1-16 « The Journal of Neuroscience, March 6, 2024 - 44(10):e1120232024

Behavioral/Cognitive

A Necessary Role for PKC-2 and TPA-1 in Olfactory Memory
and Synaptic AMPAR Trafficking in Caenorhabditis elegans
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Protein kinase C (PKC) functions are essential for synaptic plasticity, learning, and memory. However, the roles of specific members
of the PKC family in synaptic function, learning, and memory are poorly understood. Here, we investigated the role of individual
PKC homologs for synaptic plasticity in Caenorhabditis elegans and found a differential role for pkc-2 and tpa-1, but not pkc-1 and
pke-3 in associative olfactory learning and memory. More specifically we show that PKC-2 is essential for associative learning and
TPA-1 for short-term associative memory (STAM). Using endogenous labeling and cell-specific rescues, we show that TPA-1 and
PKC-2 are required in AVA for their functions. Previous studies demonstrated that olfactory learning and memory in C. elegans
are tied to proper synaptic content and trafficking of AMPA-type ionotropic glutamate receptor homolog GLR-1 in the AVA com-
mand interneurons. Therefore, we quantified synaptic content, transport, and delivery of GLR-1 in AVA and showed that loss of pkc-
2 and tpa-1 leads to decreased transport and delivery but only a subtle decrease in GLR-1 levels at synapses. AVA-specific expression
of both PKC-2 and TPA-1 rescued these defects. Finally, genetic epistasis showed that PKC-2 and TPA-1 likely act in the same path-
way to control GLR-1 transport and delivery, while regulating different aspects of olfactory learning and STAM. Thus, our data tie
together cell-specific functions of 2 PKCs to neuronal and behavioral outcomes in C. elegans, enabling comparative approaches to
understand the evolutionarily conserved role of PKC in synaptic plasticity, learning, and memory.
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Significance Statement

The protein kinase C family of kinases are essential signaling elements of synaptic plasticity. However, how different members
interact to contribute to learning and memory and how this relates to cellular functions is technically challenging in vertebrate
models. Here, using Caenorhabditis elegans, we describe an approach combining behavior and cellular analysis for TPA-1 and
PKC-2, one novel and one classical PKC isoform. Our findings show that changes in learning and memory due to the loss of
TPA-1 and PKC-2 can be related to changes in the dynamics of synaptic AMPA receptors. Thus, our approach using C. elegans
offers the opportunity to better understand how the molecular functions of PKCs relate to their effect on learning and

memory.
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plasticity across animal models. They are divided into three sub-
groups, which include the classical PKC (cPKC; a, b1, b2, and g),
the novel PKC (nPKGC; d, e, h, q, and m), and the atypical PKC
(aPKC; 1z, i, and 1) subfamilies (Stabel and Parker, 1991;
Newton, 1995; Sun and Alkon, 2014). PKCs are widely found

Introduction
Members of the protein kinase C family of serine/threonine
kinases play a prominent role in neuronal function and synaptic
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in the CNS, and many isoforms are simultaneously translated
into the same cells with variations in their expression levels.
Furthermore, it is thought that besides tissue and cellular loca-
tion, signal timing is also a crucial determinant of their activation
pattern (Sun and Alkon, 2014). The classical cPKCs (PKCa, b,
and g) require calcium and diacylglycerol (DAG) for activation,
the novel nPKCs require only DAG, and the atypical PKCs do
not require either calcium or DAG. The classical and novel
PKCs have a conserved catalytic domain and regulatory domains
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whereas the atypical PKCs lack calcium binding and part of the
catalytic domain. All the PKCs have an N-terminal motif that
acts as an autoinhibitory domain that can be cleaved leading to
the formation of a persistently active kinase (PKM). The varia-
tion in domains and activation conditions of the different
PKCs are thought to be important for their function in synaptic
transmission and plasticity (Sun and Alkon, 2014).

Long-lasting changes in excitatory synaptic transmission,
including long-term potentiation (LTP) and long-term depres-
sion (LTD), are cellular hallmarks of learning and memory
(Malenka and Nicoll, 1999; Malinow et al., 2000; Man et al.,
2000; Xia et al., 2000; Sheng and Lee, 2001; Redondo and
Morris, 2011; Choquet and Triller, 2013; Huganir and Nicoll,
2013). Stable insertion or removal of the a-amino-3-hydroxy-
5-methylsisoazole-4-propionic acid receptor (AMPAR) into or
from postsynaptic sites (Hayashi et al, 2000; Chung et al,
2003; Park et al., 2004; Boehm et al., 2006; Hanus et al., 2014)
is considered to be the main molecular mechanisms behind
LTP and LTD. Synaptic plasticity combines calcium and protein
kinase signaling, implicating phosphorylation of residues in
AMPARs as key modulators of their insertion and removal at
postsynaptic sites (Roche et al., 1996; Lisman and Zhabotinsky,
2001; Passafaro et al., 2001; Lisman et al., 2002; Esteban et al,,
2003; Boehm et al., 2006; Lu et al., 2010; Sathler et al., 2021).
In particular, PKC phosphorylation of the highly conserved
GluA1l C-terminal tail is critical for hippocampal LTP (Boehm
et al,, 2006) and cerebellar LTD (Chung et al., 2003).

Although good molecular models for the activation and
downstream phosphorylation of the targets exist for the single
PKC isoforms, the models become unreliable when investigating
how the different isoforms contribute to different processes of
synaptic plasticity in vertebrate experimental models. For each
PKGC, there are several genes and splice forms that partially over-
lap and compensate for each other’s function (Sossin, 2007);
thus, direct synaptic and molecular observation of an individual
PKC family member is difficult in complex vertebrate brains.

The transparent genetic model Caenorhabditis elegans, with a
complete synaptic connectome and only four PKC genes and few
isoforms, offers the opportunity to better dissect the role of differ-
ent PKCs in excitatory synaptic function as well as short and
long-term memory. Excellent prior studies have contributed to
our understanding of the molecular function of PKCs (Sano
et al., 1995; Islas-Trejo et al., 1997) as well as attributing roles
of different PKC isoforms to certain behaviors (Okochi et al.,
2005; Kindt et al., 2007; Hyde et al, 2011; Land and Rubin,
2017). Thus, PKC-1 function is important for thermotaxis learn-
ing and memory and mechanosensory adaptation (Hyde et al.,
2011) and PKC-2 for thermotaxis as well as salt (NaCl) learning
and memory (Edwards et al., 2012; Land and Rubin, 2017; Hiroki
and Iino, 2022), and finally TPA-1 has been implicated in salt
chemotaxis learning (Hiroki and Iino, 2022). However, little is
known about the specific roles of pkc-1, 2, and 3 or tpa-1 in asso-
ciative olfactory short- and long-term learning and memory. In
C. elegans, AMPA (GLR-1 to GLR-4) and NMDA (NMR-1 and
NMR-2) subtypes of receptors are essential for learning and
memory (Rose et al., 2003; Kano et al., 2008b) and critical for
olfactory associative memory (Kano et al., 2008a; Stetak et al.,
2009; Vukojevic et al, 2012; Hadziselimovic et al., 2014).
Synaptic GLR-1 levels, insertion, and transport are regulated by
calcium signaling, CaMKII, and MAPK (Hoerndli et al., 2015b,
2022; Doser et al., 2020). However, the role of PKC in regulating
AMPAR trafficking in C. elegans has not been studied.
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Therefore, we first investigated the endogenous expression of
the different PKC genes using clustered regularly interspaced
short palindromic repeat (CRISPR)/Cas9-driven tagging fol-
lowed by analyzing the role of specific isoforms in olfactory
learning and memory. We found that the PKC-2 function is
essential for associative olfactory learning while the TPA-1 func-
tion is critical for short-term associative memory (STAM). In
addition, PKC-1 seems to be important only in olfaction in
AWA. Neither tpa-1 nor pkc-2 were required for long-term asso-
ciative olfactory memory. Second, we analyzed the synaptic
AMPA receptor levels and transport in tpa-I(lf) and pkc-2(If)
mutants, which show a decrease in transport and total synaptic
levels. Thus, our study defines the different roles of individual
PKCs in chemosensation and olfactory associative memory in
C. elegans and links their activity to GLR-1 receptor dynamics.

Materials and Methods

Strains. C. elegans strains were maintained on nematode growth media
(NGM) and fed with the E. coli strain OP50 at 20°C (Brenner, 2003). Strains
used in these experiments contained alleles presented in Table 1.

Generation of transgenic strains. Transgenic strains were created by
microinjection using egl-20p::nis::DsRed, sur-5p::dsRed, or myo-2p:
mCherry as injection markers. Fluorescent marker insertions using
SEC (self-excising cassette) CRISPR were performed as described
(Dickinson et al., 2015). The sgRNA corresponding sequence for pkc-2
(aattaaaaataatatgatca), pkc-3 (tgggactcgggggatggteg), or tpa-1 (cgacgactt-
cacgaacgaga) was fused into pDD162 vector using q5 in vitro mutagen-
esis kit (New England Biolabs).

CRISPR repair constructs were generated by inserting 500-800 bp
long, left and right homology arms of the target gene flanking the proto-
spacer adjacent motif site into Spel/AvrII sites of the pfW1584 vector.
The fluorescent protein insertion for both pkc-2 and tpa-1 was on the
C-terminal end prior to the stop codon. Following insertion, the SEC cas-
settes were eliminated using a heat shock as described (Dickinson et al.,
2015), and worms were twice backcrossed to the N2 strain. For the AVA

Table 1. List of genetic alleles, the corresponding gene, the effect of the mutation,
and reported functional change along with original references mentioning the
allele

Gene  Allele  Mutation Functional change References
glr-1 ky176  Premature stop Truncated, Maricq et al. (1995)
unfunctional
receptor
pkc-1  nj3 W218 stop Premature stop WormBase, Okochi et al.
(2005)
pke-1 - 0k563 1.6 kbp deletion Premature stop WormBase, Hyde et al.,
(2011)
pkc-2 0k238 2.3 kbp deletion with ~ Premature stop Kim and Horvitz (1990)
insertion of ttttcag and Islas-Trejo et al.
(1997)
pkc-2  utr58  YPET:AID:FLAG (-terminal tag in This study
insertion isoforms b, ¢, and
f
pke-3 utr59  YPET:AID:FLAG (-terminal tag This study
insertion
tpa-1 k507  Substitution P544/4075 Tabuse et al. (1989) and
Ziegler et al. (2009)
tpa-1  utr71  YPET:AID:FLAG (-terminal tag This study

insertion

akls201 V, rig-3p::SEP::mCherry::glr-1;csfEx21, flp-18p::PK(2b::3 UTR 1et858 + egl-20p::nls::DsRed;csfEx;,
pke-1(nj1), utrEx70[odr-10p::pkc-1 wt; sur-5p::dsRed; myo-2p::mCherry], pkc-2(ok328), utrEx46[WRM0639dD11;
sur-5dsRed], pke-2(0k328), utrEx131{rig-3p::pkc-2b-+;myo-2p::mCherry], tpa-1(k501), utrEx133([rig-3p::tpa-1+;
myo-2p::mCherry].
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expression constructs, pkc-2 or tpa-1 cDNA and the 3'UTR of the genes
were fused to a 7.7 kb long rig-3 promoter using NEBuilder HiFi DNA
assembly master mix (New England Biolabs). For pkc-1 rescue in
AWA, the 1.2 kb odr-10 promoter was fused to the 4.6 kb genomic region
containing the PKC-1 gene.

Confocal microscopy. The gene expression patterns were recorded
with a Zeiss LSM 880 confocal microscope using 514 nm (YPET) and
633 nm (DiD) excitation lasers with a 25x/0.8 oil or a 63x/1.4 objective.
DiD (DiIC18(5); 1,1’-dioctadecyl-3,3,3',3-tetramethylindodicarbocya-
nine,4-chlorobenzenesulfonate salt) is a lipophilic carbocyanine dye sim-
ilar to Dil but with longer absorption and emission wavelengths). Tilled
Z-stacked images were processed and merged using Zeiss Zen (edition
black). Imaging was also carried out on a spinning disc confocal micro-
scope (Olympus IX83) equipped with 488 and 561 nm excitation lasers
(Andor ILE Laser Combiner). Images were captured using an Andor
iXon Ultra EMCCD camera through either a 10x/0.40 or a 100x/1.40
oil objective (Olympus). Devices were controlled remotely for image
acquisition using MetaMorph 7.10.1 (Molecular Devices).

Transport imaging and analysis. All transport imaging was con-
ducted on strains containing akIs201 in the glr-1 null background
(ky176). One-day-old hermaphrodite adults from these strains were
mounted on a 10% agarose pad with 1.6 ul of a mixture containing equal
measures of polystyrene beads (Polybead, Polysciences) and 30 mM
muscimol (MP Biomedicals). The worm was positioned so that the
AVA interneurons were in close proximity to the coverslip through
which the AVA neurites would be imaged. Once the AVAs were located
using the 100x objective and a 561 nm excitation laser, a proximal sec-
tion of the AVA immediately after the second chiasma of AVAR and
AVAL was photobleached using a 0.5 W output and a 1 s pulse time
of 3 W, 488 nm coherent solid-state laser (Genesis MX MTM). The
photobleaching laser was targeted to a defined portion of AVA using a
Mosaic II digital mirror device (Andor Mosaic 3) controlled through
MetaMorph. Immediately following photobleaching, a 500-frame image
stream was collected in a single z-plane with the 561 nm excitation laser
with a 100 ms exposure time. Kymographs were generated using the
kymograph tool in MetaMorph with a 20-pixel line width as previously
reported (Hoerndli et al., 2013). Transport quantification, stops, and
velocities were analyzed using the Image] plugin KymoAnalyzer
(Neumann et al., 2017).

Fluorescence recovery after photobleaching FRAP. Strains containing
akIs201 were mounted for imaging as described above. For photobleach-
ing and image acquisition, a proximal section of the AVA ~80 um imme-
diately after the second chiasma of AVAR and AVAL was localized. This
imaging position was memorized and recorded using MetaMorph’s stage
position memory function. Then, an image stack was acquired using the
561 nm and then the 488 nm excitation laser (500 ms exposure) around
the AVA process (20 images were taken every 0.25 pm starting 2.5 pm
below to 2.5 um above the process). A ~80 pm proximal and distal sec-
tion of the AVA flanking the imaging region was then photobleached
using a 3 W, 488 nm coherent solid-state laser (Genesis MX MTM) set
to 0.5 W output and a 1 s pulse time. Immediately following using the
recorded stage position, the imaging region was photobleaching using
the same condition, and after photobleaching, two image stacks (with
561 nm and then 488 nm excitation) were acquired for the 0 min time
point. This was repeated at 2, 4, 8, and 16 min following the photobleach-
ing of the imaging region. Image stacks from all time points were con-
verted to maximum projections using MetaMorph’s stack arithmetic
function. The average fluorescence in the imaging region at each time
point was analyzed using the region measurement tool in Image]
1.51s (Java 1.8). The background fluorescence (i.e., outside of the
AVA) from each maximum projection was then subtracted from the
average fluorescence of the imaging region. The resulting fluorescence
from the maximum projections 0 min following photobleaching was
subtracted from the fluorescence values of all subsequent time points.
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These values were then compared with those from images taken before
photobleaching to determine the percent of signal recovery for each
channel within the imaging region.

Behavioral assays. Chemotaxis of the different mutant worms was
tested using 1% or 0.1% benzaldehyde (benzald.), isoamyl alcohol
(IAA), or diacetyl (DA) as described previously (Bargmann et al,
1993). Briefly, 50-200 1-d-old hermaphrodite worms were placed in
the center of a 10 cm chemotaxis plate (CTX) [5mM KH,PO,/
K,HPO, (pH 6.0), 1 mM CaCl,, 1 mM MgSOy,, 2% agar] with 1 pl of
10% sodium azide and either odorant in EtOH or EtOH alone on each
side of the plate. Worms were allowed to move freely for 1 h at room
temperature, and the chemotaxis index was defined as follows: CI=
(number of animals attractant — number of animals EtOH)/total number
of animals) as described (Bargmann et al., 1993).

Worm motility rates upon different treatments were tested as
described (Sawin et al., 2000; Mohri et al., 2005). Briefly, worms were
grown under uncrowded conditions with or without food on CTX plates
for 1 h. Individual worms were then transferred onto fresh 6 cm assay
plates seeded with OP50 bacteria, and then 2 min after transfer, the num-
ber of body bends of the animals from each strain was counted for 1 min.

For spontaneous reversals, worms were transferred on fresh NGM
plates seeded with OP50 and allowed to recover for 2 min, and sponta-
neous reversals were monitored for 5 min under a dissecting microscope.

The nose touch assay was performed as described in Kaplan and
Horvitz (Kaplan and Horvitz, 1993), using well-fed young adult worms
tested by placing an eyelash in front of a moving worm allowing sponta-
neous collision of the animal to the eyelash.

Short-term and long-term associative memory (STAM and LTAM,
respectively). Assays were conducted as described previously
(Hadziselimovic et al., 2014). Briefly, animals were synchronized using
the egg preparation method (Stiernagle, 2006) and then grown on
10 cm NGM plates on OP50. After collecting 1-d-old hermaphrodite
adult animals and washing them three times in CTX buffer, animals
were subjected to different treatment conditions corresponding to either
naive, 1x conditioning, STAM, 2x conditioning, or LTAM, as described
below. For all conditions, the chemotaxis of the animals after treatment
was tested the following way: 50-200 worms were placed in the center of
10 cm chemotaxis plates [CTX 5 mM KH,PO,/K,HPO, (pH 6.0), 1 mM
CaCl,, 1 mM MgSO,, 2% agar] with 1 pl of 10% sodium azide and either
0.1% DA in EtOH or EtOH alone on each side of the plate. After 1 h at
room temperature with closed lids, animals immobilized at the 0.1% DA,
at the EtOH, and outside of the spots were counted. The chemotaxis
index was calculated as follows: CI = (number of animals at 0.1%DA —
number of animals at EtOH)/total number of animals) as described
(Bargmann et al,, 1993). Counting of animals on the plates was done
blind to genotype. The chemotaxis assay was conducted in triplicate
for each genotype for each condition and repeated a minimum of three
times. Data from all chemotaxis assays for each condition and genotype
were combined to generate the average CI per genotype and condition.
For STAM, 50-200 worms were conditioned for 1 h without food in
the presence of 2 ul DA on the top of the lid of a 10 cm CTX plate.
Animals were then either tested immediately (1x conditioning) or left
for 1 h on NGM with OP50 and tested for STAM (1 h memory). For
LTAM, the 1 h conditioning was repeated twice with a 30 min interval
in between conditioning sessions where worms were able to roam on
plates with food. After the second conditioning, worms were either tested
immediately for chemotaxis (conditioned) or put on NGM plates with
OP50 for 24 h before LTAM was tested (24 h memory). For PMA treat-
ment, worms prior to conditioning were incubated for 15 min in M9 sup-
plemented with the given concentration of PMA dissolved in DMSO.
The DMSO concentration was set to 0.5% for all conditions. In addition
to the preincubation step, PMA was applied in all washing steps during
the conditioning procedure.

Image presentation and data analysis. All images were acquired
under nonsaturating conditions. Quantification of GLR-1 transport,
FRAP, and calcium imaging is described in the appropriate sections
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above. Representative images shown were chosen and processed fol-
lowing analysis only to the extent necessary to appreciate the corre-
sponding quantifications. Image processing Red, Green and Blue
(RGB) colors, cropping, adjustment of brightness, and contrast) was
performed in Photoshop (21.1.1). For FRAP images, the mCherry sig-
nal of SEP::mCherry::GLR-1 is shown in magenta for colorblind vision.
This was achieved in Photoshop by duplicating the 561 nm information
to create the red and blue channels of the RGB image which was then
merged to create the magenta image as published previously
(Hoerndli et al., 2013). All images in each panel were identically
processed.

Experimental design and statistical analyses. All experiments were
performed using 1-d-old adult hermaphrodite C. elegans animals as
determined by a single row of eggs and picking as precisely identifiable
L4 stage larvae 24 h before imaging and behavior experiments. All
mutant strains were backcrossed with N2 wild-type animals at least
two times. All imaging reagents such as SEP:mCherry:GLR-1 and
GCAMP6f were crossed into strains carrying genetic mutations in the
same manner, verifying the presence of the knock-out gir-1 allele
ky176 and genetic mutations using PCR genotyping on at least two gen-
erations. Primer sequences are available on request.

For statistical analysis, all datasets were screened for outliers using a
Thompson tau test. For datasets including only two experimental
groups, statistical significance was tested using a two-tailed Student’s
t test. For datasets comparing more than two experimental groups, a
one-way Brown-Forsythe ANOVA with a Dunnett’s correction for
multiple comparisons was used, and if the datasets were not distributed
in a Gaussian manner, a one-way ANOVA with Kruskal-Wallis test
and Dunn’s correction was used. FRAP differences between groups
were determined using an extra-sum-of-squares F statistic testing the
hypothesis of one fit for both control and mutant. Behavioral assays
were analyzed using mixed model two-way ANOVA with
Bonferroni’s correction for multiple testing. All statistical analyses
were performed using Prism software (versions 8 and 9). In all cases,
post hoc tests were performed and were reported only if the initial F
test was significant. The details of every statistical test, for each panel
of every figure, are reported in Table 2.

Results

In vertebrates, the PKC family is encoded by nine genes
(Callender and Newton, 2017) while the C. elegans genome con-
tains only four vertebrate homologs (pkc-1, pkc-2, pke-3, and
tpa-1; Tabuse, 2002). A homology analysis using Clustal
Omega shows that pkc-2 is more closely related to the classical
PKC isozymes (Fig. 1A), whereas pkc-1 and tpa-1 belong to the
novel PKC isozymes, and pkc-3 is related to the atypical PKC iso-
zyme group (Fig. 1A). pkc-1 expression has been reported previ-
ously, including in command interneurons, and rescue
experiments have shown pkc-1 to be important for mechanosen-
sory transduction and neuropeptide release (Okochi et al., 2005;
Kindt et al., 2007; Hyde et al., 2011; Jia and Sieburth, 2021). pkc-2,
tpa-1, and pkc-3 expression, however, has not been documented
in adult worms, so first we performed endogenous
CRISPR-mediated YPET tagging of these three genes to observe
their expression pattern in the nervous system of C. elegans
(Fig. 1B-D, Materials and Methods Table 1). PKC-2b expression
was observed in many head and tail neurons including command
interneurons (RME, RMDV, AVA, ADF, AVE, AVD, AVB,
AVH, ASG, ASE, AWA, PVC, PVQ, PVW, LUA, and PLN).
PKC-3 was not detectably expressed in any neurons (Fig. 1B),
and TPA-1 was exclusively expressed in neurons of the head
(Fig. 1D; RME, SMDV, AVA, ADF, AVE, AWA, AWB, and
AUA), which include the command interneurons and thus
mostly overlapped in expression with PKC-2 (AVA, AVE, and
AVB neurons).
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Interestingly, previous studies (Hoerndli et al., 2009; Stetak et
al., 2009) have documented that some of the PKC-expressing
interneurons (in particular, AVA, AVE, AVD, and AVB) are
important for short- and long-term olfactory associative learning
and memory in C. elegans suggesting that besides chemosensa-
tion, the different PKCs could play various roles in learning
and memory. Previously, PKC-1 was shown to play a role in
olfaction mediated by the AWA and AWC sensory neurons in
addition to its well-defined role in thermotaxis (Okochi et al.,
2005). To test the putative role of PKC-1 in learning or memory,
we analyzed the effect of PKC-1 loss in worms rescued with
PKC-1 expression in AWA-mediated olfaction using the
odr-10 promoter-driven pkc-1 gene. We tested pkc-1(If);
Ex[odr-10p::pkc-1+] for their STAM to DA, comparing naive,
1 h DA starved conditioned (cond.) and animals conditioned
but left to rest on food for one hour (1h delay; Fig. 24).
Expression of PKC-1 in sensory neurons led to normal chemo-
taxis to 0.1% DA with no apparent defect in either learning or
STAM (Fig. 2A). Previous findings have shown that PKC-1 is
necessary for command interneurons for nose touch reversal
but did not affect GLR-1 levels (Hyde et al., 2011). We have found
in the past that steady-state GLR-1::GFP levels are difficult to
interpret and that observing the transport of GLR-1 in AVA
sometimes reveals additional aspects of signaling mechanisms
(Hoerndli et al., 2013, 2015a). Thus, we tested whether loss of
PKC-1 affected GLR-1 transport in AVA, using photobleaching
of GLR-1:GFP in AVA (Fig. 2B, Materials and Methods) but
saw no significant difference with control (Fig. 2C,D).

Next, we assessed the chemotaxis sensory abilities of pkc-2(If)
and tpa-1(lf) mutant animals. Neither pkc-2(If) nor tpa-1(if)
mutants showed any defects in chemotaxis to benzaldehyde,
IAA, or DA compared with wild-type control (Fig. 3A,B).
Besides testing the olfaction, we also investigated whether
loss-of-function mutations of pkc-2 or tpa-1 affect animal beha-
vior such as body bends on or off food and their ability to adapt
without food (Fig. 3C,D). Both pkc-2(If) and tpa-1(If) mutants
moved at the same speed as controls on or off food and adapted
to longer food deprivation.

We then analyzed pkc-2(If) animals for their STAM to DA,
comparing naive, 1 h DA starved conditioned (cond.) and ani-
mals conditioned but left to rest on food for 1 h (1 h delay;
Fig. 4A). Our analysis revealed that pkc-2(If) mutants showed a
defect in aversive associative learning (red box plots) compared
with controls (gray box plots), and defect in short-term memory
compared with wild-type control animals. Given the strong
learning defect observed in 4A for pkc-2(lf), it is possible that
the memory defect is a result of defective learning rather than
a memory defect. This phenotype was dependent on the expres-
sion of PKC-2b in AVA as the expression of PKC-2b using the
rig-3p promoter rescued both learning and memory defects of
pke-2(If) mutants (Fig. 4A, blue box plots). Indeed, overexpres-
sion of PKC-2b in AVA led to a statistically significant, slightly
better associative learning and memory compared with wild-type
controls (see Table 2 for details). In comparison, tpa-1(if)
mutants did not show a defect in learning compared with con-
trols (Fig. 4B, gray and red box plots) while tpa-1(If) showed a
sizeable defect memory compared with controls, which was res-
cued by expression of TPA-1 under the rig-3p promoter (Fig. 4B,
blue box plots). These experiments suggest that whereas pkc-2 is
important for associative learning, tpa-1I is important for short-
term memory, both requiring expression in AVA for function.
To determine whether pkc-2 and fpa-1 can complement each
other in associative learning and memory, we also analyzed
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Table 2. Summary of all statistical tests performed
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Dataset Model Condition tested Levels Test result df p-value
Figure 24 ANQVA® Genotype Wild type, pkc-1(If):Ex[odr-10:pkc1+] F=739 1/87 0.0079
ANOVA? Treatment Naive, cond., 1 h delay F=156.35 2|87 <1E-15
ANOVA® Genotype::treatment F=1.884 2|87 0.158
Figure 2D Two-tailed ¢ test Genotype Wild type, pkc-1(If) t=0.3998 12 0.6963
Figure 34 ANOVA F=38.497 11[81 <1E-15
Figure 38 ANOVA® F=10.612 1196 1.693E—12
Figure 3¢ ANOVA® Genotype Wild type, pkc-2() F=15721 119 0.21236
ANQVA® Treatment Fed/food, fed/empty, starved/food F=261.345 2119 <1E-15
Figure 30 ANOVA® Genotype Wild type, tpa-1(If) F=0.2157 1113 0.64323
ANOVA? Treatment Fed/food, fed/empty, starved/food F=135.351 2113 <1E—15
Figure 44 ANOVA® Treatment Naive, cond., 1 h delay F=662.8892 2|99 <1E-15
ANOVA? Genotype Wild type, pkc-2(If), pkc-2(If);Exrig-3P:: F=67.4533 2|99 <1E-15
pke-2+]
ANQVA® Treatment::genotype F=16.6336 499 9.0049E—05
Figure 48 ANQVA® Treatment Naive, cond, 1 h delay F=28322073 2/98 <1E-15
ANOVA® Genotype Wild type, tpa-1(1f), tpa-1(If);Ex[rig-3P:: F=16.2933 2/98 7.7809E—07
tpa-1+]
ANOVA® Treatment::genotype F=11.4409 498 1.1624E—07
Figure 4C ANOVA® Treatment Naive, cond., 1 h delay F=1,034.7553 2|130 <1E-15
ANQVA® Genotype Wild type, toa—1(If), pkc-2(If), tpa-1(If); F=42.1245 3]130 <1E-15
pke-2(1f)
ANOVA® Treatment::genotype F=8.0675 6[130 2.0498E—07
Figure 4D ANOVA® Treatment Naive, cond, 24 h delay F=243.2827 2|97 <1E-15
ANOVA® Genotype Wild type, pkc-2(If) F=43385 1|97 0.03989
ANOVA® Treatment::genotype F=0.2521 2/97 0.77666
Figure 4F ANQVA® Treatment Naive, cond., 24 h delay F=326.904 2|92 <1E-15
ANOVA® Genotype Wild type, tpa-1(If) F=1.2902 1)92 0.25896
ANOVA® Treatment::genotype F=0.7107 2|92 0.49396
Figure 4F ANOVA® Treatment Naive, cond., 24 h delay F=1577.2622 2|63 <1E-15
ANQVA® Genotype Wild type, pkc-2(if);tpa-1(If) F=0.1851 1/63 0.66846
ANOVA® Treatment::genotype F=24587 2|63 0.093723
Figure 54 ANOVA? Treatment None, 0.001 pg/ml PMA, 0.01 pg/ml F=8.279 2119 2.0736E—06
PMA, 0.1 pg/ml PMA, 1 pg/ml PMA
ANQVA® Genotype Naive, cond. F=24479 1119 <1E-15
ANQVA® Treatment::genotype F=5.96 2119 1.688E—07
Figure 58 ANOVA® Treatment None, 0.001 pg/ml PMA, 0.01 pg/ml F=2.25287 468 0.016788
PMA, 0.1 pg/ml PMA, 1 pg/ml PMA
ANQVA® Genotype Naive, cond. F=3721359 1/68 <1E-15
ANQVA® Treatment::genotype F=2.18363 468 0.080013
Figure 5C ANOVA® Treatment None, 0.001 pg/ml PMA, 0.01 pg/ml F=5.49726 4124 0.00041567
PMA, 0.1 pg/ml PMA, 1 pg/ml PMA
ANOVA® Genotype Naive, cond. F=728.77 1124 <1E-15
ANOVA® Treatment::genotype F=6.1731 4124 0.00014561
Figure 5D ANOVA® F=85913 5|66 <1E-15
Figure 5F ANOVA? Treatment Naive, conditioned, 1 h delay + none, 1 h F=123.6468 5105 0.00000408
delay + 0.07 pg/ml PMA, 1 h delay +
0.1 pg/ml PMA, 1 h delay + 1 pg/ml
PMA
ANOVA® Genotype Wild type, pkc-2(1f) F=68.3975 1105 <1E-15
ANQVA® Treatment::genotype F=3.78 5105 0.0034572
Figure 5F ANQVA® Treatment Naive, conditioned, 1 h delay + none, 1 h F=5.49726 6[159 0.000126
delay + 0.001 pg/ml PMA, 1 h delay
+0.01 pg/ml PMA, 1 h delay +
0.1 pg/ml PMA, 1 h delay + 1 pg/ml
PMA
ANQVA® Genotype Wild type, tpa-1(If) F=728.77 11159 <1E-15
ANQVA® Treatment::genotype F=6.1731 6159 0.0001055
Figure 5G ANOVA? Treatment Naive, conditioned, 1 h delay + none, 1 h F=146.2974 4110 <1E-15
delay + 0.1 pg/ml PMA, 1 h delay +
1 pg/ml PMA
ANOVA® Genotype Wild type, pkc-2(1);tpa-1(1f) F=103.93275 1110 <1E-15
ANOVA® Treatment::genotype F=12.36205 4110 2.4499E—08
Figure 6C Kruskal-Wallis test H=13.25 6127 0.0211
Figure 6D ANOVA F=4236 5121 0.0014
Figure 6F Fisher's exact test Genotype Wild type, pkc-1(If) 0.02355

(Table continues.)
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Table 2. Continued
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Dataset Model Condition tested Levels Test result df p-value
Figure 6F Two-tailed t test Genotype Wild type, pkc-1(If) t=7.62793 9 0.00000149
Figure 7C Kruskal-Wallis test H=3556 6[108 <0.0001
Figure 7D Extra-sum of squares One curve fits both Control versus pkc-2(If) F=4934 15 <0.0001
Extra-sum of squares One curve fits both Control versus tpa-1(If) F=2.549 15 0.074
Extra-sum of squares One curve fits both Control versus pkc-2(If);tpa-1(If) F=5.671 15 0.0034
Figure 7E Kruskal-Wallis test H=39.87 416,512 <0.0001
Figure 8¢ Extra-sum of squares One curve fits both Control versus pkc-2(If) F=10.2575 3|9 0.8558
Extra-sum of squares One curve fits both Control versus tpa-1(If) F=3.065 2|88 0.0517
Extra-sum of squares One curve fits both Control versus pkc-2(If);tpa-1(1f) F=5742 2[91 0.0045
Figure 8D Extra-sum of squares One curve fits both Control versus pkc-2(If) F=10.4809 2|98 0.6197
Extra-sum of squares One curve fits both Control versus tpa-1(If) F=17.769 2|92 0.0008
Extra-sum of squares One curve fits both Control versus pkc-2(If);tpa-1(1f) F=3.899 2|89 0.0238

Figure panels to which the dataset corresponds to the statistical model used, conditions tested and levels to which the test was applied to, test statistic, degrees of freedom (df), and uncorrected exact p-values.

“Two-way ANOVA.
®One-way ANOVA.
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Figure 1.  Conservation and expression of different PKC isoforms in C. elegans. A, Clustal Omega analysis of the similarities between vertebrate PKC and C. elegans PKC gene families.
B, Low-magpnification whole-animal representative images of the lipophilic fluorescent dye DiD (similar to Dil; see Materials and Methods for details) and YPET expression using YPET knock-in
pkc-2, tpa-1, and pkc-3. Scale bar = 50 pm. The arrowheads point to the DiD staining, and the arrows point to the YPET signal in the head, tail, or gut. C, D, Higher-magnification images of
images of DiD (similar to DiL; see Materials and Methods for details) and PKC-2 and TPA-1::YPET expression. Scale bars = 10 pm ((, left panel, and D) or 50 um (C, middle panel). The arrowheads
point to the AVA cells in the worm head region, the arrows point to the spermatheca, and the arrowhead on the differential interference contrast image points to the vulva position.

how pke-2(If);tpa-1(If) double mutants would perform during the
DA associative learning and memory (Fig. 4C). The single
tpa-1(lf) mutants (yellow box plot) did not exhibit a learning
defect but both the pkc-2(lf) and the pkc-2(If);tpa-1(If) did (red
and blue box plots) compared with controls (gray box plots).
However, the learning defect for pkc-2(If);tpa-1(If) was not worse

than pkc-2 alone). Furthermore, pkc-2(lf) and tpa-1(If) single
mutants both showed a defect in short-term memory, and the
pke-2(If);tpa-1(lf) was not different from the single mutants.
These experiments suggest that although pkc-2 and tpa-1 regulate
different stages of short-term associative learning and memory,
they both likely act in the same signaling pathway since their
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Figure 2.  pkc-1(If) does not affect STAM nor GLR-1 transport. A, Attraction of C. elegans animals to 0.1% DA, as naive untrained animals, after 1 h of starvation conditioning in the presence of
pure DA, and 1 h after conditioning (STAM), in controls and pkc-1(f) expressing a wild-type copy of PKC-1 under the odr-70p promoter. (Fyg7) = 1.884, p =0.158). B, Diagram of the procedure
used to record GFP-tagged GLR-1 transport events in the AVA and generate a kymograph. The proximal region of AVAR and AVAL after the second chiasma is imaged with a 20-25-pum-long
stretch photobleached using 1 s of 0.5 W, 488 nm solid-state laser. A total of 500 frames at 10 frames per second (fps) are recorded and then transformed into a kymograph using the kymograph
function of MetaMorph (see Materials and Methods for details). C, Representative kymographs of GFP-tagged GLR-1 transport in control and pkc-1(If) animals. D, Quantification of the total
number of transport events in all 50 s kymographs normalized to daily controls. N =10 animals per condition, unpaired two-tailed t test (f19)=0.3998, p = 0.6963), NS = not significant. The

error bars are SEM. See Table 2 for statistical details.

effects on learning or memory are not additive. Based on the
genetic epistasis test, pkc-2 probably acts upstream of tpa-1. To
further investigate the role of pkc-2 and tpa-1 in associative learn-
ing and memory, we also tested long-term memory as described
previously (Vukojevic et al., 2012). Briefly, animals were condi-
tioned twice for 1 h with a 30 min rest on food in between and
then transferred to plates with food for 24 h before testing their
attraction to 0.1% DA (Fig. 4D,E). In this assay, neither pkc-2(If)
nor tpa-1(lf) single mutants (red box plots) showed a learning or
memory defect compared with controls (gray box plots). This
analysis thus indicates that pkc-2 and tpa-1 are important for
short- but not long-term associative learning and memory.
Additional analyses confirmed that pkc-2(If);tpa-1(lf) double
mutants (magenta box plots) also did not show defects in long-
term learning or memory (Fig. 4F).

Interestingly, the PKC isoforms that demonstrated an impact
on short-term associative learning belong to the conventional
and novel PKC isozymes, which depend on DAG for activation
and have been shown to be activated by PMA treatment
(Leach and Blumberg, 1985). Therefore, we speculated that
some of the observed effects may be redundant between the
PMA-sensitive PKC isoforms. Thus, hyperactivation of the
remaining isoform with PMA may compensate for the loss of
the other isoform. To test this hypothesis, we treated wild-type,
pke-2(If),tpa-1(If) single or pkc-2(If);tpa-1(If) double mutant
worms in M9 with 0.5% DMSO alone or with various concentra-
tions of PMA for 15 min prior to conditioning or immediately
after conditioning (Fig. 5A-D). The short-term learning and
memory performance was tested after PMA treatment as indi-
cated (Fig. 5E-G). PMA treatment in wild-type animals prior
to training strongly interfered with learning (Fig. 5A) and

PMA treatment following training also impaired memory
(Fig. 5E-G). These results suggest that not only loss of the PKC
activity but also overactivation of the phorbol ester-sensitive
PKCs impairs learning and memory. Therefore, the precise
amount or timing of PKC activity is likely required for proper
learning and memory formation. In contrast to the wild-type,
pkc-2(If) learning was not affected by PMA treatment, and the
original pkc-2(lf) defect was not rescued by PMA (Fig. 5B). In
addition, PMA treatment of the pkc-2(If) mutant worms after
conditioning did not affect memory (Fig. 5D). PMA treatment
of the tpa-1(If) mutant animals strongly impaired learning, while
we observed no effect on memory compared with DMSO treat-
ment (Fig. 5C,F). Interestingly, tpa-1(If) mutant worms seem to
be less sensitive to PMA and the learning defect can be observed
only at higher concentrations. This finding further supports the
idea that a tight control of PKC activity is needed for learning
and strong hyperactivation of the general kinase activity beyond
a threshold leads to learning impairment. In the absence of
TPA-1, hyperactivation of PKC-2 requires higher PMA concen-
tration as in wild-type animals where both PKC isoforms are pre-
sent. On the other hand, PMA treatment prior training of
pke-2(If);tpa-1(lf) double mutant animals had no additional
effect on learning suggesting that PKC-2 is the dominant isoform
responsible for short-term learning. In addition, pkc-2(If);
tpa-1(If) double mutants behaved similarly to pkc-2(If), and we
have not detected any additive phenotype in the double mutant
worms (Fig. 5G). Altogether, these results further support the
idea that PKC-2 acts upstream of TPA-1 in associative short-
term memory. In line with our hypothesis, they also show that
overactivation of the PMA-sensitive PKCs (likely PKC-2) in
the absence of TPA-1 has a major effect on learning but is not
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tpa-1(If) and pkc-2(If) mutants do not have obvious olfactory or motor deficiencies. A, B, Attraction of naive C. elegans animals to different concentrations of benzaldehyde

(benzald.), IAA, or DA was tested (see Materials and Methods for details) in wild-type, (A) pkc-2(I), or (B) tpa-1(If) animals. The ANOVA F tests for panels A (thm =38497, p< 1E75)
and B (Fqj96) =0.10612, p="1.693E"") showed significant differences in sample means, but the post hoc testing showed no difference between mutant and corresponding control.
NS = not significant. D, E, Motility of wild-type, (€) pkc-2(If), or (D) tpa-1(If) well-fed (fed) or starved (starved) young adult animals was tested on empty NGM plates (without food)
or on OP50 bacteria (food). Locomotor behavior and response to starvation were assessed by counting body bends for T min. N=10. The ANOVA F tests for panels C (Fiu1q =1.5721,
p=0.2136) and D (Fiyj113)=0.2157, p=0.6432) were not significant. See Table 2 for statistical details.

crucial for memory. Altogether, this set of experiments further
supports our initial findings demonstrating that PKC-2 is pre-
dominantly regulating learning while TPA-1 is more involved
in short-term memory maintenance.

Associative olfactory learning to DA in C. elegans requires the
expression of the glutamate receptor subunit GLR-1 in the AVA
command interneurons (Stetak et al., 2009; Hadziselimovic et al.,
2014). GLR-1 is the closest homolog to vertebrate GluA1l and is
mostly functional as GLR-1/2 hetero-tetramers like GluA1/2 in
vertebrates (Hart et al., 1995; Maricq et al., 1995; Mellem et al.,
2002). In addition, it is well known that one of the primary targets
of PKC phosphorylation during LTP and LTD in vertebrate hip-
pocampal neurons is GluAl, leading to either increased or
decreased expression of synaptic surface GluA1l (Sossin, 2007).
To determine if pkc-2 and tpa-1 play a similar role in C. elegans
GLR-1 surface expression, we generated single and double
mutants of the loss-of-function alleles to observe their effect on
synaptic SEP:mCherry:GLR-1 levels (Hoerndli et al., 2013,
2015b) in a complete loss-of-function gir-1(ky176) genetic back-
ground. The superecliptic pHluorin (SEP) fluorescence enables

the quantification of synaptic surface GLR-1 receptors since
the pH-sensitive SEP signal is quenched in acidic endosomes,
and the mCherry fluorescence quantifies the total number of
receptors at synapses (Hoerndli et al., 2013, 2015b; Doser et al.,
2020; Luth et al.,, 2021). As previously described, we monitored
the synaptic GLR-1 signal in the proximal region of AVA
(Fig. 6) and quantified the SEP and mCherry signal at punctae
in maximum projections containing stacks of 21 confocal images
(see Materials and Methods section). Neither pkc-2(If), nor
tpa-1(If), nor the double mutants showed a significant decrease
in synaptic surface GLR-1(Fig. 6B,C). However, both single
mutants demonstrated a significant decrease in the total number
of GLR-1 receptors at synapses (Fig. 6B,D), with PKC-2b but not
TPA-1 expression in AVA using the flp-18p promoter as previ-
ously described (Hoerndli et al., 2013) rescuing these defects.
Interestingly, PKC-2 overexpression in AVA alone led to a
very high level of SEP signal suggesting an increase beyond con-
trol of synaptic surface GLR-1 (1.7 £ SEM compared with 1.0 +
SEM for controls). These results suggest that loss of pkc-2 or
tpa-1 leads to a decreased total pool of synaptic GLR-1 receptors
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Figure 4.

PKC-2 and TPA-1 have differential roles in associative learning and memory in C. elegans. A-C, Attraction of C. elegans animals to 0.1% DA, as naive untrained animals, after 1 h of

starvation conditioning in the presence of pure DA, and 1 h after conditioning (STAM), in various mutants and cell-specific rescues. Statistics were obtained using a two-way ANOVA with
Bonferroni’s correction comparing all samples in the same treatment condition. See Table 2 for details. D—F, Attraction of C. elegans animals to 0.1% DA, before conditioning, after conditioning
for long-term associative memory, and 24 h after conditioning (see Materials and Methods for details). Statistical comparisons between samples were done using a two-way ANOVA, showing no
significant differences between samples in the same conditions on panels D (Fiyjg7) = 0.25211, p=0.77666), E (Fy0 = 0.71073, p=0.49396), and F (Fye3) = 2.45865, p =0.093723). See

Table 2 for statistical details.

but not a significant change in the number of receptors at the cell
surface. Changes in the total endosomal levels of GLR-1 have
been previously associated with decreased responsiveness of
AVA to sensory input such as nose touch (Maricq et al., 1995)
or in spontaneous reversal frequency of animals (Brockie et al.,
2001; Juo et al., 2007). Thus, we tested whether the decrease in
total GLR-1 we observed in pkc-2(If) resulted in more than a
deficit in associative learning. Figure 6, E and F, shows that
pkec-2(lf) mutants had decreased responsiveness to nose touch
as well as a significant decrease in spontaneous reversal com-
pared with wild-type controls. These results further support a
necessary role for PKC-2 regulation of GLR-1 function in AVA.

Previous studies have shown that the total number of synaptic
receptors at synapses is dependent on the delivery of these GLR-1
receptors from long-distance transport (Hoerndli et al., 2013). To
determine if pkc-2 and tpa-1 are necessary for long-distance
GLR-1 transport, we combined photobleaching and continuous
imaging of mCherry GLR-1 as described previously (Fig. 7A;
Doser et al., 2020). This approach revealed that both pkc-2(If)
and tpa-1(If) mutants had decreased GLR-1 transport compared
with controls and the double pkc-2;tpa-1 mutants were not differ-
ent from the single mutants (Fig. 7B,C). Furthermore, the trans-
port defect observed in the single mutants could be rescued by
postsynaptic AVA-specific expression of PKC-2 and TPA-1.
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Figure 5.  External activation of PKCs with the phorbol ester PMA does not rescue memory association. A—D, The effect of PMA on associative learning was tested by measuring the attraction

of PMA pretreated (15 min prior conditioning) (4) wild-type, (B) pkc-2(If), (C) tpa-1(If) single, or (D) pkc-2(If);tpa-1(If) double mutant worms to 0.1% DA, as untrained animals (naive) and
following 1 h of starvation conditioning in the presence of pure DA (cond.). Statistics were obtained using a two-way ANOVA with Bonferroni’s correction comparing all samples in the same
treatment condition. E-G, The effect of PMA on associative memory was tested by measuring attraction of (E) pkc-2(If), (F) tpa-1(If) mutant, or (G) pkc-2(If);tpa-1(If) double mutant C. elegans
animals to 0.1% DA, before conditioning (naive), directly after conditioning (cond) or 1 h after conditioning (1 h delay). Specifically, the effect of PMA treatment on memory was tested by
soaking the worms in vehicle or different concentrations of PMA as indicated for 15 min directly following the 1 h of starvation conditioning in the presence of pure DA (see Materials and
Methods for details). Statistical comparisons between samples were performed using a two-way ANOVA with post hoc ¢ test with Bonferroni’s correction. See Table 2 for statistical details.

To better understand which aspect of GLR-1 transport pkc-2 and
tpa-1 could regulate, we quantified the percentage of the time a
transport vesicle remained stopped during the imaging. We
have previously shown that transport stops or pauses correlate
with the delivery of receptors to synapses and are regulated by
calcium signaling (Doser et al., 2020). Using a cumulative distri-
bution analysis of the percent time a vesicle remained stopped
(Fig. 7D) showed a significant shift toward lower stopping in
pkc-2(lf) mutants but not in tpa-1(If) mutants. In addition,
pke-2(If) showed significantly increased anterograde run lengths
(Fig. 7E) consistent with the results in Fig. 7D. tpa-1(If) on the

other hand led to a decreased retrograde run length (Fig. 7E).
As was seen with stopping, pkc-2(If) and tpa-1(If) have slightly
different effects on GLR-1 transport perhaps explaining why
the pkc-2(1f);tpa-1(If) doubles show an intermediate or less severe
transport phenotype. Finally, neither pkc-2(If) nor tpa-1(If) sign-
ificantly changed the ratio of anterograde/retrograde transport
events (data not shown). Overall, GLR-1 transport analysis
revealed fewer transport vesicles in both pkc-2(If) and tpa-1(If),
with pkc-2(If) showing a decrease in synaptic stopping.
Although transport analysis is strongly correlated with the
number of synaptic GLR-1 receptors (Doser et al., 2020), it is
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possible that due to the short time window and lower sensitivity,
it is not completely representative of the mechanism of delivery
and insertion of GLR-1 at synapses. To better determine the
requirements for pkc-2 and tpa-1 in synaptic GLR-1 delivery
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and insertion, we turned to FRAP analysis of SEP:mCherry::
GLR-1 in the same dendritic AVA region imaged for transport
and puncta distribution (Fig. 8). The area of interest was first
imaged, and then a region of ~20 um was photobleached with
1 s illumination of 0.5 W of a 488 nm laser. A full confocal stack
before, immediately after, and then 2, 4, 8, and 16 min after
photobleaching was obtained for both SEP and mCherry fluores-
cence. The fluorescence along the process was quantified as a per-
cent of the initial fluorescence before photobleaching. Using this
approach, we first measured the FRAP of the mCherry signal
(Fig. 8B,C). mCherry FRAP in single pkc-2(If) and tpa-1(If)
mutants was not significantly different from controls although
the dynamics showed a difference, either with an initial slow
recovery rate for pkc-2(If) or faster plateau reached for tpa-1(If).
On the other hand, the double pkc-2;tpa-1 mutant showed sign-
ificantly slower recovery suggesting that PKC-2 and TPA-1 func-
tion can partially complement each other in terms of endosomal
delivery. SEP FRAP analysis revealed that tpa-1(If) and the pkc-2;
tpa-1 double had a significantly reduced FRAP recovery (Fig. 8D,
E). Altogether, the total GLR-1 FRAP results support the
decreased transport and decreased synaptic pool of GLR-1
observed in Figures 6 and 7. Likewise, the decreased
membrane-associated GLR-1 FRAP observed for tpa-I(If) and
pke-2;tpa-1 indicates that these genes likely affect synaptic exocy-
tosis. Altogether, our single-cell in vivo analysis of synaptic
GLR-1 levels and dynamics provides a further understanding
of the roles of PKC-2 and TPA-1 in short-term learning and
memory in C. elegans.

Discussion

Previous studies have shown that the PKC family plays a prom-
inent role in synaptic signaling and plasticity (Sossin, 2007;
Gould and Newton, 2008; Sun and Alkon, 2014). However, the
complexity and the number of genes and isoforms in this family
have made it difficult to assign precise individual roles in synaptic
plasticity using classic genetic approaches or molecular replace-
ment approaches in mammalian rodent models. Here, we
made use of the limited number of PKC family members in
C. elegans, containing a single gene for each subfamily, to inves-
tigate their individual roles in olfaction and short- and long-term
associative memory. We identified pkc-2 and tpa-1, but not pkc-1
or pkc-3, as important contributors to olfactory associative learn-
ing and short-term memory in C. elegans. More specifically, our
results indicated pkc-2 is necessary for negative associative learn-
ing with DA leading to defects in STAM and that tpa-1 is neces-
sary for STAM but not associative learning. In addition, we show
that their function is necessary in AVA for learning and short-
term memory and acts broadly in the same signaling pathway
albeit probably at different steps. Furthermore, we demonstrated
that GLR-1 transport and synaptic delivery are also modulated by
the pkc-2 and tpa-1 functions in AVA. Since GLR-1 transport,
function, and synaptic levels have been associated with synaptic
plasticity, this further strengthens the functional necessity of
pke-2 and tpa-1 for memory in C. elegans.

Some of the limitations of this study lie in the fact that PKC-2
and TPA-1 diverge in terms of their amino acid sequence from
their closest vertebrate homologs (PKC-2 is 62-67% identical
to human c¢PKC family members while TPA-1 shows only 48%
identity to human PKCd) and in the simplicity of the neuronal
anatomy of C. elegans circuits. However, although these differ-
ences exist, it is important to mention that reductive approaches
in C. elegans have often been the key to understanding the
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GLR-1 transport in pkc-2(If) and tpa-1(If) is decreased. A, Diagram depicting photobleaching and imaging region and generation of kymographs from vesicle movement and imaging

of GFP-tagged GLR-1 in AVA. B, Kymographs representing GFP-tagged GLR-1 transport in control, mutants, double mutants, rig-3p or flp-18p pkc-2a, and tpa-1 rescues. Scale bar = 5 pm.
(, Quantification of the total number of transport events per transport acquisition (50 s) normalized to daily controls in all the mutants and rescues shown in (A). Statistics were obtained using a
one-way ANOVA to controls with Dunn’s multiple-comparison correction. D, Stopping probabilities of transport events as cumulative distributions in controls and different mutants shown.
Statistics were obtained using an extra-sum of squares to test if one curve fit to both control and mutant data points, pkc-2(If) (F(15,18 =49.34, p <0.0001), tpa-1(lf) (Fi1g18) = 2.549,
p=0.074), and pkc-2(If);tpa-1(If) (Fg15 = 5.671, p=0.034). E, Average anterograde (white bars) and retrograde (gray bars) run lengths, in controls and mutants. Statistical comparisons
were done between samples of anterograde or retrograde run lengths using a nonparametric Kruskal-Wallis z test. The error bars are SEM. See Table 2 for statistical details.

conserved functions of molecular players involved in synaptic
plasticity and function, as well as memory (Bono and Villu
Maricq, 2005; Ikeda et al., 2008; Lau et al., 2013; Jin et al., 2016).

Previously, different isoforms of PKC have been associated
with short and long-term memory in Aplysia, Drosophila, and
mice (Sossin, 2007; Sun and Alkon, 2014). Based on sequence
homology, PKC-2 can be considered part of the cPKC family
and TPA-1 part of the nPKC family or 6 PKCs. Classical PKCs

were found to be important for short-term plasticity and memory
in Aplysia, Drosophila, and mice. Our results indicate that PKC-2
is required for olfactory associative learning in C. elegans and has
a cell-specific effect on GLR-1 transport and synaptic delivery
(Figs. 7, 8) in addition to the previously implicated role in ther-
motaxis memory (Land and Rubin, 2017). The effect of pkc-2(if)
is strongest on GLR-1 transport but does not affect FRAP of SEP
or mCherry GLR-1, indicating a broader role of PKC-2 on
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transport rather than a local GLR-1 trafficking effect. On the
other hand, loss of TPA-1 leads to a substantial decrease in asso-
ciative olfactory short-term memory without influencing learn-
ing in C. elegans. This is associated with a strong effect on both
transport and local synaptic trafficking of GLR-1 (Fig. 7, 8).
The loss of PKC-2 or TPA-1 does not seem to affect long-term
associative olfactory learning and memory (Fig. 4D,E), suggest-
ing that in long-term olfactory memory, the conditions of learn-
ing and retrieval are different enough to permit compensation by
other signaling pathways or PKCs. PKM and PKCI functions
have been implicated as necessary in long-term memory and
LTP in vertebrate models (Matt and Hell, 2013; Sacktor and
Hell, 2017). Based on sequence homology, only pkc-3 would

correspond to these atypical forms of PKC in C. elegans, but
the insertion of YPET in the genomic sequence of pkc-3 does
not show a detectable neuronal expression. The truncation of
classical PKC can lead to PKM forms that enable sustained
PKC signaling associated with synaptic plasticity (Matt and
Hell, 2013; Sacktor and Hell, 2017). At this point, we do not
know if there is cleavage of the regulatory domain of TPA-1
or PKC-2 that could lead to a PKM form. The tpa-1b isoform
seems to be missing the N-terminal and perhaps regulatory
domains of TPA-1 which could make it akin to the PKM
form; however, the tpa-1(k501) allele affecting both isoforms
did not show a long-term memory phenotype in our olfactory
associative assays.
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Previous studies using cell culture and hippocampal slices as
well as studies in Aplysia and Drosophila have shown an impor-
tant role for PKCs in regulating the synaptic trafficking of AMPA
receptors (Sossin, 2007). In addition, to local synaptic recycling,
AMPA receptors are also delivered to synapses using
microtubule-dependent motors, and recent studies have shown
that this transport is dynamically regulated by neuronal activity
(Hangen et al., 2018; Doser et al., 2020; Hoerndli et al., 2022).
However, the role of PKCs in AMPA receptor transport has
not been studied. Here, we show that TPA-1 and PKC-2 modu-
late ~50% of AMPA receptor transport, and genetic studies sug-
gest that both proteins are acting in the same pathway regulating
AMPA transport numbers (Fig. 4). However, whereas PKC-2
seems to be important in the synaptic stopping of AMPARs,
TPA-1 does not (Figs. 7, 8). Sequence alignment of the
C-terminal of C. elegans GLR-1, mouse, and human GluA1 start-
ing from after the last residue of the last transmembrane domain
shows conservation of several serines including one that could be
the equivalent of S831 phosphorylated by PKCs in mouse (data
not shown). However, additional approaches using hybrid recep-
tors and CRISPR-based mutations would be required to test this
more thoroughly.

Synaptic trafficking of AMPARs relies on endosomal
pools of receptors and is well documented as one of the funda-
mental mechanisms implicated in synaptic plasticity and ulti-
mately learning and memory (Groc and Choquet, 2020). In
addition, recent studies have shown that S831A or S831D
mutations of GluA1 lead to changes in GluA1 transport veloc-
ity, stopping, and synaptic delivery (Hangen et al., 2018).
Previous studies have shown that PKC phosphorylation at
S831lin GluAl and S880 in GluA2 increases association
with PICK1, leading to endocytosis of the AMPARs (Chung
et al., 2000, 2003; Matsuda et al., 2000; Xia et al., 2000;
Hanley, 2008).

Here, we show that the transport of AMPARSs in C. elegans is
important for the synaptic trafficking of AMPARs and that
decreases in transport associated with loss of PKC-2 or TPA-1
have consequences on associative learning and memory. Our
results indicate a relatively strong effect on the transport of
GLR-1 in pkec-2(lf) and tpa-1(lf) mutants, which is rescued by
postsynaptic expression of both PKC-2b and TPA-1. However,
these transport defects do not result in strong constitutive
changes in synaptic GLR-1 surface receptors indicating that at
a steady state, 50% transport is sufficient for normal cycling of
receptors (Figs. 6, 7). In addition, although pkc-2(If) and tpa-1(If)
both lead to decreased transport the double mutant is not sign-
ificantly different from controls which is consistent with the
effects observed for the total pool of receptors where the double
mutants are less affected than single mutants. The stopping and
transport run length analyses in Figure 7, D and E, suggest that
loss of pkc-2 or tpa-1 does not affect transport in the same way.
So perhaps, their effect on the steady-state endosomal pool might
interfere with each other in the double mutants. FRAP experi-
ments suggest that dynamics of SEP::GLR-1 recovery are statisti-
cally affected by loss of TPA-1 but not PKC-2. This is not
consistent with the fact that average synaptic SEP::GLR-1 is not
affected in fpa-I1(If) mutants (Fig. 6C). These results suggest
that either the imaging of SEP::mCherry::GLR-1 is not accurately
reporting dynamics of endogenous receptors, missing the
GLR-1/2 complexes, or reporting correctly but suggesting that
other mechanisms in addition to exocytosis such as endocytosis
of receptors may be affected. Additional experiments using S to A
mutations at the S831 residue equivalent in GLR-1 C-terminus,
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as well as synapse-specific markers for olfactory inputs to
AVA, will be necessary to achieve a mechanistic understanding
of how PKC regulation of GLR-1 trafficking is necessary for
associative learning and memory. Since our results suggest
that loss of PKC-2 and TPA-1 function leads to a decrease in
transport and delivery, this would suggest that their function
in olfactory associative learning in C. elegans is a positive regu-
lation of AMPAR transport and delivery, contrary to the known
role of PKCs in AMPAR trafficking in LTD (Chung et al., 2000,
2003; Xia et al., 2000) but in line with a role of PKCs in LTP
(Sossin, 2007).

Overall, this study has identified PKC-2 function in command
interneurons for short-term but not long-term olfactory associat-
ive learning and demonstrated that TPA-1 is necessary for short-
term olfactory associative memory. A detailed analysis of GLR-1
dynamics suggests that although GLR-1 dynamics do require
PKC-2 and TPA-1 function in AVA, these two gene products
may have additional effects related to AMPAR trafficking or
function that will need to be investigated in the future.
Altogether, this study lays the groundwork for linking PKC acti-
vation and olfactory associative memory and creates a founda-
tion for future studies in C. elegans to elucidate in depth the
exact molecular role of specific PKC genes in synaptic plasticity,
learning, and memory.
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