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 32 

Abstract 33 

Persistent activity of protein kinase M (PKM), the truncated form of protein kinase C (PKC), can 34 

maintain long-term changes in synaptic strength in many systems including the hermaphrodite 35 

marine mollusk, Aplysia californica. Moreover, different types of long-term facilitation (LTF) in 36 

cultured Aplysia sensorimotor synapses rely on the activities of different PKM isoforms in the 37 

presynaptic sensory neuron and postsynaptic motor neuron. When the atypical PKM isoform is 38 

required, the kidney and brain expressed adaptor protein (KIBRA) is also required. Here, we 39 

explore how this isoform specificity is established.  We find that PKM overexpression in the 40 

motor neuron, but not the sensory neuron, is sufficient to increase synaptic strength and that 41 

this activity is not isoform specific. KIBRA is not the rate-limiting step in facilitation since 42 

overexpression of KIBRA is neither sufficient to increase synaptic strength, nor to prolong a 43 

form of PKM-dependent intermediate synaptic facilitation. However, the isoform specificity of 44 

dominant negative (DN)-PKMs to erase LTF is correlated with isoform specific competition for 45 

stabilization by KIBRA. We identify a new conserved region of KIBRA. Different splice isoforms in 46 

this region stabilize different PKMs based on the isoform-specific sequence of an alpha-helix 47 

‘handle’ in the PKMs. Thus, specific stabilization of distinct PKMs by different isoforms of KIBRA 48 

can explain the isoform specificity of PKMs during LTF in Aplysia.  49 

  50 
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Significance Statement 51 

Long lasting changes in synaptic plasticity associated with memory formation are maintained by 52 

persistent protein kinases. We have previously shown in the Aplysia sensorimotor model that 53 

distinct isoforms of persistently active protein kinase Cs (PKMs) maintain distinct forms of long-54 

lasting synaptic changes, even when both forms are expressed in the same motor neuron. Here, 55 

we show that, while the effects of overexpression of PKMs is not isoform specific, isoform 56 

specificity is defined by a ‘handle’ helix in PKMs that confers stabilization by distinct splice 57 

forms in a previously undefined domain of the adaptor protein KIBRA. Thus, we define new 58 

regions in both KIBRA and PKMs that define the isoform specificity for maintaining synaptic 59 

strength in distinct facilitation paradigms.  60 

 61 

  62 
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Introduction 63 

The long-term changes in synaptic strength that underlie memory can be maintained through 64 

persistently active kinases (Greenberg et al., 1987; Lisman, 1994; Sacktor, 2011; Sossin, 2018). 65 

One such kinase is PKM, the truncated form of PKC. PKCs are classified into three families—66 

conventional, novel, and atypical—which differ mainly through the structure of their regulatory 67 

domain (Sossin, 2007). While much attention has been given to the role of the atypical PKMζ in 68 

memory maintenance (Sacktor, 2011),the fact that the catalytic domains of PKC/PKM families 69 

are similar in structure suggests that additional PKM isoforms may perform similar functions. 70 

PKMζ knock-out mice, for example, are phenotypically normal due to compensation by the 71 

closely related iota isoform (Tsokas et al., 2016). While overexpression of PKMζ is sufficient to 72 

both increase synaptic strength (Yao et al., 2008) and to strengthen memory (Shema et al., 73 

2011), the isoform specificity of this ability has not been explored. 74 

 75 

In Aplysia californica, PKM isoforms from different families are important for the maintenance 76 

of distinct forms of synaptic plasticity. The conventional, novel, and atypical PKM families are 77 

represented by PKM Apl I, PKM Apl II, and PKM Apl III, respectively (Bougie et al., 2009; Sossin, 78 

2007). DN-PKMs have greatly decreased kinase activity, but fold correctly and participate in 79 

protein-protein interactions (Bougie et al., 2012; Cameron et al., 2009) that should allow the 80 

catalytically inactive PKMs to replace PKMs at critical sites required for maintaining increases in 81 

synaptic strength. Experiments using DN-PKMs suggested that, in the postsynaptic neuron, PKM 82 

Apl I is required for the maintenance of persistent non-associative LTF (a cellular analog of 83 
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sensitization induced by five spaced applications of 5HT on two consecutive days), while PKM 84 

Apl III is required for the maintenance of persistent associative LTF (a cellular analog of classical 85 

conditioning induced by coupling firing of the sensory neuron with one application of 5HT on 86 

two consecutive days (Hu et al., 2017a; Hu et al., 2017b)). Because persistent associative and 87 

non-associative LTF can co-exist in one postsynaptic cell (Hu et al., 2017b), the cell must have 88 

some way of targeting distinct PKM isoforms to different synapses that underlie these forms of 89 

LTF. We propose stabilization by KIBRA as a mechanism through which PKM isoform specificity 90 

is achieved. 91 

KIBRA co-localizes with and stabilizes the mammalian PKMζ (Vogt-Eisele et al., 2014; Yoshihama 92 

et al., 2009), regulates AMPA receptor trafficking and is required for late long-term potentiation 93 

(LTP) (Makuch et al, 2011; Heitz et al., 2016). KIBRA is also required for some forms of memory 94 

in rodents (Heitz et al., 2016; Makuch et al., 2011; Vogt-Eisele et al., 2014) and has been 95 

implicated in human episodic memory (Milnik et al., 2012; Papassotiropoulos et al., 2006). In 96 

Aplysia, KIBRA stabilizes overexpressed PKM Apl II and PKM Apl III, but not PKM Apl I (Hu et al., 97 

2017b). KIBRA-AAA in which the three residues found to be essential for PKMζ binding were 98 

mutated (Vogt-Eisele et al., 2014) did not stabilize PKM Apl III (Hastings et al., 2018; Hu et al., 99 

2017b) and erased the forms of LTF blocked by DN PKM Apl III (Hu et al., 2017b), but did 100 

stabilize PKM Apl I and did not erase the forms of LTF blocked by DN PKM Apl I. Do other 101 

isoforms of KIBRA stabilize specific PKMs? 102 

 103 
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Here, we explore the sufficiency of PKMs to increase synaptic strength and the role of KIBRA in 104 

determining isoform specificity of PKMs. Overexpression of PKMs in the motor neuron, but not 105 

the sensory neuron, increased synaptic strength. Unlike PKMs, KIBRA is not sufficient to 106 

increase synaptic strength when overexpressed in the motor neuron. DN PKMs competed for 107 

isoform-specific stabilization by KIBRA and alternatively spliced forms of KIBRA stabilized 108 

specific isoforms of PKM based on the sequence in their alpha-helix ‘handle’ domain. Our 109 

results suggest a model whereby isoform specificity of PKMs is explained by differential 110 

stabilization by KIBRA isoforms.  111 

  112 
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 113 

Materials and Methods 114 

Aplysia cell culture:  115 

Hermaphrodite Aplysia californica from Miami Aplysia Resource Facility (RSMAS) or from 116 

Alacrity marine biological services (Redondo Beach CA, USA) were anesthetized via injection of 117 

50-60 mL of 400 mM isotonic MgCl2 and abdominal and/or pleuropedal ganglia were removed. 118 

Ganglia were digested at 19°C in L15 media containing 10 mg/ml Dispase II (Roche Diagnostics) 119 

for 18-19 h or for experiments from animals from Alacrity at 35°C for 2 h. L15 medium (Sigma-120 

Aldrich) was supplemented with 0.2 M NaCl, 26 mM MgSO4, 35 mM dextrose, 27 mM MgCl2, 121 

4.7 mM KCl, 2 mM NaHCO3, 9.7 mM CaCl2, and 15 mM HEPES, with pH 7.4. Glass bottom 122 

culture dishes were coated with 0.05% poly-L-lysine for 1-2 h and washed with ddH2O prior to 123 

use. Sensory neurons and LFS motor neurons were isolated from pleural and abdominal ganglia 124 

respectively that were dissected from adult Aplysia (60–100g) and L7 motor neurons were 125 

isolated from the abdominal ganglia of juvenile animals (2 g). Neurons were cultured in 50% 126 

hemolymph/50% L15 media supplemented with L-glutamine. For electrophysiology 127 

experiments, motor neurons were removed from the abdominal ganglia and allowed to adhere 128 

to the culture dish for 1-24 h before pairing with a sensory neuron from pleural ganglia as 129 

previously described (Zhao et al., 2006). Note that each coculture comprised a single 130 

presynaptic sensory neuron paired with a single postsynaptic motor neuron (either an LFS or an 131 

L7 neuron).  Cells were incubated for 48 h at 19°C (SN-LFS) to allow time for them to adhere to 132 

the dish prior to injection or for 96 h at 19°C (SN-L7) to allow time for the formation of stable 133 
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synapses (Hu and Schacher, 2015; Hu et al., 2017a, 2017b). All plating, injections, and 134 

electrophysiology experiments were performed at 19°C, except for experiments using animals 135 

from Alacrity which were performed at room temperature. 136 

 137 

Plasmid constructs and microinjection: 138 

All constructs were made in the pNEX3 vector (Kaang, 1996) and for all vector experiments 139 

pNEX3 plasmid was used. All PKM constructs were made as fusion proteins with monomeric red 140 

fluorescent protein (mRFP), while PKC Apl I was a fusion protein with enhanced green 141 

fluorescent protein (eGFP). The mRFP or eGFP has been removed from the construct names for 142 

clarity. Dominant negative constructs (DN PKM Apl I, DN PKM Apl II, and -DN PKM Apl III) and 143 

PKCs/PKMS used for overexpression and stabilization studies (PKC Apl I, PKM Apl I, PKM Apl II 144 

and PKM Apl III) were previously described (Bougie et al., 2012; Farah et al., 2017; Hu et al., 145 

2017a). The new DN PKM Apl III K-R was generated by cutting out this region from the plasmid 146 

encoding PKC Apl III K-R (Bougie et al, 2012) with AarI and SalI and inserting into the plasmid 147 

encoding PKM Apl III plasmid at the same sites. For the chimeras, GBLOCKS (Integrated DNA 148 

technology, IO, USA) were purchased with the PKM Apl III sequences [carboxy-terminus (CT) or 149 

handle] replaced by PKM Apl I sequences. These were then cut out with either BsmBI and Kpn 150 

I(CT) or Sal I and Kpn I (handle) and inserted into the plasmid encoding PKM Apl III at the same 151 

sites. The chimeras were sequenced for confirmation. Plasmids encoding KIBRA and KIBRA-AAA 152 

were previously described (Hu et al., 2017b) and are not fusion proteins with a fluorescent 153 

protein. The KIBRA splice form, KIBRA SPL, was generated similarly to KIBRA but from a 154 
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separate PCR clone that fortuitously encoded the splice form (Hu et al., 2017b). For stabilization 155 

experiments, molar equivalent levels of plasmids encoding KIBRA/KIBRA SPL/KIBRA-AAA and 156 

the PKMs/DN PKMs were used. A solution containing the desired constructs (max 0.4 ug/ul of 157 

DNA in ultrapure water) with 0.2% fast green were microinjected into the nuclei of neurons 158 

using back-filled glass micropipettes. A short pressure pulse was delivered to release plasmid 159 

solution into nucleus. KIBRA and enhanced green fluorescent protein (eGFP) were injected into 160 

the LFS neuron of sensorimotor cocultures for ITF experiments. KIBRA was co-expressed with an 161 

eGFP construct so that expression could be confirmed by detecting eGFP fluorescence. 162 

Stabilization experiments were performed by injecting constructs into isolated sensory neurons. 163 

For PKM overexpression assays in sensorimotor cocultures, the constructs were injected after 164 

monitoring EPSP amplitudes on day 0. Injection into L7 motor neurons was performed as 165 

previously described (Hu et al., 2017b). Cultures were incubated at 19 ºC for 24 h to allow 166 

sufficient time for expression of injected plasmids prior to imaging. 167 

 168 

Stabilization experiments:  169 

To measure stabilization by KIBRA, we express mRFP-tagged PKMs in the sensory neuron in the 170 

presence or absence of KIBRA and measure the intensity of mRFP in processes (to avoid red 171 

pigment granules in the cells soma that interfere with the measurement) normalized to the 172 

expression of eGFP (the plasmid encoding eGFP is co-injected with plasmid expressing mRFP-173 

tagged PKMs). A blind observer chooses one region of interest per neuron representing a 174 

sensory neuron neurite of intermediate thickness for the measurement. The level of expression 175 



 10 

is measured at 24 h after injection and low levels of plasmids are used to minimize toxicity and 176 

to enable expression of the plasmid expressing KIBRA at equimolar levels to the PKMs. 177 

 178 

Electrophysiology:  179 

For sensorimotor cocultures containing L7 motor neuron, the amplitude of the excitatory 180 

postsynaptic potential (EPSP) was recorded as previously described (Hu et al., 2017b). The 181 

assignment of any culture to control and experimental groups at the start of each experiment 182 

on day 4 in culture was to ensure that there were no significant differences in the synaptic 183 

strength between the groups before treatments. Sensorimotor cocultures containing LFS motor 184 

neurons were incubated in culture media at room temperature for 24 h following 185 

microinjection to allow sufficient time for expression of injected plasmids before 186 

electrophysiological recordings. Prior to recording, culture media was replaced with a recording 187 

saline [NaCl (460 mM); MgCl2 (55 mM); CaCl2 (10 mM); KCl (10 mM); D-Glucose (10 mM); HEPES 188 

(10 mM); pH 7.6]. Membrane potentials were recorded and controlled in current clamp mode 189 

with sharp intracellular electrodes attached to an Axoclamp 2B amplifier (Molecular Devices, 190 

Palo Alto, California). Microelectrodes (15-30 MΩ) were backfilled with 2 M potassium acetate 191 

and bridge-balanced before and after membrane penetration. The postsynaptic cell was 192 

impaled first, so that if entry into the presynaptic cell resulted in generation of an action 193 

potential, the resultant postsynaptic potential (PSP) would be recorded. Injection of 194 

hyperpolarizing current was used to keep both presynaptic and postsynaptic neurons at -80 mV 195 

during recording. Postsynaptic input resistance was measured with 500 msec, -0.5 nA pulses. 196 
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For ITF experiments, electrodes were removed from cells after initial recording and 5HT (10 197 

μM) was added for 10 min before being washed out with 25 ml recording saline solution. 198 

Cultures were left at 19ºC for 2 hours, at which time the second recording was performed. 199 

Initial PSP rise-rate was measured as previously described (Dunn and Sossin, 2013). For PKM 200 

overexpression experiments (Figure 1), EPSP amplitudes were measured prior to microinjection 201 

(day 0 = 96 h after cell plating to insure stable synapses), and again on days 1, 3, and 5 as 202 

described (Bougie et al., 2012; Hu et al., 2017a). The kinetics of homosynaptic depression (HSD) 203 

were monitored on day 1 by homosynaptic stimulation—stimulating the sensory neuron with 204 

one action potential every 20 seconds; 6 stimuli in total ((Hu et al., 2017b). The motor neuron 205 

was maintained at -80 mV during the stimulation. The initial EPSP amplitude evoked by the first 206 

stimulus was normalized as 100%. 207 

Immunocytochemistry:  208 

Cultured cells were fixed with 4% paraformaldehyde + 30% sucrose in PBS for 30 min and 209 

washed with PBS. Fixed cells were permeabilized (0.1% Triton X-100 with 30% sucrose in PBS 210 

for 10 min) and free aldehydes were quenched (50 mM ammonium chloride for 10 min, 211 

followed by four PBS washes). Cells were incubated with 10% normal goat serum (Sigma) + 212 

0.5% Triton X-100 in PBS for 30 min to block nonspecific antibody binding. Cells were then 213 

treated with PKC Apl III antibody in blocking solution (1:5000) for 1 h, followed by five PBS 214 

washes (10 min each). Cells were then incubated with Alexa Fluor 647-conjugated donkey anti-215 

rabbit antibody in blocking solution (1:500, Invitrogen) for 1 h in darkness and washed with PBS 216 

as described above.  217 
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 218 

Imaging and image analysis: 219 

Images were captured by an LSM 710 (Zeiss) laser confocal scanning microscope equipped with 220 

an Axiovert 100 inverted microscope (Zeiss) and a 40x, NA 1.4 objective. The eGFP, mRFP, 221 

and/or A647 images were acquired sequentially. Images for the expression of PKM constructs in 222 

sensorimotor cocultures were viewed with a Nikon Diaphot microscope attached to a silicon-223 

intensified target (SIT) (Dage 68; Dage-MTI) video camera. Fluorescence intensity (arbitrary 224 

units) was measured by the Microcomputer-Controlled Imaging Device (MCID) software 225 

package (Imaging Research). For analysis of DN PKM and PKM stabilization, single processes for 226 

each neuron were outlined using NIH Image J. Background fluorescence was subtracted from 227 

the fluorescence values measured. The red/green or cyan/green ratio for all neurons was 228 

normalized to the average ratio seen in vector-injected neurons from the same experiment. All 229 

quantification of stabilization was done blindly.  230 

 231 

Evolution analysis:  232 

Orthologues of KIBRA were determined using the reverse BLAST method as described below. 233 

Organisms with established genomes on NCBI were searched using BLAST, to identify proteins 234 

with homology to KIBRA. To distinguish between true orthologues and proteins with similar 235 

WW and C2 domains, these proteins were then used as a query in a BLAST search and if they 236 

are much more homologous to other proteins with WW and C2 domains than to KIBRA, they 237 

were rejected as orthologues. Based on this, no KIBRA orthologues exist in sponge 238 
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(Amphimedon queenslandia), Trichoplax (Trichoplax adhaerens), Ctenophores (Mnemiopsis) 239 

and choanoflagellate (Monosiga bervicolis; Salpingoeca rosetta). KIBRA orthologues were found 240 

in other Cnidaria (Coral, Styklophora postillata and Acropora digitefara; jellyfish, Hydra 241 

vulgaris), but the strongest homology was to Anemone, Nemostella vectensis, and this 242 

Cnidarian was used in the comparison studies. 243 

 244 

Behavioral training: 245 

Adult Aplysia (80-120 g) were given 1 d of long-term sensitization training similar to previously 246 

described protocols (Cai et al., 2011; Chen et al., 2014). The training consisted of 5 bouts of tail 247 

shocks delivered via implanted platinum wires. Each bout comprised three trains (train duration 248 

= 1 s) of shocks (10-ms pulse duration, 40 Hz, 120 V) spaced 2 s apart; the bouts of shocks were 249 

separated by 20-min intervals. Prior to the shocks, each animal was given three pretests, 250 

spaced 10-min apart, during which a brief, relatively weak tactile stimulus was applied to its 251 

siphon; the duration of the resulting siphon-withdrawal response (SWR) providing an index of 252 

sensitization. Forty-eight hours after the sensitization training, each snail was given a single test 253 

stimulus, and its SWR measured.  Another group of snails were treated identically to the trained 254 

group, except that the tail shocks on day 1 were withheld. Animals that received the shock 255 

training exhibited a significantly prolonged SWR compared to animals that received only the 256 

test stimuli (Chen et al., 2014). Immediately after the 48-h test, the animals were anesthetized 257 

by immersion in cold (4°C) seawater, and their abdominal ganglia were dissected out and 258 

prepared for QRT-PCR. 259 

 260 
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QRT-PCR: 261 

Total RNA was extracted from abdominal ganglia of trained and control (test alone) Aplysia 262 

using Trizol reagent following the manufacturer’s instructions. cDNA was synthesized from 2 μg  263 

total RNA using qScript™ cDNA SuperMix, (QuantaBio) to a final concentration of 100 ng/μl. 264 

KIBRA primer pair sequences were used:  forward “TGG AGA AAC TCC TGC AAG GCC A”; rev 265 

“ATT GCT GGC GTC TGC TAA CTC”. Quantitative RT-PCR was performed using the ABI PRISM 266 

7900 sequencing detection system (Applied Biosystems, Foster City, CA, USA) with SYBR green 267 

master mix under the following conditions: initial denaturation at 95°C for 10 min, followed by 268 

40 cycles of 95°C for 15 s and 65°C for 30 s, 72° 30 s. 5 μl SYBR, 3 μl H2O, 1 μl cDNA per reaction, 269 

each sample was run in triplicate. The data were quantified by the 2(-Delta Delta C(T))method 270 

(Livak and Schmittgen, 2001). H4 was used as an internal control. 271 

 272 

Statistical Analysis:  273 

In all experiments, the N is described as each sensory-motor neuron culture or for stabilization 274 

experiments, each sensory neuron. An independent experiment is defined when sensory and 275 

motor neurons are obtained at the same time from the same animals and all conditions are 276 

done in parallel. For experiments with multiple measurement times, a two-way ANOVA (group 277 

X repeated measures) was used with pairwise Bonferroni post-hoc tests to determine 278 

significance of individual time points. For experiments with multiple groups, a one-way ANOVA 279 

was used with Tukey post-hoc tests to determine significant differences between groups. For all 280 

experiments with only two groups, Student’s t-tests were used to determine if the groups were 281 
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different and when multiple groups were compared this way in a single experiment, a 282 

Bonferonni correction for multiple t-tests was performed.  283 

284 
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Results 285 

Postsynaptic, but not presynaptic, overexpression of PKM is sufficient to produce a long-286 

lasting increase in synaptic strength 287 

In vertebrates, overexpression of PKMζ is sufficient to increase synaptic strength when 288 

expressed in the postsynaptic neuron (Yao et al., 2008). However, there have been no studies 289 

examining the isoform specificity of this effect or whether PKMs are sufficient to increase 290 

synaptic strength when overexpressed in the presynaptic neuron. Overexpression of any of the 291 

three Aplysia PKM isoforms in the postsynaptic motor neuron of Aplysia sensorimotor co-292 

cultures is sufficient to increase synaptic strength 24 h following injection compared to 293 

overexpression of mRFP alone (Fig. 1A-C). Expression of the PKMs was highest in the cell body 294 

and major axons of L7 and decreased in intensity in the distal neurites. The range of intensity of 295 

expression for each PKM was similar in the distal neurites and did not correlate with the 296 

observed changes in synaptic strength or toxicity over time. Continued expression of PKM Apl I 297 

or PKM Apl II is toxic while overexpression of PKM Apl III can maintain increased synaptic 298 

strength for a prolonged period (Fig. 1A-C). By day 5, only 3 of 11 cultures overexpressing PKM 299 

Apl I had small EPSPs, while the resting membrane potentials of L7 in the other 8 cultures 300 

without EPSPs were close to zero.  Only 2 of 9 cultures overexpressing PKM Apl II had small 301 

EPSPs and the other 7 cultures that lacked EPSPs had resting potentials close to zero.  302 

Morphologically, however, all of the L7 neurons overexpressing either PKM Apl I or PKM Apl II 303 

showed little if any observable degeneration even on day 5. In contrast, none of the PKMs 304 

increased synaptic strength 24 h following injection when expressed in the sensory neuron 305 
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(Fig.1D-F). Similar to the motor neuron, overexpression of PKM Apl I and PKM Apl II in the 306 

sensory neuron was toxic, but PKM Apl III was not (Fig. 1D-F). After injection of PKM Apl I and 307 

PKM Apl II, some neurite degeneration was detected on day 1 and was extensive by day 3 308 

resulting in the absence of EPSPs. All SN cell bodies expressing either PKM Apl I or PKM Apl II 309 

degenerated by day 5. 310 

 311 

 These results were obtained using the postsynaptic neuron L7 (gill withdrawal motor neuron), 312 

but similar results were seen for PKM Apl III in the presynaptic and postsynaptic neuron when 313 

LFS neurons (siphon withdrawal motor neurons) were used as the postsynaptic neurons (Fig. 2).  314 

 315 

 Aplysia sensory neurons undergo remarkable synaptic depression after a sequence of low 316 

frequency action potentials (6 action potentials at 0.05 Hz in our experiments) that is termed 317 

homosynaptic depression (HSD) and is mediated by a decrease in presynaptic release (Armitage 318 

and Siegelbaum, 1998). After two days of training, persistent associative LTF, but not persistent 319 

non-associative LTF, is also accompanied by an attenuated form of HSD (Hu and Schacher, 320 

2015; Hu and Schacher, 2014) suggestive of presynaptic changes in the release machinery (Wan 321 

et al, 2012). Nevertheless, DN PKM Apl III expressed in the motor neuron erases persistent 322 

associative LTF and the maintenance of the attenuated form of HSD (Hu et al, 2017a). However, 323 

overexpression of PKM Apl III in the postsynaptic neuron, while sufficient to induce and 324 

maintain an increase in synaptic strength, is not sufficient to induce the expression of the 325 

attenuated form of HSD measured 24 h after expression (Fig. 3A-C). DN-PKM Apl II expressed in 326 
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the sensory neuron erases persistent associative LTF and the attenuation of HSD (Hu et al, 327 

2017a), but since PKM Apl II expression in the sensory neuron is toxic (Fig. 1D-F), we 328 

determined the effect of overexpression of PKC Apl I in the sensory neuron. DN-PKC Apl I 329 

expressed in the SN also reversed the attenuation of HSD (Hu et al, 2017a). While 330 

overexpression of PKC Apl I was not sufficient to increase synaptic strength or to induce the 331 

expression of attenuated HSD on its own, it was not toxic (Fig. 3A-C). Expression of both PKC 332 

Apl I in the sensory neuron and PKM Apl III in the motor neuron produced both persistent LTF 333 

and attenuation of HSD (Fig.3A-C). Thus, the induction of both forms of plasticity observed at 334 

synapses expressing persistent associative LTF produced by repeated paired stimulation - 335 

synapse facilitation and attenuated HSD – requires increased kinase activity in both the pre- 336 

and post-synaptic neuron.  337 

 338 

KIBRA overexpression is not sufficient to prolong ITF 339 

Forms of facilitation that last longer than short-term facilitation but do not require transcription 340 

are termed intermediate facilitation (ITF) in Aplysia. There are different forms of ITF based on 341 

the stimulation, but massed ITF (m-ITF) is of particular interest as it requires cleavage of PKC 342 

Apl III to PKM Apl III (Bougie et al., 2012; Farah et al., 2017). Despite the requirement for a PKM, 343 

this form of facilitation is transient (McCamphill et al., 2015; Sutton et al., 2002). One 344 

hypothesis is that PKMs are made but not stabilized in the absence of KIBRA and thus 345 

transcriptional upregulation of KIBRA could be important for the prolongation of PKM activity 346 

and increases in synaptic strength. Supporting this hypothesis, KIBRA stabilizes PKM Apl III (Hu 347 
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et al, 2017) and 48 h after induction of long-term behavioural sensitization in Aplysia, 348 

performed as described (Cai et al., 2011), there was an upregulation of KIBRA mRNA as 349 

measured by quantitative RT-PCR (Fig. 4A). To determine if increased levels of KIBRA are 350 

sufficient to maintain memories by stabilizing PKMs, we induced m-ITF in neurons expressing 351 

KIBRA. KIBRA did not, however, increase m-ITF at 2h after induction, a time in which m-ITF has 352 

decayed to baseline (McCamphill et al., 2015; Sutton et al., 2002) (Fig. 4B). This was not due to 353 

an occlusion by KIBRA as there was no increase in basal synaptic strength in the KIBRA 354 

expressing neurons (control 35.99 ± 12.8 mV; KIBRA 30.31 ± 7.4 mV; unpaired t-test p = 0.6919). 355 

Competition for stabilization by KIBRA accounts for isoform-specific effects of dominant 356 

negative PKMs 357 

Distinct DN-PKMs expressed in the postsynaptic motor neuron erase either persistent 358 

associative or persistent non-associative LTF, even when the two forms of LTF are 359 

simultaneously expressed in the same postsynaptic neuron (Hu et al, 2017b). Similarly, the two 360 

forms of LTF have distinct stimuli that activate reconsolidation and only the stimuli that induced 361 

persistent associative LTF leads to attenuation of HSD (Hu et al, 2017a,b). Thus, there are 362 

different mechanisms underlying the expression of the distinct types of LTF. However, 363 

overexpression of any PKM in the motor neuron is sufficient to induce an increase in synaptic 364 

strength making it difficult to understand why distinct PKMs are required for maintenance of 365 

persistent associative and non-associative LTF (Hu et al, 2017b). One possibility is that at 366 

endogenous levels of PKMs, isoform-specific stabilization at synapses by the adaptor protein 367 

KIBRA is required. Aplysia KIBRA stabilizes PKM Apl II and PKM Apl III, but not PKM Apl I (Hu et 368 

al, 2017b) in an assay where levels of mRFP-PKMs in sensory neurons—standardized to an EGFP 369 
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control—are measured in the presence or absence of KIBRA after 24 h of expression. Similarly, 370 

DN PKM Apl II and DN PKM Apl III erase associative LTF when expressed in the motor neuron, as 371 

does a form of KIBRA (KIBRA-AAA) that does not stabilize PKM Apl III (Hu et al, 2017b). Thus, DN 372 

PKMs may work by competing with endogenously produced PKMs for KIBRA-mediated 373 

stabilization. One issue with this proposal is the report that vertebrate KIBRA does not bind to 374 

catalytically inactive PKMs (Vogt-Eisele et al., 2014) and the DN PKMs used in this study are 375 

catalytically inactive. However, in Aplysia neurons, we found that KIBRA stabilizes the DN PKMs 376 

(Fig. 5A-B). The pattern of stabilization between KIBRA and KIBRA-AAA was similar to that seen 377 

with catalytically active PKMs (Hu et al., 2017b)—KIBRA stabilizes DN PKM Apl III and DN PKM 378 

Apl II, whereas KIBRA-AAA stabilizes DN PKM Apl I. These DN PKMs were generated by an 379 

aspartate to alanine (D-A) mutation at the catalytic aspartic acid (Cameron et al., 2009). This 380 

mutation allows for correct folding of PKC/PKM as measured by correct priming 381 

phosphorylation (Bougie et al., 2012; Cameron et al., 2009); by contrast, the kinase dead 382 

mutant used in Vogt-Eisele et al, 2014—produced through the mutation of a lysine in the ATP 383 

binding pocket—results in a PKC that lacks priming phosphorylation (Cameron et al., 2009). 384 

However, PKM Apl III with a similar lysine mutation (K279R, numbering from PKC Apl III) that 385 

also does not receive priming phosphorylation (Bougie et al, 2012) was also stabilized by KIBRA 386 

(Fig 5C-D). Thus, in Aplysia, PKMs do not need to be catalytically active or have priming 387 

phosphorylation in order for KIBRA-mediated stabilization to occur.  388 

 KIBRA-AAA stabilizes PKM Apl II, but overexpression of KIBRA-AAA in the postsynaptic motor 389 

neuron results in a reversal of associative LTF (Hu et al., 2017b) suggesting that PKM Apl II is not 390 

involved in associative LTF. However, DN PKM Apl II was able to reverse associative LTF (Hu et 391 
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al., 2017a). One explanation for this discrepancy is that the overexpressed DN PKM Apl II is 392 

competing with endogenous PKM Apl III for KIBRA binding, resulting in a decrease in synaptic 393 

strength due to the destabilization of endogenous PKM Apl III. To test this specifically, we 394 

overexpressed PKM Apl III along with KIBRA or empty pNEX control and looked at whether 395 

concurrent overexpression of DN PKM Apl II affected KIBRA-mediated PKM Apl III stabilization. 396 

We also overexpressed DN PKM Apl I to confirm that this competition for KIBRA binding is 397 

specific for DN PKM Apl II, as DN PKM Apl I is not stabilized by KIBRA (Fig. 5). As both the DN 398 

constructs and the PKM Apl III construct were tagged with mRFP, we quantified PKM Apl III 399 

levels using a PKC Apl III C-terminal antibody (Bougie et al, 2009). Overexpression of DN PKM 400 

Apl I did not affect KIBRA’s stabilization of PKM Apl III, whereas the stabilization of PKM Apl III 401 

in the presence of DN PKM Apl II was significantly reduced and indeed, not significantly 402 

different from the vector control (Fig. 6A-B). This demonstrates that DN PKM Apl II is able to 403 

interfere with KIBRA’s stabilization of PKM Apl III, supporting the hypothesis that the reversal of 404 

associative LTF when DN PKM Apl II is overexpressed in the motor neuron (Hu et al., 2017b) is 405 

due to competition with PKM Apl III for KIBRA-mediated stabilization and not the DN’s influence 406 

on endogenous PKM Apl II.  407 

A KIBRA splice variant stabilizes PKM Apl I but not PKM Apl III 408 

The mutant KIBRA (KIBRA-AAA) is able to stabilize PKM Apl I when both are overexpressed in 409 

cultured sensory neurons, a stabilization that is not seen with the unmutated KIBRA (Hu et al., 410 

2017b). We hypothesized that this mutation led to a conformational change within the KIBRA 411 

protein that opened up a binding site for PKM Apl I. Examination of homology among KIBRAs 412 

over evolution reveals three homology regions: the WW domains, the C2 domain, and a third 413 
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region beginning before the sequence identified as binding to PKMs and spanning 414 

approximately 200 amino acids that has not previously been defined as a domain and is not 415 

similar to other defined domains. We are naming this region the KIBRA Specific Domain (KSD) 416 

(Fig. 7A). The KSD is strongly conserved in all three families of bilaterians (Fig. 7B) and shows 417 

around the same percent identity as the WW and C2 domains (Fig. 7C). The KSD can also be 418 

identified in prebilaterians, such as the sea anemone Nematostella, but compared to the C2 419 

and WW domains, the KSD is poorly conserved in pre-bilaterians (Fig. 7C). Nevertheless, the 420 

amino acids required for PKMζ binding are still present in the prebilaterians (Fig. 7B). 421 

Interestingly, neither KIBRA nor the KSD is present in earlier prebilaterians (sponge, Trichoplax, 422 

choanoflagellate) that lack nervous systems (see Methods). In Aplysia, the KSD also includes an 423 

alternative splicing event that is conserved throughout molluscs (Fig. 7B). The KSD also contains 424 

two alternative inserts in human KIBRA (purple in Fig. 7B). To determine if this splicing event 425 

could explain isoform specificity of KIBRA binding, we overexpressed a construct containing this 426 

splice variant (KIBRA SPL) and assessed the ability of this isoform to stabilize PKM Apl I and PKM 427 

Apl III in cultured Aplysia sensory neurons. KIBRA SPL does not stabilize PKM Apl III, but it does 428 

stabilize PKM Apl I, a pattern of stabilization identical to that of our KIBRA-AAA mutant (Fig.7D). 429 

This suggests that production of this splice variant of KIBRA can lead to stabilization of the PKM 430 

Apl I isoform, which may be important for the maintenance of non-associative LTF.   431 

Isoform specificity is determined by the ‘handle’ helix of PKMs 432 

The isoform specificity of stabilization by KIBRA between PKM Apl I and PKM Apl III must be due 433 

to specific sequence differences between the isoforms. We examined the catalytic domains of 434 

PKCs for conserved isoform specific differences (Fig. 8A) that were available for binding based 435 
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on the known crystal structures of these domains (Fig. 8B). We chose the C-terminal (CT) region, 436 

already known to bind to proteins with PDZ domains such as PICK 1 (Wan et al., 2012) and a 437 

region including an alpha-helix (helix 5 or helix G in the catalytic domain structure) that appears 438 

as a handle in the crystal structures of PKMs (Fig. 8B). We then made chimeras, exchanging 439 

these two regions (highlighted in green in Fig. 8A) from the PKM Apl III sequence for the 440 

corresponding PKM Apl I sequence, generating PKM Apl III-CT PKM Apl I and PKM Apl III-handle 441 

PKM Apl I. We then examined the ability of KIBRA and KIBRA SPL to stabilize these chimeric 442 

PKMs. PKM Apl III-CT PKM Apl I behaved like PKM Apl III in that it was stabilized by KIBRA but 443 

not by KIBRA SPL (Fig. 8 C-D). In contrast, when the handle region of PKM Apl III was replaced 444 

with the handle region of PKM Apl I, stabilization was similar to PKM Apl I—the chimera was 445 

stabilized by KIBRA SPL but not by KIBRA (Fig. 8 C-D). While the chimeras were expressed at 446 

lower levels than the wild type PKM Apl III (Fig. 8E), the differential stabilization by the two 447 

KIBRA splice isoforms indicates that the level of expression does not explain the lack of 448 

stabilization. These results indicate that isoform specificity of PKMs is determined by the 449 

sequence in or around the handle helix. 450 

 451 

  452 
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Discussion 453 

Sufficiency of PKMs for increasing synaptic strength 454 

We investigated the isoform specificity and sufficiency of PKM in regulating synaptic strength 455 

by overexpressing distinct isoforms of PKM, presynaptically and postsynaptically (Table 1). 456 

Postsynaptic overexpression of PKM was sufficient to increase synaptic strength, independent 457 

of isoform identity. PKM Apl I and PKM Apl II sufficiency in the presynaptic sensory neuron 458 

could not be determined due to their toxicity after overexpression. This toxicity is also seen in 459 

the motor neuron, but is delayed compared to the effects in the sensory neuron. Toxicity may 460 

be due to a role of PKMs in inducing apoptosis as cleavage of the novel PKC delta by caspases to 461 

form a PKM is proapoptotic in many systems (Reyland, 2007). PKM Apl III overexpression is not 462 

toxic in either the sensory or motor neuron, despite a similar level of expression as judged by 463 

the mRFP level. This allows for the conclusion that PKM Apl III is sufficient in the postsynaptic 464 

cell, but not the presynaptic cell, and this result was replicated with two different motor 465 

neurons serving as the postsynaptic cell (Table 1). Despite it not being sufficient to increase 466 

synaptic strength in the presynaptic sensory neuron, there is evidence that PKM Apl III in the 467 

sensory neuron is important for non-associative LTF in the sensory neuron. DN PKM Apl III 468 

erases non-associative LTF when expressed in the sensory neuron (Hu et al, 2017a) and 469 

presynaptic overexpression of a distinct DN form of PKC Apl III blocks non-associative LTF 48 470 

and 72 h after induction (Fiumara et al., 2015). Presynaptic overexpression of PKC Apl III, which 471 

leads to production of PKM Apl III (Bougie et al., 2009), was not sufficient to increase synaptic 472 

strength, similar to the present study, but did lead to stronger non-associative LTF (Fiumara et 473 
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al., 2015). In conclusion, PKM Apl III in the sensory neuron is not sufficient to increase synaptic 474 

strength but is required for mediating non-associative LTF.  475 

Requirement for PKMs in both presynaptic and postsynaptic cell for associative LTF 476 

While PKM Apl III postsynaptic overexpression is sufficient to increase synaptic strength, this is 477 

not sufficient to induce other forms of plasticity that accompany persistent associative LTF. 478 

Persistent associative LTF [which is induced by presynaptic activity in combination with 5HT 479 

application in Aplysia and is a cellular analogue of classical-conditioning (Buonomano and Byrne, 480 

1990; Hu and Schacher, 2015)] is characterized by a persistent increase in synaptic strength in 481 

conjunction with an attenuation of HSD kinetics (Hu and Schacher, 2015); we have shown that 482 

these two forms of plasticity are produced by presynaptic overexpression of PKC Apl I in 483 

combination with postsynaptic PKM Apl III overexpression. Interestingly, PKC Apl I is also 484 

important for burst-dependent protection from HSD (Wan et al, 2012) although the relationship 485 

between this form of plasticity, and the attenuation of HSD that accompanies persistent 486 

associative LTF, is not clear.  Since presynaptic overexpression of DN PKMs and DN KIBRA-AAA 487 

is sufficient to reverse different types of LTF in an isoform specific manner (Hu et al., 2017a), 488 

isoform specificity of PKMs extends to both the presynaptic and postsynaptic side of a synapse. 489 

Failure of KIBRA overexpression to prolong m-ITF 490 

 While the ability of overexpressed PKM to increase synaptic strength suggests that simple 491 

stabilization of the PKM produced by m-ITF (Bougie et al., 2012; Villareal et al., 2009) by KIBRA 492 

should have led to increased synaptic strength, it is likely that the levels of PKM produced by 493 

stimulation are much lower than that produced through overexpression. Simply because large 494 
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amounts of PKM are sufficient to increase synaptic strength does not necessarily mean that the 495 

amounts of PKM produced endogenously are sufficient to increase synaptic strength even when 496 

stabilized by KIBRA. Endogenous levels of PKM probably require interactions with other 497 

postsynaptic processes generated by LTF that are not induced by m-ITF to increase synaptic 498 

strength during LTF. 499 

KIBRA determines isoform specificity of PKMs 500 

A weakness of dominant negative constructs is their possible lack of specificity, but this also 501 

allows investigators to probe functional aspects of the proteins examined. Overexpression of 502 

DN PKM Apl II in the postsynaptic neuron is sufficient to reverse associative LTF (Hu et al., 503 

2017a), suggesting that PKM Apl II may be important in the maintenance of this type of LTF. 504 

KIBRA-AAA stabilizes PKM Apl II (Hu et al., 2017b). One might assume, therefore, that 505 

overexpression of KIBRA-AAA in the postsynaptic neuron would not have an effect on 506 

associative LTF. However, this is not the case. KIBRA-AAA overexpression is sufficient to reverse 507 

associative LTF, suggesting that the ability of DN PKM Apl II overexpression to reverse 508 

associative LTF is the result of non-specificity of this construct. Here we explain this lack of 509 

specificity by demonstrating that DN PKM Apl II interferes with KIBRA-mediated stabilization of 510 

PKM Apl III. While our results are consistent with DN PKMs erasing LTF through competition for 511 

KIBRA binding, these experiments do not rule out that other interactions could also be 512 

important for the actions of the DN PKMs.  513 

 Our results support a model where distinct splice isoforms of KIBRA stabilize distinct 514 

PKMs (Table 2) and thus predicts that synapses expressing persistent non-associative LTF would 515 
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be enriched with splice forms of KIBRA stabilizing PKM Apl I, while synapses supporting 516 

persistent associative LTF would be enriched with splice forms of KIBRA stabilizing PKM Apl III. 517 

This model also predicts that the alternatively spliced KSD also interacts with other distinct 518 

markers of these synapses (Sossin, 2018) in order to specifically localize the KIBRA splice 519 

isoforms to distinct synapses. Alternatively, since distinct calpains are required for induction of 520 

associative and non-associative LTF (Hu et al., 2017a), PKC Apl I and PKC Apl III may only be 521 

cleaved to form PKM at the appropriate synapses and the distinct KIBRA splice isoforms could 522 

be present at all synapses. Further studies will be necessary to distinguish between these 523 

models.   524 

A new conserved region in KIBRA 525 

Examination of KIBRA conservation over evolution demonstrates strong conservation of a 200 526 

amino acid region we are naming the KSD. This region includes the amino acids previously 527 

determined to be required for binding to PKMζ (Vogt-Eisele et al., 2014), and required for the 528 

stabilization of PKM Apl III; however, these residues are not required for stabilization of PKM 529 

Apl I (Hu et al., 2017b).  Along with its role in stabilizing PKMs and regulating AMPA receptor 530 

trafficking, KIBRA is also part of the Hippo signalling pathway important for the regulation of 531 

cell proliferation in development and in cancer (Genevet et al., 2010; Yu et al., 2010). While 532 

KIBRA’s role in this pathway is mainly to act as a scaffold to localize members of this pathway 533 

through its WW domains (Baumgartner et al., 2010; Xiao et al., 2011; Zhang et al., 2014), 534 

several interactions have been localized to the region including the KSD, including binding to 535 

Merlin and dimerization (Baumgartner et al., 2010; Wennmann et al., 2014). These interactions 536 

may require the KSD. 537 
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 538 

How does KIBRA stabilize PKMs? 539 

While the simplest model would be to assume that KIBRA-mediated stabilization is simply due 540 

to direct binding, this may not be the case. KIBRA stabilizes the large tumor suppressor kinase 541 

(Lats) as part of its role in the Hippo pathway, but this stabilization can be dissociated from 542 

Lats2 binding to KIBRA as binding requires the WW domains, but stabilization does not (Xiao et 543 

al., 2011). KIBRA is a scaffold protein with many protein-protein interactions (Zhang et al., 544 

2014), and KIBRA may also be involved in localization of PKMs. There is evidence showing an 545 

association between KIBRA and AMPA receptors (Makuch et al., 2011), as well as a general 546 

enrichment in the postsynaptic density (Johannsen et al., 2008), suggesting the possibility that 547 

KIBRA may help localize PKMs to their synaptic targets in addition to their stabilizing effect.  548 

 We have identified features of PKM that are necessary for KIBRA-mediated stabilization. 549 

Neither catalytic activity nor priming phosphorylation are required since KIBRA stabilized a DN 550 

PKM Apl III made through a K-R mutation that prevents priming phosphorylation (Bougie et al., 551 

2012; Cameron et al., 2009). Switching of a region including one alpha-helix, that in crystal 552 

structures resembles a handle, was sufficient to switch the specificity of stabilization by splice 553 

forms of KIBRA, suggesting that this is the key region of PKMs that determines isoform 554 

specificity (Table 2). Interestingly, ICAP and zeta-stat, isoform specific PKC inhibitors, are 555 

targeted to this region (Pillai et al., 2011; Ratnayake et al., 2018). This region also may play a 556 

role in determining isoform-specific substrate specificity of PKCs (Soriano et al., 2016). 557 

Conclusions 558 
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In summary, PKMs have isoform- and synapse-specific roles in the maintenance of LTF. This 559 

isoform specificity may be achieved through selective stabilization by KIBRA. The isoform 560 

specificity of KIBRA-mediated stabilization of PKMs depends on the handle helix and is 561 

independent of catalytic activity of the kinase (Table 2). These results contribute to our 562 

understanding of the mechanisms underlying memory maintenance as well as the synaptic 563 

differences among different types of synaptic plasticity that underlie distinct types of memory. 564 

  565 
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PKM Apl I PKM Apl II PKM Apl III KIBRA 

Presynaptic toxic toxic No change ND 

Postsynaptic (L7) Increase* Increase* Increase ND 

Postsynaptic (LFS) ND ND Increase No change 

Table 1. Presynaptic or postsynaptic overexpression of each PKM isoform produces different changes 566 
in synaptic strength. Summary of data presented in Figures 1 and 2 showing the change in synaptic 567 
strength 24h following injection with each of the PKM isoforms. Overexpression of PKM Apl I and PKM 568 
Apl II in LFS motor neurons was not examined. *toxicity was observed at time points beyond 24h. ND 569 
not determined 570 

 571 

 572 

 PKM Apl I PKM Apl II PKM Apl III 
 

PKM Apl III  
CT-PKM Apl I 

PKM Apl III handle 
-PKM Apl I 

 WT DN WT DN WT DN 
 

KIBRA X* X S* S S* S 
 

S X 

KIBRA-AAA S* S S* X X* X 
 

ND ND 

KIBRA-Spl S ND ND ND X ND X S 
Table 2. KIBRA-mediated stabilization of PKMs is isoform specific and independent of catalytic activity. 573 
Stabilization of wildtype (WT) PKM isoforms (data adapted from Hu et al., 2017b identified with an 574 
asterisk) and dominant negative (DN) PKM isoforms by each of our KIBRA constructs: S, stabilization; X, 575 
No stabilization; ND, not determined 576 

 577 

 578 

 579 

 580 

 581 

 582 

 583 

 584 

 585 
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Figure Legends 722 

Figure 1. Pre- and post-synaptic overexpression of PKM isoforms produce different changes in 723 

synaptic strength. A, Phase contrast and epifluorescent views of co-cultures 24 hours after the 724 

indicated construct was injected into each postsynaptic neuron L7. The constructs were 725 

injected after monitoring EPSP amplitudes on day 0 (96 h after plating sensory neuron and L7). 726 

The scale bar equals 25μm. B, Sample EPSP traces for each treatment. The dashed lines 727 

represent the initial EPSP amplitude. EPSPs recorded from cultures before (day 0) and at 728 

various times after injection of the indicated construct. Overexpression of PKM Apl III in L7 729 

produced a significant increase in EPSP amplitude compared to control (overexpressed mRFP) 730 

and persisted to day 5. Overexpression of PKM Apl I or PKM Apl II also produced a significant 731 

increase in EPSP amplitude on day 1, but EPSP amplitude declined after day 3. C, Summary of 732 

the change in EPSP amplitudes (% of baseline). A two-way ANOVA indicated a significant effect 733 

of group X repeated measures (F9, 69 = 104.831, p< 0.0001). Pairwise comparisons (Bonferroni) 734 

indicated that overexpression of PKMApl III in L7 (n = 14) significantly increased EPSP 735 

amplitudes on day 1, 3 and 5 compared to mRFP (n = 8; **p< 0.01). Overexpression of PKMApl I 736 

(n = 11) or PKM Apl II (n= 9) significantly increased EPSP amplitudes on day 1 compared to 737 

mRFP (**p< 0.01), but EPSP amplitudes declined after day 3 because of degeneration in L7 as 738 

indicated by changes in membrane resting potential (#). On day 5, only 3 of 11 cultures with  739 

overexpression of PKM Apl I had small EPSPs, the resting membrane potentials of L7 in the 740 

other 8 cultures without EPSPs were close to zero, while 2 of 9 cultures with overexpression of 741 

PKM Apl II had small EPSPs and the other 7 cultures that lacked EPSPs had resting potentials 742 

close to zero.  Error bars represent SEM. Results are from 7 independent experiments. D, Phase 743 
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contrast and epifluorescent views of co-cultures 24 hours after the indicated construct was 744 

injected into each SN.  The constructs were injected after monitoring EPSP amplitudes on day 0 745 

(96 h after plating). The scale bar equals 25 μm. E, Sample EPSP traces for each treatment. The 746 

dashed lines represent the synaptic baseline. EPSPs recorded from cultures before (day 0) and 747 

at various times after injection of the indicated construct. Overexpression of PKM Apl III had no 748 

significant impact on EPSP amplitude compared to control (mRFP overexpression). In contrast, 749 

overexpression of PKM Apl I or PKM Apl II produced a significant decline in EPSP amplitude on 750 

day 1 due to detectable neurite degeneration (#). Viability of sensory neurons (extensive 751 

degeneration of cell body and neurites) was compromised by day 3 resulting in an absence of 752 

EPSPs. F, Summary of the change in EPSP amplitudes (% of baseline). Overexpression of PKM 753 

Apl III in SN (n = 11) evoked no change in EPSP amplitude compared to control (n = 7), while 754 

overexpression of PKM Apl I (n = 11) or PKM Apl II (n = 10) produced a significant decline in 755 

EPSP and subsequent death of the sensory neuron. A two-way ANOVA indicated a significant 756 

effect of group X repeated measures (F9, 105 = 100.507, p< 0.0001). Pairwise comparisons 757 

(Bonferroni) indicated that overexpression of PKM Apl III evoked no significant change on day 1, 758 

3 and 5 compared to Control (all p> 0.9). Overexpression of PKM Apl I or PKM Apl II produced a 759 

significant decline in EPSP amplitudes on day 1 (all **p< 0.01).  Error bars represent SEM. 760 

Results are from six independent experiments. 761 

 762 

Figure 2. Overexpression of PKM Apl III in the LFS motor neurons, not in the sensory neurons, 763 

produces a long-term increase in synaptic strength. A) and C) Phase contrast and 764 

epifluorescent images of the same view areas of LFS motor neurons (A) or sensory neurons (C) 765 
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expressing mRFP or PKM Apl III 24 hours after injection of constructs. The constructs were 766 

injected into the sensory or the motor neurons on day 4 of cell culturing. The bar is 20 μm. B) 767 

Overexpression of PKM Apl III, but not DN PKM Apl III in LFS motor neurons produces an 768 

increase in synaptic strength. Sample traces show EPSPs evoked in the LFS motor neuron before 769 

(pre) and 24 h after (post) control and injections of constructs in the motor neuron. The 770 

accompanying histogram is a summary of the change in the EPSP amplitudes. The mean 771 

normalized EPSP in the mRFP group (n = 28, 12 independent experiments), PKM Apl III group (n 772 

= 22, 12 independent experiments), and DN PKM Apl III group (n = 12, 6 independent 773 

experiments), was 106% ± 13%, 154% ± 19%, and 90% ± 7%, respectively. A one-way ANOVA 774 

indicated that the overall group differences were significant (F2,59= 4.4, p = 0.02). SNK posthoc 775 

tests showed that the mean normalized EPSP in the PKM Apl III group was significantly higher 776 

than that in the mRFP and DN -PKM Apl III groups, as indicated by the asterisks (P < 0.05 for 777 

both comparisons). The difference between the mRFP and DN PKM Apl III groups was not 778 

significant. D) Overexpression of PKM Apl III in sensory neurons does not affect synaptic 779 

strength. Sample traces show EPSPs evoked in the LFS motor neuron before (pre) and 24h after 780 

(post) control and injections of constructs in the sensory neuron. The accompanying histogram 781 

is a summary of the change in the EPSP amplitudes. There was no effect of presynaptic 782 

overexpression of PKM Apl III. The mean normalized EPSP in the PKM Apl III group (n = 9, 6 783 

independent experiments) and mRFP group (n = 9, 5 independent experiments) was 103% ± 784 

17% and 111% ± 16%, respectively. 785 

 786 
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Figure 3. The attenuation of HSD requires kinase activity in both pre- and post-synaptic 787 

neurons. A) Phase contrast and epifluorescent views of co-cultures 24 hours after the indicated 788 

construct injection in SN and L7. The scale bar equals 25 μm. B, Summary of the change in EPSP 789 

amplitudes (% of baseline). Overexpression of PKM Apl III alone in L7 (n = 12) or co-790 

overexpression of PKC Apl I in SN and PKM Apl III in L7 (n = 10) produced a persistent increase in 791 

the synaptic strength. The other over-expressions failed to increase synaptic strength and were 792 

not significantly different than control. A two-way ANOVA indicated a significant effect of group 793 

X repeated measures (F12, 108 = 65.656, p< 0.0001). Pairwise comparisons (Bonferroni) indicated 794 

that overexpression of either PKM Apl III alone in L7 or both PKC Apl I in SN and PKM Apl III in 795 

L7 evoked significant facilitation on day 1, 3 and 5 compared to control (n = 6), co-796 

overexpression of eGFP in SN and mRFP in L7 (n = 7), or co-overexpression of PKC Apl I in SN 797 

and mRFP in L7 (n = 6) (all **p< 0.01). Error bars represent SEM. C) The kinetics of HSD after co-798 

overexpression of PKC Apl I in SN and PKM Apl III in L7 was attenuated. Compared to control, 799 

only co-overexpression of PKC Apl I in SN and PKM Apl III in L7 evoked an attenuated kinetics of 800 

HSD that is observed at sensorimotor synapses expressing persistent associative LTF, while 801 

other over expressions failed to alter HSD kinetics. A two-way ANOVA indicated a significant 802 

effect of group × repeated measures on the kinetics of HSD (F20, 180 = 15.025; p < 0.0001). 803 

Pairwise comparisons (Bonferroni) indicated that the kinetics of HSD only with co-804 

overexpression of PKC Apl I in SN and PKM Apl III in L7 was significantly different than that for 805 

control (**p < 0.01).  Error bars represent SEM. Results are from 5 independent experiments. 806 

 807 
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Figure 4. KIBRA overexpression is not sufficient to prolong PKM Apl III-dependent ITF. A, QRT-808 

PCR results comparing levels of KIBRA mRNA from cDNA generated from control abdominal 809 

ganglia (8 animals) or abdominal ganglia from sensitized animals 48 h after training (7 animals). 810 

Sensitization experiments were performed as described (Cai et al., 2011). Results are SEM. *, 811 

p<0.05 One-tailed t-test. B, Sample traces before and 2 hours after 10 min 10μM 5HT treatment 812 

in sensorimotor co-cultures using LFS as the postsynaptic motor neuron, overexpressing KIBRA 813 

(with eGFP to confirm expression) in the postsynaptic neuron or uninjected controls. Scale bar 814 

is 90mV/10ms. C, Summary of the change in EPSP amplitude 2 hours post 5HT treatment in 815 

postsynaptic neurons expressing KIBRA (n=8) and uninjected controls (n=5). The change in PSP 816 

at 2 h was similar between groups via unpaired t-test (ns, p = 0.4380). Initial EPSP amplitude 817 

was not significantly different between groups (one-way unpaired t-test [ns, p = 0.7613]). Initial 818 

postsynaptic input resistance and the change in postsynaptic input resistance were similar 819 

between groups (180.0 ± 27.4 MΩ uninjected and 177.9 ± 35.6 MΩ eGFP + KIBRA, P=0.9661 820 

that changed to 92.4 ± 6.0 % and 78.6 ± 6.2 % respectively at 2h, p = 0.1448 compared with 821 

unpaired t-tests). 822 

 823 

Figure 5. KIBRA stabilizes inactive PKMs in isolated Aplysia sensory neurons. A, 824 

Representative images of eGFP and DN PKM Apl I (D392-A) (top), DN PKM Apl II (D444-A) 825 

(middle), and DN PKM Apl III (D526-A) (bottom) with either vector (pNEX3), KIBRA, or KIBRA-826 

AAA in neurites of cultured Aplysia sensory neurons 24h after injection. Numbering is based on 827 

the PKC sequence. B, Stabilization of mRFP-tagged DN PKMs is quantified as the average 828 

mRFP/eGFP ratio normalized within each experiment to the average mRFP/eGFP ratio of the 829 
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pNEX group. KIBRA (AAA) stabilizes DN PKM Apl I, while KIBRA stabilizes DN PKM Apl II and DN 830 

PKM Apl III. ANOVAs were performed separately for DN PKM Apl I (pNEX, n=39 neurons; KIBRA, 831 

n=66 neurons; KIBRARSR-AAA, n=70 neurons, neurons from four independent experiments; One-832 

way ANOVA (F2,172=12.2), p<0.001 with Tukey’s post-Hoc test, *, p<0.01 to all other groups), DN 833 

PKM Apl II (pNEX, n=61 neurons; KIBRA, n=43 neurons; KIBRARSR-AAA, n=31 neurons, neurons 834 

from three independent experiments; One-way ANOVA (F2,132=6.2), p<0.001 with Tukey’s post-835 

Hoc test *, p<0.01 to all other groups), and DN PKM Apl III (pNEX, n=28 neurons; KIBRA, n=36 836 

neurons; KIBRARSR-AAA, n=24 neurons, neurons from three independent experiments; One-way 837 

ANOVA (F2,85=5.8, p<.001) with Tukey’s post-Hoc test *, p<0.01 to all other groups). C, 838 

Representative images of eGFP and mRFP-tagged PKM Apl III K-R with either pNEX or KIBRA in 839 

neurites of cultured Aplysia sensory neurons 24h after injection. D, Stabilization of PKM Apl III 840 

K-R is quantified as the average mRFP/eGFP ratio normalized as above. PKM Apl III K-R levels 841 

are higher in the presence of KIBRA compared to pNEX control (KIBRA, n=31 neurons; pNEX, 842 

n=24 neurons, neurons from three independent experiments) * p<0.01, Unpaired Students t-843 

test. Error bars represent SEM. 844 

Figure 6. Overexpression of DN PKM Apl II interferes with KIBRA-mediated stabilization of 845 

overexpressed PKM Apl III. A, Representative images of cultured Aplysia sensory neuron 846 

neurites co-expressing eGFP, mRFP-tagged PKM Apl III, mRFP-tagged DN PKM Apl I or DN PKM 847 

Apl II, and either KIBRA or empty vector (pNEX3). Cultures were fixed and stained with PKC Apl 848 

III C-terminal antibody (cyan) prior to imaging (PKC Apl III and PKM Apl III have the same C-849 

terminal). B, PKM Apl III stabilization is quantified as the ratio between eGFP fluorescence and 850 

PKC Apl III C-terminal antibody staining (cyan) normalized to vector alone. Both KIBRA and 851 
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KIBRA + DN PKM Apl I stabilized PKM Apl III compared to pNEX control and KIBRA + DN PKM Apl 852 

II (One-way ANOVA (F3,122=6.3, p<0.001) with Tukey’s post-Hoc test **, p<0.01 compared to 853 

control, * over bar, p<0.05 compared to KIBRA + DN PKM Apl II). [pNEX, n=29 neurons; KIBRA, 854 

n=27 neurons; KIBRA + DN PKM Apl I, n=31 neurons; KIBRA + DN PKM Apl II, n=39 neurons, 855 

neurons from four independent experiments]. Error bars represent SEM. 856 

 857 

Figure 7. KIBRA Splice (SPL) stabilizes PKM Apl I, but not PKM Apl III. A, Schematic of KIBRA 858 

sequence highlighting the three conserved domains and the placement of the putative PKM 859 

binding site and the splice. B, Alignment of the KSD domain from representative bilaterian and 860 

pre-bilaterian animals. Regions highlighted in purple represent alternative mRNA sequences 861 

identified by bioinformatics (accession numbers below). The three amino acids required for 862 

PKM binding are highlighted in red. Five regions of increased homology are highlighted in green.  863 

In vertebrates, the KIBRA gene has two additional paralogues, termed WWC2 and WWC3 864 

(KIBRA’s alternative name is WWC1) and all three are included in the alignment. The primary 865 

and alternate sequences with splices were derived from the following sources: { Aplysia (Ap) 866 

XP_012936697.1 1288:1503; Aplysia splice gene tools: Octopus (Oc)  XP_014775126.1 867 

1038:1245; Octopus splice KOF84653.1 723:904; {Drosophila (Dr) NP_001034055.1 966:1156; 868 

Daphnia (Da) EFX86200.1 876:1090}; Amphioxus (Am)  XP_019625123.1 995:1209; Human (Ho)  869 

WWC2 XP_024309993.1, 913:1116 Human WWC3  NP_056506.2 891:1090; Human KIBRA 870 

XP_016864767.1 821:1028l Human Kibra lacking splice PPQPS XP_005265907.1, Human KIBRA 871 

lacking Q  XP_011532791.1; Nematostella (Anemone, Ne) ; XP_001629271.1 911:1121, 872 

Acropora (Coral; Ac) XP_015763151.1 950:1136. B, Table of homology between the Aplysia new 873 
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region and representative species from mollusks (Octopus), two other bilaterians (Human, 874 

Drosophila) and a prebilaterian (Nematostella). First number is percent identity and second is 875 

percent similarity from Prot blast at NCBI using Aplysia sequence as probe. C,Representative 876 

images of cultured Aplysia sensory neurons expressing eGFP, mRFP-tagged PKM Apl III (top) or 877 

PKM Apl I (bottom), and either KIBRA, KIBRA SPL, or empty vector (pNEX3). On left, 878 

quantification of stabilization of PKM Apl III (top) and PKM Apl I (bottom). All results are 879 

normalized within each experiment to the average mRFP/eGFP ratio of vector alone. KIBRA 880 

stabilized PKM Apl III compared to pNEX and KIBRA SPL groups (One-way ANOVA (F2,116= 6.8. 881 

p<0.01) with Tukey’s post-Hoc test *p<0.05 different from all other groups [pNEX, n=36 882 

neurons; KIBRA, n=50 neurons; KIBRA SPL, n=32 neurons; neurons from three independent 883 

experiments]), while KIBRA SPL stabilized PKM Apl I compared to pNEX and KIBRA groups (One-884 

way ANOVA F2,68=6.2, p<0.001 with Tukey’s post-Hoc test *p<0.01 compared to all groups 885 

[pNEX, n=21 neurons; KIBRA, n=25 neurons; KIBRA SPL, n=24 neurons; neurons from three 886 

independent experiments]). Error bars represent SEM. 887 

 888 

Figure 8. The ‘handle’ domain of PKMs determines isoform specific stabilization by KIBRA. A, 889 

Sequences of catalytic domains from classical and atypical PKCs from Aplysia and human are 890 

shown to illustrate regions of homology. Red amino acids are conserved between isoforms. 891 

Blue amino acids represent known important differences, a glycine in the ATP binding domain 892 

that partially explains the difference in ATP based inhibitors between atypical and classical PKCs 893 

and the carboxy-terminal hydrophobic (Hyd) phosphorylation site in classical PKCs that is a 894 

glutamic acid in atypical PKCs. The sites mutated to form catalytically inactive dominant 895 
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negatives are illustrated. The green residues are the amino acids removed from PKM Apl III and 896 

replaced by the green residues in PKM Apl I in the chimeras. B, Rotated structures of the human 897 

atypical PKC iota isoform (Messerschmidt et al., 2005) and classical PKC beta II isoform (Grodsky 898 

et al., 2006) to illustrate the alpha helix switched in the chimera. From this orientation the helix 899 

appears as a ‘handle’. C, Representative images of neurites from cultured Aplysia sensory 900 

neurons. All neurons expressing eGFP; Top panel, KIBRA or empty vector (pNEX3), Bottom 901 

panel, KIBRA SPLICE or empty vector (pNEX3); and from left to right, mRFP-tagged PKM Apl III, 902 

PKM Apl III-CT PKM Apl I, or PKM Apl III-handle PKM Apl I. The ability of KIBRA to stabilize the 903 

different PKMs was determined by a Student paired T-test between mRFP/eGFP ratios 904 

normalized to the pNEX control for each construct. Results were corrected by a Bonferroni test 905 

for multiple t-tests (6 for experiments in C) *p<0.01. [Top panel: PKM Apl III, pNEX n=30 906 

neurons, KIBRA n=15 neurons; PKM Apl III-CT PKM Apl I, pNEX n=17 neurons, KIBRA, n=32 907 

neurons; PKM Apl III-handle PKM Apl I,pNEX n=14 neurons, KIBRA n=33 neurons; results are 908 

from three independent experiments with all six groups; Bottom panel PKM Apl III, pNEX n=23 909 

neurons, KIBRA SPL n=19 neurons; PKM Apl III-CT PKM Apl I, pNEX n=33 neurons, KIBRA SPL, 910 

n=23 neurons; PKM Apl III-handle PKM Apl I, pNEX n=20 neurons, KIBRA SPL n=29 neurons; 911 

results are from three independent experiments with all six groups). E) The levels of expression 912 

of the three constructs in the absence of KIBRA were quantified. The mRFP values are 913 

normalized to levels of PKM Apl III in each experiment. One-way ANOVA (F2,135=24.5) with 914 

Tukey’s post-Hoc test, *p<0.01 all groups different from each other [PKM Apl III, n=53 neurons; 915 

PKM Apl III-CT PKM Apl I, n=51 neurons; PKM Apl III-handle PKM Apl I, n=34 neurons; results 916 

are from twelve independent experiments with all three groups]. 917 


















