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Cellular/Molecular

Persistent Associative Plasticity at an Identified Synapse
Underlying Classical Conditioning Becomes Labile with
Short-Term Homosynaptic Activation

Jiangyuan Hu and “Samuel Schacher
Department of Neuroscience, Columbia University Medical Center, New York State Psychiatric Institute, New York, New York 10032

Synapses express different forms of plasticity that contribute to different forms of memory, and both memory and plasticity can become
labile after reactivation. We previously reported that a persistent form of nonassociative long-term facilitation (PNA-LTF) of the senso-
rimotor synapses in Aplysia californica, a cellular analog of long-term sensitization, became labile with short-term heterosynaptic
reactivation and reversed when the reactivation was followed by incubation with the protein synthesis inhibitor rapamycin. Here we
examined the reciprocal impact of different forms of short-term plasticity (reactivations) on a persistent form of associative long-term
facilitation (PA-LTF), a cellular analog of classical conditioning, which was expressed at Aplysia sensorimotor synapses when a tetanic
stimulation of the sensory neurons was paired with a brief application of serotonin on 2 consecutive days. The expression of short-term
homosynaptic plasticity [post-tetanic potentiation or homosynaptic depression (HSD)], or short-term heterosynaptic plasticity
[serotonin-induced facilitation or neuropeptide Phe-Met-Arg-Phe-NH, (FMRFa)-induced depression], at synapses expressing PA-LTF
did not affect the maintenance of PA-LTF. The kinetics of HSD was attenuated at synapses expressing PA-LTF, which required activation
of protein kinase C (PKC). Both PA-LTF and the attenuated kinetics of HSD were reversed by either a transient blockade of PKC activity
or a homosynaptic, but not heterosynaptic, reactivation when paired with rapamycin. These results indicate that two different forms of
persistent synaptic plasticity, PA-LTF and PNA-LTF, expressed at the same synapse become labile when reactivated by different stimuli.
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(s )

Activity-dependent changes in neural circuits mediate long-term memories. Some forms of long-term memories become labile and can
be reversed with specific types of reactivations, but the mechanism is complex. At the cellular level, reactivations thatinduce a reversal of
memory must evoke changes in neural circuits underlying the memory. What types of reactivations induce a labile state at neural
connections thatlead to reversal of different types of memory? We find that a critical neural connection in Aplysia, which is modified with
different stimuli that mediate different types of memory, becomes labile with different types of reactivations. These results provide
insights for developing strategies in alleviating maladaptive memories accompanying anxiety disorders. j
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and Alvarez, 1995; McGaugh, 2000; Kandel, 2001; Johansen et al.,
2011). Persistent memories and certain forms of synaptic plastic-
ity become labile with specific reactivations and express recon-
solidation blockade, a reversal when a specific reactivation is
paired with manipulations that inhibit protein synthesis or deg-
radation, gene expression, specific kinases such as various iso-

Introduction
Long-term memory can be reversed by timely interventions dur-
ing the induction, consolidation, or maintenance phase (Squire
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forms of protein kinase C (PKC), or receptor activation (Nader et
al., 2000; Kelly et al., 2003; Morris et al., 2006; Lubin and Sweatt,
2007; Shema et al., 2007; Dong et al., 2008; Zhang et al., 2010; Cai
etal., 2011, 2012; Kaang and Choi, 2011; Sacktor, 2011; Lee et al.,
2012; Da Silva et al., 2013; Li et al., 2013; Alberini and Kandel,

DOI:10.1523/INEUROSC1.2034-15.2015
Copyright © 2015 the authors  0270-6474/15/3516159-12415.00/0



16160 - ). Neurosci., December 9, 2015 - 35(49):16159-16170

2014; Chen et al., 2014; Hu and Schacher, 2014; Fiumara et
al., 2015). Because different forms of plasticity at specific syn-
apses induced by different patterns of stimuli contribute to a
given memory, it is generally difficult to determine what forms of
reactivation at which specific synapses induce a labile state that makes
a memory or its underlying plasticity vulnerable to reversal.

Withdrawal reflexes in Aplysia, which undergo long-term
nonassociative (sensitization) and associative (classical condi-
tioning) forms of learning and memory (Pinsker et al., 1973;
Carew et al., 1981, 1983; Frost et al., 1985; Buonomano and By-
rne, 1990), can express reconsolidation blockade (Chen et al.,
2014). Repeated sensitizing stimuli, which activate modulatory
neurons releasing serotonin [5-hydroxytryptamine (5-HT)], or
repeated direct applications of 5-HT evoke a nonassociative form
of long-term facilitation (NA-LTF) at sensorimotor synapses
(Brunelli et al., 1976; Frost et al., 1985; Montarolo et al., 1986;
Glanzman et al., 1989; Mackey et al., 1989; Marinesco et al.,
2006). Persistent nonassociative LTF (PNA-LTF) of sensorimo-
tor synapses or sensitization of the reflex lasting more than 1 week
is produced with multiple days of 5-HT applications or of sensi-
tizing stimuli (Pinsker et al., 1973; Kandel, 2001; Hu et al., 2011).
PNA-LTF at Aplysia sensorimotor synapses is coexpressed
with various forms of short-term plasticity and undergoes
reconsolidation blockade when heterosynaptic [5-HT or Phe-
Met-Arg-Phe-NH, (FMRFa)], but not homosynaptic [post-
tetanic potentiation (PTP) or homosynaptic depression (HSD)],
reactivation is followed by an incubation with the protein synthe-
sis inhibitor rapamycin (Hu and Schacher, 2014). Protein kinase
C (PKC) activity also is required for consolidation of long-term
sensitization and non-associative LTF (Villareal et al., 2009; Hu et
al., 2011; Chen et al., 2014; Fiumara et al., 2015). What types of
reactivations or inhibitors of signaling cascades would make as-
sociative forms of memory or its underlying plasticity labile and
susceptible to reversals?

Activity or tactile input to the sensory neurons plus the actions
of 5-HT affect the strength of sensorimotor synapses and contrib-
ute to classical conditioning (Hawkins et al., 1983; Kandel et al.,
1983; Walters and Byrne, 1983; Eliot et al., 1994). In cell culture,
one temporal pairing of a brief tetanic stimulation in the sensory
neuron with an application of 5-HT evokes an associative form of
LTF (A-LTF), a cellular analog of classical conditioning of the
reflexes, that lasts >24 h and requires new macromolecular syn-
thesis (Schacher et al., 1997; Hu et al., 2007).

Here we address the following questions: Does the sensorimo-
tor synapse express a persistent form of associative LTF (PA-
LTF)? Does constitutive PKC activity contribute to PA-LTF?
What type of reactivation makes PA-LTF labile and susceptible to
reversal? We found that PA-LTF at sensorimotor synapses was
produced by pairing activity in the sensory neurons with appli-
cation of 5-HT on 2 consecutive days and was coexpressed with
different forms of short-term plasticity. The kinetics of HSD was
attenuated at synapses expressing PA-LTF that required PKC ac-
tivity. Moreover, a transient blockade of PKC activity reversed
PA-LTF. The synapses expressing PA-LTF became labile and sus-
ceptible to reversals with homosynaptic, but not heterosynaptic,
reactivation. Thus, different forms of persistent plasticity ex-
pressed at the same synapse become labile when reactivated by
different stimuli.

Materials and Methods

Cell culture and electrophysiology. Sensory neurons were isolated from
pleural ganglia dissected from adult animals (60—80 g; Aplysia califor-
nica, which are hermaphrodite with both male and female sexual organs),
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and the L7 motor neurons were isolated from juvenile (2 g) abdominal
ganglia and maintained in coculture for 7-11 d (Hu et al., 2011). Each
coculture contained one sensory neuron and one L7. Standard electro-
physiological techniques were used to record the EPSP amplitudes
evoked in L7. L7s were held at —80 mV, and the EPSP amplitudes were
recorded before and after various treatments at the time points indicated
in the figures highlighting the experimental protocols. Each sensory neu-
ron was stimulated with a brief depolarizing pulse to evoke an action
potential using an extracellular electrode placed near the cell body of the
sensory neuron. To clearly measure the change of the EPSP amplitudes at
subsequent time points, especially after treatments that produced signif-
icant increases in the synaptic strength that could result in action poten-
tial responses, cultures with initial EPSP amplitudes of 15-30 mV were
selected for all experiments. The few cultures (<5%) with synapses that
responded with an action potential as the EPSP after treatment were not
used for analyses. The culture medium was changed every other day with
medium containing 50% filtered hemolymph and 50% Leibowitz-15
(L15; Sigma). All cultures were maintained at 18°C.

PA-LTF. A-LTF lasting >24 h was evoked by a single pairing of stimuli,
as reported previously (Schacher et al., 1997; Hu et al., 2007). In brief,
after recording the synaptic baseline of all synapses on day 4, some sen-
sory neurons were stimulated on day 5 with a tetanus (20 Hz for 2 s) that
was followed immediately by an application of 5-HT (5 um; Sigma) for 5
min (Fig. 1). Cultures were rinsed with L15-sea water and then with
culture medium (50% filtered hemolymph and 50% L15). PA-LTF, last-
ing >6 d, was produced by two pairings of a presynaptic tetanus with an
application of 5-HT on 2 consecutive days (days 4 and 5; Fig. 1). Control
cultures received mock treatments or unpaired stimulation where the
tetanus and application of 5-HT were separated by 5 min (unpaired). The
strengths of the synapses were re-examined on day 7 and at subsequent
time points, as indicated in the protocol portion of the figures.

Short-term plasticity and interaction with PA-LTF. After recording the
EPSP amplitude on day 7, some cultures (control or paired stimuli
groups) were exposed to either 5 um 5-HT or 1 um FMRFa (Sigma) for 5
min to evoke short-term heterosynaptic plasticity (Hu and Schacher,
2014). The EPSP amplitudes were re-examined on subsequent days. In
other cultures, the EPSPs were recorded 1 min after washout of the
neuromodulator to monitor the magnitude of short-term plasticity.
Other cultures received an application of the protein synthesis inhibitor
rapamycin (100 nM; Sigma) for 2 h beginning immediately after the
washout of the neuromodulator. As above, the EPSP amplitudes were
re-examined on subsequent days. In addition, HSD was monitored on
day 8 and sometimes on day 10 (data not shown).

The same general procedure was followed to induce short-term ho-
mosynaptic plasticity and to examine the interaction between short-term
homosynapticactivity and PA-LTF. After recording the EPSP amplitudes
on day 7, sensory neurons (control or paired stimuli groups) were stim-
ulated to fire a single action potential at 20 s intervals for 10 stimuli to
produce HSD. In other cultures, the sensory neurons (control or paired
stimuli groups) were stimulated at 20 Hz for 2 s to produce PTP. Other
cultures were exposed to 100 nM rapamycin for 2 h beginning immedi-
ately after HSD, PTP, or controls. The amplitudes of the EPSPs were
monitored on subsequent days. In addition, HSD was monitored on day
8 and sometimes on day10 (data not shown). To monitor the extent of
PTP, the EPSP amplitudes were monitored 1 min after the tetanus.

To examine any change in the kinetics of HSD on day 7, some cultures
(control or paired stimuli groups) were exposed to the PKC inhibitor
(PKCI) chelerythrine [10 pM; dissolved in 0.1% dimethyl sulfoxide
(DMSO); Sigma] or the protein kinase A inhibitor (PKAI) KT5720 (10
uM; Sigma) for 30 min after recording the initial EPSP amplitude before
low-frequency stimulation that results in HSD. To test the role of consti-
tutive kinase activity in PA-LTF, chelerythrine or KT5720 was added to
other cultures for 2 h on day 7 after testing the EPSP amplitudes, and the
EPSP amplitudes were re-examined on days 8 and 10. The kinetics of
HSD was examined on day 8.

Quantification and data analysis. All data are expressed as the mean =+
SEM produced by the indicated treatments. The EPSP amplitude was
measured in millivolts (mV), and cultures were assigned to different
experimental groups to ensure that the average of the initial EPSP ampli-
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Figure1.

PA-LTF s evoked with two pairings of tetanic stimulation in the sensory neurons and application of 5-HT. A, Experimental protocol. Cultured cells were divided into four groups after an

initial recording of the EPSPs on day 4. The control group (Control) received mock applications of seawater on days 4 and 5. A second group [1 (Tet + 5-HT)] received a mock application on day 4 and
asingle pairing of tetanus (20 Hz for 2 s stimulated in the sensory neurons) followed immediately by a bath application of 5-HT (5 wm) for 5 min on day 5. A third group [2 (Tet + 5-HT)] received
two pairings of presynaptic tetanus with 5-HT application, the first on day 4 and the second on day 5. The fourth group [2 (Tet + 5-HT) unpaired] received the same stimuli as the third group, but
the tetanic stimulation preceded each application of 5-HT by 5 min. The EPSPs were re-examined on days 7, 9, and 11. B, Sample EPSP traces for each treatment. The dashed lines represent the
synaptic baseline. A single pairing evoked a transient LTF on day 7, whereas two pairings evoked a persistent facilitation to day 11. Control and unpaired groups showed little change in the EPSP
amplitudes over 7 d. €, Summary of the changes in the EPSPs evoked by control and experimental groups. A two-factor ANOVA (treatment and time) indicated a significant difference between the
groups (Fig ooy = 85.157;p << 0.001). Individual comparisons indicated that both 1(Tet + 5-HT) and 2 (Tet + 5-HT) produced significantincreases in the EPSP amplitudes on day 7 over the control
(F=3.196 and 13.35; p < 0.05 and 0.01) and 2 (Tet + 5-HT) unpaired (F = 2.976 and 11.028; p < 0.05 and 0.01) groups. Only 2 (Tet + 5-HT) evoked significant increases on days 9 and 11
compared with the control (F = 17.521and 19.665; p << 0.05and 0.01), 1 (Tet + 5-HT) (F = 15.462 and 18.723; p < 0.01and 0.01), or 2 (Tet + 5-HT) unpaired (F = 13.817 and 15.794; p < 0.01
and 0.01) groups. Control, 1 (Tet + 5-HT), and 2 (Tet + 5-HT) unpaired treatments were not significantly different from each other on day 9 (F values between 0.005 and 0.049; all p values >0.8)

orday 11 (F values between 0.002 and 0.009; all p values >0.9).

tudes for all groups on day 4 was comparable. To measure the amplitude
of PA-LTF, the EPSP amplitudes on day 4 were normalized as 100%. The
changes in the EPSP amplitudes were measured by dividing the EPSP
amplitudes on day 7 and later time points by the EPSP amplitude on day
4 multiplied by 100%. No change in the EPSP amplitude was scored as
100%. To measure short-term heterosynaptic plasticity produced by the
brief exposure to 5-HT or FMRFa, and homosynaptic plasticity evoked
by PTP or HSD, the initial EPSP amplitude on day 7 or day 8 was nor-
malized as 100%. The change in the EPSP amplitudes associated with
short-term plasticity was expressed by dividing the amplitude of each
EPSP by the amplitude of the first EPSP measured on day 7 or day 8
multiplied by 100%. A two-factor ANOVA (treatment X repeated mea-
sure or time) or a one-factor ANOVA (treatment) was used to assess
overall significant differences, and the Scheffé F test was used to gauge
significant differences between individual treatments.

Results

Sensorimotor synapses express PA-LTF

Long-term nonassociative facilitation of sensorimotor synapses
requires both multiple exposures to a “sensitizing” stimulus, such

as exposure to the neuromodulatory transmitter 5-HT, and new
macromolecular synthesis, new gene and protein expression, to
initiate and maintain synaptic changes (Montarolo et al., 1986;
Schacher et al., 1988; Bailey et al., 1992; Kandel, 2001; Byrne and
Hawkins, 2015). A transient form of NA-LTF, produced by five
brief exposures to 5-HT over a 90 min period, requires new mac-
romolecular synthesis but reverses after 3 d (Hu et al., 2011; Hu
and Schacher, 2014). A more persistent form of NA-LTF (PNA-
LTF) of sensorimotor synapses (lasting >6 d) is evoked by 2
consecutive days of 5-HT applications (5 min incubation of 5 uM
5-HT applied five times at 20 min intervals on each day; Hu et al.,
2011). A-LTF, a cellular analog of classical conditioning, is pro-
duced by a single pairing of action potential activity in a sensory
neuron (the conditioned stimulus consisting of a brief tetanus of
action potentials fired in the presynaptic sensory neuron) with a
sensitizing or noxious stimulus (the unconditioned stimulus,
consisting of a brief application of 5-HT). A-LTF requires mac-
romolecular synthesis and lasts >24 h (Sun and Schacher, 1996a;
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Figure 2.

Various forms of short-term plasticity are coexpressed with PA-LTF. A-C, Expression of PA-LTF did not affect the expression of short-term heterosynaptic facilitation induced by 5-HT

(A), heterosynaptic depression by FMRFa (B), or homosynaptic facilitation evoked by PTP (€) on day 7. On the left are sample traces of EPSPs evoked in L7 at control synapses or synapses expressing
PA-LTF before (Pre) and 1 min after (Post) a 5 min application of 5-HT (4), a 5 min application of FMRFa (B), or a tetanus (20 Hz for 2 5) in the sensory neurons (C). Dashed lines represent the baseline
(Preamplitude on day 7). The histograms in A—C summarize the short-term changes in the EPSP amplitudes. Two-factor ANOVAs indicated that there were nossignificant differences in the short-term
changes evoked at synapses expressing PA-LTF compared with changes at control synapses after 5-HT (F ; ;) = 2.667;p > 0.1), FMRFa (F; ;;, = 0.702; p > 0.4), or PTP (F; .,y = 0.047;p > 0.8).
However, one-factor ANOVAs indicated significant short-term changes produced by 5-HT, FMRFa, and PTP at synapses expressing PA-LTF (F values between 34.623 and 127.661; all p values <<0.01)
or at control synapses (F values between 41.336 and 119.618; all p values <<0.01). D, Expression of PA-LTF attenuates HSD evoked by low-frequency stimulation of sensory neurons (10 stimuli) on
day 7. The first EPSP amplitude for all treatments was normalized as 100%. A two-factor ANOVA indicated a significant effect on the kinetics of HSD (F;445,) = 6.077; p << 0.001). Individual
comparisons showed a significant effect evoked by 2 (Tet + 5-HT) compared with control (F = 9.873; p << 0.001) and 1 (Tet + 5-HT) (F = 4.779; p << 0.001). Control and 1 (Tet + 5-HT) were not

significantly different (F = 1.674; p > 0.2).

Hu et al., 2007). How long does A-LTF last, and can we produce
more persistent changes with additional paired stimulation? We
first compared the duration of synaptic facilitation evoked by
one pairing of a presynaptic tetanus (20 Hz for 2 s) immediately
followed by a brief application of 5-HT (5 min, 5 uM) versus two
pairings of a presynaptic tetanus plus 5-HT application on 2 con-
secutive days or 2 unpaired stimuli (5 min separation between the
presynaptic tetanus and the 5-HT application) on 2 consecutive
days (Fig. 1).

Two pairings of presynaptic tetanus plus 5-HT produced a
persistent facilitation lasting >6 d, whereas a single pairing
evoked a facilitation lasting only 3 d (Fig. 1). Unpaired stimuli on
2 consecutive days produced little or no facilitation at any time
point (Fig. 1). On day 7, the EPSP amplitudes increased signifi-
cantly after one pairing (n = 8; 139 * 8.9%) and after two pair-
ings (n = 15; 172 = 8.5%) compared with controls (n = 8;97 =
7.1%; p < 0.05and p < 0.01, respectively) and after two unpaired
stimuli (n = 6; 97 * 6.6%; p < 0.05 and p < 0.01, respectively).
By days 9 and 11 (6 d after stimulation), only two pairings evoked
asignificantincrease (p < 0.01in all cases) in the EPSP amplitude
(165 = 7.5% and 157 = 6.2%) compared with controls (93 =
6.3% and 90 = 6.3%), one pairing (97 = 5.6% and 92 = 5.3%), or
two unpaired stimuli (94 = 6.7% and 91 * 6.7%). Thus, associ-
ative LTF has a transient form (A-LTF) evoked by a single pairing
that reverses spontaneously after 3 d and a persistent form (PA-

LTF) lasting >6 d that is produced by two pairings of presynaptic
tetanus plus 5-HT. The time courses of the associative forms of
facilitation, A-LTF and PA-LTF, parallel the time courses of the
nonassociative forms of LTF (Hu and Schacher, 2014) evoked by
repeated applications of 5-HT over 1 d (NA-LTF) and over 2 d
(PNA-LTE).

PA-LTF is co-expressed with short-term plasticity

We next examined whether bidirectional short-term homosyn-
aptic and heterosynaptic plasticity were coexpressed at synapses
expressing PA-LTF (Fig. 2). The different forms of short-term
plasticity at sensorimotor synapses are the cellular analogs of
short-term forms of learning and memory, including habituation
and sensitization (Byrne and Hawkins, 2015). After recording the
EPSP amplitudes on day 7, control synapses or synapses express-
ing PA-LTF were reactivated by short-term heterosynaptic activ-
ity (a brief application of 5-HT or FMRFa) or homosynaptic
activity (PTP or HSD; Fig. 2). The synaptic strengths were mon-
itored 1 min after the application of either 5-HT or FMRFa or
after tetanus.

The expression of short-term heterosynaptic plasticity was
not affected at sensorimotor synapses expressing PA-LTF 48 h
after the second pairing of presynaptic tetanus plus 5-HT (Fig.
2 A, B). The application of 5-HT produced comparable increases
in the EPSP amplitudes (p > 0.1) in both the control synapses
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PKC activity is required for the attenuated kinetics of HSD that accompany PA-LTF. Cultures were exposed to PKCinhibitor chelerythrine (PKCI; 10 wum) or PKA inhibitor KT5720 (PKAI;

10 um) or received vehicle treatment for 30 min after recording the initial EPSP amplitude and before HSD stimuli on day 7. 4, Sample traces of EPSPs at different stimulus numbers are compared
for cultures treated with control (Cont), 2 (Tet + 5-HT),and 2 (Tet + 5-HT) + PKCI. The significant decline in EPSPs was absent at synapses treated with 2 (Tet + 5-HT). The decline observed with
controls was comparable to that of synapses expressing PA-LTF plus incubation with chelelythrine. B, Summary of the changes in the kinetics of HSD. The kinetics of HSD were attenuated for cultures
treated with 2 (Tet + 5-HT), 2 (Tet + 5-HT) + DMSO, and 2 (Tet + 5-HT) + PKAI, whereas treatment with PKCI [2 (Tet + 5-HT) + PKCI] reversed the attenuated kinetics produced by 2 (Tet +
5-HT) so thatit was not different from those observed in the control and Cont + PKCl groups. A two-factor ANOVA indicated a significant effect on the kinetics of HSD (F g ,g9) = 4.047;p << 0.001).
Individual comparisons showed that the attenuated kinetics of HSD in 2 (Tet + 5-HT), 2 (Tet + 5-HT) + DMSO0, and 2 (Tet + 5-HT) + PKAl were not significantly different from each other (F values
between 0.419 and 1.447; all p values >0.15) but were significantly different from those in 2 (Tet + 5-HT) + PKCI (F = 6.506, p << 0.001; F = 2.474, p < 0.02; F = 7.182, p < 0.001), control
(F=9.873,p < 0.001; F = 4.072, p < 0.001; F = 15.436,p << 0.001), or Cont + PKCI (F = 7.262,p << 0.001; F = 2.886, p << 0.008; F = 11.078, p << 0.001). Treatments that did not attenuate
HSD kinetics were not significantly different from each other (F values between 0.063 and 0.107; all p values >0.9).

(n=6;173 = 11.8%) and the synapses expressing PA-LTF (n =
6; 158 = 10.6%). Similarly, the brief application of FMRFa re-
sulted in a depression of the EPSP amplitudes to 66 * 7.8% at
synapses expressing PA-LTF (n = 6) that was not significantly
different from the depression in the EPSP amplitude to 62 =
8.0% in controls (n = 7; p > 0.4; Fig. 2B). The overall depression
evoked by FMRFa at synapses expressing PA-LTF resulted in the
synaptic strength returning to the amplitude recorded on day 4.
Thus, the functional expression of short-term heterosynaptic
plasticity was not altered by the expression of PA-LTF.

Short-term homosynaptic facilitation (PTP) was not affected
by the expression of PA-LTF (Fig. 2C). Tetanic stimulation of the
sensory neuron evoked an increase in the EPSP amplitude of
136 = 6.1% at sensorimotor synapses expressing PA-LTF (n = 8)
that was not significantly different from the increase of 139 =
6.3% at control synapses (n = 8; p > 0.8). Thus, the functional
expression of PTP was unaffected by the expression of PA-LTF.
The expression of various forms of short-term plasticity at syn-
apses already expressing an associative form of long-term plastic-
ity (with properties that appear comparable to the short-term
plasticity observed at naive synapses) suggests that a new synaptic
baseline is established 48 h after stimuli that produce a persistent
form of plasticity.

Short-term HSD was detected at synapses expressing PA-
LTF, but the kinetics of HSD was attenuated significantly (Fig.
2D). The rate of decline of the EPSP amplitude was signifi-
cantly reduced when the synapses express PA-LTF (n = 8)
compared with controls (n = 7; p < 0.001) or nonpersistent
A-LTF evoked after one pairing (n = 7; p < 0.001). By the last
stimulus to produce HSD, the EPSP amplitudes declined to
33 & 2.3% for control, to 37 * 3.9% after one pairing, but only
to 52 = 2.9% after two pairings. Unlike the situation after
stimuli that evoke PNA-LTF (Hu and Schacher, 2014), the
expression of PA-LTF alters the properties of sensorimotor
synapses during low-frequency stimulation of the sensory
neurons.

The attenuated kinetics of HSD at sensorimotor synapses ex-
pressing PA-LTF parallels the kinetics of HSD induced at the
same synapses after an application of 5-HT, an incubation with
phorbol ester, or firing two to four action potentials in the sen-
sory neurons that increase PKC activity (Sun and Schacher,
1996b; Wan et al., 2012). We therefore tested whether the atten-
uated kinetics of HSD at synapses expressing PA-LTF were af-
fected by the presence of a PKC or PKA inhibitor on day 7 (Fig. 3).
Before the stimuli inducing HSD, some cultures were incubated
for 30 min in 10 uMm chelerythrine (PKCI), or 10 um KT5720
(PKAI), or control medium with DMSO.

The kinetics of HSD after two pairings of presynaptic tetanus
plus 5-HT reversed to control levels (n = 7) after the acute incu-
bation of chelerythrine (n = 8) but remained attenuated after the
incubation of DMSO alone (1 = 6) or KT5720 (n = 6; Fig. 3). The
kinetics of HSD in controls was not affected by the presence of
chelerythrine (n = 6). The initial synaptic strengths at all senso-
rimotor synapses (control or paired stimuli), however, were un-
affected by the acute (30 min) exposure to chelerythrine or
KT5720 (data not shown). Thus, the change in the kinetics of
HSD at synapses expressing PA-LTF depends on the activation of
PKC, whereas blocking PKC activity does not alter the kinetics
of HSD at control synapses.

Constitutive PKC activity is required for maintaining PA-LTF
The additional stimuli that produce PNA-LTF (the second day of
5-HT applications) activate PKC, which is required for the ex-
pression of persistent nonassociative facilitation (Hu etal., 2011).
A form of PNA-LTF reverses rapidly to control levels when chel-
erythrine is applied 24 h after stimulation (Cai et al., 2011). In
addition, activation of PKC may play a role in maintaining LTP
or long-term memories in mammals (Shema et al., 2007; Sacktor,
2011; Volk et al., 2013; Jalil et al., 2015). We therefore tested
whether constitutive PKC activity was required for the mainte-
nance of PA-LTF (Fig. 4). After recording the EPSP amplitudes
on day 7, 48 h after the second pairing of presynaptic tetanus plus



16164 - ). Neurosci., December 9, 2015 - 35(49):16159-16170 Hu and Schacher e Rapid Reversal of Long-Term Synaptic Plasticity

A Pre EPSP Post EPSP Post EPSP Post EPSP
5
‘g Dlay 4 Dlay 5 Dlay 7 Dlay 8 Dlay 10
O T T p— - 3 T
} Venicie ¥ Venhicie S oo BRAL o emicle HSD
| PreEPSP Post EPSP Post EPSP Post EPSP
sy \ Y
w
+ | Day4 Day 5 Day 7 Day 8 Day 10
3| —1 | ! | |
E I4 14 1! e Incubation (2h) of J A '
o~ Tet + 5-HT Tet + 5-HT PKCI or PKAI or Vehicle HSD
B 200, m Day 4 C —e— 2(Tet+5-HT)
© 180 1 mm Day7 —o— 2 (Tet + 5-HT) + PKAI
O 160 | = Days 100 1 —e— 2 (Tet + 5:HT) + DMSO
= ol —8— 2 (Tet + 5-HT) + PKCI
[ |
g 140{ ™ Day 10 g) %0 —e— Cont + PKCI
O 120 - g 80 —&— Cont
(=]
& 100 {— O 70
o 80 £ ol
o 60 %
w4 o 50
N~ L
| 20 1 5 40 -
0 w0 30 -
o(\\x <~ ¥ 1\ )
< DN A W
(& & 1 2 3 4 5 6 7 8 9 10

Figure 4. Inhibition of constitutive PKC activity rapidly reverses PA-LTF and the attenuated kinetics of HSD. A, Experimental protocol. After monitoring the initial EPSP amplitudes on day 4,
cultures were divided into two groups: control and experimental groups [2 (Tet -+ 5-HT)]. On day 7, the control group was divided into two groups [Cont and Cont + PKCI (2 h application of
chelerythrine after testing the EPSP on day 7)1, and the experimental group was divided into four groups [2 (Tet + 5-HT), 2 (Tet + 5-HT) + PKCI, or PKAI, or DMSO (2 h applications)]. After testing
the EPSP amplitudes on day 8, sensory neurons were stimulated to produce HSD. The EPSP amplitudes were re-examined on day 10. B, Summary of the changes in the EPSP amplitudes for each
treatment indicated that the PKC inhibitor but not the PKA inhibitor reversed PA-LTF. A two-factor ANOVA (treatment and time) indicated a significant effect (F ;5 135, = 178.547; p << 0.001).
Individual comparisonsindicated that treatment with PKCinhibitor significantly reduced the increase in the EPSP amplitudes by 2 (Tet + 5-HT) on days 8 and 10 compared with the increases evoked
by 2 (Tet + 5-HT) alone (F = 9.509 and 13.636; all p values <<0.001), 2 (Tet + 5-HT) + PKAI (F = 5.503 and 8.939; all p values <<0.001), and 2 (Tet + 5-HT) + DMSO (F = 7.221and 11.057;
all p values <<0.001). The changes in the EPSP amplitudes produced by 2 (Tet + 5-HT) + PKCl were no longer significantly different from those in Cont (F = 0.831and 0.14; all p values >0.9) or
Cont + PKCI (F = 0.661and 0.004; all p values >0.9). PA-LTFs evoked by all other 2 (Tet + 5-HT) treatments were not significantly different from each other but were significantly different from
Cont (F values between 8.558 and 14.051; all p values <<0.001) or Cont + PKCI (F values between 7.362 and 11.997; all p values <<0.001). Control baseline was unaffected by treatment with PKC
inhibitor. The change in the EPSP amplitude on days 8 and 10 for Cont was not significantly different from those for Cont + PKCI (Fvalues between 0.001 and 0.004; all p values >0.9). C, The kinetics
of HSD on day 8 reversed to control levels with 2 (Tet + 5-HT) + PKCl treatment. HSD kinetics for all other 2 (Tet + 5-HT) treatments remained attenuated compared with controls. A two-factor
ANOVA indicated assignificant effect on the kinetics of HSD (F 4 564y = 3.281;p << 0.001). Individual comparisons indicated that HSD kinetics for 2 (Tet + 5-HT) + PKCl was significantly different
from those observed for 2 (Tet + 5-HT) (F = 3.32; p << 0.003), 2 (Tet + 5-HT) + PKAI (F = 2.75; p < 0.01),and 2 (Tet + 5-HT) + DMSO (F = 4.375; p < 0.001) but not significantly different

from that in Cont (F = 0.438; p > 0.8) or Cont + PKCI (F = 0.047; p > 0.9).

5-HT, cultures (controls or two pairings) were incubated for 2 h
with chelerythrine, KT5720, DMSO alone, or medium alone. The
synaptic strengths were re-examined on days 8 and 10. The kinet-
ics of HSD was also examined on day 8.

The maintenance of PA-LTF required constitutive PKC activ-
ity (Fig. 4). Whereas two pairings of presynaptic tetanus plus
5-HT (n = 10) produced a significant increase in the synaptic
strength on days 8 and 10 (168 = 5.6% and 156 * 5.7%) that was
not affected by incubation with DMSO alone (n = 7; 166 = 7.8%
and 156 = 7.4%; p > 0.9), incubation with chelerythrine (PKCI)
significantly reduced the synaptic strength back to the control
baseline (n = 12; 112 = 5.1% and 92 = 4.4%; p < 0.01). The
synaptic baseline in controls, however, was not affected by incu-
bation with chlerythrine [95 = 6.9% and 90 * 6.8% for control
(n=19)vs95 * 7.3% and 91 * 7.5% for control plus PKCI (n =
7)]. PA-LTF was not affected by incubation with KT5720 (n = 7;
159 * 6.8% on day 8 and 149 = 5.9% on day 10). Control cul-
tures treated with KT5720 were also not affected and were not
significantly different from the other controls (data not shown).
The decline in the EPSP amplitudes at synapses expressing PA-
LTF after incubation with chelerythrine resulted in the synaptic

strengths that were no longer significantly different from those in
controls treated with or without chelerythrine (all p values >0.9).
Thus, the maintenance of the persistent change in the synaptic
strength evoked by external stimuli, but not the maintenance of
the synaptic baseline, requires constitutive PKC activity.

The attenuated kinetics of HSD accompanying PA-LTF also
returned to control levels on day 8 when PA-TLF was reversed by
chelerythrine (Fig. 4C), which was not significantly different
from the kinetics of HSD observed in control or control plus
chelerythrine (all p values >0.8). Compared with controls, the
kinetics of HSD remained attenuated at synapses expressing PA-
LTF when incubated with either KT5720 or DMSO0 alone (all p
values <0.003). Thus, both the persistent expression of attenu-
ated HSD kinetics and the persistent facilitation produced by
paired stimuli require PKC activities.

Homosynaptic activation followed by rapamycin rapidly
reverses PA-LTF and the attenuated kinetics of HSD
PNA-LTF expressed at sensorimotor synapses that is evoked by
repeated applications of 5-HT is rapidly reversed to the synaptic
baseline when heterosynaptic reactivation (5-HT or FMRFa) is
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followed by the protein synthesis inhibitor rapamycin. In con-
trast, PNA-LTF is not reversed by homosynaptic activation (PTP
or HSD) plus rapamycin or anisomycin (Hu and Schacher,
2014). We therefore examined whether the homosynaptic or het-
erosynaptic forms of short-term plasticity immediately followed
by the incubation with rapamycin on day 7 reversed PA-LTF and
the attenuated kinetics of HSD (Figs. 54, 6A).

Short-term homosynaptic activation of PTP alone or rapamy-
cin alone on day 7 did not interfere with PA-LTF produced by
two pairings of presynaptic tetanus plus 5-HT, but incubation
with rapamycin immediately after the stimuli inducing PTP on
day 7 resulted in the rapid reversal of PA-LTF (Fig. 5BI). The
synaptic strength was significantly increased on days 8 and 10 by
two pairings (167 = 14.1% and 155 * 13.6%; n = 10) and re-
mained elevated when two pairings were followed by PTP alone
(n = 8;166 * 9.6% and 153 = 9.4%; p > 0.9) or by rapamycin
alone (n = 8; 164 = 15.0% and 154 = 15.0%; p > 0.9). However,
when rapamycin was applied immediately after PTP on day 7, the
increase in the synaptic strength produced by two pairings rap-
idly reversed to control levels on day 8 and remained so on day 10
(n =105 104 * 8.2% and 91 * 7.6%) and was no longer signifi-
cantly different from those of various control groups: PTP alone
onday7 (n=8;94 = 7.6% and 91 = 6.9%; p > 0.9) or PTP plus
rapamycin on day 7 (n = 7; 93 £ 7.9% and 90 = 7.7%; p > 0.9).
PTP followed by rapamycin did not significantly affect the syn-
aptic baseline in controls (p > 0.9).

Similarly, short-term HSD alone on day 7 did not interfere
with PA-LTF produced by two pairings of presynaptic tetanus
plus 5-HT, but incubation with rapamycin immediately after
HSD on day 7 resulted in the rapid reversal of PA-LTF (Fig. 5CI).
The increase in the synaptic strength was maintained on days 8
and 10 after two pairings (n = 7; 165 = 13.1% and 155 = 13.3%)
and was maintained as well when two pairings were followed by
HSD alone (n = 8; 163 = 15.6% and 154 * 15.3%; p > 0.9).
Despite the reduction in the synaptic strength produced by HSD,
a decline in the EPSP amplitude back to the original baseline,
PA-LTF was unaffected. However, the increases in the synaptic
strength produced by two pairings of presynaptic tetanus plus
5-HT rapidly reversed to control levels on day 8 and remained so
on day 10 when HSD was immediately followed by incubation
with rapamycin on day 7 (n = 12; 116 = 9.1% and 98 * 7.4%),
which were no longer significantly different from those of various
control groups: HSD alone onday 7 (n = 7; 92 * 6.8% and 91 *+
7.1%; p > 0.9) or HSD followed by rapamycin on day 7 (n = 7;
93 £ 7.7% and 90 % 8.3%; p > 0.9). HSD followed by rapamycin
did not significantly affect the control synaptic baseline (p > 0.9).
The addition of a protein synthesis inhibitor immediately after
reactivation rapidly reversed the persistent facilitation underly-
ing a form of long-term classical conditioning but had no effect
on the control synaptic baseline. Unlike the rapid reversal in-
duced by chelerythrine alone, blockade of protein synthesis by
rapamycin alone failed to reverse PA-LTF. Thus, unlike the situ-
ation with PNA-LTF, sensorimotor synapses expressing PA-LTF
express reconsolidation blockade with homosynaptic reactiva-
tion plus rapamycin.

We also examined whether the altered kinetics of HSD accom-
panied the reversal of PA-LTF when homosynaptic reactivation
was followed immediately by rapamycin on day 7 (Fig. 5B2,C2).
The kinetics of HSD reversed as the increase in the synaptic
strength produced by two pairings of presynaptic tetanus plus
5-HT were reversed after homosynaptic reactivation (PTP or
HSD) on day 7 was followed by rapamycin. Reactivation followed
by rapamycin reversed HSD kinetics on day 8 such that they were
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no longer significantly different from the HSD kinetics for con-
trols: rapamycin alone, PTP alone, and HSD alone (all p values
>0.9). Conditions that failed to reverse PA-LTF produced by two
pairings of presynaptic tetanus plus 5-HT also failed to reverse
the attenuated kinetics of HSD: two pairings plus PTP, HSD, or
rapamycin on day 7 (p > 0.9). Thus, both the persistent facilita-
tion and the attenuated kinetics of HSD are affected by interfer-
ing with constitutive PKC activity or when the homosynaptic
reactivation is followed by a transient inhibition of protein syn-
thesis by rapamycin.

Heterosynaptic activation followed by rapamycin fails to
reverse PA-LTF

We next examined whether heterosynaptic activation (5-HT or
FMRFa) alone affected PA-LTF and whether these reactivations
induced reconsolidation blockade or a reversal in the attenuated
kinetics of HSD when the reactivations were followed immedi-
ately by rapamycin on day 7 (Fig. 6). PNA-LTF becomes labile by
either brief applications of 5-HT (which activates PKA, PKC, and
ERK1/2 signaling) or FMRFa (which activates arachidonic acid
and P38 MAP kinase signaling), which under some circum-
stances can significantly affect the short- and long-term facilita-
tion produced by 5-HT (Guan et al., 2002).

Short-term heterosynaptic reactivation (5-HT or FMRFa)
alone on day 7 did not interfere with PA-LTF, and rapamycin
added after the reactivations failed to reverse PA-LTF (Fig.
6B1,C1I). The synaptic strengths were significantly increased on
days 8 and 10 by two pairings of presynaptic tetanus plus 5-HT
[n=8,163 = 6.1% and 154 = 5.9% (Fig. 6BI); or n = 7,159 =
9.4% and 151 = 9.4% (Fig. 6CI)], and that increase was not
affected when two pairings were followed by a brief application of
5-HT alone onday 7 (n = 7; 163 = 10.0% and 151 * 9.3%; p >
0.8) or FMRFa alone on day 7 (n = 7; 161 = 12.4% and 154 =
12.9%; p > 0.8). Despite the significant short-term depression in
the synaptic strength produced by the application of FMRFa,
PA-LTF was unaffected.

The addition of rapamycin after heterosynaptic reactivation
(5-HT or FMRFa) on day 7 failed to reverse PA-LTF. The in-
creases in the synaptic strength on days 8 and 10 evoked by two
pairings of presynaptic tetanus plus 5-HT were not significantly
affected by a brief application of either 5-HT followed by rapa-
mycin (n = 8; 155 £ 10.7% and 143 * 9.8%; p > 0.8) or by
FMRFa followed by rapamycin (n = 11; 156 = 5.4% and 147 *
6.8%; p > 0.8). The synaptic strength on days 8 and 10 after the
heterosynaptic reactivation plus rapamycin on day 7 remained
significantly higher than those for various controls: 5-HT alone
(n=17;92 % 5.3% and 90 * 4.5%; p < 0.01), 5-HT followed by
rapamycin (n = 6; 93 = 7.5% and 91 * 7.3%; p < 0.01), FMRFa
alone (n = 7; 92 = 7.7% and 89 * 7.5%; p < 0.01), or FMRFa
followed by rapamycin (n = 6; 93 * 9.8% and 90 * 8.9%; p <
0.01). Thus, heterosynaptic reactivations plus rapamycin fail to
induce reconsolidation blockade at sensorimotor synapses ex-
pressing a cellular analog of classical conditioning (PA-LTF) but
do induce reconsolidation blockade at sensorimotor synapses ex-
pressing a cellular analog of nonassociative sensitization (PNA-
LTF; Hu and Schacher, 2014).

We also examined whether heterosynaptic reactivation followed
immediately by rapamycin affected the attenuated kinetics of HSD
accompanying PA-LTF (Fig. 6C2). HSD kinetics at sensorimotor
synapses expressing PA-LTF remained attenuated on day 8 after
heterosynaptic reactivation (5-HT or FMRFa), followed by rapamy-
cin on day 7, and was not significantly different from the kinetics of
HSD at synapses expressing PA-LTF alone. All cultures treated with
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Figure 5.  Short-term homosynaptic reactivation fails to interfere with PA-LTF but induces a labile state; reactivation followed by rapamycin rapidly reverses both PA-LTF and the attenuated
kinetics of HSD. A, Experimental protocol. After monitoring the EPSP amplitudes on day 7, control cultures were given homosynaptic stimuli (Cont + PTP or Cont + HSD) or rapamycin immediately
after the homosynaptic stimuli [Cont + (PTP +Rapa) or Cont + (HSD + Rapa)]. Experimental cultures consisted of 2 (Tet + 5-HT), 2 (Tet + 5-HT) + homosynaptic stimuli, 2 (Tet + 5-HT) +
rapamycin, or 2 (Tet + 5-HT) + (homosynaptic stimuli + rapamycin). The EPSP amplitudes were re-examined on days 8 and 10. The kinetics of HSD was determined on day 8. B, Summary of the
changesin the EPSP amplitudes for each treatment indicated that PA-LTF produced by 2 (Tet + 5-HT) reversed when reactivation of PTP was followed by rapamycin. PTP with or without rapamycin
did not affect control baselines. A two-factor ANOVA (treatment and time) indicated a significant difference between the groups (Fi1s,135) = 61.155; p << 0.001). Individual comparisons indicated
treatment with rapamycin immediately after PTP [2 (Tet + 5-HT) + (PTP + Rapa)] significantly reduced the increases in the EPSP amplitude on days 8 and 10 compared with that evoked by 2 (Tet
+ 5-HT) alone (F = 3.797 and 4.15; all p values <<0.01), 2 (Tet + 5-HT) + PTP (F = 3.21and 3.454; p << 0.05 and 0.01), and 2 (Tet + 5-HT) + Rapa (F = 3.055and 3.552; p << 0.05and 0.01).
The change in the EPSP amplitude in 2 (Tet + 5-HT) + (PTP + Rapa) on day 8 or day 10 was no longer significantly different from those in Cont + PTP (F = 0.089 and 0.002; all p values >0.9)
orCont + (PTP + Rapa) (F = 0.088 and 0.001; all p values > 0.9). Conditions that evoked PA-LTF were not significantly different from each other but were significantly greater than the changes
inthe EPSP amplitudes in Cont + PTP (F values between 3.243 and 4.56; p << 0.01 0r 0.05) or Cont + (PTP + Rapa) (F values between 3.001 and 4.264; p << 0.01 or 0.05). B2, The kinetics of HSD
on day 8 reversed to control levels with 2 (Tet + 5-HT) + (PTP + Rapa). HSD kinetics remained attenuated compared with controls for all other 2 (Tet + 5-HT) treatments. A two-factor ANOVA
indicated a significant effect on the kinetics of HSD (F4 30 = 3.614; p << 0.001). Individual comparisons indicated that HSD kinetics after 2 (Tet + 5-HT) + (PTP + Rapa) were significantly
different from those observed in 2 (Tet + 5-HT) (F = 3.39;p < 0.002), 2 (Tet + 5-HT) + PTP (F = 8.406; p << 0.001),and 2 (Tet + 5-HT) + Rapa (F = 7.577;p << 0.001) but were not significantly
different from those in Cont + PTP (F = 1.093; p > 0.3) and Cont + (PTP + Rapa) (F = 0.794; p > 0.6). €1, Summary of the changes in the EPSP amplitudes for each treatment indicated that
PA-LTF evoked by 2 (Tet + 5-HT) was reversed by treatment with rapamycin immediately after HSD. HSD with or without rapamycin did not affect control baselines. A two-factor ANOVA (treatment
and time) indicated a significant difference between the groups (F 1, 105 = 35.995; p << 0.001). Treatment with rapamycin immediately after HSD [2 (Tet + 5-HT) 4 (HSD + Rapa)] significantly
reduced the increases in the EPSP amplitudes on days 8 and 10 compared with those produced by 2 (Tet + 5-HT) alone (F = 2.634 and 4.024; p << 0.05and 0.01) and 2 (Tet + 5-HT) + HSD (F =
2.592and 4.211; p < 0.05and 0.01). The EPSP amplitudes on days 8 and 10in 2 (Tet + 5-HT) + (HSD + Rapa) were no longer significantly different from those in Cont + HSD (F = 0.615 and
0.063; all p values >0.6) or Cont + (HSD + Rapa) (F = 0.571and 0.058; all p values >0.7). PA-LTF evoked by 2 (Tet + 5-HT) was not significantly different from that evoked by 2 (Tet + 5-HT)
+ HSD, but the changes in the EPSP amplitudes were significantly higher than those in Cont + HSD (F values between 4.034 and 4.588; all p values <<0.01) or Cont + (HSD + Rapa) (F values
between 3.998 and 4.481; all p values <<0.01). €2, The kinetics of HSD on day 8 reversed to control levels with 2 (Tet + 5-HT) + (HSD + Rapa). HSD kinetics remained attenuated compared with
controls for all other 2 (Tet + 5-HT) treatments. A two-factor ANOVA indicated a significant effect on the kinetics of HSD (F 3, 55y = 8.956; p << 0.001). Individual comparisons indicated that HSD
kinetics for 2 (Tet + 5-HT) + (HSD + Rapa) were significantly different from those observed for 2 (Tet + 5-HT) (F = 14.289; p << 0.001) and 2 (Tet + 5-HT) + HSD (F = 11.552; p << 0.001) but
not significantly different from those in Cont + HSD (F = 1.056; p > 0.1) or Cont + (HSD + Rapa) (F = 1.012; p > 0.1). Treatments that did not attenuate HSD kinetics were not significantly
different from each other (F values between 0.063 and 0.101; all p values >0.9).
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Figure 6.  Short-term heterosynaptic reactivation fails to interfere with PA-LTF or to induce a labile state; PA-LTF and the attenuated kinetics of HSD do not reverse after reactivation
followed by rapamycin. A, Experimental protocol. After monitoring the EPSP amplitudes on day 7, control cultures were divided into four groups: Cont + 5-HT, Cont + FMRFa, Cont +
(5-HT +Rapa), and Cont + (FMRFa + Rapa). Experimental cultures were divided into five groups: 2 (Tet + 5-HT), 2 (Tet + 5-HT) + 5-HT or FMRFa, 2 (Tet + 5-HT) + (5-HT or FMRFa
+ Rapa). The EPSP amplitudes were re-examined on days 8 and 10. The kinetics of HSD was determined on day 8. BT, Summary of the changes in the EPSP amplitudes indicated that
treatment with 5-HT alone or 5-HT plus rapamycin on day 7 did not significantly affect PA-LTF evoked by 2 (Tet + 5-HT). A brief application of 5-HT with or without rapamycin did not
affect control baselines. A two-factor ANOVA (treatment and time) indicated a significant difference between the groups (F;, 43, = 23.656; p << 0.001). Individual comparisons indicated
that PA-LTF produced by all 2 (Tet + 5-HT) treatments were not significantly different from each other on days 7, 8, and 10 but were significantly different from those in Cont + 5-HT
(Fvalues between 6.097 and 9.442; all p values <<0.01) or Cont + (5-HT + Rapa) (F values between 5.495 and 8.545; all p values <<0.01). B2, The attenuated kinetics of HSD on day 8
evoked by all 2 (Tet + 5-HT) treatments remained attenuated compared with all controls. A two-factor ANOVA indicated a significant effect on the kinetics of HSD (F 3, 4) = 5.93%; p <
0.001). Individual comparisons indicated that HSD kinetics for all 2 (Tet + 5-HT) groups were not significantly different from each other but were significantly different from those
observed in Cont + 5-HT (F values between 4.779 and 9.684; all p values <<0.001) or Cont + (5-HT + Rapa) (F values between 6.987 and 13.647; all p values <<0.001). €7, Summary
of the changes in EPSP amplitudes for each group indicated that treatment with rapamycin immediately after FMRFa did not significantly affect PA-LTF evoked by 2 (Tet + 5-HT). FMRFa
with or without rapamycin did not affect control baselines. A two-factor ANOVA (treatment and time) indicated a significant difference between the groups (F(;, 49 = 67.491; p <
0.001). Individual comparisons indicated that PA-LTF produced by all 2 (Tet + 5-HT) treatments were not significantly different from each other on day 7, day 8 and day 10, but were
significantly different from those in Cont + FMRFa (F values between 5.291 and 7.81; all p values <0.01) or Cont + (FMRFa + Rapa) (F values between 4.771 and 7.582; all p values
<C0.01). €2, The kinetics of HSD on day 8 evoked by all 2 (Tet + 5-HT) treatments were attenuated compared with all controls. A two-factor ANOVA indicated a significant effect on the
kinetics of HSD (F 3, 4y = 8.18; p << 0.001). Individual comparisons indicated that HSD kinetics for all 2 (Tet + 5-HT) groups were not significantly different from each other but were
significantly different from those observed in Cont + FMRFa (F values between 16.433 and 20.517; all p values << 0.001) or Cont + (FMRFa + Rapa) (Fvalues between 9.134 and 11.404;
all p values <<0.001).
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two pairings of stimuli expressed the attenuated kinetics of HSD
compared with the various controls. Thus, the heterosynaptic reac-
tivation alone or pairing with rapamycin that fails to reverse PA-LTF
also fails to reverse the attenuated kinetics of HSD.

Discussion

The sensorimotor synapse of Aplysia expresses at least two forms
of persistent facilitation: (1) a nonassociative form (PNA-LTF;
Hu et al., 2011) evoked by 10 spaced applications of 5-HT given
over 2 d that is a cellular analog of long-term sensitization (Frost
et al,, 1985) and (2) an associative form (PA-LTF) produced by
two pairings of presynaptic tetanus plus 5-HT given over 2 d that
is a cellular analog of classical conditioning (Buonomano and
Byrne, 1990).

Both forms share common properties: each expresses a “tran-
sient” long-term form (requiring new macromolecular synthesis;
Montarolo et al., 1986; Hu et al., 2007) produced by 1 d of stim-
ulation and a more persistent form evoked by 2 d of stimuli. Both
forms can express short-term plasticity along with persistent
plasticity, indicating that the persistent change in the synaptic
strength represents a new baseline that can be modulated with
additional stimuli. Both forms require constitutive PKC activity
for maintenance, since the transient blockade of PKC activation
results in their rapid reversal (Cai et al., 2011; Chen et al., 2014).
PKC activation is required for the initiation and consolidation of
long-term plasticity and memory in mammals, but the roles of
various PKC isoforms (especially PKM{) in maintaining persis-
tent plasticity or in reconsolidation remain controversial (Shema
et al., 2007; Sacktor, 2011; Volk et al. 2013; Jalil et al., 2015). In
addition, the increased synaptic strength returns to the original
baseline when the persistent plasticity reverses. The original base-
line is unaffected when reactivation is paired with the same in-
hibitors that reverse the persistent facilitation (Hu and Schacher,
2014). The labile cellular/molecular processes that maintain the
synaptic plasticity required for long-term memory appear to be
independent of the mechanisms required for maintaining the
original synaptic baseline.

The two forms of persistent facilitation have important differ-
ences. Sensorimotor synapses expressing PA-LTF also express an
attenuated form of HSD. In contrast, sensorimotor synapses ex-
pressing PNA-LTF have HSD kinetics indistinguishable from
naive synapses (Hu and Schacher, 2014). Another important dif-
ference is the nature of the reactivations that evoke reconsolida-
tion blockade when specific reactivations are paired with the protein
synthesis inhibitor rapamycin. Heterosynaptic reactivation (5-HT
or FMRFa) plus rapamycin produced the rapid reversal of PNA-
LTF (Hu and Schacher, 2014). In contrast, homosynaptic reacti-
vation (HSD or PTP) plus rapamycin evoked the rapid reversal of
PA-LTF. Thus, two forms of persistent facilitation expressed at
the same synapse, where each form contributes to different forms
of learning and memory, become labile with different reactiva-
tions. These results extend behavioral studies in mammalian sys-
tems where reactivations plus rapamycin lead to a rapid reversal
of the long-term memory or plasticity (Stoicaetal., 2011; Lietal.,
2013; Huynh et al., 2014, Lopez et al., 2015).

PKC activity affects the kinetics of HSD and PA-LTF

The expression of PA-LTF was accompanied by a significant and
persistent attenuation in the kinetics of HSD. This attenuation was
not observed when synapses express PNA-LTF (Hu and Schacher,
2014). After an acute incubation with a PKC inhibitor, synapses
continued to express PA-LTF but showed HSD kinetics comparable
to controls. Since HSD is caused primarily by a decline in evoked
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transmitter release from the presynaptic terminals (Eliot et al., 1994;
Armitage and Siegelbaum, 1998; Royer etal., 2000; Gover et al., 2002;
Zhao and Klein, 2002; Wan et al., 2012; Malkinson and Spira, 2013),
our results suggest that each action potential in the sensory neuron
increases PKC activity, preserving a relatively high rate of release.
Such increases in PKC activity led to attenuated HSD kinetics when
naive sensorimotor synapses were either stimulated to fire single
action potentials in the presence of 5-HT or electrically stimulated to
fire two to four action potentials at 20 Hz at regular intervals (Sun
and Schacher, 1996b; Wan et al., 2012). One long-term consequence
of the stimuli that produce PA-LTF might be to change the handling
of calcium-dependent activation of PKC such that evoked transmit-
ter release at sensorimotor synapses with each action potential sim-
ulates the presence of 5-HT. Intracellular free calcium levels might
increase via changes in the number or distribution of voltage-gated
channels or in the level of calcium released from intracellular stores
(Billups and Forsythe, 2002; Dunn and Syed, 2006; Ahmed and Sieg-
elbaum, 2009). Calcium-dependent PKC near synaptic calcium
channels might increase as a result of changes in the expression or
post-translational modification of adaptor proteins such as PICK1
(Wan et al., 2012; Dargaei et al., 2015), resulting in more efficient
coupling of PKC activation with each action potential and neu-
rotransmitter release (Malkinson and Spira, 2013).

Constitutive PKC activity maintains both PNA-LTF (Cai et
al., 2011; Bougie et al., 2012) and PA-LTF. Thus, besides the
changes in PKC activation at the sensory neuron terminals with
each action potential, changes evoked by constitutive PKC activ-
ity in other compartments of the sensory neuron and/or L7 con-
tribute to the maintenance of PA-LTF. Constitutive PKC activity
is also required for maintaining long-term sensitization in Aply-
sia, which can then be reinstated with additional sensitizing stim-
uli (Chen et al., 2014). In contrast, PKA activity, critical for
initiating both nonassociative and associative forms of plasticity
at sensorimotor synapses (Kandel et al., 1983; Walters and Byrne,
1983), does not appear to be critical for maintaining PA-LTF.

Constitutive PKC activity also maintains the attenuated kinet-
ics of HSD. Activity of one or more of the three PKC isoforms in
Aplysia (Sossin, 2007; Farah and Sossin, 2011) may regulate dis-
tinct processes in all cellular compartments of the sensory neuron
and L7 (Antonov et al,, 2003; Hu et al., 2010; Bougie et al., 2012;
Cai et al., 2012; Fiumara et al., 2015) required to maintain both
PA-LTF and PNA-LTF, and the altered kinetics of HSD that ac-
company PA-LTF. Future studies using cell-specific manipula-
tions of the different PKC isoforms will allow us to explore the
cellular localization and role of each PKC isoform in regulating
PA-LTF and the altered kinetics of HSD and PNA-LTF.

Homosynaptic reactivation induces a labile state at synapses
expressing PA-LTF

5-HT is a common stimulus in the induction of both PNA-
LTF and PA-LTF, but reactivation by 5-HT induced a labile
state at sensorimotor synapses expressing PNA-LTF but not at
synapses expressing PA-LTF. Homosynaptic reactivation in-
duced a labile state only at sensorimotor synapses expressing
PA-LTF but not at synapses expressing PNA-LTF (Hu and
Schacher, 2014).

One explanation for this dichotomy is that each reactivation
on day 7 leads to post-translational modifications of two different
sets of molecules: a common set that produces the short-term
plasticity and a newly synthesized set of molecules, some of which
are uniquely associated with each form of persistent plasticity and
provides each form with unique features (a form of metaplastic-
ity; McCamphill et al., 2015).
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Homosynaptic reactivation at synapses expressing PA-LTF,
either a weak (HSD) or identical (PTP) versions of the condi-
tioned stimulus, evokes different responses than at naive synapses
or synapses expressing PNA-LTF. With low-frequency stimula-
tion, increases in the activation of specific isoforms of PKC at
sensorimotor synapses, coupled with the transient blockade of
protein synthesis in various compartments in both the sensory
neurons and L7, might affect processes required for maintaining
both PA-LTF and the attenuated kinetics of HSD.

The other homosynaptic reactivation PTP has pleiotropic ac-
tions on both the presynaptic sensory neuron and postsynaptic
motor neuron that include the release of calcium from intracel-
lular stores in both presynaptic and postsynaptic compartments,
activation of CaMK and MAPK, and calcium-dependent protein
degradation (Schafthausen et al., 2001; Jin and Hawkins, 2003;
Khoutorsky and Spira, 2009). These presynaptic and postsynap-
tic activations at sensorimotor synapses expressing PA-LTF may
modify new substrates that are part of the molecular cascade that
maintains PA-LTF. The modifications of these new substrates by
the homosynaptic reactivations may induce the labile state.
When the reactivations are paired with the transient inhibition of
the synthesis of critical proteins (both in the cell bodies and the
synaptic terminals), these substrate modifications cause a disrup-
tion in the processes required for maintaining both the plasticity
and the attenuated kinetics of HSD.

In contrast, heterosynaptic activity fails to induce a labile state
at synapses expressing PA-LTF. Heterosynaptic activation (5-HT
or FMRFa) is acting on the sensory neurons and L7 that have been
exposed only twice to 5-HT. The prior stimulus history (two
exposures to 5-HT that contribute to PA-LTF) may be inade-
quate for a heterosynaptic reactivation to induce a labile state.
But 10 exposures to 5-HT, which produce PNA-LTF as a result of
cell-specific responses in both the sensory neuron (sensorin ex-
pression and secretion; Hu et al., 2011) and L7 (expression of
specific bZIP transcription factors; Hu et al., 2015), may ade-
quately alter the cells’ responses to subsequent heterosynaptic
activity (including FMRFa) to induce a labile state. Future studies
will examine the nature of the labile state produced by selective
reactivations for both forms of persistent plasticity.
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