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Persistent Long-Term Synaptic Plasticity Requires
Activation of a New Signaling Pathway by Additional Stimuli

Jiang-Yuan Hu, Orit Baussi, Amir Levine, Yang Chen, and Samuel Schacher
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Most memories are strengthened by additional stimuli, but it is unclear how additional stimulation or training reinforces long-term
memory. To address this we examined whether long-term facilitation (LTF) of Aplysia sensorimotor synapses in cell culture—a cellular
correlate of long-term sensitization of defensive withdrawal reflexes in Aplysia californica— can be prolonged by additional stimulation.
We found that 1 d treatment with serotonin (5-HT; five brief applications at 20 min intervals) produced LTF lasting �3 d, whereas 2 d of
such 5-HT treatments induced a persistent LTF lasting �7 d. Incubation with the protein synthesis inhibitor rapamycin during the
second set of 5-HT treatments abolished all facilitation, and synapse strength returned prematurely to baseline. Persistent LTF required
more persistent elevation in the expression of the neurotrophin-like peptide sensorin and its secretion. Activation of protein kinase C
(PKC) during the second day of 5-HT treatments, not required for LTF or changes in sensorin expression during the first set of 5-HT
treatments, is critical for persistent LTF and replaces phosphoinositide 3 kinase (PI3K) activity in mediating the increase in sensorin
expression. In contrast, activations of PKC during the first day of 5-HT treatments and PI3K during the second day of 5-HT treatments are
unnecessary for persistent LTF or the increases in sensorin expression. Thus, additional stimuli make preexisting plasticity labile as they
recruit a new signaling cascade to regulate the synthesis of a neurotrophin-like peptide required for persistent alterations in synaptic
efficacy.

Introduction
The duration and amplitude of many forms of long-term mem-
ory are reinforced with additional training given on successive
days (McGaugh, 2000; Kandel, 2001; Wang et al., 2006; Xu et al.,
2009). It is unclear whether these additional stimuli produce
more persistent forms of long-term memory or cellular plasticity
by regulating the same molecular and cellular changes initiated
with the earlier stimuli or by activating new pathways.

The acquisition and consolidation of long-term memories re-
quire new gene expression and protein synthesis to alter the phys-
iological or structural properties of the neurons and synapses
activated by the stimuli (Davis and Squire, 1984; Goelet et al.,
1986; Nader et al., 2000; Abel and Lattal, 2001; Alberini, 2005;
Reijmers et al., 2007). In Aplysia, 1 d of training (repeated stim-
uli), evoking the repeated release of serotonin (5-HT) (Glanzman
et al., 1989; Marinesco and Carew, 2002), produces sensitization
of defensive withdrawal reflexes lasting �3– 4 d, whereas multi-
day training results in sensitization lasting �3 weeks (Pinsker et
al., 1973; Frost et al., 1985; Bailey and Chen, 1989; Kandel, 2001).
Regardless of the duration, new macromolecular synthesis is re-
quired for the behavioral changes, synaptic facilitation, and

structural changes in the sensory neurons (Castellucci et al., 1989;
O’Leary et al., 1995; Bailey et al., 1992, 2008; Miniaci et al., 2008).

In cell culture, Aplysia sensorimotor synapses express several
forms of synaptic facilitation (Montarolo et al., 1986; Rayport
and Schacher, 1986; Eliot et al., 1994; Sun and Schacher, 1998;
Miniaci et al., 2008). Five bath applications of 5-HT produce a
protein synthesis- and mRNA synthesis-dependent long-term fa-
cilitation (LTF) accompanied by the formation of new synapses
(Montarolo et al., 1986; Glanzman et al., 1990; Bailey et al., 1992).
We therefore ask, do additional stimuli (a second day of five
5-HT applications) prolong the duration of LTF by enhancing
the expression of the same molecules and the activation of the
same cellular and molecular pathways as those activated by the
first day of stimuli?

We found that additional exposure to 5-HT on the second day
produced a more persistent LTF that prematurely returned to
baseline when specific inhibitors were present during or imme-
diately after the additional stimuli. The additional stimuli evoked
a second round of rapid increase in the synthesis and secretion of
the neurotrophin-like neuropeptide sensorin required for persis-
tent LTF. Unlike the initial LTF, where activation of phosphoino-
sitide 3 kinase (PI3K) mediated the rapid 5-HT-induced increase
in sensorin synthesis required to initiate LTF (Hu et al., 2006),
now activation of protein kinase C (PKC) by the additional stim-
uli mediates a persistent increase in sensorin. Thus, additional
stimuli make existing LTF labile and induce a more persistent
LTF by recruiting a new signaling pathway. The responses to
additional stimuli at this behaviorally relevant synapse represent
a cellular correlate that parallels aspects of memory consolidation
and reconsolidation (Dudai, 2004; Nader and Einarsson, 2010;
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Alberini, 2011; Inda et al., 2011) and sug-
gest that activation of new and old molec-
ular pathways by additional stimuli in
neurons already expressing synaptic plas-
ticity contribute to the enhancement of
long-term synaptic plasticity.

Materials and Methods
Cell culture and electrophysiology. Sensory neu-
rons were isolated from pleural ganglia dis-
sected from adult animals (60 – 80 g; Aplysia
californica, which are hermaphrodite), and
motor neuron L7s were isolated from abdom-
inal ganglia dissected from juvenile animals (2
g). Animals were raised at the marine facility at
the University of Miami, Florida, and shipped
throughout the year. Cocultures contained one
sensory neuron and one L7 maintained up to
11 d. Standard electrophysiological techniques
were used to record the EPSP amplitude evoked
in L7 before and at different times after various
treatments (Schacher and Montarolo, 1991;
Hu et al., 2004a, 2006, 2007). In brief, an
intracellular microelectrode (containing 2.0
M K-acetate, 0.5 M KCl, and 10 mM K-HEPES,
pH 7.4) in L7 was used to monitor EPSPs after
action potentials evoked with an extracellular
electrode placed near the cell body of the sen-
sory neurons. The membrane potential of the
motor neuron L7 was held at �80 mV. For
measurement of persistence of LTF, EPSPs
were recorded up to 7 d after the last treatment
with 5-HT.

Drug treatments. Drug treatments [5-HT, in-
hibitors, or anti-sensorin antibody (SEN Ab)]
were applied to 4-, 5-, or 6-d-old culture (defined as day 0, day 1, or day
2 in the timeline for all experimental protocols, respectively). Each set of
5-HT treatments consisted of five bath applications of 5 �M 5-HT, each
lasting 5 min at 20 min intervals. Cultures were treated with one set of
5-HT treatments on day 1 or with two sets of 5-HT treatments on 2
successive days (day 0 and day 1). Protein synthesis inhibitor rapamycin
(Rapa; 50 nM; Sigma), polyclonal anti-sensorin antibody (400 ng/ml), the
PI3K inhibitor 2-(4-morpholinyl)-8-phenyl-4 H-1-benzopyran-4-one
(LY294002) (PI3KI; 10 �M; Calbiochem), or PKC inhibitor chelyrethrine
(10 �M; Calbiochem) were added to cultures for 2 h during, before or
after various treatments (see Results and timelines in figures). Rapamy-
cin blocks the synthesis of some proteins, including the neuropeptide
sensorin, and is rapidly reversible with washout (Hu et al., 2004a). The
actions of the SEN Ab, PI3K, or PKC inhibitors are rapidly reversible (Hu
et al., 2004a,b, 2006, 2007).

Immunocytochemistry. Immunocytochemistry was used to monitor
the expression of sensorin in the sensory neurons. Cultures were rinsed
briefly in artificial seawater and fixed in 4% paraformaldehyde and pro-
cessed as described previously (Liu et al., 2003; Hu et al., 2004b, 2006).
Cells were exposed to rabbit polyclonal antibody specific for sensorin
(1:1000) diluted in 2% normal goat serum in 0.01 M PBS with 0.3%
Triton X-100 at 4°C for 24 h. The incubated cultures were washed in 0.01
M PBS and incubated in FITC-conjugated goat anti-rabbit IgG (1:200;
Sigma) at 4°C for 4 h. After washing in 0.01 M PBS, cultures were imaged
directly with a filter set for detecting fluorescent signal. To test the spec-
ificity of the primary antibody, controls were performed, including the
substitution of normal rabbit serum for the primary antibody and omis-
sion of the primary antibody. All controls showed little immunocyto-
chemical reaction.

Quantification and data analyses. All data are expressed as the mean �
SEM produced by the indicated treatments. The EPSP amplitude was
measured in millivolts. The changes in EPSP amplitudes after various
treatments were measured by dividing the posttreatment EPSP ampli-

tude by the pretreatment EPSP amplitude multiplied by 100%. No
change in amplitude is represented as 100%. The intensity of sensorin
immunostaining was tested by measuring average fluorescent intensity
in the sensory neuron cell body, the entire original axon and axon stump,
and the regenerated neurites and varicosities of sensory neurons contact-
ing the original axons of L7 with the MCID (7.0) software package from
Imaging Systems. Varicosities were defined as swellings along the sensory
neuron neurites with diameters �1.5 �m. Sensorin staining intensities
for the various experimental treatments were normalized to the intensi-
ties measured in each cellular compartment with control treatments
(100%). ANOVA was used to assess overall significant differences pro-
duced by treatment, and the Scheffe F test was used to gauge significant
differences between individual treatments.

Results
Additional stimuli produce persistent LTF sensitive to
complete disruption by rapamycin
After 4 d in culture (defined as day 0 for all experimental proto-
cols) (Fig. 1A), the strength of synapses between sensory neurons
and motor neuron L7 achieve a steady-state baseline level. In the
absence of any 5-HT treatment, EPSP amplitude is maintained
over the next 7 d (Fig. 1B,C). We monitored the change in syn-
aptic strength (EPSP amplitude) in mature cultures (day 0) after
control applications (n � 8) and one set of 5-HT treatments (1
5-HT; n � 9) and compared them to the change in EPSP ampli-
tude produced by two sets of 5-HT treatments (2 5-HT; n � 10).
The increase in EPSP amplitude 1 d after 1 5-HT was �165%
compared to that in the control treatment (�100%; data not
shown). By 2 d after 1 5-HT (on day 3 in the timeline), the
increase in EPSP amplitude was reduced but still significantly
higher than control (139 � 7.5% compared to 98 � 3.7%; p �
0.05). By day 7, synaptic strength with 1 5-HT was no longer

Figure 1. Two sets of 5-HT treatments produced persistent LTF. A, Experimental timeline for monitoring LTF produced by 1 5-HT
and 2 5-HT. EPSP amplitudes were tested before treatments (day 0) and after treatments on days 3 and 7. With 1 5-HT, control
treatment was given on day 0 and five bath applications of 5 �M 5-HT (each lasting 5 min) at 20 min intervals (5 � 5-HT) were
given on day 1, whereas in 2 5-HT the 5 � 5-HT treatment was given on days 0 and 1. B, Sample traces of EPSPs evoked in L7 at the
three time points indicated that persistent LTF was produced by 2 5-HT treatments. Calibration: 20 mV, 20 ms. C, Summary of the
changes in EPSPs evoked by control treatment, 1 5-HT, and 2 5-HT. An ANOVA indicated a significant effect of treatment (df � 4,
48; F � 34.439; p � 0.001). Individual comparisons indicated that both 1 5-HT and 2 5-HT produced significant increases over
control on day 3 (F � 5.118, p � 0.05, and F � 18.07, p � 0.01, respectively). The change in EPSP amplitude on day 3 produced
by 2 5-HT was significantly greater than that of 1 5-HT (F � 3.984; p � 0.05). By day 7, only 2 5-HT produced a significant increase
in EPSP amplitude compared to the control treatment and 1 5-HT (F � 9.845 and 10.121, respectively; p � 0.01), whereas the
EPSP amplitude in 1 5-HT was not different from that of control.
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significantly different from control (EPSP amplitude 93 � 9.0%
compared to 92 � 4.4% for control). In contrast, cultures treated
with 2 5-HT expressed a persistent LTF lasting �7 d. EPSP am-
plitude on day 3 (2 d after the last 5-HT treatment) increased to
173 � 11.4% and was significantly greater than that of control
( p � 0.01), and the increase was significantly higher than the
increase in EPSP amplitude at the same time point produced by 1
5-HT ( p � 0.05). On day 7, the increase in EPSP amplitude after
2 5-HT persisted (146 � 9.8%) and was significantly greater than
that of both control and 1 5-HT treatments ( p � 0.01). Thus,
adding a second set of 5-HT treatments both enhances the am-
plitude and prolongs the duration of LTF at sensory neuron
synapses.

The rapidly reversible protein synthesis inhibitor rapamycin
(50 nM) blocks LTF produced by 1 5-HT when applied selectively
during the 5-HT applications (Hu et al., 2006). We examined
whether blocking protein synthesis transiently with rapamycin
during the second set of 5-HT applications blocked the en-
hancement of facilitation produced by the second set of 5-HT
treatments (Fig. 2). As additional controls, we compared the
consequences on LTF of applying rapamycin a few hours before
the second set of 5-HT treatments or 24 h after a single set of
5-HT treatments but without the presentation of the second set of

5-HT treatments. When rapamycin was
present during the second set of 5-HT
treatments [2 5-HT � Rapa (24 –26 h);
n � 8], it not only blocked the expected
increase in EPSP amplitude produced by
the second set of 5-HT treatments but also
evoked a rapid return of EPSP amplitude
to baseline levels on day 3 (98 � 9.5%),
which was no longer significantly differ-
ent from the change observed for control
(99 � 6.0%; n � 9) or control with rapa-
mycin [Cont � Rapa (24 –26 h); 97 �
12.9%; n � 6]. In addition, the EPSP
amplitude was reduced significantly such
that it was significantly lower than the
change produced by 1 5-HT (139 � 5.1%;
p � 0.05; n � 9) or 1 5-HT with rapamy-
cin added 24 h after the single set of 5-HT
treatments (48 –50 h; 138 � 3.0%; p �
0.05; n � 6). The LTF produced by 2 5-HT
on day 3 (177 � 6.1%; n � 10) was signif-
icantly greater than the changes produced
by the various control treatments ( p �
0.01) and the various 1 5-HT treatments
( p � 0.05). Application of rapamycin
4 – 6 h before the second set of 5-HT treat-
ments [2 5-HT � Rapa (18 –20 h), n � 6]
and protein synthesis resuming did not
interfere with the expected increase (179 �
5.2%) in EPSP amplitude produced by 2
5-HT, which was significantly greater ( p �
0.01) than that of control (99 � 6.0%) or
Cont�Rapa (24–26 h; 97�12.9%). Treat-
ment with rapamycin before the second set
of 5-HT treatments also failed to interfere
with persistent LTF on day 7 produced by 2
5-HT (146 � 5.5% compared to 145 �
7.4% for 2 5-HT), which was significantly
greater than the change in EPSP amplitude
produced by 2 5-HT�Rapa (24–26 h; 91�

9.5%; p � 0.01). Thus the second set of 5-HT treatments both pro-
longs LTF and makes preexisting LTF labile. In contrast, treatment
with rapamycin 1 d after 1 5-HT in the absence of the second set of
5-HT treatments did not affect LTF expressed on day 3. Thus, tran-
sient inhibition of protein synthesis completely disrupts preexisting
long-term synaptic plasticity only when presented coincidently with
the new stimuli.

Persistent expression of sensorin and its secretion contribute
to persistent LTF
Sensorin is one of the newly synthesized proteins in sensory neu-
rons that is required for LTF evoked by 1 5-HT and whose syn-
thesis is blocked by the presence of rapamycin (Hu et al., 2006).
We next examined whether 2 5-HT produced a persistent in-
crease in sensorin that is sensitive to inhibition by rapamycin
(Fig. 3).

Mature cultures were fixed and processed for sensorin immu-
nochemistry on day 2, 24 h after the following treatments (Fig.
3A): (1) control treatments on day 0 and day 1 (n � 6), (2)
control treatment on day 0 and one set of 5-HT treatments on day
1 (n � 6), (3) each set of 5-HT treatments both on day 0 and day
1 (n � 6), or (4) one set of 5-HT treatments on day 0 and a second
set of 5-HT treatments plus rapamycin on day 1 (24 –26 h; n � 6).

Figure 2. Rapamycin applied during the second set of 5-HT treatments blocked persistent LTF. A, Timeline of treatments
indicating when 1 5-HT, 2 5-HT, or Rapa was applied and EPSP amplitudes were tested. B, Summary of the changes in EPSP
amplitude in the indicated treatments. An ANOVA indicated a significant effect of treatment (df � 12, 94; F � 52.272; p � 0.001).
By individual comparisons, 1 5-HT, 1 5-HT � Rapa (48 –50 h), 2 5-HT, and 2 5-HT � Rapa (18 –20 h) significantly increased EPSP
amplitude on day 3 compared to both control (F � 2.972, 2.378, 11.855, and 10.298; p � 0.05, 0.05, 0.01, and 0.01, respectively)
and Cont � Rapa (24 –26 h; F � 2.726, 2.576, 10.081, and 9.556; p � 0.05, 0.05, 0.01, and 0.01, respectively). EPSP amplitude
in 1 5-HT on day 3 was not different from that of 1 5-HT � Rapa (48 –50 h), but both were significantly smaller than those of 2 5-HT
(F � 2.804 and 2.642; p � 0.05) and 2 5-HT � Rapa (18 –20 h; F � 2.771 and 2.687, respectively; p � 0.05). Rapamycin applied
during the second set of 5-HT (24 –26 h) significantly reduced the change in EPSP amplitude on day 3 back to control levels
compared to 2 5-HT or 2 5-HT � Rapa (18 –20 h; F � 11.435 or 9.191, respectively; p � 0.01). EPSP amplitude in Cont � Rapa
(24 –26 h) or 2 5-HT � Rapa (24 –26 h) was not significantly different from that in control. The increase in EPSP amplitude
produced by 2 5-HT was not significantly different from the increase produced by 2 5-HT � Rapa (18 –20 h). By day 7, only the
increase in EPSP amplitude by 2 5-HT or 2 5-HT � Rapa (18 –20 h) persisted significantly compared to others groups ( p � 0.01),
whereas the increase in EPSP amplitude with 2 5-HT was not significantly different from the increase with 2 5-HT � Rapa (18 –20
h). 5 � 5-HT, Five bath applications of 5 �M 5-HT (each lasting 5 min) at 20 min intervals.
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Sensorin staining in three compartments of the sensory neuron
(cell body, original axon, or regenerated varicosities) was mea-
sured, and staining in each compartment for the experimental
groups was compared to the staining intensity of that compart-
ment in the control (normalized to 100%) (Fig. 3B). Compared
to control, 1 5-HT produced a small but significant increase ( p �
0.05) in sensorin expression in the sensory neuron cell body
(134 � 8.7%) and varicosities (144 � 11.6%), but not in the
axons (98 � 5.4%). In contrast, 2 5-HT produced a significant
increase ( p � 0.01) in sensorin staining in all compartments
(185 � 7.1% in cell bodies, 176 � 9.8% in axons, and 198 � 8.3%
in varicosities) compared to those compartments in both control
and 1 5-HT treatments. The increases in sensorin staining in all
compartments were completely abolished (94 � 7.1% in cell
bodies, 84 � 4.5% in axons, and 93 � 4.7% in varicosities) when
rapamycin was present during the second set of 5-HT treatments
(Fig. 3B). Sensorin staining in cell bodies and varicosities of sen-
sory neurons in cultures treated with rapamycin during the sec-
ond set of 5-HT treatments was significantly lower than the
staining in those compartments for cultures treated with 1 5-HT
( p � 0.05). Thus, the return to baseline levels of sensorin expres-
sion on day 2 (1 d after the second set of 5-HT treatments) par-
allels the return to baseline levels of EPSP amplitude when
rapamycin is present during the second set of 5-HT treatments
(Fig. 2).

Sensorin secretion immediately after 1 5-HT is required for
LTF (Hu et al., 2004a, 2006). We therefore examined whether the
downstream actions of secreted sensorin immediately after the
second set of 5-HT treatments contributes to persistent LTF. We
added SEN Ab to the bath for 2 h to bind up any secreted sensorin
at the indicated times before or after 2 5-HT or after control and
1 5-HT treatments (Fig. 4A). Sensorin secretion immediately
after the second set of 5-HT treatments is also required for per-
sistent LTF (Fig. 4B). The presence of exogenous SEN Ab imme-
diately after the second set of 5-HT treatments [2 5-HT � SEN
Ab (26 –28 h); n � 8] abolished not only the additional increase in
EPSP amplitudes produced by the second set of 5-HT treatments

but also evoked a rapid return of EPSP amplitude to baseline
levels on day 3 (104 � 4.0%) compared to the change on day 3
produced by 2 5-HT alone (173 � 8.8%; p � 0.01; n � 8), and the
change in EPSP amplitude was no longer significantly different
from that of control (97 � 5.6%; n � 8) or control with SEN Ab
[Cont � SEN Ab (26 –28 h); 96 � 5.3%; n � 7]. As expected (Hu
et al., 2004a), transient treatment with SEN Ab at the same time
period 24 h after 1 5-HT [1 5-HT � SEN Ab (50 –52 h); n � 8]
failed to interfere with LTF produced by 1 5-HT (n � 8) on day 3
(138 � 7.2% compared to 139 � 7.8% for 1 5-HT). The increase
in EPSP amplitudes on day 3 produced by 1 5-HT or 1 5-HT �
SEN Ab (50 –52 h) was significantly greater ( p � 0.05) than that
produced by 2 5-HT � SEN Ab (26 –28 h). A 2 h bath application
of SEN Ab 4 – 6 h before the second set of 5-HT treatments [2
5-HT � SEN Ab (18 –20 h); n � 8] did not affect the significant
increase ( p � 0.01) in EPSP amplitude on day 3 or on day 7
produced by 2 5-HT (172 � 7.1% on day 3; 143 � 8.0 on day 7).
Blocking the second round of interaction between newly synthe-
sized sensorin with its receptors due to the timely competition
with exogenous antibody not only blocked persistent LTF pro-
duced by adding a second set of 5-HT treatments but also pro-
duced a rapid return toward baseline. SEN Ab applied at the same
time but in the absence of a second set of stimuli failed to affect
existing LTF. Thus, the downstream signaling produced by the
second round of secreted sensorin is required for persistent LTF
and for maintaining preexisting LTF produced by the first set of
5-HT treatments.

Activation of PKC, but not PI3K, by additional stimuli is
required for persistent LTF and persistent increase in
sensorin expression
With 1 5-HT, the rapid increase in sensorin expression and the
LTF expressed at 24 h require PI3K activity during the 5-HT
applications but do not require PKC activity (Hu et al., 2004a,
2006). We therefore examined whether PI3K or PKC activity
during the second set of 5-HT treatments is required for persis-
tent LTF and the expression of sensorin.

Figure 3. Additional 5-HT treatments evoked a rapamycin-dependent persistent increase in sensorin expression. A, Cultures were fixed and processed for sensorin immunochemistry on day 2,
24 h after the indicated treatments. Phase contrast (top) and epifluorescent views of sensorin staining (bottom) of the same area of sensory neurons (small cell bodies in top images) interacting with
the main axons of the motor neuron are shown (extending from left to right). Treatment with rapamycin completely blocked the entire increase in sensorin staining back to control levels. Scale bar,
50 �m. B, Summary of the staining levels in the indicated compartments of the sensory neuron. An ANOVA indicated a significant effect of treatment (df � 6, 40; F � 4.915; p � 0.001). Individual
comparisons indicated that the following treatments produced a significant increase in sensorin expression compared to control normalized (NORM) as 100%: 1 5-HT (F �3.32; p �0.05) and 2 5-HT
(F � 20.305; p � 0.01) in the cell body; 2 5-HT (F � 16.038; p � 0.01) in the axon; and 1 5-HT (F � 4.427; p � 0.05) and 2 5-HT (F � 22.055; p � 0.01) in the varicosities. When rapamycin was
added during the second set of 5-HT treatments, sensorin staining in all compartments was not different from control and was significantly lower in all compartments compared to 2 5-HT (F �
23.376, 23.74 and 25.324, respectively; p � 0.01) and significantly lower than the sensorin expression in the cell body and varicosities after 1 5-HT (F � 4.626 and 6.719; p � 0.05 and 0.01,
respectively).
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Unlike the requirement for PI3K activity to produce LTF by 1
5-HT, PI3K activity during the second set of 5-HT treatments is
no longer required for persistent LTF (Fig. 5). As reported previ-
ously (Hu et al., 2004a, 2006), blocking PI3K activity with PI3KI
(10 �M) during the single set of 5-HT treatments [1 5-HT �
PI3KI (24 –26 h); n � 6] inhibited the entire increase in EPSP
amplitude on day 3 by 1 5-HT alone (n � 12; 101 � 6.4% com-
pared to 138 � 6.1%; p � 0.05). The EPSP amplitude with 1 5-HT
� PI3KI (24 –26 h) was not significantly different from that of
control (98 � 3.9%; n � 11) or control with PI3KI [Cont �
PI3KI (24 –26 h); 97 � 5.4%; n � 6]. In contrast, blocking PI3K
activity during the second set of 5-HT treatments [2 5-HT �
PI3KI (24 –26 h); n � 9] did not affect the increase in EPSP
amplitude by 2 5-HT alone (n � 14) on day 3. This increase in
EPSP amplitude (with PI3K inhibitor applied during the second
set of 5-HT treatments) was not significantly different from the
increase produced by 2 5-HT alone (161 � 8.5% compared to
173 � 9.2%) and persisted to day 7 (139 � 6.0%), where it was
significantly greater ( p � 0.01) than the changes in EPSP amplitude
in control or the various 1 5-HT groups and was not significantly
different from that produced by 2 5-HT alone (146 � 9.2%).

Persistent LTF induced by 2 5-HT was
blocked when PI3K inhibitor LY294002
was applied during the first set of 5-HT
treatments (Fig. 5B). Adding the PI3K in-
hibitor during the first of the two sets of
5-HT treatments (0 –2 h) did not interfere
with the increase in EPSP amplitude on
day 3 that was produced by the second set
of 5-HT treatments (145 � 9.7%; n � 13)
but blocked persistent LTF monitored on
day 7 (95 � 7.9%). Although PI3K activity
during the second set of treatments is not
required for persistent LTF, its actions
during the first set of 5-HT treatments is
required for the second set of 5-HT treat-
ments to produce persistent LTF.

The failure of applied PI3K inhibitor
during the second set of 5-HT treatments to
block the persistent increase in EPSP ampli-
tude paralleled the failure of the PI3K inhib-
itor to block the increase in sensorin
expression immediately after the second set
of 5-HT treatments (Fig. 6). In the presence
of PI3K inhibitor during the second set of
5-HT treatments (24–26 h; n � 8), staining
intensity of sensorin compared to control
(normalized to 100%; n � 8) remained sig-
nificantly greater in the cell bodies (245 �
7.1% compared to 253 � 9.2% for 2 5-HT
alone; n � 8), axons (201 � 7.3% compared
to 205 � 16.5% for 2 5-HT), or varicosities
(300�10.4% compared to 309�14.4% for
2 5-HT). Thus, persistent LTF induced by 2
5-HT does not require PI3K activity during
the second set of 5-HT treatments but may
recruit another signaling pathway to regu-
late the expression of sensorin required for
persistent LTF. Since PKC activity regulates
sensorin expression after another form of
stimuli that produces an associative form of
LTF at sensory neuron synapses (Hu et al.,
2007), we examined whether PKC activity is

required to produce persistent LTF by regulating sensorin expres-
sion after the second set of 5-HT treatments.

Blocking PKC activity with PKC inhibitor chelerythrine
(PKCI; 10 �M) during the second set of 5-HT treatments [2 5-HT
� PKCI (24 –26 h); n � 8] not only abolished the additional
increase in EPSP amplitudes on day 3 produced by the second set
of 5-HT treatments, but also evoked a rapid return of EPSP am-
plitude to baseline levels (96 � 6.3%) (Fig. 7) compared to con-
trol (98 � 9.8%; n � 6) and control with PKCI [Cont � PKCI
(24 –26 h); 97 � 9.6%; n � 6]. Treatment with 2 5-HT alone (n �
7) or with PKCI added either during the first set of 5-HT treat-
ments [2 5-HT � PKCI (0 –2 h); n � 6] or 4 h before the second
set of 5-HT treatments (18 –20 h; n � 6) all evoked LTF both on
day 3 (176 � 5.7%, 172 � 7.0%, and 173 � 5.5% increase in EPSP
amplitude, respectively) and on day 7 (145 � 9.3%. 141 � 8.9%,
and 142 � 10.2%, respectively) that were significantly greater
( p � 0.01) than the changes evoked on day 3 or on day 7 by
control treatments or when the PKC inhibitor was applied during
the second set of 5-HT treatments. In contrast, blocking PKC
activity either during the single set of 5-HT treatments [1 5-HT �
PKCI (24 –26 h); n � 6] or 24 h after 1 5-HT (48 –50 h; n � 6) did

Figure 4. Sensorin secretion immediately after the second set of 5-HT treatments is required for persistent LTF. A, Timeline of
treatments indicating when 1 5-HT, 2 5-HT, or SEN Ab was applied and EPSPs were tested. B, Summary of the changes in EPSP
amplitude for the indicated treatments. An ANOVA indicated a significant effect of treatment (df � 12, 96; F � 40.653; p �
0.001). By individual comparisons, 1 5-HT, 1 5-HT � SEN Ab (50 –52 h), 2 5-HT, and 2 5-HT � SEN Ab (18 –20 h) significantly
increased EPSP amplitude on day 3 compared to both control (F � 3.142, 3.162, 10.94, and 9.628; p � 0.05, 0.05, 0.01, and 0.01,
respectively) and Cont � SEN Ab (26 –28 h; F � 2.946, 2.982, 10.268, and 9.113; p � 0.05, 0.05, 0.01, and 0.01, respectively).
Changes in EPSP amplitudes on day 3 in 1 5-HT was not different from that of 1 5-HT � SEN Ab (50 –52 h), but both were
significantly smaller than those of 2 5-HT (F �2.356 and 2.349, respectively; p �0.05) and 2 5-HT� SEN Ab (18 –20 h; F �2.339
and 2.637, respectively; p � 0.05). Two hour incubation of SEN Ab immediately after the second set of 5-HT treatments signifi-
cantly reduced the change in EPSP amplitude on day 3 back to control level compared to 2 5-HT or 2 5-HT � SEN Ab (18 –20 h; F �
8.932 or 8.549, respectively; p � 0.01). EPSP amplitude in 2 5-HT � SEN Ab (26 –28 h) or Cont � SEN Ab (26 –28 h) treatments
was not significantly different from that in control. The increase EPSP amplitude produced by 2 5-HT was not significantly different
from the increase produced by 2 5-HT � SEN Ab (18 –20 h). By day 7, only the increase in EPSP amplitude produced by 2 5-HT or
2 5-HT�SEN Ab (18 –20 h) persisted and was significantly greater than that of the other groups ( p �0.01), whereas the increase
with 2 5-HT was not significantly different from that with 2 5-HT � SEN Ab (18 –20 h). 5 � 5-HT, Five bath applications of 5 �M

5-HT (each lasting 5 min) at 20 min intervals.
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not interfere with the increase in EPSP
amplitude produced by the single set of
5-HT treatments (n � 7) on day 3 (139 �
4.5% or 141 � 6.0% compared to 138 �
3.8% for 1 5-HT). Change in EPSP ampli-
tudes on day 3 for all 1 5-HT treatment
groups were significantly greater than
those of various control groups ( p � 0.05)
or 2 5-HT � PKCI (24–26 h) when the PKC
inhibitor was added during the second set of
5-HT treatments ( p � 0.05). EPSP ampli-
tudes for all 1 5-HT treatment groups re-
turned to control baseline level on day 7.
Thus, PKC activity during the second, but
not first, set of 5-HT treatments is critical for
the expression of persistent LTF. The labile
nature of the initial LTF is expressed only
when PKC inhibitor was added during the
second set of 5-HT treatments. PKC activity
during or at 24 h after 1 5-HT does not affect
the time course of the initial LTF produced
by the single set of 5-HT treatments.

Blocking PKC activity during the second
set of 5-HT treatments also blocked the
rapid increase in sensorin expression pro-
duced by 2 5-HT (Fig. 8). Cultures were
fixed and processed for sensorin immuno-
chemistry immediately after or 2 h after the
second set of 5-HT treatments [control, 2
5-HT plus the indicated treatments, or 2
5-HT (28 h)]. Immediately after 2 5-HT
(n � 8), sensorin staining increased signifi-
cantly in cell bodies (249 � 12.5%), axons
(221 � 17.1%), and varicosities (294 �
17.0%) compared to control (normalized to
100%; n � 8). Two hours after the second
set of 5-HT treatments [2 5-HT (28 h); n �
8], sensorin staining in the axons (96 �
7.4%) and varicosities (102 � 6.3%)
returned to control levels, suggesting that the newly synthesized sen-
sorin was secreted. This result is consistent with the observation that
exogenous SEN Ab abolished the persistent LTF produced by 2
5-HT (Fig. 4). The increase in sensorin expression was blocked when
PKCI (10 �M) was added during the second set of 5-HT treatments
[2 5-HT�PKCI (24–26); n�8], but not during the first set of 5-HT
treatments [2 5-HT � PKCI (0–2 h); n � 8]. When PKCI was
applied during the second set of 5-HT treatments, sensorin staining
in the cell bodies (96 � 8.1%), axons (89 � 3.2%), and varicosities
(91 � 3.6%) were at control levels. The increase in sensorin staining
with 2 5-HT was unaffected when PKCI was applied during the first
set of 5-HT treatments (254 � 7.9% in the cell bodies; 222 � 8.6% in
the axons; 284 � 15.8% in the varicosities). Both the increases in
sensorin expression and persistent LTF require the activation of PKC
during the second set of stimuli. Thus, persistent LTF requires both
PI3K activity during the first set of 5-HT treatments to induce the
first round of increased sensorin expression and PKC activity during
the second set of 5-HT treatments to induce a second round of
increased sensorin expression for subsequent secretion and down-
stream signaling.

Discussion
Our results address the question of whether the enhancement of
long-term synaptic plasticity at an identified synapse with addi-

tional stimulation requires the contributions of the same mole-
cules and signaling pathways activated with the initial formation
of the long-term synaptic plasticity. Our findings indicate that
additional stimuli prolong the duration of LTF by recruiting a
new signaling pathway to regulate the persistent expression of the
same neurotrophin-like peptide (sensorin) that was used to ini-
tiate LTF with a single stimulus. In addition, our results indicate
that the additional stimuli that prolong LTF also make the pre-
existing plasticity susceptible to complete disruption—a cellular
phenomenon reminiscent of behavioral reconsolidation— by the
timely blockade of either protein synthesis, the downstream sig-
naling by sensorin, or the new signaling pathway (PKC) activated
by the additional stimuli.

A second round of sensorin synthesis and secretion by
additional stimuli regulate the duration of LTF
The number and the pattern of stimuli often regulate the dura-
tion of memory, behavioral change, or synaptic plasticity. Short-
lasting change (lasting �1 h) does not typically require new
macromolecular synthesis and mechanisms that in many cases
are triggered in parallel with those required for the expression of
long-term memory or synaptic plasticity (Emptage and Carew,
1993; McGaugh, 2000). Long-term memory/plasticity requires
changes in the expression of proteins and genes, but may not lead

Figure 5. Application of PI3K inhibitor only during the first set of 5-HT treatments interfered with persistent LTF induced by 2 5-HT. A,
Time line of treatments indicating when 1 5-HT, 2 5-HT, or PI3KI was applied and EPSPs were tested. B, Summary of the changes in EPSP
amplitude with treatments. An ANOVA indicated a significant effect of treatment (df � 14, 136; F � 27.201; p � 0.001). Individual
comparisons indicated that compared to control, 1 5-HT, 1 5-HT � PI3KI (48 –50 h), 2 5-HT, and 2 5-HT � PI3KI (0 –2 and 24 –26 h)
produced significant increases in EPSP amplitude on day 3 (F � 2.312, 2.298, 6.882, 3.91 and 2.112; p � 0.05, 0.05, 0.01, 0.05 and 0.05,
respectively) as well as significant increases compared to Cont � PI3KI (24 –26 h; F � 2.123– 6.883; p � 0.05 or 0.01). The increase in
EPSPamplitudeby15-HTwasreducedtocontrol levelby15-HT�PI3KI(24 –26h;F�2.299;p�0.05comparedto15-HT).Thechanges
produced by 2 5-HT were not significantly different from those produced by 2 5-HT � PI3KI (0 –2 and 24 –26 h) but were significantly
higher than those by 1 5-HT and 1–5-HT � PI3KI (48 –50 h; F � 2.389 and 2.215, respectively; p � 0.05). By day 7, only the increase in
EPSP amplitude by 2 5-HT or 2 5-HT�PI3KI (24 –26 h) persisted significantly compare to others groups ( p�0.01), whereas the increase
in 2 5-HT was not significantly different from that in 2 5-HT � PI3KI (24 –26 h). The EPSP amplitude in 2 5-HT � PI3KI (0 –2 h) was back
to control level. 5 � 5-HT, Five bath applications of 5 �M 5-HT (each lasting 5 min) at 20 min intervals.
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to a persistent change in behavior or the
properties of the activated neurons (Pin-
sker et al., 1973; Martin et al., 1997; Sun
and Schacher, 1998; Miniaci et al., 2008).
The varying duration of long-term plas-
ticity may reflect the requirement for
waves of required macromolecular syn-
thesis to regulate the time course of the
plasticity (Miniaci et al., 2008; Liu et al.,
2008). Although the mechanism mediat-
ing the decay of memory or long-term
plasticity is not known, it may not require
a complete reversal of the molecular
changes (gene and protein expression) but
lead either to a selective loss of the most re-
cent cellular changes induced by the stimuli
or to a general decline of cellular properties
to mediate a return to prestimulated levels
(Grabham et al., 2005; Miniaci et al., 2008).
Our results indicate that the additional
stimuli block or postpone the reversal of the
synaptic change back to baseline and induce
a more persistent change by recruiting a new
signaling pathway to regulate the expression
of the neurotrophin-like peptide sensorin.
Interestingly, when inhibitors applied dur-
ing the additional stimuli disrupt persistent
LTF, EPSP amplitude rapidly returns to the
initial baseline and is maintained at that
level as observed for other controls.

Once long-term memory is either initi-
ated or fully consolidated, additional train-
ing activates some of the same molecular
pathways as those recruited during earlier
training sessions (for review, see Nader
and Hardt, 2009; Nader and Einarsson,
2010; Inda et al., 2011). These might in-
clude activation of specific glutamate recep-
tors, secretion and downstream signaling
of growth factors, and the activation of
transcription factors. The presence of spe-
cific inhibitors during additional training

Figure 7. PKC activity during the second set, but not the first set, of 5-HT treatments is required for persistent LTF. A,
Time line of treatments indicating when 1 5-HT, 2 5-HT, and PKCI were applied and EPSPs were tested. B, Summary of the
changes in EPSP amplitudes. An ANOVA indicated a significant effect of treatment (df � 16, 98; F � 26.572; p � 0.001).
Individual comparisons indicated that the following treatments produced a significant increase in EPSP amplitude on day
3 compared to control, as well as produced a significant increase compared to Cont � PKCI (24 –26 h; F � 2.322– 8.907;
p � 0.05 or 0.01): 1 5-HT (F � 2.338; p � 0.05), 1 5-HT � PKCI (24 –26 h, F � 2.267, p � 0.05; 48 –50 h, F � 2.511, p �
0.05), 2 5-HT (F � 8.794; p � 0.01), and 2 5-HT � PKCI (0 –2 h, F � 7.923, p � 0.01; 18 –20 h, F � 7.336, p � 0.01). The
change in EPSP amplitude produced by application of PKCI during the second set of 5-HT treatments (24 –26 h) was not
significantly different from control, but was significantly smaller than the changes produced by the other 2 5-HT treatment
groups [2 5-HT, F � 10.544; 2 5-HT � PKCI (0 –2 h), F � 9.311; 2 5-HT � PKCI (18 –20 h), F � 9.022; p � 0.01)] and the
various 1 5-HT treatment groups (F � 2.777–3.065; p � 0.05). The changes produced by 2 5-HT were not significantly
different from those by 2 5-HT � PKCI (0 –2 and 18 –20 h). By day 7, the increase in EPSP amplitude produced by all 2 5-HT
treatments groups except for 2 5-HT � PKCI (24 –26 h) persisted and were significantly greater than those produced in the
other groups ( p � 0.01). The increase in EPSP amplitude with 2 5-HT was not significantly different from that with 2 5-HT
� PKCI (0 –2 or 18 –20 h). The EPSP amplitude with 2 5-HT � PKCI (24 –26 h) was back to control level and not
significantly different from those in control or all 1 5-HT treatment groups. 5 � 5-HT, Five bath applications of 5 �M 5-HT
(each lasting 5 min) at 20 min intervals.

Figure 6. PI3K inhibitor failed to interfere with the increase in sensorin expression immediately after the second set of 5-HT treatments. A, Phase contrast and epifluorescent views of sensorin
staining in the various compartments of sensory neurons indicated that sensorin staining increased in all compartments both in the absence or presence of PI3KI. Scale bar, 50 �m. B, Summary of
sensorin staining in all compartments after treatments. An ANOVA indicated a significant effect of treatment (df � 4, 42; F � 27.71; p � 0.001). Individual comparisons indicated that compared
to control, the other treatments evoked significant increases in all compartments (F � 20.424 –108.692; p � 0.01). Sensorin staining for cultures treated with 5-HT in the absence or presence of
PI3KI was not significantly different across compartments.
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leads to a disruption of the behavioral plasticity. It is not clear,
however, whether the reactivation and/or inhibition of these
pathways affect cellular changes in the previously activated neu-
rons. Our results with a two-neuron circuit suggest that the labile
nature of preexisting plasticity with additional stimuli is an in-
trinsic property of the reactivated neurons.

The neuropeptide sensorin is synthesized in the mechanosen-
sory neurons of Aplysia (Brunet et al., 1991), and its secretion is
required to initiate LTF (Hu et al., 2004a, 2006). Its role is remi-
niscent of that played by BDNF in producing long-lasting forms
of long-term potentiation in hippocampus (Lee et al., 2004; Soulé
et al., 2006; Lu et al., 2008). The initial treatments with 5-HT
evoke a rapid increase in sensorin synthesis, and the rapid secre-
tion of the newly synthesized sensorin is required for LTF mon-
itored at 24 h (Hu et al., 2004a, 2006). Sensorin expression then
rises to �100% over control at 12 h after 5-HT stimulation (Hu et
al., 2006), but then declines to �30 – 40% above control at 24 h
(Fig. 3). This reduction in sensorin levels may contribute to the
failure to maintain synaptic plasticity much beyond 3– 4 d after 1
5-HT. Levels of sensorin expression correlate with levels of sen-
sorin secretion, and sensorin secretion and downstream signaling
are critical for maintaining synaptic baseline (Hu et al., 2002,
2004a,b, 2006). Blocking constitutive and persistent downstream
signaling by secretion of sensorin might lead to retraction of sensory
neuron branches, loss of varicosities, and reduction in synaptic effi-

cacy (Hu et al. 2006). Moreover, blocking the downstream actions of
the newly synthesized sensorin secreted immediately after the sec-
ond set of 5-HT treatments also abolished persistent LTF (Fig. 4),
indicating that the downstream actions of newly synthesized sen-
sorin contribute to the formation of persistent LTF.

The second set of 5-HT treatments that produces persistent
LTF induces a second round of rapid synthesis and secretion of
sensorin followed by a high level of constitutive expression of
sensorin even after 24 h. Rapamycin or PKC inhibitor applied
during the second set of 5-HT treatments leads to a rapid reduc-
tion in sensorin levels, and this low level of sensorin expression is
maintained 1 d later. This rapid decline of sensorin expression to
control prestimulation levels correlates with the rapid return to
synaptic baseline by day 3. Thus, the failure to maintain a high
level of sensorin expression and secretion may contribute to the
rapid disruption of LTF.

PKC activation is required to regulate the second round of
sensorin expression and persistent LTF
A new signaling pathway involving the activation of PKC during
the second set of 5-HT treatments is required for persistent LTF
and contributes to the rapid and persistent increase in sensorin
expression. PI3K activity during the first set of 5-HT treatments
regulates the first round of rapid synthesis of sensorin (Hu et al.,
2006). This first round of enhanced synthesis (and subsequent

Figure 8. PKC activity during the second set of 5-HT treatments is required for the increase in sensorin expression. A, Phase contrast (top) and epifluorescent views (bottom) of sensorin
immunostaining in cocultures fixed and processed for sensorin staining immediately or 2 h after the second set of 5-HT treatments in the absence or presence of PKCI applied at the indicated times.
Sensorin staining in the varicosities and axons 2 h after the second set of 5-HT treatments [2 5-HT (28 h)] was reduced back to control levels, consistent with the secretion of the newly synthesized
peptide from distal portions of the sensory neuron (Fig. 4). PKCI applied during the second set of 5-HT treatments [2 5-HT � PKCI (24 –26 h)] blocked the increase in sensorin expression immediately
after the second set of 5-HT treatments, whereas application of PKCI during the first set of 5-HT treatments [2 5-HT � PKCI (0 –2 h)] failed to interfere with the increase in sensorin expression. Scale
bar, 50 �m. B, Summary of the changes in sensorin staining in each compartment. An ANOVA indicated a significant effect of treatment (df � 8, 70; F � 59.918; p � 0.001). Compared to control,
2 5-HT and 2 5-HT � PKCI (0 –2 h) significantly increase sensorin expression in all compartments (F � 18.723– 40.67; p � 0.01). Treatment with PKCI during the second set of 5-HT treatments
blocked the increase in sensorin expression in all compartments, and the intensity was not significantly different from control. Sensorin staining for 2 5-HT � PKCI (24 –26 h) was significantly lower
in each compartment than the staining for 2 5-HT and 2 5-HT � PKCI (0 –2 h; F � 20.118 – 43.022; p � 0.01).
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secretion) is required to initiate LTF and contributes, along with
the second round of increased synthesis and secretion evoked by
second set of 5-HT treatments, to the formation of persistent
LTF. Blocking PKC during the first set of 5-HT treatments not
only failed to block the initial rapid increase in sensorin expres-
sion and LTF at 24 h (Hu et al., 2006), but also failed to block
persistent LTF and the increase in sensorin expression produced
by adding a second set of 5-HT treatments. In contrast, blocking
PKC, but not PI3K, activity during the second set of 5-HT treat-
ments not only blocked persistent LTF but also produced a pre-
mature return to control levels for both synaptic strength and
sensorin expression. PI3K activity during the second set of 5-HT
treatments is not essential for persistent LTF or changes in sen-
sorin expression. Thus, the need to recruit a new signaling path-
way by the additional stimuli for maintaining high levels of
constitutive sensorin expression may contribute to the labile na-
ture of the preexisting plasticity.

The recruitment of PKC activity may result from an increase
in the expression of 5-HT receptors linked to PKC in sensory
neurons or L7 (Li et al., 1995) after the first set of 5-HT treat-
ments. The second set of 5-HT treatments now activates a PKC
pathway affecting sensorin synthesis. A single temporal pairing of
activity in the sensory neuron with a 5-HT application leads to a
rapid PKC- and rapamycin-dependent increase in the synthesis
of sensorin required to produce an associative form of LTF (Hu et
al., 2007). Interestingly, PI3K activity is not required to regulate
the rapid synthesis of sensorin with paired stimulation. Associa-
tive LTF produced by a single pairing and persistent LTF pro-
duced by two sets of nonassociative stimuli may activate the
activities of the same or different PKC isoforms that converge to
regulate the rapid synthesis of sensorin. The PKC activity may be
induced in the sensory neuron (Manseau et al., 2001; Zhao et al.,
2006) to regulate both the rapid and persistent translation of
sensorin mRNA distributed throughout the sensory neuron (Hu
et al., 2002, 2006; Lyles et al., 2008) by a cytoplasmic polyadenyl-
ation element binding protein (CPEB)-dependent and/or CREB-
dependent mechanisms. The activation of transcription factors
such as CREB and CCAAT/enhancer binding protein and regu-
lators of protein synthesis such as CPEB contribute to functional
and structural changes associated with persistent synaptic plas-
ticity in both invertebrates and vertebrates (Alberini et al., 1995;
Yin and Tully, 1996; Taubenfeld et al., 2001; Liu et al., 2008;
Miniaci et al., 2008; Richter and Klann, 2009; Chen et al., 2011).
Alternatively, the PKC activity may be induced in the motor neu-
ron L7 (Villareal et al., 2009) to generate a retrograde signal to
regulate sensorin synthesis in the sensory neuron. During early
stages of synapse maturation, the activation of a novel PKC in L7
regulates sensorin expression in sensory neurons (Hu et al.,
2010). The second set of 5-HT treatments may also recruit the
activation of an atypical PKC (Bougie et al., 2009). An atypical
PKC plays a critical role in persistent LTP in hippocampus and
other regions of the mammalian brain and in persistent memory
(Shema et al., 2007; Yao et al., 2008).

In conclusion, our results suggest that a persistent form of
synaptic plasticity induced by multiday exposures to stimuli is
produced by the sequential activation of signaling cascades that
regulate the synthesis and secretion of a neurotrophin-like neu-
ropeptide, sensorin. Early stimuli not only activate PI3K to reg-
ulate the first round of sensorin synthesis, whose secretion
initiates a short-lasting form of LTF, but also primes this synapse
to respond to subsequent stimuli to produce a persistent LTF by
activating a different signaling pathway (PKC) to induce a more
persistent increase in sensorin synthesis. In the course of activat-

ing this new signaling pathway by additional stimuli, the initial
plasticity becomes labile and susceptible to disruption by the
timely presence of inhibitors of protein synthesis, PKC activity,
or the downstream signaling by sensorin.
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