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Abstract
While there are many reviews which examine the group of proteins known as protein kinase C (PKC),
the focus of this article is to examine the cellular roles of two PKCs that are important for stress
responses in neurological tissues (PKCγ and ε) and in cardiac tissues (PKCε). These two kinases, in
particular, seem to have overlapping functions and interact with an identical target, connexin 43
(Cx43), a gap junction protein which is central to proper control of signals in both tissues. While
PKCγ and PKCε both help protect neural tissue from ischemia, PKCε is the primary PKC isoform
responsible for responding to decreased oxygen, or ischemia, in the heart. Both do this through Cx43.

It is clear that both PKCγ and PKCε are necessary for protection from ischemia. However, the
importance of these kinases has been inferred from preconditioning experiments which demonstrate
that brief periods of hypoxia protect neurological and cardiac tissues from future insults, and that
this depends on the activation, translocation, or ability for PKCγ and/or PKCε to interact with distinct
cellular targets, especially Cx43.

This review summarizes the recent findings which define the roles of PKCγ and PKCε in cardiac
and neurological functions and their relationships to ischemia/reperfusion injury. In addition, a
biochemical comparison of PKC γ and PKC ε and a proposed argument for why both forms are
present in neurological tissue while only PKC ε is present in heart, are discussed. Finally, the
biochemistry of PKCs and future directions for the field are discussed, in light of this new
information.
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Introduction
Protein Kinase C –Part of the ABC Kinase Superfamily

The Protein Kinase C (PKC) family of proteins is part of the larger ABC protein kinases which
includes Protein Kinase A (PKA), Protein Kinase B (PKB, synonymous to Akt), and Protein
Kinase C (PKC) [1-3]. All members of this superfamily have an N-terminal regulatory region
and a conserved C-terminal kinase core that contains two conserved phosphorylation sites.
These sites are known as the turn motif and hydrophobic motif. The regulatory regions of ABC
kinases have two functions. One is to bind to the plasma membrane or other cellular targets,
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and the other is to inhibit the active site of the enzyme. The C-terminal region functions as the
substrate binding site and phosphor-acceptor/donor site.

All ABC kinases contain an activation loop threonine that must be phosphorylated by upstream
Phosphoinositide Dependent Kinase-1 (PDK-1), except protein kinase A (PKA) which is
recognized by PDK-1, in vitro, but does not require PDK-1 activity in vivo. PDK-1 is constantly
active, but, it's downstream substrates must be in an open conformation in order to become
targets. For example, when the pleckstrin homology (PH) domain of protein kinase B (PKB)
encounters Phosphatidylinositol (3,4,5)-trisphosphate (PIP3), this opens the conformation, by
disassociation of the PH domain, with the kinase core, revealing the activation loop. Once
activated, PKB remains in this state. In contrast, PKCs are phosphorylated at the activation
loop, but this only primes them. They still must interact with secondary messengers or other
signals before becoming activated.

The Protein Kinase C Family of Proteins
Biochemical Features

There are at least 10 isoforms of PKC that are divided into 3 groups related through their
primary structure [3]. In general, PKCs contain a regulatory domain, with a pseudo substrate
region, as well as the elements necessary to respond to second messengers (Fig. 1). The N-
terminal regulatory domain is followed by a hinge region and the kinase core which contains
the substrate and ATP binding sites in the C-terminus of PKC. PKCs, once processed in the
cell by priming phosphorylation events by PDKI, remain in an auto-inhibited state until second
messengers bind their C1 and/or C2 domains [4]. The PKC family of proteins is divided into
three groups based on variations in the arrangement or existence of C1 and C2 domains.
Conventional (α,βI,βII,γ) PKCs have repeat cysteine rich C1 domains which act as
diacylglycerol (DAG) sensors and C2 domains which bind to Ca+2. Within the C1B domain
of PKCs, cysteine residues combine with key histidines to form two zinc fingers. In the case
of PKCγ, and discussed in this review, this type of C1 domain affords PKCγ an alternative
mode of activation. In this case, oxidation of cysteine residues, in the C1B domain, by oxidative
stress, leads to the formation of disulfide bonds and it is thought that this provides a direct link
between PKCγ activation and increased oxidative or reactive oxygen species (ROS) [66]. A
similar example of this occurs in Hsp33, a bacterial chaperone protein which becomes activated
by oxidation of its zinc finger domain, forms dimers, and, then, has chaperone activity[5].

Novel PKCs (δ,ε,η,θ) contain C1 and C2 domains but they are inverted in the primary structure
(Fig. 1). In addition, novel PKCs have C2 domains which do not bind to known ligands,
and,thus, are not activated by calcium signals. It is thought that without the calcium sensor,
novel PKCs translocate and activate differently than conventional PKCs [6]. PKCε is a member
of this group.

Atypical PKCs (ζ,ι/λ) do not have C2 domains or typical C1 domains, and, they lack a conserved
Ser/Thr residue in the C terminus which is an important phosphor-acceptor site in conventional
and novel PKCs (Fig. 1).

Once fully processed and phosphorylated, PKCs can respond to second messengers, depending
on their C1 or C2 domains, and engage and phosphorylate downstream targets. Activated PKCs
are subject to phosphatase activity and down-regulation by ubiquitination and proteasomal
degradation, after prolonged activation with tumor promoting phorbol esters [7]. The domain
architectures of the PKC isoform groups are presented in fig. 1 and show the striking similarities
in their structure, yet subtle differences which allow members of this diverse family of proteins
to display different sensitivities towards activators. As a result, PKCs translocate and interact
with varying targets depending on the isoform, tissue, and their location in the cell. Due to the
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available structural information for the C1, C2, and the kinase domains of PKCs, and the
extensive biochemical information, a general mechanism of activation for PKCs can be
described in detail [3].

A General Mechanism for Processing and Activation of PKCs
The newly synthesized PKCs associate with membranes through interactions with C1 and/or
C2 domains. Together, these weak interactions contribute enough binding energy to hold PKC
in a membrane bound, open conformation. PDK-1 is able to access its binding site at the
hydrophobic motif in the kinase domain and, once docked there, it phosphorylates PKCs on
the PKC activation loop. The release of PDK-1 from PKC is thought to be rate-limiting [8] but
the mechanism of release is unknown. Once phosphorylated on the activation loop (Thr514 in
PKCγ) PKCs auto-phosphorylate at the turn motif and the hydrophobic motif. Evidence
suggests that phosphorylation at the turn motif precedes the hydrophobic motif since mutations
at the turn motif abolish phosphorylation at the hydrophobic motif [9]. It is likely that these
events are linked to undocking of the PDK-1 from the hydrophobic motif of PKC, and, it is
clear that phosphorylation in the C-terminal kinase core of PKC stabilizes the enzyme in a
closed conformation. This allows the N-terminal pseudosubstrate region of the PKC to contact
the substrate binding site in an inhibitory loop, thus, inhibiting the enzyme until activation by
second messengers. In this conformation the PKC is released from the membrane and it
localizes to the cytoplasm where it encounters scaffolding proteins, docking proteins such as
14-3-3, remaining in this cellular compartment until activated.

Once calcium levels rise in the cell (in the case of PKC α, βI, and βII), Ca2+ binds to the C2
domain and the C1 region now interacts at the membrane with diacylglycerol (DAG). The
phorbol esters, used in research labs, are analogs of DAG and are used, in this manner, to
activate PKCs for experimental purposes.

In contrast, PKCγ, as well as the novel and atypical PKC isoforms, do not respond to calcium
as their primary signal, but, rather, display different sensitivities to DAG and membrane lipids
such as phosphatidylserine, based upon the specific structure of their C1 domains. This
provides a biochemical explanation for why a specific PKC can translocate to different cellular
components upon activation.

Because of their ability to interact with partner proteins there is yet another way to regulate
PKC activity. Since PKCs often interact with distinct docking/scaffolding proteins (14-3-3 for
PKCγ and RACK5 [receptor for activated C-kinase] for PKCε) peptides derived from the
sequences of different PKC isoforms make potent inhibitors and activators [10]. Once activated
or released from their docking partner PKCs can interact with numerous cellular components.
PKCs can interact with the plasma membrane [11], golgi [12], and cytoskeleton [13]. More
recently, it has become evident that some PKCs interact with mitochondria [14] and cell nuclei
[15]. As a consequence, PKCs are involved in such diverse functions as differentiation, cell
growth, apoptosis, gene expression, muscle contraction, metabolism, and endocytosis [16].
Thus, the PKCs are involved in memory and learning, development, alcohol dependence,
adaptation to pain, cancer metastasis, tumor growth, hypothermia, hyperthermia, starvation
and other physiological stresses.

Lipid Activation Signals
Since both PKCγ and PKCε have functional C1 domains they are both activated by lipid signals.
The specificity of these interactions allows each to translocate to different cellular
compartments. PKCs with functional C1 domains are activated primarily by diacylglycerol
(DAG), a product of phospholipase C. Phorbol esters, which mimic DAG, have been used
extensively to study the broad ranging effects of activation of conventional and novel PKCs.
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Though reactive oxygen species (ROS) are known to activate some PKCs at their C1 domains,
it is not clear if all isoforms are oxidative stress sensitive. PKCε, which is activated during
ischemia, is thought to be directly activated by ROS but the mechanism is unclear. Similarly,
PKCγ is activated during neural ischemia, but whether PKCγ activation depends directly on
changes in the levels of oxidative species or rather on upstream events is unknown. Because
these isoforms contain C1 domains, they each have the potential to undergo major
conformational rearrangements under conditions which favor the formation of disulfide bonds
within their C1 domains (Fig. 1B for sequences).

Because DAG is a product of phospholipase C (PLC) activity, and is generated by a diverse
set of ligand/receptor interactions, PKCs are connected to many signal transduction pathways.
For example, phospholipase activation within the low density lipoproteins (LDL) favors the
formation of arterial plaques. Phospholipase can modify LDL and this confers a survival
response towards oxidative stress which was found to be dependent upon the activation of
several PKC isoforms [17]. There are other membrane lipids which interact with the C1 domain
and activate either PKCγ or PKCε. A linoleic acid derivative with a cyclopropane ring, instead
of a cis double bond was found to activate PKC ε, and to a lesser extent PKC γ, possibly through
interaction with the phosphatidylserine binding site of the C1 domain [18]. Another lipid that
activates PKCε was found to protect against endoplasmic reticulum (ER) dependent cell death.
The ability of dilinoleoyl-phosphatidylethanolamine (DLPE) in a neuronal cell line to protect
against ER-mediated cell death was verified, but the mechanism of activation was not clear
[19]. Pyrroloquinoline quinone (PQQ), which acts as a growth factor and promotes DNA
synthesis, was shown to activate both extracellular signal regulated kinase (ERK) as well as
PKCε. Because nitric oxide (NO) was found to reduce cell viability in PQQ treated cells, this
pathway is considered to be NO sensitive. Again, the role of PKCε in PQQ mediated cell growth
is unknown [20]. A pro-inflammatory agent lipopolysaccharide (LPS) that induces astrocyte
stellation has enhanced activity in the presence of PKCε. This effect is blocked by expression
of constitutively active Rho A, demonstrating that PKC activity is important for inactivating
Rho A dependent pathways [21]. LPS signaling mechanisms are unclear but recently it was
shown that TRAM (Toll-like receptor 4 adaptor molecule) is directly phosphorylated by
PKCε on Ser16. This places PKCε firmly upstream of TRAM [22, and see 23-29].

Targets of PKCs
PKCs are expressed in a tissue specific manner. For example, PKCγ, a conventional isoform,
is expressed mainly in brain cells, neuronal tissues, retina, and lens. Neuronal tissues also
contain the ubiquitous α isoform as well as all others except λ. In epidermis, α,δ,ε,η,ζ are co-
expressed and play roles in the complex differentiation and cell death program which exists in
skin tissue [30]. In heart, PKCα, β, δ, and ε are expressed and ε in particular has been implicated
in a protective role for cardiac tissue while γ is absent in heart cells. PKCε is found in many
tissues but primarily in neuronal, immune, hormonal, and heart cells. Aside from neuronal
tissue, in which γ and ε are co-expressed, they are also co-expressed in the lens, retina, and the
vascular endothelium that constitutes the blood brain barrier [31]. PKCα, γ, λ, ε, and μ have
been detected in lens and the blood/brain barrier is thought to express ten isoforms.

Differences and similarities in the structures of PKCγ and PKCε
It was shown using a reporter assay that the magnitude and duration of PKC activation is largely
controlled by the location of the PKC, persistence of DAG, and the levels of phosphatase
activity at a particular location in the cell [32]. But , additional studies clearly show that
PKCγ and PKCε respond differently to the same level of DAG. It was recently discovered that
a single residue in the C1B domain of PKC's determines why some PKCs become activated
and translocate with only a DAG signal. Dries et al. ([33] found that PKCs with Tyr at this key
position bind DAG with much less affinity than PKCs containing Trp. PKCγ (Tyr122) required
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Ca2+ binding at C2 for DAG activation and translocation to the plasma membrane, while
PKCε (Trp191) more readily responded to DAG. Furthermore, it was found that PKCs with
Tyr have a 2-fold selectivity for phosphatidylserine (PS), a plasma membrane lipid, but
localized to the cytoplasm until activated [33]. PKCε, with a lower lipid headgroup specificity
requirement and higher affinity for DAG, is able to translocate to various membrane targets
under conditions when PKCs with Tyr, such as PKCγ, cannot. Consistent with these findings,
when comparing the headgroup selectivity of PKCε and PKCδ, it was found that while
PKCδ required PS to untether the C1 domain, PKCε displayed higher conformational flexibility
and a lack of need for a specific lipid headgroup. Because of the increased flexibility, PKCε
translocated much faster to various cellular compartments while the need for PS directed
PKCδ to the plasma membrane [34]. Tethering of C1 domains has been attributed to two
electrostatic and one aromatic interaction in PKCα. Mutants lacking these interdomain
interactions had higher basal membrane affinity and translocated faster to subcellular
compartments than wildtype PKCα [34].

Studies comparing PKCα to PKCγ, demonstrated that both C1 domains of PKCγ had
comparably high affinities for DAG, while the C1B domain of PKCα had high affinity for
phorbol ester. In vitro activity assays and monolayer penetration analysis showed that PKCα
is auto-inhibited and does not translocate to the plasma membrane at basal calcium
concentrations. Although PKCγ is also a conventional isoform, the conformational flexibility
of the C1A and C1B domains in PKCγ were shown to be quite flexible compared to PKCα. In
fact, PKCγ translocated to the plasma membrane in the presence of Ca2+ concentrations which
were insufficient to activate PKCα [35].

PKCε and PKCγ display highly flexible C1 domains which have high affinity for DAG and
phorbol ester. However, they have different subcellular localization patterns and modes of
activation. It is evident that neither kinase is tethered like PKCα or PKCδ, which results in
easier access to DAG and faster activation. PKCγ, however, contains Tyr122 while PKCε has
Trp191 in their C1B domains [36]. Hence, PKCγ requires PS because of increased lipid
headgroup specificity, in contrast to PKCε. This provides a structural explanation for how these
two kinases are localized to sometimes overlapping, but often different subcellular locations.
Protein/protein interactions are also reported to play a major role in determining whether the
binding sites for DAG are accessible in C1 domains [36]. A proteomics approach has been
used to identify some of the proteins which bind to PKCε [37], but a similar study has not been
done for PKCγ.

Substrate Specificity of PKCε and PKCγ
The structural differences in these two PKC isoforms also translate into differences in substrate
specificity. DNA microarray analyses on the PKCγ knockout mice show changes in activity
towards transerythrin, a thyroxin and retinol transport protein [98]. In brain, PKCγ directly
interacts with and phosphorylates the GluR4 alpha-amino-3-hydroxy-5-methyl-4-isoxazole
propionate receptor subunit [100]. PKCε, on the other hand, has specificity for GAP-43
(growth-associated protein of 43 kDa), a neuronal calmodulin binding protein [99].

PKCs are normally inhibited by the binding of the N-terminal pseudosubstrate inhibitory
sequence to the catalytic domain. Synthetic peptides which correspond to these regions can be
used to alter functions of each PKC and this gives some indication of the substrate sequence
specificity of each isoform. The pseudosubstrate region of PKCε is:
ERMRPRKRQGSVRRRV. The pseudosubstrate region of PKCγ is: FCRKGALRQ. The
peptides which is commercially used as a PKC substrate is called Kemptide and has the
sequence: LRRASLG [101]. These synthetic peptides have been used to determine the
preferred substrate consensus sequences of the different PKC isoforms. In general, PKCs
phosphorylate S or T residues with basic amino acids spaced on either side of the target residue.
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Their have been several studies detailing the unique substrate consensus sequences for PKCε
and PKCγ. Synthetic peptides based upon the Ser 7 of glycogen synthase 1 (GS1), the EGF
receptor region (VRKRILRRL), pp60c-src, and myelin basic protein-1 were used to
demonstrate differences in substrate consensus region recognition [102]. PKCγ had a Km for
GS1 of 53 μM while the PKCα Km was 550 μM. Using peptides with varied distance between
the positively charged amino acids (either lysine or arginine) and the S phosphorylation site,
it was determined that PKCε required R at either two or three or six residues from the S. In
contrast, the best synthetic peptide substrates for PKCγ required R's (Arg) on either side of the
S phosphorylation site [102]. Thus, PKCγ appears to be more specific for substrate choice
when compared to PKCε. Examination of the residues surrounding the S368 of Cx43 would,
therefore, predict that this would be a PKCγ phosphorylation site while S262 would be a
PKCε site. This has been found to be the case [56-59].

Two PKCs which respond to stress
PKCε in the heart

PKCε has been implicated as a major factor in the phenomena of cardiac preconditioning
[38]. Under hypoxic conditions PKCε translocation to Cx43 and to mitochondria and
subsequent protection from ischemia are dependent upon the presence of increased
mitochondrial reactive oxygen species (ROS). The requirement for PKCε was confirmed using
the PKCε null mouse hearts which do not develop tolerance to antimycinA-induced ischemia
[39].

Cardiac preconditioning, which has been demonstrated in many species, can be induced
through a variety of methods including hypoxia/ischemia [40], anesthetics [41], glucose [42],
phorbol esters [43], cannabinoids [44], and heat-stress [45]. It is assumed that these act in a
unified manner and activation of PKCε is, most likely, key to this control [46].

If this proves to be the case, what proteins is PKCε binding to and phosphorylating? One target
for hypoxia activated PKCε is the mitochondrial permeability transition pore (MPTP). PKCε
is thought to interact, first, with the mitochondrial KATP channel which leads to an influx of
K+. This triggers a rise in pH and the subsequent formation of reactive oxygen species (ROS),
which further activates PKCε, now localized in the mitochondria, resulting in inhibition of the
MPTP [47]. The functional association of the mitochondrial KATP channels with PKCε were
recently described using an in vitro proteoliposome system [48]. PKCε also interacts with at
least one component of the electron transport chain. Cytochrome C oxidase (CytCox), which
serves as the last component in the electron transport chain, is key in regulating ATP production
via oxidative phosphorylation. It also serves as a direct sensor of the oxygen levels available
in the cell and nitric oxide (NO) competes with binding of oxygen to CytCox [49]. It has been
shown in studies using cardiac myocytes that PKCε, when activated by hypoxia, interacts with
subunit IV (COIV), increasing the activity of CytCox [50]. This presumably increases
respiration and energetics and protects the cell from ROS caused by electron leakage at complex
I and III.

Another cardiac signaling complex which PKCε interacts with is Akt-eNOS. Upon activation
of either PKCε or Akt (Protein Kinase B), the association of the three proteins is enhanced and
eNOS (endogenous Nitric Oxide Synthase) and Akt activity are reported to be activated directly
by PKCε [51]. However, it was also reported that, in cardiovascular endothelial cells, PKCε
inhibits eNOS activity [52]. In addition, PKC isoforms α,δ, and ε were overexpressed in
keratinocytes and both PKCδ and ε were found to be potent inhibitors of Akt [53]. While it is
not clear whether activation or inhibition occurs, it is clear that this provides a direct link
between Akt, PKCε, and eNOS. Because NO is a direct activator of PKCε, its association with
eNOS demonstrates a feedback loop in which PKCε activity can be modulated. Aside from

Barnett et al. Page 6

Cell Signal. Author manuscript; available in PMC 2008 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



this, it seems there is also a control point at CytCox where O2, NO, and PKCε respond to the
cellular levels of oxygen and regulate respiration accordingly. In transgenic mice that express
constitutively active PKCε (aPKCε), aPKCε induces augmentation of mitochondrial
respiration. Specifically, an increase in adenosine nucleotide translocase activity, a decrease
in cytochrome c release, and stabilization of the inner mitochondrial membrane potential were
attributed to increased activity of PKCε and correlated with cell survival after UV induced
apoptosis [54]. Another mitochondrial target for PKCε is Bcl-2 associated death domain protein
(BAD). PKCε plays an anti-apoptotic role under some conditions by inhibition of BAD [55].

Besides it's role in mitochondrial protection, PKCε interacts with gap junctions in heart tissue.
In heart, functional Cx43 gap junctions are essential for conductance of electrical impulses and
stabilization of synchrony. In attempts to identify which kinases phosphorylate Cx43, it was
shown that both PKCα and PKCε phosphorylate Cx43 at multiple serines (S365, S368, S369,
S372, and S373) in the C-terminus of Cx43 [56,57]. The antiarrhythmic peptide, Rotigaptide
[97, see Fig.4], postponed dephosphorylation of Ser297 and Ser368 [58]. Dephosphorylation of
these residues was correlated with an extended time to asystole following 30 minutes of
ischemia due to preservation of conductance currents through gap junctions. (see Fig. 2 for
phosphorylation sites) In contrast, phosphorylation of Ser368, in cell culture, is associated with
decreased cell coupling. This inconsistency is likely due to the nature of cell lines. Regardless,
it is clear that Ser368 represents an important regulatory site for cardiac PKCε. Another
PKCε phosphorylation site on Cx43 is Ser262. Phosphorylation of Ser262 leads to reversal of
the marked decrease in DNA synthesis in cardiac myocytes associated with over-expression
of Cx43 [59]. Recently, it became evident that Cx43 is also present in heart mitochondria and
that preconditioning against ischemia, by treatment of heart tissue with diazoxide, depends on
Cx 43 localization to the inner mitochondrial membrane [60]. Signals propagated through gap
junctions are implicated in the induction of apoptosis, differentiation, metabolism,
preconditioning against ischemia, formation of cataracts and other physiological processes.
Like Cytcox, gap junctions may also be control points regulated by PKCε.

PKCγ and PKCε in neural tissues
PKCγ, is not expressed in the heart, but is widely expressed in the brain and eye tissues such
as retina and lens. These tissues contain both PKCγ and PKCε which have been implicated in
protective roles against stroke and neural ischemia [61]. During and after middle cerebral artery
occlusion, PKCγ migrates to synaptic membranes where it possibly modulates
neurotransmission and cell survival [62]. Studies on primary neurons in rats show that insulin
could mediate inhibition of necrotic cell death following ischemia/reperfusion injury.
Furthermore, by decreasing PKCγ expression with antisense oligonucleotides, the insulin
induced protection from insult was abolished [63]. For a comprehensive review of PKCs in
cerebral ischemia, see [61,64].

Mutations in the PKCγ C1B domain have been implicated in the movement and cognitive
disorder spinocellebellar ataxia type 14 (SCA14) [65]. Because it has been demonstrated that
these mutations occur in the C1B region of PKCγ, it is assumed that this would prevent
activation by oxidative signals [66]. When expressed in cells in culture, these mutations cause
ER stress, induce apoptosis, and have a dominant effect upon endogenous PKCγ [96]. The
mutant enzymes were not activated by oxidative stress and this resulted in a failure to control
gap junctions. Caspase-3 linked apoptosis in these cells was prevented by a gap junction
inhibitor [96]. This clearly demonstrates that there is a direct link between the ability to
oxidatively activate PKCγ and control gap junctions.

Another mutation in PKCγ has been associated with retinitis pigmentosa and occurs at the very
C-terminus of the protein [67]. In studies using chinese hampster ovary (CHO) cell culture,
the R659S mutant induced cell death more readily than did the wildtype kinase [68]. PKCγ is

Barnett et al. Page 7

Cell Signal. Author manuscript; available in PMC 2008 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



also suspected of mediating ER stress dependent neuronal cell death. In mouse neuroblastoma
cell viability assays, in the presence of tunicamycin, it was discovered that dilinoleoyl-
phophatidylethanolamine (DLPE) has a neuroprotective effect. Based on structural analysis of
DLPE, it was hypothesized and then demonstrated that DLPE activates both PKCγ as well as
PKCε [19].

PKCγ is also expressed at relatively high levels in the cerebellum. In primary cerebellar
neurons, PKCγ directly phosphorylates Ser890 of the N-methyl-D-aspartate receptor
(NMDAR). Activation of type I metabotropic glutamate receptors (mGluR) which leads to
phosphorylation of NMDAR with 3,5-dihyidroxy-phenylglycine (DHGP) activates PKCγ
[69]. PKCγ therefore lies downstream of mGluR and upstream of NMDAR. It has been reported
recently that PKCγ activation via iGluR (i for inducible) and mGluR requires both channels in
order to get NMDAR activation, implying that both a lipid and calcium signal are necessary
in this case [70].

Other cases in which PKCγ is important for neural function are related to sensitivity to alcohol,
opiates, and pain. Pain sensitivity after alcohol administration is associated with altered levels
of PKCγ in the cytoplasm of rat motor neurons [71]. In related work, withdrawal-induced
hyperalgesia was reversibly inhibited with PKCε oligodeoxynucleotide antisense [72].
Morphine tolerance studies in rats show that PKCγ expression increases substantially after
eight days of morphine treatment [73]. In more recent work, it was demonstrated that PKCγ
contributes to the induction of tolerance to morphine. PKCγ knock out mice had similar
nocioceptive processing regardless of morphine treatment [74]. In other work, PKCγ knock
out mice treated with morphine did not exhibit spinal cord astroglial hypertrophy or
proliferation which is normally associated with development of morphine tolerance [75].

Roles for PKCε in protecting neurons from stroke and ischemia are also well documented.
PKCε is broadly expressed in neural tissues, retina, and lens and has been implicated in many
signaling pathways in these tissues. Under conditions of glucose/oxygen starvation PKCε
activator peptides reduced cortical neuron and astrocyte injury after ischemia/reperfusion while
specific inhibition of PKCε abolished this effect [76]. When ischemia is chemically induced,
transductional levels of PKCε increase dramatically after ischemia and these levels are
maintained or even potentiated during one hour of ischemic reperfusion [77]. In l-buthionine-
S,R-sulfoximine (BSO) treated neurons, a burst of ROS leads to neuronal cell death. In this
case, inhibition of PKCε correlated with neuron survival rather than cell death [78]. In a rodent
stroke model, moderate hypothermia was reported to preserve PKCε activity [79]. An observed
loss of PKCε during ischemia was not dependent on caspase-3 activation but was prevented
by hypothermia by an unknown mechanism. In another hypothermia study in rat hearts, N(2-
Mercaptopropionyl) glycine or PKCε inhibitors abolished the protective effects of temperature
preconditioning, demonstrating a primary role for ROS [80]. Consistent with this, ROS illicits
cardioprotection in wildtype mouse hearts but is lost in PKCε −/−mice[39].

Activation of PKCε mediated pathways during ischemic injury involves extracellular signal-
regulated kinases (ERKs). Both activation of N-methyl-D-Aspartate receptors (NMDAR) and
glucose/oxygen deprivation induces neuronal protection in mice. This protective effect is
dependent on activation of upstream NMDA receptors (NMDAR) and downstream ERKs.
Specific inhibition of PKCε or ERKs results in loss of neuroprotection [84]. In neocortical
explants, activation of PKCε mimics estrogen induced ERK activation. As reported, inhibition
of PKCε diminished estrogen mediated ERK phosphorylation [85]. These results directly link
PKCε mediated signal transduction to ERKs, which are important for neural protection, stress
sensing, cell growth, and differentiation. PKCε activity has also been shown to be critical for
the process of neural growth cone collapse [86], as well as neurite outgrowth [13].
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In mouse hippocampal neurons, PKCε reduces Na+ channel current by modulating
phosphorylation sites on Na+ channel subunits after stimulation of muscarinic acetycholine
receptors, possibly by a direct interaction. Furthermore, PKCε knock out mice do not display
a reduction in sodium channel currents in response to PKCε activation, indicating that, in mouse
hippocampal neurons, PKCε is the PKC isozyme responsible for voltage gated sodium channel
modulation [87]. Altered regulation of these channels is associated with many neurological
disorders such as epilepsy. Interestingly, PKCε modulates the activity of the anticonvulsant,
topiramate in rat neurons treated with tetrodotoxin. Topiramate activity is dependent on the
phosphorylation state of the sodium channel, indicating that PKCε phosphorylation of the
channel blocks the hyperpolarizing effects of topiramate [88]. Aside from Na+ channels, it is
also reported that amyloid beta peptide directly inhibits PKCε phosphorylation and
translocation to membranes [89].

Both PKCγ and PKCε, interact with the same gap junction protein,Cx43, in neuronal tissues.
In astrocytes, Cx43 is widely expressed, and mutations in the Cx43 primary structure are
associated with the development of oculodentodigital dysplasia, a rare but devastating
abnormality of craniofacial and limb growth [90]. In lens tissues, PKCγ has been implicated
in the disassembly of connexin 46/50 gap junctions and this communication pathway is critical
for lens homeostasis, especially the communication between mature fiber cells and
differentiating fiber cells [91]. PKCγ directly phosphorylates Cx46 and phosphorylates other
connexins in the lens, such as Cx50 and Cx43 [92]. There is one report of PKCε in the lens
[93], and this work demonstrates that PKCε is not activated by the well known PKCγ activator,
12-O-tetradecanoylphorbol-13-acetate (TPA). Since both PKCγ and PKCε act on Cx43, a
future area of research will be to determine the effects of having both PKC's in the same cell.

Why two stress sensor kinases in neural tissues?
Unlike the oxygen rich environment of the heart where only PKCε is found, both PKCγ and
PKCε are expressed in brain. Brain tissue is highly susceptible to decreased levels of oxygen.
Unlike cardiac myocytes which may survive 20-40 minutes of ischemia, neurons begin dying
during cerebral ischemia in minutes. Damaged areas are characterized by necrosis as a result
of depolarization and the resulting influx of ions leads to rapid, immediate increases in infarct
size. The spread of damage is through gap junctions [94,95]. Neural tissues most likely contain
both stress-sensing kinases in order to protect against this damage. Under conditions of hypoxia
which activates PKCε, the PKCε could translocate to the mitochondria and this may help
prevent mitochondrial-induced apoptosis from occurring. The PKCγ may then become
activated by rising ROS and translocate to the plasma membrane to phosphorylate and inhibit
gap junctions. This could help to prevent the spread of apoptotic signals to adjacent neurons
by the “Bystander Effect.” Prolonged ischemia would overwhelm this protection mechanism
but it could provide extra protection under normal oxidative stress. (Fig.3)

In heart where PKCε helps to maintain electrical conductance via modulation of Cx43,
PKCγ does not exist. In neural tissues which express both isoforms, PKCγ appears to be the
primary regulator of gap junctions after oxidative stress. It could be that in these tissues,
PKCγ displaces PKCε from gap junctions as a means of protection that is not required in more
resilient tissues such as heart. While metabolic dependence on glucose is an important factor
in neural ischemia, it is thought that the brain's intercellular communication pathways play a
major role in causing ischemic injury [94,95]. Although knockout mouse models exist for both
PKCγ and PKCε a double knockout does not exist and this would be an ideal model to determine
the requirements for these two stress sensing kinases.

Barnett et al. Page 9

Cell Signal. Author manuscript; available in PMC 2008 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Conclusions
Both PKCγ and PKCε have open and easily activated C1 domains which allow them to become
activated by oxidative signals and ROS, without a DAG or calcium signal. These PKC isoforms
play a key role in the control of both mitochondria and gap junctions during ischemic stress.
This stress control appears to involve, mainly, PKCε in heart, but the additional PKCγ in neural
tissues. It is not certain if both PKCs control the Cx43 gap junction protein. However, the use
of the available knockout models together with structural information and studies of mutants
should provide the necessary tools to determine how each of these PKC isoforms function,
when alone or together, to provide protection from ischemia. This information will be critical
to the development of drugs to treat stroke and cardiac arrhythmias.
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Figure 1.
A) Domain Structures of PKC Isoforms. PKCγ is a conventional PKC. PKCε is a novel PKC.
B) Sequences of C1B Domains of PKCγ and PKCε.
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Figure 2.
Sequence of Cx43-C-Terminus.
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Figure 3.
Model of Functions of PKCγ and PKCε During Oxidative and Hypoxic Stress.
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Figure 4.
Structure of Rotigaptide from [97].
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