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Abstract
The protein kinase C (PKC) and the cAMP-dependent kinase
(protein kinase A; PKA) pathways are known to play impor-
tantrolesin behavioral plasticity and learning in the nervous
systems of a wide variety of species across phyla. We briefly
review the members of the PKC and PKA family and focus on
the evolution of the immediate upstream activators of PKC
and PKA i.e., phospholipase C (PLC) and adenylyl cyclase
(AC), and their conservation in gastropod mollusks, taking
advantage of the recent assembly of the Aplysia californica
and Lottia gigantea genomes. The diversity of PLC and AC
family members present in mollusks suggests a multitude of
possible mechanisms to activate PKA and PKC; we briefly dis-
cuss the relevance of these pathways to the known physio-
logical activation of these kinases in Aplysia neurons during
plasticity and learning. These multiple mechanisms of acti-
vation provide the gastropod nervous system with tremen-
dousflexibility forimplementing neuromodulatory respons-
es to both neuronal activity and extracellular signals.
Copyright © 2009 S. Karger AG, Basel

Introduction

Within the field of neurobiology, initiation of the ac-
tion potential, presynaptic release of neurotransmitter
and activation of postsynaptic receptors are considered
the fundamental processes for neuronal signaling. The
assumption has been that the mechanisms for these pro-
cesses must have appeared early in evolution, as these
processes are essential for the functioning of even the
most primitive neural circuits. In contrast, the modula-
tion of voltage-gated ion channels, neurotransmitter re-
ceptors and synaptic vesicle exocytosis are considered
‘higher order’ processes, layered on top of these funda-
mental processes. This perspective derives from the
mediating versus modulatory dichotomy [Kupfermann,
1979]. The assumed corollary is that because molecular
mechanisms responsible for neuromodulation are likely
to have evolved later, neuromodulation is associated with
behavioral complexity. Complex modulatory mecha-
nisms should be a distinguishing characteristic of those
higher animals that are capable of complex mentation.
For example, it was initially suspected that N-methyl-D-
aspartic acid (NMDA) receptors, which mediate associa-
tive integration during hippocampal long-term potentia-
tion, probably were unique to mammals or at least to ver-
tebrates. However, this assumed evolutionary sequence
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that mediating mechanisms preceded modulatory mech-
anisms does not reflect the biology; a diverse variety of
intracellular signal transduction pathways appeared ex-
tremely early in evolution. It is noteworthy that well be-
fore the appearance of nervous systems, the classic sig-
naling molecules cyclic AMP (cAMP) and calmodulin
(CaM) played critical roles in mediating behavior in slime
mold and paramecia, respectively. So it should not be
surprising that molecular members of signal transduc-
tion pathways appeared early and are highly conserved
throughout evolution.

Much of neuronal modulation is mediated by protein
kinases and their regulation of ion channels, ligand-gated
receptors, vesicular release machinery, cytoskeleton, pro-
tein translation and gene transcription. The ability of a
specific neuron to decrypt multiple neuromodulators
and the pattern of their presentation depends on the com-
plexities of the signal transduction pathways. Mollusks
have been an attractive system for understanding these
pathways due to their large identifiable neurons and the
clear links between synaptic physiology and behavior. In
the present review, we will focus on the activation of
cAMP-dependent protein kinase (protein kinase A; PKA)
and protein kinase C (PKC) in mollusks in general, focus-
ing on Aplysia in particular. The presence of an assem-
bled genome for the opisthobranch Aplysia californica
and a draft annotated genome for the prosobranch Lottia
gigantea provide an opportunity to examine the molecu-
lar players important for the activation of the PKA and
PKC pathways in mollusks. Although these pathways are
strongly implicated in synaptic plasticity underlying be-
havioral regulation in both mollusks and vertebrates, the
molecular pathways underlying activation of these kinas-
es during learning and modulation of behavioral states
are not well understood.

Materials and Methods

Sequences of transcripts for orthologues to mammalian genes
were obtained either from the NCBI site, http://blast.ncbi.nlm.
nih.gov/Blast.cgi, or the JGI Genome site, http://genome.jgi-psf.
org. Sequences were aligned with Clustal-W, 1,000 replicates were
generated with the Phylip program Segboot and then the Phylip
program ProtDist was used with the Jones-Taylor-Thornton mod-
el to generate a Distance Matrix. Then the Phylip program Neigh-
bor was used to generate trees from each repetition, the program
Consense used to generate the consensus tree and Drawgram
used to make the final tree shown. Bootstrap numbers are given
for critical nodes and represent the percentage of total trees that
gave the tree shown. For more information on the workings of
these programs, please see http://evolution.genetics.washington.
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edu/phylip/phylipweb.html. For trees with low confidence addi-
tional blast searches were done with other conserved domains
(PH domain, EF-hand or C2 domains for PLCs; C2B domains for
adenylyl cyclase (AC) to determine if the closest orthologue for
these domains was consistent with orthology.

Contribution of PKC to Neural Plasticity in Aplysia

PKC was first implicated in the regulation of ion chan-
nels in Aplysia, where PKC contributes to changes in ac-
tion potential shape during prolonged firing of peptider-
gic neurons associated with release of egg-laying hor-
mone [DeRiemer et al., 1985]. This is due to the insertion
of calcium channels [Strong et al., 1987; Zhang et al,,
2008], perhaps involving PKC-dependent regulation of
the cytoskeleton [Kabir et al., 2001]. PKC also directly
modulates a nonselective cation current in these neurons
[Magoski et al., 2002; Magoski and Kaczmarek, 2005].
PKC, as well as PKA, is involved in the increase in synap-
tic strength between the sensory and motor neurons that
contributes to sensitization of the defensive withdrawal
response of Aplysia. Facilitation of sensory neuron-to-
motor neuron synaptic connections is caused by the re-
lease of serotonin (5-hydroxy tryptamine, 5-HT) by in-
terneurons [Mackey et al., 1989; Marinesco and Carew,
2002], and 5-HT activates PKC in sensory neurons [re-
viewed in Sossin, 2007]. Although PKC s required for the
modulation of some of the ion channels involved in fa-
cilitation of sensory neuron-to-motor neuron synapses
[Critz and Byrne, 1992; Sugita et al., 1992], inhibition of
PKC does not block 5-HT-mediated facilitation of naive
synapses when 5-HT is applied for 5 min [Ghirardi et al.,
1992; Manseau et al., 2001]; however, PKC is critical for
the facilitation by 5-HT of highly depressed sensory neu-
ron-to-motor neuron synapses [Ghirardi et al., 1992] and
PKC might become more important for facilitation with
longer applications of 5-HT [Byrne and Kandel, 1996;
Hawkins et al., 2006]. PKC is also important for the post-
synaptic insertion of a-amino-3-hydroxyl-5-methyl-4-
isoxazole-propionate (AMPA) receptors implicated in fa-
cilitation of these synapses [Villareal et al., 2009] and for
intermediate and long-term facilitation that occur when
5-HT and activity are paired [Sutton and Carew, 2000;
Sutton et al., 2004; Hu et al., 2007]. In operant condition-
ing of the feeding response of Aplysia [Susswein et al.,
1986; Botzer et al., 1998], Byrne and colleagues have iden-
tified the neuron B51, which is a member of the feeding
system central pattern generator, as one locus of associa-
tive modification. During an analog of conditioning,
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Fig. 1. Alignment of the last exon in classi-
cal PKCs from a number of organisms
showing the differential splicing in mol-

lusks and vertebrates. Shaded residues are KRETENFDKEFTRQPVELTPTDREE I MNEDONEFAGFS Y TNPEFI TN Ho Beta 1 end
. . . . GRNAENEDRFETRHPPVLTPPDOEVIRNIDQSEFEGESFVNSEFLKPEVKS Ho Beta 2 end

conserved in all species. Residues in green

are specifically conserved between the NRDASNEDKEFTQEPTTLTPTDKLLIMNLDQSEFDGFSYTNPDFTQH Br 59849

nervous system exon in Aplysia, the or-

h l . L . d b GRDAENFDRFFTRHPPVLTPPDQEVIMNLDQDEFEGFSFINPEFPAMEAQS Da bl

thologous exon in Lottia and vertebrate GRDAGNFDLFFTRHPPILTPPDLEVIQONLDQEEFRGFSYVNTKFASMKSK Da b2

PKCpI, but not conserved in the alterna-
tive exon. The * signifies conserved phos-

RRKAENFDKLFTKVPLKMTPTDSLVITNIDTRAFRGFSYTNPYYQPIEETLHL
SRKAENFDKYFTRAPVKMTPIDSLVIMNIDDDAFRNFTFVNPYFIDNLNS

R INFDREFTSEAPNVTPTD IMNBDQCEFSGFSYVNPEFMVT]
R INFDREFTSEAPKMTPTD) IMNEDQTEFSGFSYVNPEFMVT]

RKDVSNFDKQFTSEKTDLTPTDKVFMMNLDQSEFVGFSYMNPEYVESP

* *

Apl I alt C-end
Lottia alt C-end

Apl I end
Lottia C-term end

Dros end

phorylation sites in PKCs.

when dopamine is paired with depolarizing plateau po-
tentials in B51, the threshold for initiating plateau poten-
tials and bursts in B51 is reduced [Lorenzetti et al., 2008;
Mozzachiodi et al., 2008]. PKC activation is required for
this associative change in B51 [Lorenzetti et al., 2008].

PKC Family

The origins of the family of PKCs and the role of these
kinases in plasticity has been recently reviewed [Sossin,
2007] and will be summarized below. There are four an-
cient PKC families. The classical PKCs contain an inter-
nal C2 domain that provides regulation by calcium ions
and is represented by PKCs «, 3 and -y in vertebrates and
PKC Apl I in Aplysia. The novel type I PKC family con-
tains an N-terminal C2 domain that is not responsive to
calcium and is represented by PKC Apl II in Aplysia, and
in vertebrates by PKCs & and m. The novel type II family
also contains an N-terminal C2 domain, however this C2
domain is not evolutionarily related to the C2 domain in
novel type I kinases, and the two families of novel PKCs
diverged before the bilaterian ancestor [Sossin, 2007].
This family is characterized by PKCs 8 and ® in verte-
brates. There is bioinformatic data for the presence of a
PKC 3 in Lottia, and searches of the assembled Aplysia
genome shows a fragment of the genome (contig no.
16073) with high homology to the catalytic domain of
PKC 8, although at this point the remainder of the puta-
tive PKC Apl IV cannot be identified from the assembled
genome. Phorbol esters are pharmacological activators of
PKC, which work through binding to the C1 domains of
PKC, mimicking the endogenous activator diacylglycerol
(DAG). Experiments that examined immunoprecipita-
tion of phorbol ester-stimulated PKC activity in Aplysia

AC and PLC Families in Mollusks

from the nervous system suggest that over 90% of the
phorbol-ester stimulated kinase activity is mediated by
PKC Apl I and PKC Apl II [Sossin et al., 1993] and thus,
there are probably only low levels of a putative phorbol-
ester-activated PKC Apl IV expressed in the Aplysia ner-
vous system. The final PKC family is the atypical family
that includes PKCs { and v in vertebrates and PKC Apl III
in Aplysia. These kinases are not activated by phorbol es-
ters due to the atypical C1 domain that gives this isoform
its name. In vertebrates, there is an alternative transcript
encoding a shortened form of PKC {, called PKM ¢, that
is important for retention of memory [Hernandez et al.,
2003; Pastalkova et al., 2006]; this alternative transcript
does not appear to be present in mollusks [Bougie et al.,
2009]. It appears to have evolved only in chordates after
the duplication of the atypical PKC into PKC v and PKC
{ [Bougie et al., 2009]. Instead, PKC Apl III might be
cleaved to form a PKM Apl III with similar activities as
the vertebrate PKM ( [Bougie et al., 2009; Villareal et al.,
2009].

In the initial cloning of PKC Apl I, there was evidence
for an alternatively spliced carboxy terminus, similar to
the alternative splicing of PKC 1 and PKC B2 in verte-
brates. In this experiment, an RNA protection assay us-
ing the carboxy-terminal region of PKC Apl I fully pro-
tected most of the nervous system PKC Apl  mRNA, but
a smaller fragment was detected mainly outside the ner-
vous system, suggesting alternative splicing [Kruger et
al., 1991]. The assembled Aplysia genome shows a puta-
tive alternative exon for PKC Apl I and this alternative
exon is also found in Lottia, suggesting conservation of
this alternative splicing in mollusks (fig. 1). The presence
of the alternative exon in the Aplysia and Lottia EST da-
tabases confirms its use. The intron/exon structure of
classical PKCs is well conserved and the alternative exon
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usage in Apl I is the same exon alternatively spliced in
PKC B1 and PKC 2. It is not clear, however, if this is an
ancientalternative splice form or whether splicing evolved
independently in mollusks and vertebrates. Although the
carboxy-terminal region of the original PKC Apl I shows
significantly increased homology to PKC 1, compared
to PKC 32, the new alternative exon does not show any
increased homology to PKC B2 (fig. 1), and the increased
homology to PKC 1 could be due to evolutionary pres-
sure to conserve this sequence, as opposed to shared ho-
mology.

The atypical PKC Apl III also has alternative splice
forms that are enriched in the nervous system of Aplysia
[Bougie et al., 2009]. In this case, two alternative exons
are included in the hinge domain, which creates a more
favorable calpain cleavage site for production of a PKM
[Bougie et al., 2009]. These alternative exons could not be
identified in the Lottia genome, however, and might be a
recent evolutionary event after the separation of Lottia
and Aplysia.

Physiological Activation of PKCs in Aplysia

The requirements for activation of the PKC isoforms
have been studied in sensory neurons of Aplysia using
live imaging. Translocation of PKC AplII by 5-HT in sen-
sory neurons requires both DAG produced by phospho-
lipase C (PLC) and phosphatidic acid produced by phos-
pholipase D (PLD) [Farah et al., 2008]. PKC Apl I requires
both diacylglycerol and calcium ions and in sensory neu-
rons is only translocated by the conjunction of 5-HT and
calcium entry through depolarization [Zhao et al., 2006].
In contrast, in Aplysia B51 neurons, PKC Apl I might be
activated by depolarization alone [Lorenzetti et al., 2008].
Indeed even in Aplysia sensory neurons calcium influx
during activity appears to activate PKC, based on the
ability of brief bursts of action potentials to inhibit syn-
aptic depression in a PKC-dependent manner [Gover and
Abrams, 2009], although live imaging does not reveal
translocation of PKC with this paradigm [Zhao et al,,
2006]. It is important to remember that PKC may become
activated in a prelocalized signaling complex in the ab-
sence of visible translocation. Also, translocation to a
specialized microdomain can be missed without specific
markers for this microdomain. PKC Apl IIT does not bind
to DAG and is not translocated by phorbol esters or by 5-
HT [Bougie et al., 2009]. There are two mechanisms for
activation of the kinase, however: increased phosphory-
lation in a PI-3 kinase-dependent manner and cleavage to
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form a PKM [Bougie et al., 2009]. Overexpression of PKC
Apl I1I appears to be sufficient to induce cleavage by cal-
pain. Pharmacological data suggest that calpain-medi-
ated PKM formation from PKC Apl IIT after 5-HT addi-
tion is important for the persistence of the 5-HT-initiated
increase in the response of the motor neuron to exoge-
nous glutamate [Bougie et al., 2009; Villareal et al., 2009].
There is also evidence for calpain-mediated cleavage of
PKC as important for persistent activation of PKC after
the pairing of coincident activity and 5-HT [Sutton et al.,
2004]. In this case, activation of PKC Apl I in the sensory
neuron has been demonstrated to be required for the in-
duction of this plasticity [Zhao et al., 2006], although it is
possible that PKC Apl I activation is required for subse-
quent cleavage of PKC Apl III.

The critical enzyme involved in activation of PKC Apl
I and PKC Apl II is PLC, which converts PIP-2 to DAG
and inositol triphosphate (IP3). It has been argued that 5-
HT does not activate PLC in sensory neurons due to the
lack of the ability of 5-HT to induce a detectable IP;-me-
diated increase in cytosolic calcium in the sensory neu-
rons [Blumenfeld et al., 1990]; however, inhibitors of PLC
block translocation of PKC Apl II in sensory neurons
[Farahetal., 2008]. This discrepancy could be due to poor
coupling of the IP; produced by phospholipase C to cal-
cium release, or to a need for constitutively active PLC for
PKC Apl II activation. In the motor neuron, 5-HT-medi-
ated increases in AMPA receptor current require both
PLC and IP; [Li et al., 2005; Fulton et al., 2008], but 5-HT
poorly translocates PKC Apl I and PKC Apl II in motor
neurons, compared with sensory neurons [Zhao et al,,
2006]. One possibility to explain the above is that iso-
forms of PLC in the sensory and motor neurons are dif-
ferentially coupled to IP; receptors and PKC transloca-
tion. Below we will review the PLC isoforms present in
mollusks based on bioinformatic analysis of the Aplysia
and Lottia genomes.

Evolution of PLCs

PLCs have a number of conserved domains. The most
conserved domain is the catalytic region, which can be
divided into the X and Y domains, which are separated
in the primary sequence of most isoforms. We first at-
tempted to find all the X and Y catalytic domains for
PLCs in Aplysia and Lottia using extensive searches with
all known vertebrate PLC isoforms and selected inverte-
brate X and Y domains. We excluded those sequences
with highest similarity to the PLC-like family that repre-
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APL 31674
LOT 62286
CAP 111389
DAN PLC31
HOM PLC&1
DAN PL:;;;M Fee PLC S,JC
HOM PLCC
GAL PLCL
HOM PLC&4
DAN PLC34
Fig. 2. Results of a Phylip analysis of HOM PLC2
merged X and Y domains of PLCs from Hg:r;:;?f
different species. Six different families — aifsed oot 8
were identified, shown on the right. For LOT 91607 PLC
the vertebrates, human (Hom) and Danio P in Ll Y
(DAN), the accepted name of the PLC is AP e cmall wing
. L o
given. For the primitive c'hordates, Bran- e
chiostoma (BRA) and Ciona (CIO), the HOM PLCe
protein IDs are given from the NCBI entry. cio tootezeaz | PLCn
For Apis (API) and Capitella (CAP), the oo
protein IDs are given from the NCBI and g e AR
JGI genome sites, respectively, and for LOT 107866 PLC p4
Drosophila (DRO), the accepted gene RO NORPA
names are used. For the mollusks the 100 w—i:éﬁ”{éﬁ!?
names are blue. For Aplysia (APL) the con- ggﬂ"P"L';fBE‘
tig from the NCBI site containing the X &5 4'_—51\«1 PLCp3 PLC B
and Y domains is given. For Lottia (LOT) o ———DROPLC21C DANFLOR
the protein IDs are given from the JGI ge- — \—l_'h:mpﬂp?l_o;igﬁ
nome site. The numbers represent the per- LT Bt
. APL 16538
centage of trees generated by the Phylip LOT 81237
. . . CAP 22077
protein Neighbour that contained the tree API 392335 PLC
shown. Only selected branches are high- DA A PLCE €
lighted to emphasize the division into PLC HOM PLCe
families. The outgroup (not shown) was
yeast (Schizosaccharomyces pombe) PLC.

sents natural inhibitors of PLCs with no enzymatic activ-
ity. There are at least two of these PLC-like isoforms in
mollusks, and one of these was recently cloned [Cum-
mins et al., 2009]. For phylogenetic analysis of the mol-
luscan PLCs, we used catalytic domains from: (i) two ver-
tebrates, human (Homo) and zebrafish (Danio), or, if the
human isoform was not present in zebrafish, chicken
(Gallus); (ii) one primitive chordate, either Branchiosto-
ma or Ciona; (iii) one arthropod, Drosophila, or, if not
present, bee (Apis); and (iv) Capitella, a marine polychaete
(Annelida), which might be more closely related to mol-
lusks than insects or deuterostomes. The results of this
analysis are shown in figure 2.

There are six families of PLCs in humans, PLCs B, vy,
9, &, m and { [Suh et al., 2008]. There are also multiple
genes in many of these families, 4 PLC s (1-4), 2 PLC ys
(1, 2), 3 PLC 8s (1, 3, 4) and 2 PLC ms (1, 2) [Suh et al,,
2008]. Although all of these PLCs have the same enzy-
matic function, they differ in how they are activated (see

AC and PLC Families in Mollusks

below). In Aplysia and Lottia, four of these families are
present, 3, v, & and . We will discuss each family be-
low.

PLCpP isoforms are activated by the G protein Gq. All
invertebrates, including prebilaterians (Hydra) [Koyana-
gi et al., 1998] contain two PLC[ isoforms, one ortholo-
gous to vertebrate PLCB4 and one to the ancestor of
PLCPI1-3 (these three vertebrate isoforms duplicated and
diverged recently; PLC 33 earlier, and PLCB1 and PLC[32
more recently; fig. 2). This can be seen in the phylogeny
of the catalytic domain (fig. 2), but can be replicated with
any of the conserved domains. In particular, the C-ter-
minal extension where Gq binds is easily differentiated in
the two isoforms, although both are activated by Gq. The
ancient divergence of the two PLCR isoforms suggests
some fundamental differences in their activation by Gq.

PLC isoforms are activated by receptor tyrosine ki-
nases (RTKs) and contain sarcoma kinase (Src) homology
2 and 3 (SH2 and SH3) domains to allow for interaction
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with activated RTKs [Suh et al., 2008]. The two members
of the vertebrate PLC+y family diverged through gene du-
plication before fishes, as only a single PLCy is present in
early chordates such as Ciona and also in flies and nema-
todes. In Lottia, Aplysia, and Capitella, however, there are
two genes encoding PLCy. One of these is somewhat
more similar to the other invertebrate and vertebrate
PLCys, whereas the other is less homologous (fig. 2).
Whether these additional PLCys represent an ancient di-
vision in the PLCy family that was lost in other branches
or a more recently duplicated PLCvy gene is unclear.

PLCS? isoforms have EF hands and are directly acti-
vated by calcium [Suh et al., 2008]. The PLC3 family has
three isoforms in vertebrates that had diverged during
gene duplications before fishes. Indeed, in fishes there
has been another duplication and most fish have two cop-
ies of each PLC3 isoform [Kim etal., 2008]. There appears
to be either one or a recently duplicated PLCS in primitive
chordates based on analysis of X domains, but these se-
quences were not complete (the Y domain was lacking)
and were not included in this analysis. Insects apparent-
ly lack a PLC® encoding gene, but Caenorhabditis elegans
has a PLC with an EF hand domain and a pleckstrin ho-
mology (PH) domain most similar to PLCS, although its
catalytic domain was quite diverged and did not align
with other PLC3s (this C. elegans isoform was not includ-
ed in the Phylip analysis). Both Capitella and Lottia have
isoforms most closely related to PLCS, although in Lottia
the PH domain at its N-terminus is not present in the an-
notated genome; in Aplysia there is an orthologous cata-
lytic domain and C2 domain, although the PH domain
and the EF hand could not be found at this point in the
genome.

PLCe isoforms have a Ras binding domain and are ac-
tivated by Ras [Suh et al., 2008]. Additional domains al-
low for activation by Rho via an insert in the Y domain
[Wing et al., 2003], or by G protein By subunits (GBvy)
through the PH domain [Wing et al., 2001]. These PLCs
also have a guanine exchange factor (GEF) domain that
is specific for Rap, and this is important for some physi-
ological effects of PLCe [Citro et al., 2007]. There is a
single PLCe family member in every species examined
(fig. 2), and most if not all of the activation domains are
conserved. Ininsects, an additional domain, a glycotrans-
ferase domain, has apparently been added to the 5’ end of
the protein.

Ofthe PLC families, two are specific to chordates. The
PLC{ isoform recently diverged from the PLC3 family
(fig. 2) and this was confirmed with Blast searches of the
PH domain and the C2 domain of PLC{, both of which
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are more homologous to the PH and C2 domain of PLC3
than to other PLC isoforms. The PLCr) family is seen in
primitive chordates, such as Ciona, but we were unable to
find an ortholog in any nonchordate.

Functional Implications of PLC Isoforms for
Neuronal Plasticity

The classical method described for PKC activation is
via Gq and PLCPB. Two PLCp isoforms exist in mollusks,
and it is certainly conceivable that neurotransmitters ac-
tivate a Gq receptor that in turn activates PLC[3 and PKC.
PKC Apl II also requires PLD for translocation [Farah et
al., 2008]. Although there are two PLD isoforms in verte-
brates, one that is constitutively active and one that is
highly regulated, there appears to be a single PLD in all
invertebrates, and it is not clear if it is constitutively active
or regulated. PLD is activated in a complex manner, but
often downstream of small G proteins of the Rho/Rac
family. 5-HT is known to activate cell division cycle 42
(cdc42) and Rac in Aplysia neurons, but the pathway un-
derlying this is not clear [Udo et al., 2005].

In vertebrates, the orthologue of PKC AplII, PKCe can
be activated downstream of exchange protein directly ac-
tivated by cAMP (EPAC) and PLCe [Hucho et al., 2005;
Oestreich et al., 2007, 2009]. EPAC is a cAMP-activated
GEF for Ras and Rap. A cAMP-activated GEF was re-
cently implicated in activation of PKC Apl I during inter-
mediate-term facilitation, but in this case it appeared to
be required for mitogen activated protein kinase (MAP
kinase) activation, rather than for activation of PLC
[Shobe et al., 2009]. If EPAC were important for PKC ac-
tivation, this would imply that cAMP increases could
lead to PKC Apl II translocation, but this would be incon-
sistent with some studies of PKC translocation [Sacktor
and Schwartz, 1990]. Another mechanism for activation
of PLCe through Ras in Aplysia is the transactivation of
the RTK Ap Trkl by 5-HT [Ormond et al., 2004]. Al-
though Ap Trkl is lacking a site for coupling to PLCy,
other RTKSs in Aplysia probably are coupled to PLCyy; it
will be interesting to determine the importance of RTKs
for PKC activation in other paradigms.

The activation of classical PKCs by calcium alone,
which is believed to require DAG, might be due either to
basal levels of DAG or to calcium-dependent PLCS activa-
tion. In vertebrate neurons, PKCvy activation by NMDA in
hippocampal neurons required PLCS, whereas activation
by glutamate through metabotropic glutamate receptors
required PLCB [Codazzi et al., 2006]. In Aplysia B51 neu-
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rons, PKC Apl I appears to be activated by plateau poten-
tials in the absence of neurotransmitter activation of a
PLC; thus, this activation might be mediated by a PLCS
isoform [Lorenzetti et al., 2008]. It will be interesting to
see if translocation of PKC Apl I by calcium alone, either
using ionomycin [Zhao et al., 2006; Lorenzetti et al., 2008]
or depolarization, is blocked by PLC inhibitors.

Contribution of CAMP and PKA to Neural Plasticity
in Aplysia

cAMP and PKA have been known to play central roles
in behavior in Aplysia for three decades [Brunelli et al.,
1976; Weiss et al., 1979]. During sensitization, at Aplysia
sensory neuron-to-motor neuron synapses cAMP-de-
pendent phosphorylation contributes to initiation of
short-term facilitation [Bernier et al., 1982; Castellucci et
al., 1982; Shuster et al., 1985; Goldsmith and Abrams,
1991; Ghirardi et al., 1992; Chang et al., 2000, 2003; Lee
etal., 2009], some forms of intermediate-term facilitation
[Ghirardi et al., 1995; Sutton and Carew, 2000; Sutton et
al., 2001] and long-term facilitation [Schacher et al., 1988;
Scholz and Byrne, 1988; Hegde et al., 1997; Martin et al.,
1997; Hu et al., 2006; Lee et al., 2006].

During classical conditioning of the defensive with-
drawal reflex, the pairing of presynaptic activity and cal-
cium influx in sensory neurons with 5-HT enhanced
both synaptic facilitation and cAMP-dependent modula-
tion of potassium currents [Hawkins et al., 1983; Walters
and Byrne, 1983; Eliot et al., 1994]. PKA in the sensory
neurons contributes to this associative synaptic facilita-
tion and to the associative enhancement of the withdraw-
al response [Antonov et al., 2003]. Pairing activity or de-
polarization with 5-HT also enhanced the rise in cAMP
in sensory neurons compared with 5-HT alone [Kandel
et al,, 1983; Ocorr et al., 1985]. Therefore, it was hypoth-
esized that activity and calcium influx and 5-HT might
converge at a CaM-sensitive AC [Abrams et al., 1991,
1998] (see below).

In operant conditioning of feeding behavior, AC also
appears to function as an important locus for forming as-
sociations. In a cellular analog of operant conditioning in
the B51 neurons, AC stimulation by dopamine and G is
apparently enhanced by PKC, which is activated by cal-
cium influx during plateau potentials; thus AC functions
as a site of associative convergence for the dopamine and
calcium signals [Lorenzetti et al., 2008].

PKA is also responsible for modulation of ion channels
and neuropeptide processing important for initiating re-
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productive behavior in these marine snails [Kaczmarek
and Strumwasser, 1984; Azhderian and Kaczmarek,
1990]. Similarly, food-induced arousal is mediated in part
by cAMP and PKA [Weiss et al., 1979; Lloyd et al., 1984;
Levitan et al., 1987].

PKA Family

PKA consists of two subunits, the catalytic subunit
and the regulatory subunit. There are three catalytic sub-
units in vertebrates («, B and 7). The three subunits du-
plicated during the chordate lineage, and primitive chor-
dates have a single PKA catalytic subunit. Interestingly,
in some invertebrates there have also been gene duplica-
tions. Drosophila has two catalytic subunits and in Aply-
sia, there is a spermatozoa-specific catalytic subunit
[Beushausen and Bayley, 1990]. Although the closest rel-
ative to the spermatozoa-specific catalytic subunit is Ap-
lysia PKA, Aplysia PKA is much closer to vertebrate PK As
than to the spermatozoa-specific PKA. This suggests
very fast divergence of a recently duplicated protein. Lot-
tia does not appear to have an orthologue of this kinase.
There are two splice forms at the C-terminus of Aplysia
PKA [Beushausen et al., 1988], but this splicing does not
appear to be conserved in Lottia. Drosophila has a PKA-
C3, which is related to PKA; in mammals this protein is
called X-linked protein kinase or PKA-related protein ki-
nase. There is a PKA-C3 orthologue in Lottia, but a cor-
responding protein could not be found at this point in the
genome of Aplysia.

The regulatory subunit of PKA comes in two forms,
named RI and RIIL In chordates each of these genes has
been duplicated to give four regulatory subunits [Canaves
and Taylor, 2002], but in primitive chordates and inver-
tebrates there is a single gene for each type. There are al-
ternative start sites in Aplysia generating two alternative
5" ends for the R1 protein [Bergold et al., 1992], but this
appears to be a recent evolutionary event as the alterna-
tive starts are not seen in Lottia.

In Drosophila, the catalytic PKA-C3 is regulated by a
separate regulatory protein, named Swiss Cheese [Bet-
tencourt da Cruz et al., 2008]. Swiss Cheese has putative
cyclic nucleotide binding sites and a pseudosubstrate and
genetically interacts with PKA-C3 in Drosophila [Betten-
court da Cruz et al.,, 2008]. The Swiss Cheese protein is
highly conserved; it is the neuropathy-targeted enolase in
vertebrates, and orthologues are present in both the Lot-
tia and Aplysia genomes, although the putative pseudo-
substrate sequence is not highly conserved.
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Physiological Activation of PKAs in Aplysia

As summarized above, activation of PKA is a critical
step in synaptic facilitation in Aplysia sensory neurons.
Interestingly the two regulatory subunits appear to be
specialized for two separate functions of PKA. The RII
protein is enriched at synapses and is critical for the acti-
vation of PKA during short-term facilitation [Liu et al.,
2004]. The RI subunit, present in the cell body;, is specifi-
cally degraded by the ubiquitin pathway, and this is im-
portant for the persistent activation of PKA required to
induce long-term facilitation [Hegde et al., 1993; Chain et
al., 1999]. Persistent PKA activity is also important for
intermediate forms of facilitation and can serve as the
memory trace for at least 12 h after training, but does not
appear to be important 24 h later [Hegde et al., 1993;
Chain et al.,, 1999]. The mechanism of the generation of
the persistent PKA memory trace, which requires trans-
lation, is not clear, as this PKA must act at the synapse to
increase synaptic strength, but the RII subunit that pre-
dominates at the synapse is not degraded [Kurosu et al.,
2007].

Evolution of ACs

Enzymes that synthesize cAMP and cyclic GMP
(cGMP) have evolved independently on multiple occa-
sions. In prokaryotes there are more than three distinct
groups of cyclases [Danchin, 1993; Baker and Kelly, 2004].
One group of these purine nucleotide cyclases, the class
IIT cyclases, resembles the membrane-associated ACs of
multicellular animals, in that they have a highly con-
served catalytic domain (corresponding to the C2A do-
main of these metazoan transmembrane ACs; see fig. 3).
In bacteria, the catalytic site that binds the purine mole-
cule is formed by a pair of catalytic domains from two
separate cyclase monomers. When the enzyme is mem-
brane-associated in prokaryotes, the N-terminal region
contains a series of transmembrane « helices, whereas
the C-terminal region contains the purine-binding cata-
lytic domain [Baker and Kelly, 2004]. The ACs of meta-
zoans evolved through an intragenic duplication, so that
in a single protein there are two catalytic domains locat-
ed within two cytoplasmic regions, C1 and C2 [Tesmer et
al., 1997; Cooper, 2003]. It should be noted that these do-
mains represent conserved domains of AC and have no
relationship to the conserved domains of PKC also named
C1 and C2. There are also two sets of 6 membrane-span-
ning o helices, with the second set of transmembrane «
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helices interposed between the C1 and C2 cytoplasmic
domains. This suggests that the full sequence of a pro-
karyotic AC has been duplicated. Among the membrane-
associated ACs of metazoans, the C1A and C2A catalytic
domains are the most conserved sequences. We used
these two conserved domains from each of the human
membrane-associated AC isoforms to search for ACsin a
manner similar to that described earlier for PLC. In this
analysis, we did not investigate the soluble, bicarbonate-
regulated AC of vertebrates, which is a member of a dif-
ferent subgroup of class III cyclases. To assess whether
candidate sequences might be authentic ACs, we used the
presence of the highly conserved GDCYYC sequence in
each C1A domain and conserved residues in each C2A
domain (multiple glycine residues, as well as the specific
lysine and aspartate residues that distinguish ACs from
guanylyl cyclases; see fig. 3). In a number of instances, we
excluded homologous sequences when either the C1A or
C2A domain was lacking. Four isoforms of Aplysia AC
had already been cloned using degenerate primers [Lin et
al., in preparation]. The following section discusses the
phylogenetic relationships among the ACs that were iden-
tified.

Of the nine mammalian ACs, five can be grouped into
two families: AC2, AC4 and AC7, which are closely re-
lated, and AC5 and AC6, which are >90% identical in
their catalytic domains. In contrast, types 1, 3,8 and 9 AC
are each relatively distinct from the other mammalian
ACs. Of these two groups and the 4 distinct ACs, all are
represented in mollusks, except for AC8. Drosophila has
an additional family of ACs (four ACX ACs) that is not
conserved in either vertebrates or other invertebrates; the
ACX ACs play a specific role in spermatogenesis [Cann
etal., 2000]. Most of our understanding of the regulation
of ACs comes from studies of mammalian ACs; in addi-
tion, several Drosophila ACs and two Aplysia ACs have
been expressed and studied biochemically. The mem-
brane-associated mammalian ACs are activated by the o
subunit of the G heterotrimeric protein, with the excep-
tion of AC8, which has been reported to display minimal
Gs stimulation [Baker et al., 1998]. AC types differ in
their regulation by Gja and GBvy. A major difference
among the AC types is their sensitivity to calcium, and
this is of particular importance in the role of ACs in syn-
aptic plasticity (see below). Finally, ACs are regulated by
phosphorylation, but, as few of these phosphorylation
sites have been identified, it is difficult to know how con-
served this regulation will be.

AC1 is activated by G, though in vivo this activation
depends on calcium/CaM [Tang et al., 1991; Wayman et
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Fig. 3. Results of a ClustalW analysis of highly conserved se-
quences within the catalytic domain of the C2A region of ACs.
Residues highlighted in yellow represent amino acids conserved
in 90% or more of the AC isoforms. Residues highlighted in grey
represent conserved substitutions. Lysine and aspartate residues
indicted in green distinguish adenylyl cyclases from guanylyl cy-
clases [Baker and Kelly, 2004]. The glycine residue in the Dro-
sophila rutabaga AC highlighted in purple is Gly1026, which is
altered to Arg in the rutabaga learning mutant, resulting in com-
plete loss of catalytic activity [Levin et al.,, 1992]. For human
(HOM), standard nomenclature is used; and for corresponding
Danio (DAN) isoforms, the same nomenclature is employed. For
Drosophila (DRO), gene names are used. For Aplysia (APL) ACs,
names are from NCBI and Lin et al. [in preparation]. For Lottia
(LOT) isoforms that correspond to Aplysia isoforms, the same
nomenclature is used. For C. elegans (CEL), protein IDs are from
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NCBI. For Capitella (CAP) and for one Lottia AC, names corre-
spond to protein IDs from the JGI Genome site. For Drosophila,
two of the members of the ACX family, ACXA and ACXC, have
been omitted from the analysis, as they are extremely similar to
ACXB. To facilitate comparison with the genome sites, AC IDs
that are somewhat different from those in the databases are listed
below. C. elegans: NP_504553; NP_504486, NP_497970. Danio
AC1 =XP_685077; Danio AC2 iso A = XP_692173; Danio AC2 iso
B = NP_001093457; Danio AC3 iso A = XP_700547; Danio AC3
iso B = XP_693142; Danio AC6 = XP_001922749; Danio AC7 =
XP_001922494; Danio AC8 = NP_001137224; Drosophila
ACXD = ACK77593; Lottia A = 141290; Lottia B = 187968/231713;
Lottia C=135065; Lottia D = 136240/170789. (For Lottia B and D,
on JGI, the C1A and C2A domains were given two separate pro-
teins numbers.)
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al., 1994]. The type I class of AC is highly conserved and
a single orthologue is present in Aplysia, Lottia and Dro-
sophila. Three of the invertebrate AC1 orthologues, AC-
AplA in Aplysia, the orthologous type A AC in Lottia
and rutabaga in Drosophila, are unusual among ACs in
that they have a particularly long C-terminal domain
(the C2 domain is 1,089 amino acids in AC-AplA and
1,351 amino acids in rutabaga, as compared with 316
amino acids in AC1). The functional significance of the
longer C2 domains in this group of invertebrate ACs is
not known.

ACs 2,4, and 7 constitute a single class of ACs that are
activated by G protein-coupled receptors via GBy, as well
as by G, [Tang and Gilman, 1991; Taussig et al., 1994;
Cooper, 2003]. These ACs are all calcium-independent.
This family of paralogues appears to have diverged dur-
ing the chordate lineage. Danio has both an AC2 and an
AC7. Only mammals have a type 4 AC; no AC4 ortho-
logue was found in either Danio or Gallus. In contrast,
the invertebrates appear to have only a single member of
this family, but the most homologous ACs, such as AC-
AplB, are not very closely related to any of the vertebrate
AC2-AC4-AC7 group (with the exception of the Dro_76E
AC, the groupings of the related invertebrate ACs with
this vertebrate AC2/4/7 group occurred in fewer than
half of the alternative trees that were generated by the
Phylip program Neighbor). It will be interesting to deter-
mine if the putative orthologues of the AC2/4/7 family in
invertebrates are functionally similar to this vertebrate
AC family.

AC3 was originally also considered to be CaM-stimu-
lated, although this stimulation is much weaker than
for the calcium/CaM-sensitive ACs [Fagan et al., 1996];
moreover, AC3 is effectively inhibited by CaM kinase II,
so that the net effect of calcium is inhibitory [Wei et al.,
1996, 1998]. Similar to AC1, the AC3 family is well-con-
served, and most organisms examined contain an ortho-
logue of this family. Currently, however, an Aplysia or-
thologue has not been identified in either the genomic
assembly or EST databases, either because of loss of this
isoform or an incomplete genome. An AC3 orthologue
is expressed in Drosophila olfactory tissues and CNS,
and is also inhibited by calcium [Iourgenko and Levin,
2000].

AC5 and ACE6 are closely related isoforms that are di-
rectly inhibited by micromolar concentrations of calci-
um [Guillou et al., 1999]. In contrast, most other AC
types are inhibited by calcium, but only at concentra-
tions substantially above physiological levels (>10 um
calcium) [Guillou et al., 1999]. AC5 and ACG6 represent a

200 Brain Behav Evol 2009;74:191-205

recent duplication, as Danio appears to have only a single
member of this group, similar to AC6 (although there is
a suggestion of a degenerate AC5 homologue in the Da-
nio genome). Most invertebrates examined have a single
member of this family. It is noteworthy that the members
of the AC5/6 group are particularly well-conserved across
evolution. AC-AplC, the Aplysia orthologue of AC5 and
AC6, was also inhibited by micromolar calcium when
expressed in heterologous cells [Lin et al., in prepara-
tion].

AC8 has been reported to display minimal G stimula-
tion [Baker et al., 1998]. AC8 binds CaM in the C2 do-
main, whereas AC1 binds CaM in the C1 domain; thus
these two ACs appear to have evolved CaM stimulation
independently [Wu et al., 1993; Levin and Reed, 1995; Gu
and Cooper, 1999]. In Danio, there are three AC8 iso-
forms, suggesting gene duplication of this isoform in fish.
In this phylogenetic analysis, AC8 in chordates appears
to have evolved from the same precursor as AC3 (fig. 4);
however, pairwise comparisons of the catalytic domains
of mammalian ACs suggest that AC8 may be no closer to
AC3 than to other ACs, and therefore the precursor AC
to ACS8 is not certain.

AC9 has the least resemblance to the other mamma-
lian membrane-associated AC isoform, and 80% of the
trees generated had AC9 in a separate branch from all
other ACs (fig. 4). AC9 has distinct regulatory proper-
ties, as it has been found that its activation is enhanced
by both CaM kinase II and PKC [Cumbay and Watts,
2005]. The PKC regulation may be complex as inhibition
by PKC has also been reported [Cumbay and Watts,
2004]. Consistent with stimulation by these kinases, the
CaM-activated phosphatase calcineurin inhibits AC9
[Paterson et al., 1995; Antoni et al., 1998]. There is a
clearly related AC9 orthologue in each invertebrate spe-
cies examined, suggesting strong conservation of a spe-
cific function for this isoform. It should be noted that the
Danio genome does not appear to have a complete AC9
orthologue, although there are predicted transcripts
that code for truncated AC9-like proteins; these tran-
scripts have highly conserved AC9 sequences, corre-
sponding to either the C1A or the C2A domain, but not
both. It is not possible to determine from the NCBI da-
tabase whether these represent incomplete assemblies or
whether a functional type 9 AC has been lost in Danio.
Although Danio may not express an AC9, a type 9 AC
isoform is present in at least some lower vertebrates;
Takifugu (Fugu) has two AC9 orthologues and Xenopus
laevis has one.
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Functional Implications of AC Isoforms for Neuronal
Plasticity

Although cAMP and PKA have been repeatedly impli-
cated in neuromodulation during behavioral plasticity
and learning in Aplysia, in most instances, nothing is
known about the characteristics of the AC enzymes that
mediate these modulatory effects. In the CNS of Aplysia,
four classes of ACs are expressed: AC-AplA, which is re-
lated to AC1, AC-AplB, which resembles the AC2/4/7
group; AC-AplC, which is a member of the AC5/6 group;
and AC-AplD, which resembles AC9.

In the context of associative learning, AC has twice
been suggested to play a central role as a molecular detec-
tor of stimulus pairing. In the first instance, the property
of convergent activation by Gy and calcium/CaM of the
AC1 family (and AC8 family in vertebrates) was hypoth-
esized to be important for associative integration. This
associative convergence model was developed in studies
of activity-dependent facilitation during classical condi-
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tioning of the defensive withdrawal reflex of Aplysia. As
discussed above, in this conditioning paradigm, calcium
influx during sensory-neuron activity and 5-HT appar-
ently converge in activating CaM-sensitive AC in these
sensory neurons [Kandel et al., 1983; Ocorr et al., 1985;
Abrams et al., 1991]. CaM-sensitive AC is also important
in associative learning in Drosophila and mice. In Dro-
sophila, a mutant called rutabaga was found to have a
point mutation in an ACI orthologue; this mutation en-
tirely eliminated the activity of the rutabaga AC and was
deficient in associative conditioning [Dudai and Zvi,
1984; Livingstone et al., 1984; Levin et al., 1992; McGuire
et al., 2003]. In mammals, Storm and colleagues found
that double-knockout mice, lacking both ACI and ACS,
have deficits in some forms of associative learning [Wong
et al., 1999]. The similarity of AC-AplA to rutabaga and
ACI, suggested that this isoform is the CaM-sensitive AC
in Aplysia CNS. Lin et al. [in preparation] have demon-
strated that AC-AplA is indeed stimulated by calcium,
via CaM. Moreover this same isoform of AC is expressed
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in the presynaptic sensory neurons, where it is activated
by 5-HT. Thus, AC-AplA has the correct expression pat-
tern and the appropriate properties to mediate associa-
tive integration of paired calcium and 5-HT stimuli dur-
ing conditioning of the defensive withdrawal reflex. It
should be noted that pre- and postsynaptic changes in-
volving calcium and PKC have also been implicated in
associative facilitation at these sensory neuron-to-motor
neuron synapses [Murphy and Glanzman, 1996, 1997,
1999; Villareal et al., 2009; Shobe et al., 2009], and thus
AC-AplA might not be the only locus for association in
this system.

In operant conditioning, another form of associative
memory, an AC also appears to serve as an important lo-
cus for forming associations. As discussed above, the as-
sociation is proposed to be mediated by convergent acti-
vation of an AC by Gg (activated by dopamine) and PKC
Apl I (activated by calcium influx during plateau poten-
tials) [Lorenzetti et al., 2008]. AC-AplB resembles the
members of the AC2/4/7 family, which are stimulated by
PKC [Ishikawa, 1998; Cooper, 2003]. The region of AC2
that is directly regulated by PKC is not known [Levin and
Reed, 1995], however, so we do not know if it is conserved
in AC-ApIB. It is also possible that PKC might regulate
other AC isoforms.

References

Conclusions

PKA and PKC are important for many aspects of neu-
ronal plasticity in mollusks. The ability to activate these
kinases through many distinct pathways due to the multi-
plicity of upstream enzymes (ACs and PLCs) that produce
their second messengers allows these kinases to respond
both to multiple types of signals and to be sensitive to the
conjunction of signals required for associative plasticity.
Interestingly, these kinases can both cooperate [Lorenzet-
ti et al., 2008] or antagonize [Sugita et al., 1997; Farah et
al., 2009] each other, and the difference probably depends
both on the pattern of stimulation and the presence or ab-
sence of specific upstream pathways. The richness of the
plasticity paradigms and the molecular and biochemical
information in this system provides the opportunity for
in-depth examination of how different neuromodulators
and activity combine to activate synaptic plasticity.
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