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A PKM generated by calpain cleavage of a classical PKC
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facilitation in the presynaptic sensory neuron of Aplysia
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Atypical PKM, a persistently active form of atypical PKC, is proposed to be a molecular memory trace, but there have been

few examinations of the role of PKMs generated from other PKCs. We demonstrate that inhibitors used to inhibit PKMs gen-

erated from atypical PKCs are also effective inhibitors of other PKMs. In contrast, we demonstrate that dominant-negative

PKMs show isoform-specificity. A dominant-negative PKM from the classical PKC Apl I blocks activity-dependent interme-

diate-term facilitation (a-ITF) when expressed in the sensory neuron, while a dominant-negative PKM from the atypical PKC

Apl III does not. Consistentwith a specific role for PKMApl I in activity-dependent facilitation, live imaging FRET-based cleav-

age assays reveal that activity leads to cleavage of the classical PKCApl I, but not the atypical PKCApl III in the sensory neuron

varicosities of Aplysia. In contrast, massed intermediate facilitation (m-ITF) induced by 10 min of 5HT is sufficient for cleavage

of the atypical PKC Apl III in the motor neuron. Interestingly, both cleavage of PKC Apl I in the sensory neuron during a-ITF

and cleavage of PKC Apl III in the motor neuron during m-ITF are inhibited by a dominant-negative form of a penta-EF hand

containing classical calpain cloned from Aplysia. Consistent with a role for PKMs in plasticity, this dominant-negative calpain

also blocks both a-ITF when expressed in the sensory neuron and m-ITF when expressed in the motor neuron. This study

broadens the role of PKMs in synaptic plasticity in two significant ways: (i) PKMs generated from multiple isoforms of

PKC, including classical isoforms, maintain memory traces; (ii) PKMs play roles in the presynaptic neuron.

The identification of pharmacological agents capable of disrupt-
ing long-established memories suggests that an ongoing, active
process is required to maintain memories over prolonged periods
(Sossin 2008; Sacktor 2011). A leading candidate for this active
process is PKMz, a persistently active atypical protein kinase com-
posed of the isolated catalytic domain of PKCz (Sacktor 2012).
Indeed, the first identified amnesic agent capable of disrupting
memory maintenance, the zeta inhibitor peptide (ZIP), was de-
signed to inhibit PKMz (Ling et al. 2002). In vertebrates, PKMz is
encoded by an alternative mRNA transcript, which is transported
to dendrites and then translated during plasticity to generate the
persistently active kinase (Hernandez et al. 2003; Muslimov et al.
2004). The specific role of PKMz in memory has been challenged
due to reports of intact late-long term potentiation (L-LTP) and
memory in mice lacking PKC/PKMz (Lee et al. 2013; Volk et al.
2013). However, other lines of evidence, including dominant neg-
atives (Shema et al. 2011) and acute knock-out approaches using
siRNA (Dong et al. 2015; Tsokas et al. 2016) support a role for
PKMz in memory maintenance. Interestingly, compensation
from the other atypical PKC in vertebrates, PKC iota (PKCi), in
PKC/PKMz knock-out animals has been demonstrated (Tsokas
et al. 2016). This raises the question of whether PKMs generated
from other isoforms of PKC normally play roles in memory main-
tenance. Indeed, very few previous experiments have considered
the isoform specificity of either pharmacological inhibitors or
dominant negatives.

We have been examining the role of PKMs in the synaptic
changes underlying the maintenance of memory in Aplysia cali-
fornica. In this model, specific neurons involved in simple, modi-
fiable behaviors have been identified and characterized, and the
relevant changes in synaptic strength can be reproduced in cul-
tured neurons. This allows for the molecular, optical, and electro-
physiological analysis of synaptic connections involved in
learning and memory in a reduced preparation (Kandel 2001).
Three PKCs are expressed in the Aplysia nervous system, PKC
Apl I, PKC Apl II, and PKC Apl III, belonging to the classical, novel
and atypical PKC families, respectively (Sossin 2007). No alterna-
tive transcript producing a PKM has been identified in this system
consistent with the alternative transcript for PKMz first appearing
in early chordates (Bougie et al. 2009). Nevertheless, the same in-
hibitors used in the vertebrate system, ZIP and chelerythrine
(Serrano et al. 2005, 2008), block the maintenance of a number
of forms of synaptic plasticity and memory in Aplysia, including
activity-dependent intermediate-term facilitation (a-ITF) (Sutton
and Carew 2000), activity-dependent long-term facilitation (Hu
and Schacher 2015), site-specific sensitization (Sutton et al.
2004), massed intermediate-term facilitation (m-ITF) (Villareal
et al. 2009), massed operant conditioning (Michel et al. 2012),
long-term facilitation and long-term sensitization (Cai et al.
2011). Moreover, a dominant-negative form of the atypical PKM
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Apl III has been shown to block m-ITF (Bougie et al. 2012). The ev-
idence that transcription-independent forms of plasticity, such as
a-ITF and m-ITF can be reversed during their maintenance phase
by inhibitors of PKMs (Sutton and Carew 2000; Villareal et al.
2009) allows for experimental analysis of the targets of these in-
hibitors in simpler forms of plasticity.

In Aplysia, PKMs are proposed to be formed by calpain-
mediated cleavage of PKC (Sutton et al. 2004; Bougie et al.
2009) and consistent with this concept, calpain inhibitors block
induction of several of the putatively PKM-dependent forms of
plasticity described above (Sutton et al. 2004; Villareal et al.
2009). This raises the question of isoform specificity since calpain
can cleave all the PKC isoforms into PKMs in vitro (Sutton et al.
2004; Bougie et al. 2009).

While the mammalian calpains CAPN1 (m-calpain) and
CAPN2 (m-calpain) are the best-studied isoforms in regulating
synaptic plasticity (Baudry and Bi 2016), numerous diverse
calpains are encoded in Metazoan genomes, most of which fall
into four highly conserved subfamilies. These are the classical
subfamily, which includes CAPN1,
CAPN2 and is defined by the presence
of EF hands at the carboxy terminal, the
SOL calpain family (name derived from
the Drosophila mutant phenotype Small
Optic Lobes), the PalB family (named af-
ter the screen for acid-sensitive phospha-
tase mutants in the fungi, Asperilligus)
and the Tra family (named after the
sex-determining transformer protein 3
from Caenorhabditis elegans) subfamilies.
While the human genome encodes 15
calpains and includes members of all
four subfamilies (including nine classical
calpains), the calpain isoforms present
in Aplysia have not previously been
determined.

In this study, using isoform-specific
dominant negatives and cleavage assays,
we find that distinct PKCs in presynaptic
and postsynaptic neurons are cleaved
into PKMs by an Aplysia classical calpain
orthologous to mammalian classical cal-
pains in response to different physiolog-
ically relevant stimuli. Cleavage of the
classical PKC Apl I into PKM Apl I by
this classical calpain plays a role in the
presynaptic neuron during a-ITF whereas
cleavage of the atypical PKC Apl III into
PKM Apl III by the same classical
calpain plays a role in the postsynaptic
neuron during m-ITF. Thus, PKMs de-
rived from classical calpain cleavage of
not only atypical, but also classical
PKCs play a role in memory maintenance
and PKMs are formed in the presynaptic
as well as the postsynaptic cell.

Results

Neither chelerythrine, nor

pseudosubstrate-based inhibitors

distinguish between isoforms

of PKM
Two inhibitors of PKMz, ZIP (based on
the pseudosubstrate of atypical PKCs)

and chelerythrine, erase memories in both vertebrates and
Aplysia (Serrano et al. 2008; Cai et al. 2011), but no studies have
examined the specificity of these inhibitors for distinct PKMs.
To examine this question, we performed kinase assays using puri-
fied PKM Apl I or PKM Apl III. The PKMs were purified from
baculovirus-infected SF9 cells and the amount of kinase normal-
ized using a common amino-terminal His-tag antibody (Fig.
1A). Both myristoylated ZIP and chelerythrine inhibited PKM
Apl III activity at slightly lower concentrations than required for
inhibition of PKM Apl I activity, but this difference is unlikely
to provide specificity required for use in cells (Fig. 1B,C). A myris-
toylated version of the pseudosubstrate from classical PKCs re-
quired higher concentrations for inhibition than myristoylated
ZIP, but similar to ZIP, inhibited the atypical PKM Apl III at slightly
lower concentrations than required to inhibit the classical PKM
Apl I (Fig. 1D). Interestingly, the myristoylation of ZIP is impor-
tant for its affinity as an inhibitor since the concentration re-
quired for inhibition was much larger for ZIP without the
myristoylation (Fig. 1E) even though these assays were conducted

Figure 1. Kinase assays. (A) Sf9 cells were infected with recombinant baculovirus containing either
His-Tagged PKM Apl I or His-Tagged PKM Apl III. At 72 h post-infection, cells were lysed by sonication
and His-tagged proteins purified (see Materials and Methods). An aliquot of the purified proteins were
separated on SDS-PAGE gels, and then transferred to a nitrocellulose membrane that was immunos-
tained using an anti-His-Tag antibody. The membrane was used to quantify the relative amounts of
PKM Apl I and PKM Apl III in order to assess PKM inhibitors using the same molar concentration of
PKMs. The immunoblot displayed had an intervening lane that was removed (black line). (B–F)
Protein Kinase C activity assays were performed as described in methods using 10 mM of PKC epsilon
substrate for both enzymes and differing amounts of (B) myristoylated zeta inhibitory peptide
(Myr-ZIP), (C) chelerythrine, (D) myristolated classical inhibitory peptide, (E) non-myristoylated zeta in-
hibitory peptide (Non-Myr-ZIP), and (F) bisindolylmaleimide 1 (Bis-1). N ¼ 3–4 separate kinase assays
from two independent preparations of the enzymes for B–F. Values represent the mean+SEM.
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in a system without membranes or lipids. An inhibitor based on
the ATP binding site, Bis-I, inhibited PKM Apl I at a much lower
concentration than it inhibited PKM Apl III, consistent with ear-
lier results using PKCs (Fig. 1F; Villareal et al. 2009). Thus, the in-
hibitors used to target PKMz also target PKMs made from other
types of PKC and inhibitors targeted to the ATP binding site of
classical PKCs only weakly inhibit atypical PKMs.

A dominant-negative PKM Apl I blocks a-ITF
Site-specific sensitization is the increased defensive response ob-
served when the animal is tested at the site of the shock as op-
posed to testing the animal in nonshocked locations (Walters
1987). A-ITF is the cellular basis for site-specific sensitization
and is induced by the coincidence of sensory neuron action po-
tential activity (the touch) and serotonin (5-hydroxytryptamine,
5HT) release (shock). The maintenance of site-specific sensitiza-
tion is blocked by the ATP-based inhibitor Bis-1 (Sutton et al.
2004) suggesting that memory in this system is not retained by
the atypical PKM Apl III which is relatively insensitive to this in-
hibitor (Fig. 1F). However, the maintenance is likely to be mediat-
ed by a PKM, since both maintenance of site-specific sensitization
and its cellular analog, a-ITF is reversed by chelerythrine, which
inhibits PKMs better than PKCs (Sutton and Carew 2000;
Villareal et al. 2009). The isoform of PKC required for the induc-
tion of a-ITF in the sensory neuron is the classical PKC Apl I as a
dominant-negative form of PKC Apl I, but not a dominant-
negative form of the novel PKC Apl II, blocks a-ITF when ex-
pressed in the sensory neuron (Zhao et al. 2006). To determine
if PKM Apl I plays an important role in a-ITF, the cellular analog
of site-specific sensitization, we used a dominant-negative strat-
egy. The dominant-negative form of PKM Apl III with an aspartic
acid (D) in the ATP binding pocket converted to alanine (A) has
previously been shown to block m-ITF when expressed in the mo-
tor neuron (Bougie et al. 2012). We generated a construct with the
same mutation in PKM Apl I. We expressed either mRFP-DN PKM
Apl I or mRFP-DN PKM Apl III in sensory neurons paired with mo-
tor neurons, sensory neurons were stimulated to produce action

potentials in the presence of 5HT as previously described (see
Materials and Methods), and then tested for a-ITF at 60 min after
stimulation. Consistent with a role for PKM Apl I in a-ITF, there
was no significant a-ITF at 60 min when mRFP-DN PKM Apl I
was expressed, while significant a-ITF was observed after express-
ing either mRFP or mRFP-DN PKM Apl III (Fig. 2). The inhibition
of a-ITF with mRFP-DN PKM Apl I only occurred with high expres-
sion levels (see Materials and Methods). At the synaptic connec-
tions used in Figure 2 with high dominant-negative PKM
expression in the sensory neuron, levels of mRFP-DN PKM Apl I
and mRFP-DN PKM Apl III were similar, as judged by mRFP fluo-
rescence intensity (Fig. 2A, inset).

PKC Apl I is cleaved by calpain in response to activity in

the presynaptic sensory neuron
Since there is no alternative start site identified in PKC Apl I to
generate a PKM Apl I encoding mRNA, we examined whether
PKC Apl I could be cleaved in the sensory neuron during a-ITF,
similar to previously described cleavage of PKC Apl III by 5HT in
the motor neuron (Bougie et al. 2012). PKCs are tagged with
CFP on the carboxy terminus and YFP on the amino terminus.
Due to the proximity of the CFP and YFP on one molecule of
PKC, these constructs show FRET and cleavage is measured as a
loss of intramolecular FRET. We first tested the integrity of the pro-
tein by confirming that CFP-PKC Apl I-YFP could be activated by
measuring translocation to the plasma membrane following the
pairing of membrane depolarization with 5HT application as pre-
viously described for eGFP-PKC Apl I (Shobe et al. 2009). The
membrane was depolarized with 100 mM KCl to mimic activity
in the sensory neuron in this paradigm as has previously been
used for PKC Apl I translocation (Shobe et al. 2009). We found
that CFP-PKC Apl I-YFP translocates to the plasma membrane in
isolated sensory neurons in response to KCl (100 mM) and 5HT
(10mM) with translocation ratios similar to the ones previously re-
ported for eGFP-PKC Apl I (Shobe et al. 2009) (Fig. 3A) (transloca-
tion ratio (post/pre) of 1.58+0.12 for CFP and 1.42+0.02 for
YFP, n ¼ 3 cells from two independent experiments).

Figure 2. PKM Apl I is required for activity-dependent ITF. (A) Images of sensory (SN) to motor neuron (MN) pairs in phase contrast (PC) and with mRFP
fluorescence filters (Red) showing mRFP tagged PKM expression in the sensory neuron (scale bar is 40 mm). Inset, bar graph showing the average mRFP
intensity in mRFP-DN PKM Apl I and mRFP-DN PKM Apl III groups used in the experiment. mRFP intensity measured in the SN soma and expressed as a
fold increase above the average autofluorescence intensity observed in SN somata. There is no significant difference between the mRFP intensity in the
two groups (P . 0.05 Student’s unpaired t-test). (B) PSP amplitude 60 min after evoking 20 action potentials at 10 Hz in the sensory neuron at 1, 2, 3, and
4 min of a 5 min 5HT application. Representative traces of PSPs from each group before 5HT application (PSP1), the first PSP produced from the stimu-
lation during 5HT (PSP2) and the PSP 60 min after 5HT application (PSP 60 min). Scale bars are 5–5–2.5 mV/15 msec. PSP amplitude was significantly
increased at 60 min with mRFP alone or mRFP-DN PKM Apl III, but not with mRFP-DN PKM Apl I expression in the sensory neuron (comparing before to 60
min following 5HT and sensory neuron activity with a paired Student’s t-test, n ¼ 13, 12, and 11 synaptic connections in each group), (∗) P , 0.05 after
Bonferroni correction for multiple t-tests. An ANOVA of the normalized PSP amplitudes gave a value of (F(33,2) ¼ 2.35, P ¼ 0.112. Initial PSP amplitudes
were 21.3+3.9, 27.8+5.5, 23.8+6.3 mV; initial MN input resistances were 64.1+5.3, 72.4+6.4, 67.8+3.7 MV; and the changes in input resistance
at 60 min as 98.8%, 90.7%, 88.5% of initial in mRFP, mRFP-DN PKM Apl I, and mRFP-DN PKM Apl III, respectively. There were no significant differences
between the groups for any of these parameters (P . 0.05 ANOVA).
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We then determined whether this stimulus led to a loss of
FRET in varicosities of isolated sensory neurons. There was a sig-
nificant loss of FRET measured immediately after washout of
5HT and KCl, (Fig. 3B). 5HT alone did not cause a loss of FRET
for CFP-PKC Apl I-YFP, while KCl (100 mM) treatment alone did
cause a significant loss of FRET that was not different than that

seen by the combination of KCl (100
mM) with 5HT (Fig. 3B,C). Since KCl is
not sufficient to induce translocation of
PKC Apl I (Shobe et al. 2009), and the
loss of FRET lasts for at least 30 min after
the washout of KCl (see below), it is un-
likely that the loss of FRET is due to tran-
sient conformational changes in the
full-length PKC. Moreover, KCl (100
mM) treatment did not cause a loss of
FRET for CFP-PKC Apl III-YFP in sensory
neurons, suggesting specific cleavage of
PKC Apl I, but not PKC Apl III with sen-
sory neuron depolarization (Fig. 3D).
The change in intramolecular FRET
(Post/Pre) for the CFP-PKC Apl I-YFP
group was 0.74+0.05 (n ¼ 25 varicosi-
ties, 13 cells, 2 independent experi-
ments) and 0.96+0.11 for the CFP-PKC
Apl III-YFP group (n ¼ 15 varicosities, 8
cells, 2 independent experiments) 3
min post KCl (100 mM) treatment (∗)
P , 0.05 by an unpaired Student’s t-test
performed on the normalized FRET ra-
tios. A paired Student’s t-test was per-
formed to compare raw FRET signal
post-treatment to pretreatment for each
construct, (###) P , 0.001 for the
CFP-PKC Apl I-YFP group and non-
significant for the CFP-PKC Apl III-YFP
group.

Cleavage of CFP-PKC Apl I-YFP also
occurred following evoked action poten-
tial activity in the sensory neuron (simi-
lar to the protocol used to induce a-ITF,
see Materials and Methods) although
the reduction in FRET was delayed com-
pared with KCl treatment (Fig. 4A).
Similar to KCl, evoking action potential
activity in the sensory neurons in the
presence of 5HT did not enhance the re-
duction of FRET. The change in intramo-
lecular FRET (Post/Pre) was 0.62+0.02
for the sensory neurons with activity
(four trains of action potentials, 10 Hz 2
sec, 1 min ITI; n ¼ 8 varicosities, 4 cells,
2 independent experiments) and 0.58+

0.03 for the 5HT and activity group (n ¼
13 varicosities, 7 cells, 2 independent ex-
periments) 30 min post-treatment (non-
significant by an unpaired Student’s
t-test performed on the normalized
FRET ratios). A paired Student’s t-test
was performed to compare FRET signal
post-treatment to pretreatment for each
construct, (###) P , 0.001 for both
groups.

The previous results were all done in
isolated sensory neurons, but synapse
formation may change some actions of

serotonin (Farah et al. 2015). The loss of intramolecular FRET
was also observed with action potential activity at presynaptic var-
icosities of sensory neurons paired with motor neurons and simi-
lar to isolated sensory neurons, serotonin did not increase the loss
of FRET at synapses (Fig. 4B). The change in intramolecular FRET
(Post/Pre) was 0.80+0.04 for the activity alone group (n ¼ 6

Figure 3. KCl treatment alone, not 5HT, causes a loss of intramolecular FRET for CFP-PKC Apl I-YFP,
but not for CFP-PKC Apl III-YFP, in sensory neuron varicosities. (A) Representative confocal fluorescence
images of Aplysia sensory neurons expressing CFP-PKC Apl I-YFP before 5HT (10 mM) and KCl (100 mM)
treatment or 5 min following 5HT (10 mM) and KCl (100 mM) treatment. CFP-PKC-Apl I-YFP translo-
cates to the plasma membrane in response to 5HT and KCl treatment. (B) Representative images
with color-coded FRET maps of Aplysia sensory neuron varicosities expressing CFP-PKC Apl I-YFP pre-
and post-treatment with 5HT alone (10 mM) for 5 min, KCl alone (100 mM) for 8 min or 5HT (10
mM) and KCl (100 mM) [KCl was added first for 3 min followed by 5HT in the presence of KCl for an
additional 5 min as previously described (Shobe et al. 2009)]. The FRET maps display color-coded
images of the measured FRET signal, in which warm colors represent higher levels of FRET and cooler
colors represent lower levels of FRET. Scale is from 0 to 0.4 for the 5HT alone and the KCl alone
groups and scale is from 0 to 0.5 for the 5HT and KCl group. Loss of intramolecular FRET is seen in
the KCl- and the (5HT and KCl)-treated sensory neurons expressing CFP-PKC Apl I-YFP post-treatment,
not in the 5HT-treated sensory neurons. (C) Change in intramolecular FRET (Post/Pre) was calculated
for the 5HT alone group post 5 min treatment (n ¼ 8 varicosities, 4 cells, 2 independent experiments),
the KCl alone group post 8 min treatment (n ¼ 32 varicosities, 16 cells, 2 independent experiments)
and the 5HT and KCl group post 3 min KCl and an additional 5 min KCl and 5HT as described above
(n ¼ 18 varicosities, 9 cells, 2 independent experiments). For the cells treated with 5HT alone, similar
results were obtained with shorter (3 min; 1.09 + 0.05, n ¼ 8 varicosities, 4 cells, 3 independent exper-
iments) and longer applications of 5HT (8 min; 1.08 + 0.04, n ¼ 7 varicosities, 4 cells, 15 min; 0.91 +
0.09, n ¼ 7 varicosities, 4 cells and 30 min; 1.04 + 0.06, n ¼ 9 varicosities, 5 cells, 3 independent ex-
periments). A paired Student’s t-test was performed to compare raw FRET signal post-treatment to pre-
treatment for each condition, (###) P , 0.005 with Bonferroni corrections for multiple t-tests. One-Way
ANOVA with Student–Newman–Keuls multiple comparisons post-test was performed on normalized
FRET ratio (Post/Pre) to compare the KCl alone group, the KCl and 5HT group and the 5HT alone
group and groups that were significantly different are shown (∗) P , 0.05. (D) Representative images
with color-coded FRET maps of Aplysia sensory neuron varicosities expressing CFP-PKC Apl I-YFP or
CFP-PKC Apl III-YFP pre- and post-treatment with KCl (100 mM) for 3 min. Scale is from 0 to 0.4.
Cleavage is indicated as a loss of intramolecular FRET as seen in the KCl-treated sensory neurons express-
ing CFP-PKC Apl I-YFP post-treatment. Error bars indicate SEM and scale bar is 10 mm for all parts of the
figure. The image shown in D for CFP-PKC Apl I- YFP is from the same set of neurons quantified for KCl
treatments in C. Only the subset of KCl treated neurons where CFP-PKC Apl I-YFP and CFP-PKC Apl
III-YFP were examined in the same experiment, are used in the quantification shown in the text.
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varicosities, 3 cells, 3 independent experiments) and 0.91+0.02
for the 5HT and activity group (n ¼ 6 varicosities, 3 cells, 3 indepen-
dent experiments) 30 min post-treatment. A paired Student’s t-test
was performed to compare raw FRET signal post-treatment to pre-
treatment for each condition, (###) P , 0.001 for the activity alone
group and (##) P , 0.01 for the 5HT and activity group. An
unpaired Student’s t-test performed on the normalized FRET
ratios showed a significant difference between the two groups
(∗) P , 0.05 indicating that at synapses, 5HT slightly inhibited
the decrease in intramolecular FRET.

While the delayed loss of FRET and the dissociation from
PKC translocation (activity alone vs. activity + 5HT) argue
against loss of FRET due to conformational changes, they cannot
rule this out. To obtain additional evidence that the loss of FRET
was due to cleavage, we examined the effects of Calpain inhibitor
II (N-acetyl-Leu-Leu-Methional; ALLM), which blocked
site-specific sensitization (Sutton et al. 2004). Incubation with
ALLM significantly inhibited the loss of intramolecular FRET in-
duced by activity (Fig. 4C). The change in intramolecular FRET
(Post/Pre) was 0.74+0.04 for the control group (n ¼ 10 varicosi-
ties, 5 cells, 2 independent experiments) and 0.82+0.02 for the
ALLM group (n ¼ 8 varicosities, 4 cells, 2 independent experi-
ments) 30 min post-activity (∗P , 0.05 by an unpaired Student’s
t-test performed on the normalized FRET ratios). A paired
Student’s t-test was performed to compare raw FRET signal post-

treatment to pretreatment for each condition, (###) P , 0.001
for the control group and the ALLM group. While the significant
inhibition by ALLM strongly indicates that there is loss of FRET
due to cleavage, it is not clear if the loss of FRET still observed
in the presence of ALLM is due to conformational changes in
the PKC or incomplete inhibition of cleavage by ALLM (see
Discussion).

The classical calpain is important for cleavage of PKC Apl I

into PKM Apl I during a-ITF and cleavage of PKC Apl III

into PKM Apl III during m-ITF
There are four main families of calpains present in vertebrates and
conserved over Metazoan evolution: classical calpains with
penta-EF hand domains at their carboxy-terminus, PalB calpains,
Tra calpains, and Sol calpains. Bioinformatics search of NCBI and
Aplysia transcriptome (http://aplysiagenetools.org/) databases re-
vealed that Aplysia contains orthologues of all the major classes of
calpains as well as an atypical calpain with two dIII domains.
While Calpain 10 in vertebrates also has this structure, there is
lower homology in the protease domains of these two calpains
than the other orthologous calpains (Table 1) and it is not clear
if these are orthologues or the results of convergent evolution.
The Aplysia genome encodes multiple classical calpains with EF
hands, but using phylogenetic analysis one of them is signifi-
cantly closer to the mammalian classical calpains than the others
(Hastings et al. in prep.) and this is the only one examined in this
study. The mammalian genome contains nine classical calpain
genes (Capn 1, 2, 3, 8, 9, 11–14) some of which dimerize with
the small subunit (Capn 4). All of these calpains, including the
small subunit, appear to have originated from duplication of

Figure 4. Evoking action potentials in the sensory neuron also induces
cleavage of CFP-PKC Apl I-YFP in sensory neuron varicosities and the
calpain inhibitor ALLM blocks this cleavage. (A) Quantification of
sensory neuron varicosities expressing CFP-PKC Apl I-YFP. Sensory
neurons were either depolarized to evoke action potentials (four trains
of action potentials, 10 Hz 2 sec, 1 min ITI) or treated with KCl (100
mM) and pictures were taken pre- and 3 min, 15 min and 30 min post-
treatment. Change in intramolecular FRET was calculated for the firing
alone group (n . 7 varicosities, 8–14 cells per time point, 2–7 indepen-
dent experiments depending on the time point) and the KCl alone group
(n . 12 varicosities, 7–19 cells per time point, 1–3 independent experi-
ments depending on the time point). A paired Student’s t-test was per-
formed to compare raw FRET signal post-3 min, 15 min, and 30 min to
prefiring or pre-KCl, (###) P , 0.005 with Bonferroni correction for mul-
tiple t-tests. One-Way ANOVA with Student–Newman–Keuls multiple
comparisons post-test was performed to compare the normalized FRET
ratio (Post/Pre) at the 3 min, 15, and 30 min time points post-treatment
in the Activity group and the KCl group and groups that were different are
shown, (∗∗∗) P , 0.001. Error bars indicate SEM; NS, nonsignificant. (B)
Representative images with color-coded FRET maps of Aplysia sensory
neurons expressing CFP–PKC Apl I–YFP cocultured with motor
neurons. The top left panel is a merge of the CFP channel (to visualize
the sensory neuron) and bright-field images (to visualize the motor
neuron). Sensory neurons were depolarized to induce action potentials
(four trains of action potentials, 10 Hz 2 sec, 1 min ITI) in the absence
or presence of 5HT (10 mM) and images were taken before and 30 min
post-treatment. White arrowheads point to presynaptic varicosities. For
activity, scale is from 0 to 0.8. For 5HT and activity, scale is from 0 to
0.6. (C) Representative images with color-coded FRET maps of Aplysia
sensory neuron varicosities expressing CFP–PKC Apl I–YFP treated with
vehicle (control) or the calpain inhibitor ALLM pre-, immediately post-
action potentials, and 30-min post-action potentials the sensory
neuron. ALLM (50 mM) was added to the dish 10 min prior to evoked
action potentials and was present throughout the experiment. Scale is
from 0 to 1. Cleavage, as observed by a loss of intramolecular FRET, is
seen in the control sensory neurons expressing CFP-PKC Apl I-YFP post-
firing but not in the ALLM treated neurons; AP, action potential. Scale
bar is 10 mm for all parts of the figure.
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one or two classical calpain genes present before jawed fish
(Macqueen and Wilcox 2014; Hastings et al. in prep.) and thus
all are equally similar to the Aplysia classical calpain and
Drosophila Calpain A and B which are also members of this family
(Hastings et al. in prep.).

Representatives of all four calpain families and the atypical
calpain are expressed in the nervous system and two of them,
the classical and Sol are enriched in sensory neurons and motor
neurons (Fig. 5A). To determine which isoform of calpain is im-
portant for cleavage of CFP-PKC Apl I-YFP with action potential
activity, we coexpressed protease-inactive calpains with the cata-
lytic cysteine (amino acid 152 in the classical calpain and amino
acid 446 in the Sol calpain) converted to a serine (C152-S;
C446-S) with the intention that these should act as dominant-
negative calpains (Huang and Forsberg 1998), replacing the en-
dogenous calpain in signaling complexes important for cleavage.
Indeed, there was no significant loss of intramolecular FRET
(Post/Pre) of CFP-PKC Apl I-YFP by evoked action potentials after
expression of the Aplysia dominant-negative classical calpain
(DN-CCal) in the presynaptic sensory neuron, while significant
loss of intramolecular FRET was observed both for control condi-
tions and after expression of the Aplysia dominant-negative SOL
calpain (DN-SOL) (Fig. 5B–D). The effect of the DN-CCal was sig-

nificantly different from both the con-
trol and the DN-SOL groups (Fig. 5D).
We confirmed expression of the
dominant-negative calpains with specif-
ic antibodies raised to the Aplysia cal-
pains (Fig. 6).

We have previously shown
serotonin-induced cleavage of CFP-PKC
Apl III-YFP in a model of m-ITF in isolat-
ed motor neurons (Bougie et al. 2012). To
determine whether the same calpain
could cleave both PKC Apl I and PKC
Apl III and to confirm that cleavage of
CFP-PKC Apl III-YFP also occurs after syn-
apse formation, we re-examined this
cleavage in sensorimotor neuron pairs
in the presence or absence of the
dominant-negative calpains. Similar to
isolated motor neurons, we observe a ro-
bust decrease in intramolecular FRET
(Post/Pre) for CFP-PKC Apl III-YFP in re-
sponse to 5HT at sites of sensorimotor
neuron contact (Fig. 7A–C), and this
was also observed in the presence of the
DN-SOL calpain, but no significant loss
of intramoleclar FRET was observed in
the presence of DN-CCal consistent
with a role for the classical calpain in
the motor neuron. The effect of the
DN-CCal was significantly different
from both the control and the DN-SOL
groups (Fig. 7C).

Classical calpain is required for a-ITF

and m-ITF
If the classical calpain is required for
PKM formation, it should also be impor-
tant for the plasticity retained by the
PKM. To directly test this, synaptic
strength was measured at sensory to mo-
tor neuron synaptic pairs before and 60
min after a 10 min treatment of 5HT.

m-ITF was not observed when the motor neuron was expressing
DN-CCal, but was observed when the motor neuron was express-
ing DN-SOL or eGFP (Fig. 8A). The normalized EPSP at 60 min
was significantly different when DN-CCal was expressed com-
pared with DN_SOL or eGFP (Fig. 8A). Initial PSP amplitude,
short-term facilitation, and postsynaptic input resistance were
not affected by expression of either DN-CCal, DN-SOL, or eGFP
alone in the motor neuron (Fig. 8A). Overall, the data suggest
that classical calpain in the postsynaptic motor neuron is in-
volved in PKC Apl III cleavage and the expression of m-ITF at
sensory to motor neuron synapses following a 10 min stimula-
tion with 5HT.

Similarly, the increase in synaptic strength 60 min following
the pairing of sensory neuron action potential activity and 5HT
application was not observed with expression of the dominant-
negative classical calpain in the presynaptic sensory neuron
(DN-CCal; Fig. 8B) despite normal short-term facilitation (Fig.
8B). This inhibition of a-ITF was not observed with the expression
of eGFP or the dominant-negative SOL calpain (DN-SOL; Fig. 8B).
The normalized EPSP at 60 min was significantly different
when DN-CCal was expressed compared with DN-SOL or eGFP
(Fig. 8B). While there was a trend for DN-CCal to reduce initial
synaptic strength when expressed in the sensory neuron, the

Table 1. Structure of the mammalian and the Aplysia calpain isoforms and % amino acid
homology in the protease domain. (Apl) Aplysia, (Capn) Calpain, (CCal) Classical Calpain
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reduction was not significant (Fig. 8B), and there was no correla-
tion between initial synaptic strength and the extent of a-ITF
(for the n ¼ 22 synaptic pairs examined in Fig. 8B Pearson
r ¼ 20.2501, P ¼ 0.26).

Discussion

A PKM formed from a classical PKC plays a role

in the maintenance of synaptic strength
While the existence of a unique transcript encoding PKMz in
vertebrates and the effectiveness of ZIP suggest an important
role for this PKM isoform, there are limited data testing the iso-
form specificity of PKMz for synaptic plasticity or memory. As
we demonstrate, neither ZIP, nor chelerythrine, are selective in-
hibitors of atypical PKMs. Thus, we have used a number of non-
pharmacological strategies to examine isoform specific roles of
PKMs in synaptic plasticity. In the presynaptic sensory neuron,
a dominant-negative PKM Apl I, but not a dominant-negative
PKM Apl III blocked a-ITF, suggesting an isoform specific role of
PKM Apl I in the sensory neuron. Consistent with this,
CFP-PKC Apl I-YFP, but not CFP-PKC Apl III-YFP was cleaved in
the sensory neuron by stimuli that induced a-ITF. Thus, both
the dominant-negative PKMs and the measurement of cleavage
by FRET show isoform-specificity. These results show relatively
conclusively that for some forms of plasticity, PKMs other than

the atypical PKM maintain plasticity,
and thus greatly widen the scope of the
role that PKMs play in maintaining
memory.

The isoform specificity of dominant
negatives depends to a great extent on
the mechanism of action of the domi-
nant negative. We have used a strategy
to generate catalytically inactive PKMs
that are properly primed, and thus
should not sequester common upstream
regulators of PKCs (Cameron et al.
2009). PKCs do not form dimers. Thus,
the action of the dominant negative in
this case is not to suppress the endoge-
nous protein through direct binding.
Since most kinases require correct subcel-
lular localization through protein scaf-
folds to function (Sossin 2007), the
dominant negatives probably work by
competing for scaffolds with endoge-
nous kinases and thus, may lead to a
lack of isoform-specificity if PKMs share
a common scaffold. In the sensory neu-
ron, the dominant-negative PKM Apl I
blocked a-ITF, but the dominant-
negative PKM Apl III did not, suggesting
specificity for the role of PKM Apl I in
a-ITF. Dominant negatives can also be
misleading if they sequester binding sites
used by other signaling molecules and
thus, provide only suggestive evidence
for function. This is particularly impor-
tant in this case, since high levels of the
dominant-negative PKM Apl I were re-
quired to block a-ITF (see Materials
and Methods). However, in this case
there is also a great deal of additional ev-
idence for a role of PKM Apl I in main-
taining a-ITF including pharmacological

data (Sutton et al. 2004), the specificity of cleavage for the
FRET construct of PKC Apl I over PKC Apl III (Fig. 3) and the re-
quirement of the classical calpain for both cleavage of the
FRET construct and generation of a-ITF (Figs. 5, 8). Taken to-
gether, our data make a strong case for concluding that PKM Apl
I is important for a-ITF. There are many models of presynaptic-
mediated long-term synaptic plasticity in vertebrates (Yang and
Calakos 2013; Padamsey and Emptage 2014), but there is no con-
sensus on how these forms of plasticity are maintained. While
some targets, such as Rim, Rab3A, and Munc18 have been
shown to be involved in presynaptically driven synaptic plasticity
(Yang and Calakos 2013), it will be interesting to determine
whether calpain-mediated cleavage of classical PKCs is upstream
of these targets.

It was surprising that activity alone caused cleavage of
CFP-PKC Apl I-YFP and did not require 5HT, since induction
of a-ITF requires the coincidence of activity and 5HT. This sug-
gests that PKM Apl I is not by itself sufficient for increases in ac-
tivity when expressed in the sensory neuron. Indeed, expression
of PKM Apl I in the sensory neuron is not sufficient to increase
synaptic strength (S. Schacher, personal communication). It is
also surprising that the loss of FRET was delayed. This delay
could be due to delayed activation of calpain by evoked action
potentials, as opposed to depolarization by KCl that caused a
faster loss of FRET. It may also be that the delayed loss of FRET
is due to a smaller but prolonged activation of calpain by evoked

Figure 5. The dominant-negative Classical calpain, but not the dominant-negative SOL calpain,
blocks activity-dependent cleavage of CFP-PKC Apl I-YFP in sensory neuron varicosities. (A) RT-PCR of
nervous system cDNA or motor neuron or sensory neuron cDNA using primers designed to amplify frag-
ments of the Aplysia calpain family members. (B,C) Representative images with color-coded FRET maps
of Aplysia sensory neuron varicosities expressing CFP–PKC Apl I–YFP and (B) dominant-negative
Classical calpain (DN-CCal) or (C) dominant-negative SOL calpain (DN-SOL). Images were taken in
the sensory neuron before and 30 min after evoked action potentials (four trains of action potentials,
10 Hz 2 sec, 1 min ITI). Scale is from 0 to 1. (D) Change in intramolecular FRET was calculated for
the control group (n ¼ 10 varicosities, 10 cells, 2–3 independent experiments), the DN-SOL group
(n ¼ 5 varicosities, 4 cells, 2 independent experiments) and the DN-CCal group (n ¼ 7 varicosities, 7
cells, 3 independent experiments). A paired Student’s t-test was performed to compare raw FRET
signal post- to pretreatment for each condition, (###) P , 0.001, (#) P , 0.05. One-way ANOVA
with Student–Newman–Keuls multiple comparisons post-test was performed to compare the normalized
FRET ratio (Post/Pre) in the DN-SOL group and the DN-CCal group to the control group, (∗) P , 0.05. AP,
action potential. Scale bar is 10 mm for all parts of the figure.
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action potentials. This question cannot be resolved without a
better understanding of how calpains are activated in this
system.

Changes in FRET in similar PKC constructs have also been
used to indicate changes in conformation of the kinase without
cleavage (Braun et al. 2005; Antal et al. 2014). While we have
shown that, in our case, the loss of FRET was inhibited by both
pharmacological and molecular manipulations of calpain, we
cannot rule out some contribution from conformational changes.
Indeed, the Calpain inhibitor, ALLM, only partially blocked
cleavage by activity. Since calpain cleavage, unlike for example
phosphorylation, is an irreversible reaction, one might expect
pharmacological inhibitors to have limited effectiveness.
Moreover, we do not know how effective this inhibitor is on the
Aplysia calpain isoform. Nevertheless, this data is also consistent
with a contribution from conformational changes. The blockade
of cleavage by the dominant-negative classical calpain was more
complete as no significant loss of FRET was seen in the presence
of the dominant negative. Together, the partial effect by ALLM
and the complete block by the dominant-negative calpain lead
us to conclude that the loss of FRET we measure after activity is
mainly caused by the cleavage of PKC Apl I.

Why does the same calpain cleave distinct substrates

in different forms of plasticity?
The substrates for the classical calpain are distinct in the presynap-
tic terminal and the postsynaptic terminal as PKC Apl I is cleaved
by classical calpain in the presynaptic terminal during a-ITF, while
PKC Apl III is cleaved by classical calpain in the postsynaptic ter-
minal during m-ITF. This suggests that the calpain complexes in

Figure 6. Characterization of antibodies raised against the carboxy ter-
minal of Aplysia Classical Calpain (A) and Aplysia SOL calpain (B). Classical
calpain and SOL calpain were purified from SF9 cells that were transduced
with baculovirus encoding the His-tagged Classical calpain or the
His-tagged SOL calpain. Nervous system homogenate was prepared as
described in Materials and Methods and 10 mg of total protein were
loaded per lane. Predicted molecular weights based on the cloned cal-
pains are indicated. (C,D) Overexpression of (C) the dominant-negative
Classical calpain (cells from Fig. 5B) and (D) the dominant-negative SOL
calpain (cells from Fig. 5C) was confirmed using immunocytochemistry
with the antibodies raised against the Classical calpain and the SOL
calpain, respectively.

Figure 7. Dominant-negative Classical calpain, but not dominant-
negative SOL calpain, blocks cleavage of CFP-PKC Apl III-YFP in the
motor neuron. (A,B) Representative images with color-coded FRET
maps of Aplysia sensorimotor neuron cocultures in which the motor
neuron is expressing CFP–PKC Apl III–YFP and (A) dominant-negative
Classical calpain (DN-CCal) or (B) dominant-negative SOL calpain
(DN-SOL). Images were taken before and 10 min post-treatment with
5HT (10 mM). White arrowheads indicate points of contact used for
quantification. Scale is from 0 to 1 for eGFP, 0 to 2 for the DN-CCal
group and 0–0.8 for the DN-SOL group. The left panels show a merge
of the YFP channel (to visualize the motor neuron) and bright-field
images (to visualize the sensory neuron). (C) Change in intramolecular
FRET was calculated for the control group (n ¼ 72 varicosities, 13 cells,
3 independent experiments), the DN-SOL group (n ¼ 47 varicosities,
10 cells, 3 independent experiments) and the DN-CCal group (n ¼ 34
varicosities, 8 cells, 3 independent experiments). A paired Student’s
t-test was performed to compare raw FRET signal post- to pretreatment
for each condition, (###) P , 0.001. One-way ANOVA with Student–
Newman–Keuls multiple comparisons post-test was performed on nor-
malized FRET ratio (Post/Pre) to compare the DN-SOL group and the
DN-CCal group to the control group, (∗∗∗) P , 0.001. Scale bar is 10
mm for all parts of the figure.
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the presynaptic and postsynaptic cell are distinct and are differen-
tially activated by different stimuli. Similar to the dominant-
negative PKCs, the isoform specificity of the dominant negatives
depends on their mechanism of action. At this point, it is unclear
whether classical calpains or Sol calpains in Aplysia form dimers,
or whether the dominant negatives act by sequestering upstream
activators or scaffolding sites. We also do not have information

about how the different stimuli activate
calpain in Aplysia. One possibility is
that PKCs may need to be activated to al-
low for calpain cleavage and PKC Apl I is
known to be specifically activated in the
sensory neuron during a-ITF. However,
if activation was required for cleavage of
PKC Apl I, it is surprising that cleavage
was seen only with activity, since translo-
cation of PKC, which is associated with
the conformational changes required to
free the pseudosubstrate from the regula-
tory domain, requires both serotonin
and activity (Zhao et al. 2006; Shobe
et al. 2009).

While the evidence that cleavage oc-
curs with activity in the absence of 5HT,
there have been previous suggestions
that activity alone is sufficient for some
PKC action. Bursts of action potentials
are sufficient to prevent homosynaptic
depression and this is mediated by PKC
Apl I (Wan et al. 2012). Thus, while activ-
ity is not sufficient to translocate fluores-
cently tagged PKC, it may activate a
pretargeted pool of PKC Apl I and this
could also be the pool cleaved by calpain.
Activity alone (in this case 20 Hz for 2 sec)
was sufficient for an increase in sensorin
levels and the effects of activity were
blocked by chelerythrine (Hu et al.
2007), suggesting that PKM Apl I may be
sufficient to activate translation of sen-
sorin, although this would not be impor-
tant for a-ITF which is not blocked by
antibodies against sensorin (Hu et al.
2007).

Conclusion

The idea that persistent protein kinases
can act as molecular memory traces has
been a topic of interest for thirty years
(Lisman 1985; Greenberg et al. 1987).
Recently, a particular PKM, PKMz, has re-
ceived considerable interest. In mice,
PKC/PKMz knock-out mice retain mem-
ory and sensitivity to the ZIP peptide
(Lee et al. 2013), but recent evidence sug-
gests PKCi may be compensating for this
loss (Tsokas et al. 2016). Overall, our ob-
servations implicating multiple PKMs in
memory, combined with the promiscui-
ty of ZIP and chelerythrine, extend the
pool of candidate compensatory kinases
to include members of the classical PKC
family, suggesting that the ability to
form a PKM and maintain synaptic en-

hancement may be a more general role of PKCs than previously
thought. It is also conceivable that forms of memory previously
thought to rely on PKMz based on pharmacological sensitivity
are actually mediated by other PKM isoforms formed by calpain-
dependent cleavage. Indeed, classical calpains have been shown
to be required for the induction of some forms of LTP in verte-
brates (Amini et al. 2013).

Figure 8. The dominant-negative Classical calpain, but not the dominant-negative SOL calpain,
blocks both m-ITF and a-ITF. (A) PSP amplitude 60 min after the start of a 10 min application of
5HT (10 mM), as a percentage of the initial amplitude prior to 5HT. Representative traces of PSPs
before 5HT, at 5 min during 5HT application, and after 60 min (scale bars are 5-10-5 mV/20
msec). The postsynaptic motor neuron was injected with PNEX vectors for expression of either
eGFP alone (n ¼ 12), DN-CCal and eGFP (n ¼ 14) or DN-SOL and eGFP (n ¼ 15) 18–24 h prior
to recording. The eGFP and DN-SOL group both showed significant ITF (paired Student’s t-test
with Bonferroni correction for multiple t-test, (∗) P , 0.05). One-Way ANOVA with Student–
Newman–Keuls multiple comparisons post-test was performed to compare the different groups
(F(2,37) ¼ 3.969; P ¼ 0.027). Facilitation at 60 min in motor neurons expressing DN-CCal and
eGFP, but not DN-SOL and eGFP, was significantly less than facilitation at 60 min in neurons ex-
pressing eGFP alone, P , 0.05. Initial PSP amplitudes were 22.0+4.3, 24.0+4.8, 29.0+5.0 mV;
initial MN input resistances were 102.9+11.4, 112.8+11.3, 105.7+7.8 MV; and the changes
in input resistance at 60 min as 84.1%, 81.4%, 80.1% of initial in eGFP, DN-Ccal, and DN-SOL,
respectively. None of these measures were significantly different from each other (ANOVA, P .

0.1). (B) PSP amplitude 60 min after the start of a 5 min application of 5HT (10 mM) combined
with firing 20 action potentials at 10 Hz in the presynaptic sensory neuron at 1, 2, 3, and 4 min
into the 5HT application (as a percentage of PSP#1, before 5HT). Representative traces of PSPs
before 5HT and after 60 min are superimposed above each condition (the larger traces in each
group are from 60 min, scale bars are 10 mV/40 msec). The presynaptic sensory neuron was inject-
ed with PNEX vectors for expression of either eGFP alone (n ¼ 7), DN-CCal and eGFP (n ¼ 8), or
DN-SOL and eGFP (n ¼ 7) 18–24 h prior to recording. The eGFP and DN-SOL group both
showed significant ITF (paired Student’s t-test with Bonferroni correction for multiple t-test ((∗)
P , 0.05). One-way ANOVA with Student–Newman–Keuls multiple comparisons post-test was per-
formed to compare the different groups (F(2,19) ¼ 5.433; P ¼ 0.014). Facilitation at 60 min in
sensory neurons expressing DN-CCal and eGFP was significantly less than facilitation at 60 min in
neurons expressing DN- SOL and eGFP or eGFP alone, P , 0.05. Initial PSP amplitudes were
8.4+2.9, 3.8+1.5, 13.0+3.9; initial MN input resistances were 45.3+4.0, 60.2+6.8, 50.2+
7.1 MV; and the changes in input resistance at 60 min as 98.8%, 90.7%, 88.5% of initial in
eGFP, DN-CCal, and DN-SOL, respectively. None of these groups were significantly different from
each other (ANOVA, P . 0.1).
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Materials and Methods

Constructs
The mRFP-PKM Apl III and mRFP-DN PKM Apl III (D392A) con-
struct were previously described (Bougie et al. 2012). mRFP-PKM
Apl I was generated using PCR and PKM starts at amino acid 300
from PKC Apl I (YPEP). mRFP-DN PKM Apl I (D444A) [this muta-
tion removes .95% of kinase activity, but allows for stabilizing
phosphorylation sites (Cameron et al. 2009; Bougie et al. 2012)]
was generated with overlap PCR at the conserved residue in
PKM Apl I (D444). The CFP-PKC Apl III-YFP was previously de-
scribed (Bougie et al. 2012). To generate CFP-PKC Apl I-YFP, en-
hanced CFP (eCFP) was amplified by PCR using primers
containing NcoI and BsrGI sites. The product of this amplification
was then cut with NcoI and BsrGI and used to replace the eGFP
from eGFP-PKC Apl I (Zhao et al. 2006). Enhanced YFP (eYFP)
was then amplified by PCR using primers containing Nde and
Blp1 sites with the nucleotides encoding a putative PDZ binding
domain (FVVTV) at the end of PKC Apl I added on at the 3′ end
of eYFP. The product of this amplification was then cut with
Nde1 and BlpI and ligated to the CFP–PKC Apl I vector cut with
the same enzymes.

Aplysia small optic lobes (SOL) calpain and classical calpain
were amplified by PCR from an Aplysia nervous system cDNA li-
brary. Classical calpain was amplified with nested primers: outer
CCTTCACCTTCTTCACCAATC (5′) and CAGCCAGAATATG
CAGGCAT (3′); Inner: CTTCTTCACCAATCATGGA (5′) and
GCCAGAATATGCAGGCATCT (3′). SOL calpain was amplified in
two fragments, then assembled using overlap PCR. Primer for 5′

fragment: GTCACGATGGGTGACTGGAT (5′) and TCTTCGGGT
AATGGGGTACGA; 3′ fragment: ACCGGGTACCCATTTGTGGA
(5′) and TCCTAGACGTAGGGTCGTG (3′). PCR products were
cloned into the pJET1.2 vector using the Thermo-Scientific
CloneJET PCR cloning kit. Baculovirus was generated using the
Bac-to-Bac cloning system (Life Technologies Inc.). Classical cal-
pain was excised from pJET with Not1 and XbaI and inserted
into pFastBacHT-A cut with the same enzymes. SOL was amplified
from pJET with extended primers containing restriction sites for
BamHI 5′ primer: AATTGGATCCGTCACGATGGGTGACTGGAT;
and EcoRI 3′ primer: AATTGAATTCTCCTAGACGTAGGGTCGT
GG), digested with BamHI and EcoRI and ligated into FastBacHT
-B cut with the same enzymes. Baculovirus was raised in Sf9 cells
according to the manufacturer’s instructions. To make neuronal
overexpression constructs, classical calpain was excised from
pJET1.2 with SspI and XhoI and ligated into pNEX3 vector cut
with SmaI and SalI. SOL was amplified from pJET using extended
primers containing restriction sites for SalI 5’ primer: AATTGTC
GACGTCACGATGGGTGACTGGAT and BamHI 3’ primer: AA
TTGGATCCTCCTAGACGTAGGGTCGTG), and ligated into
pNEX3 cut with the same enzymes. C to S mutations were intro-
duced by PCR amplifying two overlapping fragments from the
calpain-pNEX3 constructs, with the C to S mutation encoded in
primers corresponding to the overlap. The classical calpain overlap
PCR product was digested with SbfI and StuI and ligated into the
classical calpain-pNEX3 construct cut with the same enzymes or
for Sol calpain the product was digested with NaeI and BtgZI and
ligated into the SOL calpain-pNEX3 construct cut with the same
enzymes.

Kinase assays
Constructs were generated to express His-tagged PKM Apl III (be-
ginning at amino acid 248, MTAK) (Villareal et al. 2009) and His
tagged PKM Apl I (beginning at amino acid 300, YPEP) using
PCR and the vector BBACHis2. These constructs were then used
to make baculovirus as previously described (Lim and Sossin
2006). SF9 cells were infected with these baculoviruses and PKCs
were purified on nickel columns (Lim and Sossin 2006). The rela-
tive amount of enzyme was quantified by immunoblotting a serial
dilution of enzymes from the same preparation of purified en-
zyme used in the assay with the His antibody to allow for equal
molar amounts of PKM Apl I and PKM Apl III to be used in the ki-
nase assays. Dilutions from each kinase preparation were made to

ensure the kinase assay was in the linear range. The specific activ-
ities (counts per minute of 32P-ATP incorporated into substrate/mg
PKM) of the PKMs in this assay were comparable (PKM Apl III had
1.5+0.9 more specific activity of PKM Apl I, n ¼ 3 preparations).
Enzymatic activity of the kinases was assayed in an in vitro reac-
tion, with all parameters previously described (Sossin et al.
1996). Briefly, PKMs were incubated with 10mM substrate A-e pep-
tide (Sossin et al. 1996), radioactive 32P-ATP, 50 mM ATP, 50 mM
Tris pH 7.5, 10 mM MgCl2, and various concentrations of PKC in-
hibitors or water. Reactions were performed at 20˚C for 30 min.
Each reaction was blotted onto P81 Whatman filter paper, stopped
in a 2% w/v cold ATP solution, washed 4× with 0.425% v/v phos-
phoric acid, and then counted in a scintillation counter to deter-
mine levels of radioactivity incorporated into the substrate. All
determinations were done in duplicate. All values were normal-
ized to the amount of activity in the absence of the inhibitor.

PCR screen for calpain expression
Motor neuron and total nervous system cDNA preparations were
screened with two sequential rounds of PCR using either nested
(Tra, Atypical, Sol, Classical) or identical (PalB) primers: Aplysia
Tra outer: 5p: AGACATAGTGTGGAAGAGGC, 3p: CTCTTCGGA
TTTGAACTCGG, inner 5p: GGTAACTGCTGGTTTGTGGC, 3p:
GTGAGAGCTTCGTAACAGCC. PalB 5p: ATAGCTGTGCAGCA
TGACAG, 3p: AGGTTGATTGCCTCGTCTAG (identical primers
used for second PCR). Atypical outer 5p: TGAAAATGAGGAGAC
TCTGG, 3p: CGTTGTAGTGGTCATACAAG, inner 5p: CTCTGG
AAATTAACGGCAGA, 3p: ACAAGTAGTTGATGTCCAGG. SOL
outer 5p: GCAAAACTACAGGTGTGTCC, 3p: GACAGGGTTGGC
AGTCTAGA, inner 5p: GTGTCCAATGGTGCTTCCA, 3p: ATCT
CCGAGGAGACTCACAGA. Classical outer 5p: TCTCGGATTTC
AAAGACACG, 3p: GGTCCTCGAAGAGAATATCC, inner 5p:
CACGTTCGACAAATACAAGG, 3p: ATCCTCGTCCTGGCACTTC
T. Sensory neuron cDNA was screened with a single round of
PCR with the outer primers only.

Expression and purification of recombinant proteins
SF9 cells in suspension were infected with baculovirus. Three days
after infection, His-tagged calpain was purified using Pro-bond
His-Affinity resin (Life Technologies Inc.), in modified purifica-
tion buffer (20 mM HEPES pH 7.5, 1 mM EDTA, 1 mM DTT, 100
mM KCl, 10% glycerol). Proteins were eluted in elution buffer
(Purification buffer with 0.25 M Imidazole). DTT was added to a
final concentration of 11 mM, and the sample was concentrated
and stored at 280˚C.

Antibody production
Polyclonal antibodies against the carboxy termini of classical and
SOL calpain were raised in rabbit using the following epitopes:
classical: GFAPYDIDSFIQATMYS, SOL: ISPQMESIHQPRPYV. To af-
finity purify the antibodies, the pMAL Protein Fusion and
Purification System (New England Biolabs) was used to express a
fusion protein consisting of the epitope peptide fused to maltose-
binding protein in Escherichia coli. The fusion protein was then pu-
rified by incubation with amylose beads, subjected to SDS-PAGE
and transferred to a PVDF membrane, which was then incubated
with the antibody-containing serum overnight at 4˚C. After three
washes with 50 mM Tris pH 7.4 with 500 mM NaCl and one wash
with 50 mM Tris pH 7.4 with 100 mM NaCl, bound antibody was
eluted from the membrane with Glycine 50 mM pH 2.5. After ad-
justing to pH 7 or 8 with Tris 2 M pH 8.0, antibodies were concen-
trated, glycerol added to a final concentration of 50% and aliquots
frozen at 280˚C.

Nervous system homogenization for antibody testing
Pleuropedal ganglia were dissected from anesthetized animals,
treated with Dispase and desheathed as described above.
Ganglia were then homogenized with a disposable tissue grinder
in ice-cold homogenization buffer (20 mM HEPES pH 7.5, 0.5
mM EDTA, 0.5 mM EGTA, 2.6 mM 2-mercaptoethanol, 50 mM
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NaF, 5 mM Sodium Pyrophosphate, 10% glycerol, Roche
Complete EDTA-free protease inhibitor cocktail). After a 30 sec
centrifugation at 13000 rpm, the supernatant was collected and
concentration was determined by Bradford assay. Proteins were
denatured by addition of Laemmli sample buffer and boiling be-
fore being subjected to SDS-PAGE and immunoblotting. Ten to
20 mg of total protein were loaded.

Aplysia cell culture
Aplysia californica were obtained from the University of Miami
Aplysia Resource Facility (RSMAS) and sensory neurons, motor
neurons and sensorimotor neuron cocultures were prepared as
previously described (Zhao et al. 2006; Farah et al. 2008, 2015).
Animals were anesthetized by an injection of 50–100 mL of 400
mM (isotonic) MgCl2. Abdominal and/or pleuropedal ganglia
were removed and digested in L15 medium containing 10 mg/
mL of Dispase II (Roche Diagnostics) for either 2 h at 37˚C or 18
h at 19˚C. L15 media (Sigma-Aldrich) was supplemented with
0.2 M NaCl, 26 mM MgSO4, 35 mM dextrose, 27 mM MgCl2, 4.7
mM KCl, 2 mM NaHCO3, 9.7 mM CaCl2, and 15 mM HEPES, pH
of 7.4. Sensory neurons and LFS motor neurons were isolated
from pleural and abdominal ganglia, respectively, that were dis-
sected from adult Aplysia californica (60–100 g which are her-
maphrodite). The sensory neurons were manually paired with
motor neurons and maintained in coculture at 19˚C in a high-
humidity chamber for 5 d (Hu et al. 2010) in L15 medium contain-
ing 50% Aplysia hemolymph on MatTek glass-bottom culture
dishes (MatTek Corporation) with a glass surface of 14 mm and
a coverslip thickness of 0.085–0.13 mm. In experiments involving
kinase-dependent cleavage, cells were plated in L15 medium
containing 25% hemolymph. Dishes were pretreated with
poly-L-lysine (molecular weight .300 000; Sigma-Aldrich).

Plasmid microinjection
Forty-eight to 72 h after isolation, solutions of plasmids in distilled
water containing 0.2% fast green were microinjected into the nu-
clei of sensory neurons or LFS motor neuronsusing back-filled
glass micropipettes. The tip of the micropipette was inserted
into the cell nucleus. A short pressure pulse was delivered until
the nucleus of the sensory neuron or LFS became uniformly green
(Farah and Sossin 2011) Injected construct concentrations were as
follows (in ng/mL): mRFP 200 and 300, mRFP-DN PKM Apl I 450,
mRFP-DN PKM Apl III 200, eGFP 100, eGFP+DN-CCal 100 and
250, eGFP+DN-SOL 100 and 250, eCFP 100, eYFP 100, CFP-PKC
Apl I-YFP 100, 200 and 400, CFP-PKC Apl III-YFP 50 and 100.
Total DNA concentration was kept constant between groups using
pNEX3 vector. The cells were incubated for 4–5 h at room temper-
ature and then kept in a 19˚C incubator until use. For experiments
involving PKC Apl I translocation, cells were kept at 4˚C ON and
used on the following day. The fluorescent images of construct ex-
pression were captured using a Zeiss Axioobserver Z1 fluorescent
microscope attached to a QuantEM 512SC EMCCD camera or a
Nikon Diaphot microscope attached to a silicon-intensified target
(SIT) (Dage 68; Dage-MTI) video camera.

Sample sizes
Sample size was not computed during study design as the variabil-
ity of the measures was not known before beginning the experi-
ments. For each experiment, sample size was estimated based on
the variability of the measure. If, based on this estimate, trends
were visible, but results were not statistically significant, addition-
al experiments were performed.

FRET and image quantification
Right before imaging, the culture media was replaced with
artificial sea water (ASW). Cells were imaged using a Zeiss
Axioobserver Z1 fluorescent microscope using Axiovision
Microscopy software for image acquisition as previously described
(Bougie et al. 2012). Cells expressing CFP alone or YFP alone were
used to calculate the background FRET signal from each channel.

Each cell was imaged in the CFP, YFP, and FRET channels using
CFP (Zeiss 47 BP 436/20, FT 455, BP 480/40), YFP (Zeiss 46-HE
BP 500/25 DMR 25, FT 515 HE, BP 535/30 DMR 25) and
CFP-YFP FRET (Zeiss 48 BP 436/20, FT 455, BP 535/30) filter sets
and exposure times were kept constant for all groups within
each experiment. Zeiss AxioVision software was used to quantify
the images and FRET Xia formula with background subtraction
used to calculate the FRET signal (Xia and Liu 2001). FRET calcu-
lation yields a value that is illustrated as a color-coded FRET value
map in which lower values are assigned cooler colors and higher
values are assigned warmer colors. Images were taken pretreat-
ment and at multiple time points post-treatment. The change in
the intramolecular FRET value was then calculated (post/pre). In
isolated sensory neurons, one to three varicosities were chosen
per cell. In cocultures of sensory and motor neurons, one to three
sensory neuron varicosities adjoining the motor neuron were cho-
sen. Similarly, one to three regions of interest in the motor neuron
that were adjoining presynaptic varicosities were chosen.
Statistical analysis was performed using Student’s t-test when
comparing two groups and One-way ANOVA followed by a
Student–Newman–Keuls post hoc test when comparing three
groups. In each experiment, a paired Student’s t-test was per-
formed to compare the raw FRET ratio post- and pretreatment
for each condition and P values were corrected for multiple t-tests
with the Bonferroni correction. ANOVAs were then performed on
the change in intramolecular FRET (post/pre) values. Cells show-
ing an obvious change of focus in the post image compared with
pre were not included.

Electrophysiology
Presynaptic sensory neurons and postsynaptic motor neurons
(LFS) were paired as previously described (Zhao et al. 2006;
Farah et al. 2008, 2015). Pairs of sensory and motor neurons in in-
dividual culture dishes were incubated in culture media and
placed in a 19˚C incubator until use. After 3 d in culture, nuclear
injections of plasmids occurred, allowing for at least 18 h of ex-
pression before electrophysiological recordings. Cell pairs were re-
moved from the incubator and all solutions brought to room
temperature at least 1 h prior to recording. Before electrophysio-
logical recordings, the culture media was replaced with a record-
ing saline consisting of in (mM): NaCl (460), MgCl2 (55), CaCl2
(10), KCl (10), D-Glucose (10), HEPES (10), pH 7.6.

Membrane potentials were recorded and controlled in cur-
rent clamp mode with sharp, intracellular electrodes attached to
an Axoclamp 900A and Digidata 1440A (Molecular Devices).
Electrodes (�15 MV) were backfilled with 2 M potassium acetate
and bridge-balanced before and after membrane penetration.
The postsynaptic cell was impaled first, so that if entry into the
presynaptic cell resulted in generation of an action potential,
the resultant postsynaptic potential (PSP) would be recorded.
Injection of hyperpolarizing current during electrode entry aided
in preventing this activity and was used to keep both neurons
(pre and postsynaptic) at 280 mV during the experiment.
Postsynaptic input resistance was measured with 500 msec, 20.5
nA pulses. Action potentials in the presynaptic neuron were gen-
erated by 50 msec depolarizing pulses of increasing current until
a single action potential is fired. PSP amplitude was measured
directly for PSPs ,20 mV, for stronger synapses initial PSP rise-rate
was measured as described (Dunn and Sossin 2013). Measuring ini-
tial rise rate avoids the nonsynaptic influence that voltage-
dependent currents have on the PSP waveform at strong synapses.

Measurement of mITF and aITF
In a-ITF experiments, 20 action potentials at 10 Hz were generated
at 1, 2, 3, and 4 min in the presence of 5HT (10 mM) with 12 msec
pulses through intracellular electrodes at current amplitudes set
to generate single action potentials per pulse in the sensory neu-
ron (Sutton and Carew 2000). For m-ITF 5HT (10 mM) was added
for 10 min, before wash out. PSP amplitude was measured as de-
scribed (Dunn and Sossin 2013). All PSPs are expressed as a
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percentage of the measurement of the first PSP (%PSP1), prior to
5HT addition.

Since the magnitude of ITF can vary between synapses in cul-
tures made from different animals, controls (pNEX alone or a
pNEX plasmid expressing a fluorescent protein only) were always
included for each recording day. Periods occur where animals do
not show ITF, so to prevent this data from reducing the overall
ITF measurements, when all trials show no facilitation at 60 min
(,100% of PSP1) on a particular recording day, the data from
this day were not included. All sensory neurons used on one re-
cording day were isolated from the same animal, while the post-
synaptic motor neurons were isolated from between 1–4
animals for each recording day. In each group, to determine
whether ITF had occurred, a paired Student’s t-test was performed
to compare the EPSP post- and pretreatment for each condition
and P values were corrected for multiple t-tests with the
Bonferroni corrections. For experiments with three groups, an
ANOVA was performed on the normalized PSP amplitude after fa-
cilitation followed by a Student–Newman–Keuls post hoc test
when comparing three groups. For the expression of dominant-
negative PKMs, only cells with .100-fold the average intensity
of the somatic autofluorescence were used. In the trials where
mRFP-DN PKM Apl I intensity was ,100-fold greater than auto-
fluorescence, a-ITF was observed (PSP at 60 min 157.7+15.1%
PSP#1, a significant increase as measured with a paired t-test,
P , 0.01, n ¼ 10) similar to mRFP-DN PKM Apl III and mRFP ex-
pression alone. All data presented are mean values+ the standard
error of the mean (SEM).
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