0.5 
nA hyperpolarizing current pulses (500 msec at I Hz) for 5-6 min 
(Glanzman et al., 1989a; Schacher and Montarolo, 1991) at each time 
point. Nomarski contrast and fluorescent images of the same view areas 
along the major axons of the motor cell were taken both before and 
after treatments with a Nikon Diaphot microscope and a SIT (Dage 66) 
video camera. The images were processed by a Dell 3 IO computer with 
a PC Vision Plus frame grabber, and subsequently stored on a Panasonic 
optical disk drive. Alignment of the live view area at the 3 hr and 24 
hr time points with the initial recorded image was aided by the computer 
with line adjustments made with the stage controls and by manual ro- 
tation of the culture dish. Illumination used for obtaining fluorescent 
images was kept as low as possible to prevent photodamage. To mini- 
mize differences in imaged structures that might arise as a result of 
differences in the extent of dye filling, light intensities used at the 3 hr 
and 24 hr points were adjusted to match the intensity of the stored 
images taken before treatment. Phase contrast Micrographs of the sen- 
sory growth cones before and after treatments were used to measure 
changes in growth cone behavior. Micrographs of the images were made 
with a Panasonic or Sony video printer. 

Qumr(ficurion qf .structurul change. Counts of varicosity number 
were obtained from fluorescent images of sensory cell neurites con- 
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tatting the axon hillock and major processes of L7. Previous studies 
had indicated that this region of L7 is the most favorable for the growth 
of sensory neurites, and contains most of the varicosities and transmitter 
release sites (Glanzman et al., 1989a, 1990; Schacher et al., 1991). Since 
the major axons of L7 are relatively thick structures, it often required 
as many as four different focal planes to image all of the labeled neu- 
rites and varicosities in a given view area. To minimize slight differ- 
ences in focus which could obscure differences in varicosity number, 
we used computer-assisted superimposition of the various focal planes 
onto a single two-dimensional image. The matched fluorescent images 
of each focal plane along with the superimpositions for the three time 
points were compared and the total number of varicosities counted. Net 
change in varicosity number was measured for all treatments. We also 
examined the effect of treatment on the maintenance of the new vari- 
cosities. A varicosity (swelling along a sensory cell process greater than 
2 pm in diameter) was considered new if the structure was not located 
within a 2 pm radius in the same region of the motor axon on an earlier 
image of the area. The varicosity was considered to be eliminated if the 
structure was absent within a 2 pm radius in the same region of the 
motor axon. Structures that were slightly elongated spheres greater or 
equal to 2 pm connected by narrow neuritic necks were counted as 
varicosities (Bailey and Chen, 1983, 1988). Counts of varicosities were 
performed blind; the individual did not know the amplitude of the 
EPSPs before or after treatment or the nature of the treatment. Growth 
cone behaviors in sensory neuron cultures were scored for extension or 
retraction behavior; growth of 10 pm or more over the approximately 
3 hr time period was scored as extension; retraction of 10 pm or more 
over the same period was scored as a retraction, and intermediate be- 
havior was scored as a stop). 

Analysis of data. All data are represented as the mean t SEM. Stu- 
dent i tests (two-tailed) or ANOVA’s (one- or two-factor) followed by 
corrected multicomparison r tests (Dunnett’s) were used to measure sig- 
nificance of the change in EPSP amplitude, and the number of sensory 
varicosities with treatment over time, and the effect of treatment on 
sensory neuron growth cone behavior. 

Results 
Activation of PkVA pathway evokes an early change in both the 
function and structure of sensorimotor connections that persists 
for 24 hr 
During the first 4 d in culture, the regenerating neurons reesta- 
blish stable functional connections (Rayport and Schacher, 1986; 
Glanzman et al., 1989a; Zhu et al., 1994). The stability of the 
connection is strongly correlated with the stability of the sensory 
neuron arbor both in the overall number of presynaptic varicos- 
ities interacting with the motor axon as well as in the mainte- 
nance of existing varicosities (Bank and Schacher, 1992; Zhu et 
al., 1995). Applications of 5-HT to 4 or 5 d old cultures evoke 
a functional change in the connection lasting at least 24 hr that 
is accompanied by the formation of new sensory cell varicosities 
and transmitter release sites in contact with the major axonal 
processes of motor cell L7 (Glanzman et al., 1989a, 1990; 
Schacher et al., 1991). Recent studies indicated that the efficacy 
of sensorimotor connections show as much as a 200% enhance- 
ment at intermediate times (0.5-3 hr) after repeated applications 
of 5-HT compared to the long-term change of about 80% de- 
tected 24 hr after treatment (Ghirardi et al., 1995). Raising in- 
tracellular CAMP in the sensory neurons (Schacher et al., 1993) 
evokes increases in the efficacy of the connection at both the 
short-term (80% at 10 min) and long-term (60% at 24 hr) time 
points, and the long-term change with CAMP is accompanied by 
the formation of new sensory varicosities and branches (Schach- 
er et al., 1993). We first examined whether raising CAMP levels 
in sensory cells with intracellular injections of CAMP evoke 
large functional and structural changes at an intermediate time 
point (3 hr). We also compared the changes at 3 hr to the 
changes observed for the same preparations at 24 hr. After al- 
lowing the cells to regenerate and form stable connections after 
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Figure 1. CAMP evoked persistent functional and structural changes 
in the SN-L7 connections. A, The efficacy of the connection is enhanced 
by injection with CAMP, but not with S’AMP EPSPs were recorded 
before (0 hr) and twice after treatment (3 hr and 24 hr). Whereas the 
amplitude of the EPSP declines with S’AMP (top), CAMP increases the 
EPSP amplitude both at 3 hr and 24 hr. The vertical bar equals 5 mV, 
and the horizontal bar equals 10 msec. B, Summary of the changes in 
EPSP amplitude evoked by S’AMP (solid bars) and CAMP (white bars). 
The height of each bar is the average ampltitude t SEM of the EPSP 
at each time point. A two-factor ANOVA indicated a significant effect 
of treatment over time (df = 2,28, F = 53.778, p < 0.001). One-factor 
ANOVA and t tests indicated that CAMP evoked a significant change 
in the EPSP amplitude at both the 3 hr and 24 hr time points. C, Sum- 
mary of the changes in the number of sensory neuron varicosities 
evoked by S’AMP and CAMP The height of each bar is the average 
number of sensory varicosities t SEM at each time point. A two-factor 
ANOVA indicated a significant effect of treatment over time (df = 2,28, 
F = 42.813, p < 0.001). One-factor ANOVA and r tests indicated that 
CAMP evoked a significant change in varicosity number at both the 3 
hr and 24 hr time points. Note that the difference between CAMP and 
AMP at 24 hr is greater than the difference at 3 hr. 

4 d, the amplitude of the EPSP evoked in motor cell L7 was 
measured before and twice after (at 3 hr and 24 hr) intracellular 
injection (10 min) of CAMP or S’AMP (Scholz et al., 1988; 
Nazif et al., 1991; Schacher et al., 1993). At the same time 
points, the structure of the sensory cell net&es interacting with 
major axonal processes of L7 were imaged and photographed 
following intracellular injection of the fluorescent dye 5(6) car- 
boxyfluorescein (Glanzman et al., 1989a, 1990). 
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Figure 2. CAMP evoked a persistent 
change in the structure of the sensory 
neurons. A, Epifluorescent view of a 
portion of the sensory cell neurites and 
varicosities in contact with the major 
motor axon (middle half of micrograph 
in the horizontal plane) before injection 
with CAMP Image is a superimposition 
of three focal planes photographed in 
this view area. B, View of the same 
area in A 3 hr after injection of CAMP 
Three new varicosities (arrows) have 
formed in this region. Overall, this sen- 
sory neuron gained six varicosities. C, 
View of the same area at 24 hr. Note 
the new branches and varicosities (ar- 
rowhead) near the center of the field. 
There was a net gain of six varicosities 
in this region. Two of the three new 
varicosities (arrows) established at the 
3 hr time point are still present. Overall 
there was a net gain of 13 varicosities 
for this sensory neuron compared to the 
0 hr time point. Scale bar, 15 pm. 
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Injection of CAMP into the sensory neurons, but not S’AMP 
evoked an increase in the amplitude of the EPSP at both the 3 
hr and 24 hr time points (Fig. IA,@. The change in EPSP am- 
plitude evoked by cAMP at 3 hr was not different than the 
change measured at 24 hr. Starting from the same level of syn- 
aptic efficacy before experimental or control treatments (2 1.7 
mV _+ 2.8 vs 22.5 mV +- 3.5, p > 0.8; 0 hr), injection with 
CAMP (N = 8) evoked significant increases of 7.6 mV (to 29.3 
mV t 2.7; p < 0.04) by 3 hr and 7.2 mV (28.9 mV t 3.4; p 
< 0.02) at 24 hr, while injection with S’AMP (N = 8) resulted 
in small declines of -3.2 mV after 3 hr (19.3 mV + 3.4) and 
-4.5 mV (18.0 mV Ifr 2.5) after 24 hr. 

The increases in EPSP amplitude evoked by CAMP were ac- 
companied by structural changes in the sensory cell neurites that 
increased in magnitude over time (Figs. lC, 2). After 3 hr, there 
was a net average increase of 7.0 varicosities in the number of 
sensory neuron varicosities contacting the major axonal pro- 
cesses of L7 (30.8 -+ 3.2 to 37.8 t 2.7) compared to a slight 
decline of - 1.9 varicosities following injections with S’AMP 
(32.9 t 3.5 to 31.0 t 2.8; p < 0.01). The new varicosities with 
CAMP injections formed primarily as swellings along preexist- 
ing sensory cell neurites (Fig. 2A,B). With reexamination of the 
same cultures 21 hr later, we observed that additional varicosi- 
ties were formed on both preexisting and newly formed neurites 
(Fig. 2C) raising the net average increase to 11.3 varicosities (to 
42.1 ? 3.2; p < 0.01). Approximately 2/3 (67.5%) of the new 
varicosities formed by 3 hr after injection were still present at 
24 hr. At 24 hr, injection with S’AMP resulted in a small decline 
of -3.1 varicosities (to 29.8 + 3.1). Thus, CAMP elevation leads 
to structural changes in the sensory neuron that continue over a 
prolonged period and may serve to consolidate the change in 
synaptic efficacy expressed during short-term (Schacher et al., 
1988, 1993) and intermediate-term time points. 

Activation of the PKC pathway evokes a large transient 
increase both in the efficacy of sensorimotor connections and 
in the number of sensory varicosities 

In previous studies, increases in PKC activity in sensory neurons 
significantly facilitated transmitter release for short durations 
(Braha et al., 1990), while persistent activation for at least 2 hr 
failed to enhance the efficacy of the connection after 24 hr 
(Schacher et al., 1988). Recent evidence indicates that treatments 
with 5-HT that evoke long-term facilitation lead to a persistent 
activation of some PKC isoforms for about 2-3 hr (Sossin et al., 
1994). To test whether persistent activation of the PKC pathway 
can produce facilitation at intermediate time points, we exam- 
ined both the change in synaptic efficacy and in sensory cell 
structure as described above both 1 hr and 24 hr after a 2 hr 
incubation with phorbol ester. 

Incubation with phorbol, but) not the inactive a-phorbol, 
evoked a significant increase in the amplitude of the EPSP at 
the intermediate time point (3 hr), but not after 24 hr (Fig. 3A,B). 
Starting from the same level of synaptic efficacy before exper- 
imental or control incubations (29.7 mV -C 2.5 vs 26.5 mV t 
5.2, p > 0.6; 0 hr), phorbol evoked a significant increase of at 
least 27.3 mV (to 57.0 mV rfr 3.0; p < 0.01; N = 6) by 3 hr 
compared to a small decline of - 1.7 mV (to 24.8 mV ? 4.5) 
following incubation with a-phorbol (N = 6). The large change 
in EPSP amplitude evoked with phorbol at 3 l-u is an underes- 
timate of the actual level of facilitation, since in four of six 
cultures the stimulus to the sensory neuron evoked an action 
potential in the motor cell (measured as a 60 mV EPSP) despite 
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Figure 3. PDBU evoked transient functional and structural changes in 
the SN-L7 connections. A, The efficacy of the connection is enhanced 
by PDBU at 3 hr, but not at 24 hr. EPSPs were recorded before (0 hr) 
and twice after treatment (3 hr and 24 hr). Whereas the amplitude of 
the EPSP was unchanged with a-phorbol (top, o-Phor), PDBU (Phor) 
increased significantly the EPSP amplitude at 3 hr. By 24 hr the EPSP 
amplitude returned to baseline. The vertical bar equals 10 mV, and the 
horizontal bar equals 10 msec. B, Summary of the changes in EPSP 
amplitude evoked by a-phorbol (Lu-Phor, solid bars) and PDBU (Phor, 
open bars). The height of each bar is the average amplitude of the EPSP 
at each time point. A two-factor ANOVA indicated a significant effect 
of treatment over time (df = 2,20, F = 74.423, p < 0.001). One-factor 
ANOVA and t tests indicated that PDBU evoked a significant change 
in the EPSP amplitude at the 3 hr time point, but not at the 24 hr time 
point. C, Summary of the changes in the number of sensory neurons 
varicosities evoked by a-phorbol and PDBU. The height of each bar is 
the average number of sensory varicosities at each time point. A two- 
factor ANOVA indicated a significant effect of treatment over time (df 
= 2,20, F = 32.654, p < 0.001). One-factor ANOVA and t tests in- 
dicated that PDBU evoked a significant change in varicosity number at 
the 3 hr time point, but not at the 24 hr time point. 

the fact that the motor cell was hyperpolarized by 30 mV (from 
-80 to -95 mV) below their resting potential. Similar large 
short-term facilitation can be evoked in some sensorimotor cul- 
tures with application of 2 PM 5-HT. By 24 hr however, the 
amplitudes of the EPSP in cultures treated with phorbol had 
returned to approximately pretreatment levels (to 3 1.8 mV 2 
2.8) and were no longer significantly different than those treated 
with inactive a-phorbol (27.5 mV t: 4.4; p > 0.4). 

The return to baseline was not accompanied by long-term 
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Figure 4. PDBU evoked a transient change in the structure of the 
sensory neurons. A, Epifluorescent view of a portion of the sensory cell 
neurites and varicosities in contact with the major motor axon (middle 
third of micrograph in horizontal plane) before treatment with PDBU. 
Image is a superimposition of two focal planes. B, View of the same 
area in A 3 hr after onset of PDBU incubation. Three new varicosities 
have formed in this region (arrows). Overall, this sensory neuron gained 
11 varicosities. C, View of the same area at 24 hr. Note that two of the 
new varicosities (indicated by the left and right arruws in B) are no 

inactivation of the PKC pathway as a consequence of phorbol 
treatment. A second application of phorbol 24 hr after the first 
application (N = 5) evoked an increase of 18.6 mV t 3.8 in 
the EPSP amplitude that was not significantly different than the 
increase of 17.5 mV t 4.0 evoked by phorbol treatment of cul- 
tures exposed initially to ol-phorbol (N = 4). Moreover, 24 hr 
after phorbol (N = 4) or ol-phorbol (N = 4). application of 5-HT 
to sensorimotor synapses first depressed by homosynaptic de- 
pression increased EPSP amplitudes by comparable levels 
(338% 2 17% vs 366% t 26%). 

The transient increase in EPSP amplitude evoked by phorbol 
was accompanied by a parallel transient change in the structure 
of the sensory cell neurites (Figs. 3C, 4). At the intermediate 
time point (3 hr) there was a significant net average increase of 
12.0 varicosities in the number of sensory neuron varicosities 
contacting the major axonal processes of L7 (from 32.7 ? 1.5 
to 44.7 t 1.7) compared to a net change of 0.5 varicosities 
following incubation with cu-phorbol (from 34.3 2 3.9 to 34.8 
I? 4.1; p < 0.01). As was the case with CAMP, the new vari- 
cosities appear to form primarily as swellings along preexisting 
sensory cell neurites (Fig. 4A,B; and see below). However, un- 
like the results observed with CAMP, the net change in the num- 
ber of varicosities was no longer significantly different at 24 hr 
(p > 0.6). The net number of varicosities declined on average 
by -9.5 (from the 3 hr time point to 35.3 t 2.0 at 24 hr), and 
was not significantly different than the number of varicosities 
contacting the motor axons in control cultures at 24 hr (33.7 -C 
4.0). Thus, increase in PKC activity alone is not sufficient for 
maintaining the large change in synaptic efficacy evoked at short 
and intermediate time points. 

The decline in varicosity number 24 hr following treatment 
with phorbol was not a result of a general decline in the health 
of the cells. First, most of the decline in varicosities was selec- 
tive and was primarily accounted for by the loss of the newly 
formed varicosities. Nearly 3/4 (71.0%) of the new varicosities 
formed at 3 hr were eliminated at 24 hr. Moreover, after washout 
the cells continued to extend occasional new branches with var- 
icosities contacting the motor axon (Fig. 4C). The formation of 
new varicosities by 3 hr was not due to a rapid increase in new 
outgrowth by the sensory cells. Treatment of 3 d cultures (N = 
22) of sensory neurons with 50 nM phorbol results in a signifi- 
cant reduction in neurite extension and an increase in the fre- 
quency of growth cone retractions (Figs. 5, 6). Whereas treat- 
ment of sensory neuron cultures with the control a-phorbol (N 
= 18) had little effect on neurite extension and fasciculation 
with other sensory neurites (Fig. 5Al,A2), treatment with phor- 
bol often resulted in a slowing of growth cone advance leading 
to the formation of a terminal varicosity (growth cone indicated 
by the left arrows in Fig. 5BI,B2), a retraction of the main body 
of the growth cone by 30-60 p,rn (growth cones indicated by 
the center and right arrows in Fig. 5B), or a slowing of growth 
cone advance to an average of less than 15 pm per hour (com- 
pared to 26 pm per hour for sensory cell growth cone advance 
in cultures treated with a-phorbol and 23 p,rn per hour for un- 
treated cultures). Nearly 2/3 (65.4% + 4.5) of sensory neuron 
growth cones extend at a rate greater than 10 p,rn per hour with 

t 

longer present. A new branch bearing a varicosity (arrowhead) has 
appeared over this time period. Overall there was no net change in 
varicosities in this region compared to that observed at 0 hr. Scale bar, 
15 bm. 
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Figure 5. PDBU reduced growth of sensory neuron growth cones. A, Treatment with a-phorbol did not affect growth cone extension or fascic- 
ulation. Growth cones before (Al) and after (AZ) treatment are indicated by arrows. Each growth cone extended, and some (right m-row) fasciculated 
with other sensory cell neurites. B, Treatment with PDBU halted extension and/or increased growth cone retractions. Growth cones before (Bl) 
and after (B2) treatment are indicated by arrows. Each has appeared to retract, with some leaving behind a terminal varicosity connected to the 
retracted body of the growth cone by a thin process (lef arrow). Scale bar, 30 km. 

control treatment compared to less than 30% (29.7% t 5.0; p 
< 0.01) of growth cones showing the same behavior with treat- 
ment with phorbol (Phor, Fig. 6). In addition, treatment with 
phorbol facilitated the detection of what appear to be preexisting 
swellings along the neurites (numerous locations in Fig. 5B2). 
With washout of phorbol (N = 11 cultures), there was a re- 
sumption of growth by the growth cones that have stopped or 
retracted. By 4 hr after washout the frequency of advancing 
growth cones (76.1% + 3.3) was not significantly different (p 
> 0.2) than that observed for control treatment (Fig. 6). Thus, 
the change in the structure of sensory neurons (increase in the 
number of varicosities) evoked by phorbol in the cocultures is 
likely to be due to a reversible alteration in the structure of the 
preexisting sensory cell neurites. 

Discussion 
The results indicate that increases in the activity of either protein 
kinase (PKA or PKC) evoke changes in the efficacy of senso- 
rimotor connections lasting from minutes to hours, but they dif- 
fer in their capacity to evoke long-term facilitation lasting days. 
Increases in activity of either kinase can enhance transmitter 

release from preexisting terminals in a manner that is character- 
istic of short-term facilitation (Castellucci et al., 1980, 1982; 
Klein et al., 1986; Schacher et al., 1988; Braha et al., 1990; 
Sugita et al., 1992; Emptage and Grew, 1993; Schacher et al., 
1993). With large and persistent activation of either kinase, 
changes in synaptic efficacy lasting 3 hr were accompanied by 
significant changes in the structure of the sensory neurons. The 
failure of the increase in PKC activity to parallel the increase 
PKA activity in evoking long-term changes (greater than 24 hr) 
in synapse efficacy may reflect the differences of the two kinase 
pathways in maintaining or stabilizing the initial kinase-induced 
structural changes in the sensory neurons. Whereas the new var- 
icosities induced by CAMP persisted and continued to increase 
in number, the PDBLJ-induced changes in sensory neuron struc- 
ture were transient. It is unlikely that the reversal of these func- 
tional and structural changes are a consequence of PDBU-in- 
duced inactivation of the PKC pathways in either the sensory or 
motor neurons, since the effects of PDBU treatment were re- 
versible and the cells responded to subsequent treatments that 
involved additional activation of the PKC pathway (Braha et al., 
1990). 
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Figure 6. The reduction in growth cone advance by PDBU is revers- 
ible. The height of each bar is the average frequency + SEM per culture 
for a given growth cone behavior. PDBU (Phor) evoked a significant 
reduction in the proportion of sensory growth cones that advance and 
a significant increase in the proportion of growth cones that have either 
stopped or retracted (df = 2,48, F = 27.615, p < 0.001). The growth 
cones that have either stopped or retracted can resume growth following 
washout of PDBU (wash). 

Although we did not examine directly whether the new sen- 
sory neuron varicosities contained transmitter release sites, sev- 
eral previous studies indicated a strong correlation between the 
number of presynaptic varicosities and the amplitude of the 
EPSP evoked in motor cell L7 both before and after the induc- 
tion of long-term modulation of the connections (Glanzman et 
al., 1989a, 1990; Schacher and Montarolo, 1991; Bailey et al., 
1992; Schacher et al., 1993). Electron microscope examination 
of the sensory neuron contacts with the major motor axons either 
before or after treatments that evoke long term facilitation 
(Glanzman et al., 1989a, 1990; Schacher et al., 1991) indicated 
that these varicosities typically contained active zones charac- 
teristic of sensory neuron transmitter release sites (Bailey and 
Chen, 1983). In addition to the contributions of the new vari- 
cosities at the intermediate time point, enhancement of trans- 
mitter release at pre-existing varicosities induced by persistent 
kinase activity may contribute to the overall change in synaptic 
efficacy (Kandel and Schwartz, 1982; Sossin and Schwartz, 
1994; Ghirardi et al., 1995). Thus, changes in the release prop- 
erties of preexisting terminals plus the structural changes may 
contribute to the facilitation at the intermediate time point. The 
correlations between the persistent increase in synaptic efficacy 
following PKA activation and the decline in efficacy following 
PKC activation with the capacity to maintain the new sensory 
neuron varicosities are consistent with the hypothesis that some 
aspects of the long-term “consolidation” of the functional 
changes of the connection are mediated by the structural changes 
(Bailey and Chen, 1988, 1989; Glanzman et al., 1990; Schacher 
et al., 1993). 

The transient functional and structural changes evoked by 
PDBU are most likely a consequence of its direct actions on 
preexisting sensory cell neurites and varicosities. Unlike the 
changes evoked by increases in PKC activity in some regener- 
ating systems (Hsu, 1985; Bixby, 1989; Lankford and Letour- 
neau, 1991), the application of PDBU during the active phase 
of regeneration of Aplysia sensory neurons did not enhance neu- 
rite outgrowth. Treatment resulted in a significant reduction in 
growth cone extension, as well as an increase in the frequency 
of growth cone retractions. By contrast, 2 hr treatment with for- 
skolin or CAMP analogues did not reduce neurite extension by 
sensory neurons (Wu and Schacher, unpublished observations). 
Although the expression of changes in neurite extension, growth 
cone behavior and structure evoked by PDBU were obvious af- 
ter 2 hr, changes in the structure of growth cones could be ob- 
served within 15-30 min of treatment. This suggest that en- 
hanced PKC activity is most likely affecting protein substrates 
directly within the growth cone that might affect motility and 
shape. Because both the reduction of neurite outgrowth and sig- 
nificant facilitation of sensorimotor synapses with PDBU occur 
rapidly (Braha et al., 1990; Sugita et al., 1992), it is possible 
that the rapid functional and structural changes observed at 3 hr 
were consequences of the persistent increase in PKC activity on 
protein substrates within the preexisting sensory neurites and 
varicosities (Knox et al., 1992). The local effect of PDBU on 
existing net&es is consistent with the observations that both the 
change in behavior by sensory growth cones and the change in 
varicosity number are transient. The new varicosities formed as 
a result of PDBU treatment are the ones that are most susceptible 
to elimination. 

The apparent duplicative nature of the short-term changes in The long-term maintenance of new sensory neuron varicosi- 
synaptic efficacy evoked by increases in the activity of either ties induced by appropriate stimuli after stable connections have 
kinase raises the question of whether kinase activation by their formed apparently requires increases in PKA activity within the 

respective receptors to 5-HT simply reflects a redundant feature 
to insure appropriate responses by the cells. Earlier studies sug- 
gested that increases in the activity of either kinase can contrib- 
ute to an enhancement in synapse efficacy by evoking short- 
term changes in excitability and action potential duration and/or 
by directly evoking changes in transmitter release (Klein et al., 
1986; Braha et al., 1990; Sugita et al., 1992; Klein, 1993, 1994; 
Ghirardi et al., 1995). These latter changes evoked by increased 
activity of either kinase may be especially critical when the 
available “pool” of vesicular release of transmitter has been 
reduced by prior activity (Gingrich and Byrne, 1985; Hochner 
et al., 1986). The overall consequence of increasing the activity 
of both kinases under these conditions may insure an appropriate 
response by the neurons. Both pathways could also play impor- 
tant roles in the expression of short- versus long-term plasticity 
following local site-specific activation of specific 5-HT receptor 
subtypes (Clark and Kandel, 1993; Emptage and Carew, 1993). 
Behavioral stimuli resulting in the release of 5-HT at the sensory 
neuron cell body leading to the local increase in the appropriate 
kinase activities would evoke a long-term change in the prop- 
erties of the connections. Moreover, the results reported here 
suggest that the persistent activation of the PKC pathway could 
contribute to the large functional changes in synaptic efficacy 
evoked by 5-HT concentrations capable of evoking long-term 
plasticity (Ghirardi et al., 1995) during the transition between 
the expression of short- and long-term synaptic plasticity. Thus 
changes in the activity of both kinases evoked by 5-HT may be 
additive and contribute to the large functional changes at inter- 
mediate times. 



The Journal of Neuroscience, November 1995, 15(11) 7525 

sensory neurons. This would trigger appropriate changes in the identified target neuron in vitro: structural remodeling visualized over 

nucleus of the sensory neuron for regulating expression of syn- time. J Neurosci 12:2960-2972. 

apse-specific macromolecules (Schacher et al., 1988; Nazif et 
Baxter DA, Byrne JH (1990) Differential effects of cAMP and sero- 

al., 1991; Backsai et al., 1993; Hu et al., 1993; Alherini et al., 
tonin on membrane current, action potential duration, and excitability 
in somata of pleura1 sensory neurons of Ap/vsia. J Neurophysiol 64: 

1994). The changes in the sensory neuron soma would include 978-990. 
PKA-induced changes in the regulatory machinery for transcrip- Bergold PJ, Sweatt JD, Winicov I, Weiss KR, Kandel ER, Schwartz JH 

tion (Dash et al., 1990; Kaang et al., 1993; Alberini et al., 1994) (1990) Protein synthesis during acquisition of long-term facilitation 

and the expression, synthesis, and transport of macromolecules 
is needed for the persistent loss of regulatory subunits of the Ap/ysiu 

needed for both the formation of new terminals as well as their 
cAMP-dependent protein kinase. Proc Natl Acad Sci USA 87:3788- 
3791. 

maintenance (Forscher et al., 1987: Schacher et al., 1988, 1993; 

Bailey et al., 1992; Funte and Haydon, 1993; Hu et al.. 1993). 

In addition, increases in PKA activity in the sensory neuron may 

be required to trigger appropriate long-term changes in the post- 

synaptic motor cell such as the formation of new postsynaptic 

receptive zones for the new presynaptic structures (Trudeau and 

Castellucci, 1995). Stabilization of new varicosities may also 

require CAMP-induced alterations in the relative expression of 

adhesion molecules on the surface of the interacting cells (May- 

ford et al., 1992; Hu et al.. 199.3; Wu and Schacher, 1994; Zhu 

et al., 199.5). Changes in the level of expression of adhesion 

molecules and their ligands on the surface of the cells could 

signal changes in other intracellular cascades affecting kinase 

activities (Atashi et al., 1992; Doherty and Walsh, 1992). In 

addition to changes in the activities of PKA and PKC, S-HT 

may also affect the activities of CaM kinase (Saitoh and 

Schwartz, 1983, 1985) or others (Homayouni et al., 1995). The 

nature of this reciprocal sequence of intercellular and intracel- 

lular signals initiated by the binding of 5HT to multiple receptor 

subtypes and the role of various protein kinases and their inter- 

actions in regulating both pre- and postsynaptic cells in the for- 

mation and stabilization of new synaptic connections require fur- 

ther study. 
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