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Abstract

The protein kinase C family (PKC) regulates a variety of neural functions including neurotransmitter release. The

selective activation of a wide range of PKC isoforms in different cells and domains is likely to contribute to the

functional diversity of PKC phosphorylating activity. In this review, we describe the isoform localization,

phosphorylation function, regulation and signalling of the PKC family at the neuromuscular junction. Data show

the involvement of the PKC family in several important functions at the neuromuscular junction and in particular

in the maturation of the synapse and the modulation of neurotransmission in the adult.
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Introduction

Protein kinase C (PKC) comprises a family of serine-

threonine protein kinases that are widely distributed in

all cells and at high concentrations in neural tissues and

regulate a variety of neural functions including neuro-

transmitter release. The PKC family is classified into three

groups [conventional PKCs (cPKCs), novel PKCs (nPKCs)

and atypical PKCs (aPKCs) isoforms] on the basis of their

sequence motifs and cofactor requirements (Fig. 1A). The

cPKCs (a, bI, bII, c) require phosphatidylserine (PS), diacyl-

glycerol (DAG) and Ca2+ if they are to be activated, nPKCs

(d, e, g and h) require only PS and DAG, and aPKCs (f

and ι/k) require only PS. These different isoforms exhibit

distinct tissue and cell distributions, suggesting specific

roles in a variety of cellular functions (Tanaka &

Nishizuka, 1994; Mochly-Rosen & Gordon, 1998). The

differential colocalization of an activated PKC isoform

with its endogenous protein substrates, contributes to the

functional diversity of the PKC isoforms (Mochly-Rosen,

1995). Intracellular PKC-binding proteins known as recep-

tors for activated C-kinase (RACKs) are essential to achieve

the cellular specific patterns of distribution of an individ-

ual activated PKC isoform (Mochly-Rosen et al. 1991a,b).

Therefore, it is fundamental to identify the mechanisms

that activate and compartmentalize PKC isoforms in order

to understand the physiological functions of PKC. Many

studies have been carried out on the mammalian neuro-

muscular junction (NMJ), which is a useful paradigm of

synaptic structure and function (Fig. 1B). In this review,

we describe the localization and relevant roles of the PKC

family at the NMJ, both during development and in

neurotransmission in the adult.

PKC isoforms in the NMJ

Several isoforms of PKC are expressed in adult and newborn

skeletal muscle (Nakano et al. 1992; Arakawa et al. 1993;

Hilgenberg & Miles, 1995; Lanuza et al. 2000, 2010; Kim

et al. 2002; Moraczewski et al. 2002; Brandt et al. 2003;

Canto et al. 2004; Perrini et al. 2004; Rose et al. 2004; Van

Ginneken et al. 2004; Vary et al. 2005; Besalduch et al.

2010). These isoforms are from conventional, novel and

atypical families and are expressed in significant quantities.

Most of these studies have demonstrated that PKCs have a

role in insulin and exercise-mediated glucose transport and

that a substantial amount of PKC is detected in the T-tubule

membrane (Salvatori et al. 1993), which suggests that these
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extrasynaptic PKCs have a role in the metabolism and

contraction of muscle fibers. It has been demonstrated that

synaptic and extrasynaptic regions of muscle have a similar

proportion of cPKC isoforms (Besalduch et al. 2010), which

suggests the involvement of the PKC family also in neural

functions.

The state of activation of PKC isoforms in basal conditions

appears to be high, as the greatest proportion of total
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Fig. 1 Protein kinase C and NMJ. (A) Serine/threonine kinase C family. Schematic diagram of primary structures of PKC family members showing domain

composition and activators. The PKC family of isozymes consists of three classes: the classical (a, bI, bII, c), novel (d, e,g and h) and atypical (f and ι/k).

(B) Adult NMJ image. Double immunofluorescence NMJs labelled with syntaxin/neurofilament-200 nerve terminal, NT, in green) and a-BTX (AChR in

red). (C1–3) Semithin (0.5 lm) cross-sections of the NMJ stained with toluidine blue (C1) and with a triple immunofluorescence method (C3; syntaxin/

neurofilament-200-NT, in green, S-100 Schwann cell, SC, in blue and a-BTX -AChR in red). In (C2), the cellular components in C1 are delineated. Repro-

duced with permission from Lanuza et al. (2007). (D) Immunohistochemical staining for cPKC isoform bI at the adult NMJ. cPKCbI are labelled in green,

the AChRs in red and the Schwann cells (SC, S-100) or the nerve terminals (NT, neurofilament-200/syntaxin) in blue. (D1) NMJ from awhole muscle

immunolabelled. (D2–D3) Semithin cross-sections from awhole-mount multiple-immunofluorescent stained muscle. cPKCbI was found to be localized

to the presynaptic terminals. Reproduced with permission from Besalduch et al. (2010). (D4) The diagram summarizes the localization of the PKC

isoforms in the three cellular components of the NMJ (nerve terminal, muscle cell and Schwann cell). Scale bars: 10 lm.
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enzymatic activity of PKC in skeletal muscle is associated

with the particulate fraction (Richter et al. 1987; Cleland

et al. 1989; Besalduch et al. 2010). PKCs undergo transloca-

tion during activation, involving kinases moving from

cytoplasmic to membrane domains, which leads to confor-

mational changes in the enzyme and activation (Kraft et al.

1982; Kraft & Anderson, 1983; Oancea & Meyer, 1998;

Tsuruno & Hirano, 2007). For example, the location of the

enzyme in the skeletal muscle membrane fraction is associ-

ated with the phosphorylation, and therefore activation, of

PKCs (Besalduch et al. 2010).

Several PKC isoforms from the cPKCandnPKC families have

been described at the NMJ (Nakano et al. 1992; Arakawa

et al. 1993; Hilgenberg & Miles, 1995; Lanuza et al. 2000,

2010; Perkins et al. 2001; Kim et al. 2002; Besalduch et al.

2010).

cPKC (a, bI, bII, c) expression and localization at the

NMJ

Initially, cPKC b-subspecies were demonstrated in the pre-

synaptic (Nakano et al. 1992; Arakawa et al. 1993; Perkins

et al. 2001) and postsynaptic cell (Nakano et al. 1992;

Perkins et al. 2001), whereas cPKCa appeared to be widely

expressed (Nakano et al. 1992; Hilgenberg & Miles, 1995;

Lanuza et al. 2000; Kim et al. 2002). More recently, using

high resolution immunohistochemistry in semithin cross-

sections of skeletal muscle (Lanuza et al. 2007) a selective

concentration and distribution of bI and bII isoforms at the

NMJ was demonstrated (Besalduch et al. 2010). Further-

more, we found that the cPKC isoforms (except PKCc) are

selectively distributed in specific cell types at the adult NMJ

(Fig. 1D). cPKCa and bI were localized to the presynaptic

terminals, whereas cPKCbII and also cPKCa were associated

with the postsynaptic muscle fibre and Schwann cells

(Besalduch et al. 2010). Therefore, at present, cPKCbI is the

cPKC isoform that is almost exclusively detected in the nerve

terminals of the NMJ, suggesting that it has a specific role

in transmitter release. cPKCa may also be involved in this

function, although it is ubiquitously expressed and may play

more than one role. Furthermore, cPKCa and bII have been

detected in both postsynaptic muscle fibres and Schwann

cells, agreeing with other studies that have demonstrated

immunoreactivity for cPKCa and bII in the Schwann cells of

sciatic nerves (Ekstr€om et al. 1992; Roberts & McLean, 1997).

Conversely, cPKCc is restricted mainly to the brain and

spinal cord (Nishizuka, 1995) and is almost absent from the

NMJ and extrasynaptic muscle fibre (Besalduch et al. 2010).

nPKC (e, h) expression and localization at the NMJ

nPKCe is widely distributed in the central nervous system

(Shirai et al. 2008) and muscle (Moraczewski et al. 2002;

Vary et al. 2005) but more recently this isoform has been

demonstrated in substantial quantities nPKCe at the rodent

NMJ and is roughly twice as abundant during development

compared with the adult (Lanuza et al. 2012). This may

indicate some specific involvement in motor axon with-

drawal mechanism during developmental synapse elimina-

tion at the NMJ. In the NMJ adult, nPKCe has been located

in the motor nerve terminals but not in the Schwann or

postsynaptic muscle cells (Lanuza et al. 2012). Immunohisto-

chemistry performed in the central nervous system revealed

that the enzyme is most abundantly expressed in nerve

fibers and, more specifically, using electron microscopy, pre-

synaptically (Saito et al. 1993; Tanaka & Nishizuka, 1994).

The calcium-independent isoform nPKCh has been found

to be both postsynaptically and presynaptically distributed

at the NMJ (Hilgenberg & Miles, 1995; Lanuza et al. 2000,

2010; Kim et al. 2002), supporting the notion that nPKCh

acts in both compartments. It had been reported that

nPKCh was a postsynaptic isoform because of its predomi-

nant localization in skeletal muscle, but neural expression

of nPKCh is not surprising because it was reported that cell

co-culture preparations of normal muscle with nerve

derived from kinase KO spinal cord failed to demonstrate

axonal competition and synaptic down-regulation (Li et al.

2004). In fact, studies in rodent ex vivo preparations have

found that blocking PKC can increase ACh release from the

weakest axons in developing polyinnervated synapses

(Santafe et al. 2009b), supporting the notion that there is a

PKC-dependent release inhibition mechanism that, when

fully active in certain weak motor axons, can depress ACh

release and even disconnect synapses.

Figure 1-D4 summarizes findings concerning cPKC and

nPKC isoform localization and shows that PKCa, bI, e and h

are located in the nerve terminals at the NMJ; cPKCa, bII

and h are located in the postsynaptic component of the

NMJ, and cPKCa and bII are also localized in the Schwann

cells.

Synaptic activity, neurotransmission and PKC
isoforms

Presynaptic protein phosphorylation by PKC regulates

transmitter release

Presynaptic protein phosphorylation by PKC is an important

mechanism that regulates transmitter release (West et al.

1991; Numann et al. 1994; Byrne & Kandel, 1996; Catterall,

1999; Santafe et al. 2005). Investigation into PKC coupling

to acetylcholine (ACh) release at the NMJ indicated that

presynaptic PKC is involved in the modulation of neuro-

transmission in the adult NMJ because ACh release increases

when PKC is highly activated by a phorbol ester (phorbol

12-myristate 13-acetate, PMA, Santafe et al. 2006). Never-

theless, PKC is uncoupled from the ACh release mechanism

at rest in the ex-vivo muscle preparation because calphostin

C (CaC), a potent inhibitor of PKC, is not able to reduce

release in these conditions (Santafe et al. 2006). Further-
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more, the action of PKC is dependent on the Ca2+ inflow

through the P/Q-type voltage-dependent calcium channels

during evoked activity, because the blocking of this channel

with x-Agatoxin IVA inhibited the PMA-potentiation

(Santafe et al. 2006).

It is known that modulation of the ACh release can be

carried out by mAChR autoreceptors (see Caulfield, 1993 for

a review; Ganguly & Das, 1979; Abbs & Joseph, 1981;

Wessler et al. 1987; Arenson, 1989). Investigations at the

NMJ showed that M1 and M2 subtypes of muscarinic recep-

tors are involved in ACh release from adult NMJ motor

nerve terminals (Santafe et al. 2003). There are two oppos-

ing, though finely balanced, M1-M2 mAChR-operated

mechanisms that tonically modulate transmitter release.

PKC appears to be involved in this modulation because

when an imbalance of the M1-M2 mAChRs function was

experimentally produced with selective blockers, PKC was

then able to stimulate transmitter release tonically, as evi-

denced by its inhibitory effect on release of CaC in these

conditions (Santafe et al. 2006).

In conclusion, it seems that at least one calcium-

dependent PKC in the adult NMJ mediates presynaptic

mAChR modulation of transmitter release (Santafe et al.

2006; see also the diagram corresponding to the adult NMJ

in Fig. 4A). Given the size and diversity of the PKC family, it

is important to determine which PKC family member(s) are

involved in this mediation.

PKC isoforms involved in the activity-induced ACh

release mechanism

There are several lines of suggesting that at least one cal-

cium-dependent PKC isoform might be involved in modu-

lating ACh release in conditions in which PKC is active. One

important mechanism that activates PKC is synaptic activity

(Besalduch et al. 2010). PKC couples to ACh release when

continuous electrical stimulation imposes moderate activity

on the NMJ (Besalduch et al. 2010). Figure 2A shows that

when the nerve fibers innervating the NMJs were

electrically stimulated at a low frequency (1 h of continuous

electrical stimulation at 1 Hz), to introduce moderate, physi-

ologically relevant activity, PKC was coupled to neurotrans-

mitter release. The block of all PKC isoforms with CaC

reduces approximately 40% of the evoked release in stimu-

lated muscles, suggesting the involvement of PKC (see raw

data in Fig. 2A). Further, electrical stimulation of peripheral

nerve at a low frequency did not, by itself, change the end

plate potential (EPP) amplitude (Fig. 2A). This result sug-

gests to us that the PKC has a role in the maintenance of

the release machinery in active synapses. Another well

known mechanism that enhances neurotransmission is the

increase of external calcium, suggesting that the process

could be mediated by a calcium-dependent PKC. The

increase in external calcium (from 2 to 5 mM) increased EPP

size (100%); this effect may be due partly to the involve-

ment of the coupling of PKC to neurotransmission, because

in the presence of high calcium, the blocking of the kinase

with CaC reduces evoked release (Fig. 2A). These results

strongly suggest that at least one calcium-dependent PKC

present at the NMJ might be involved in modulating ACh

release in conditions in which PKC is active, and cPKC local-

ized in the nerve terminal at the NMJ is a good candidate

for this role. As previously stated, it has been demonstrated

that both cPKCa and cPKCbI have a presynaptic location,

with cPKCbI being exclusively located in the nerve terminal

(Fig. 1D; Besalduch et al. 2010). It would be interesting to

know whether cPKCa and -bI activity can be changed after

electrical stimulation because, if it can, the isoform-specific

activity of the cPKCs may affect the targeted modulation of

neurotransmitter release and synaptic activity. Moreover,

muscle contraction induced by synaptic activity could

change the expression of these presynaptic cPKC isoforms in

the membrane fraction of the muscle synaptic zone, as sev-

eral studies have reported that electrical stimulation-

induced contraction increases the translocation of total PKC

activity to the particulate fraction (Richter et al. 1987;

Cleland et al. 1989; Antipenko et al. 1999). Figure 2B shows

that the stimulation of synaptic inputs significantly

decreases the amount of the two presynaptic isoforms in

the nerve terminal membrane. When there is muscle con-

traction, stimulation of synaptic inputs significantly

increases the amount of the two isoforms in the nerve ter-

minal membrane. Moreover, these changes in the synaptic

membrane are accompanied by an increase in the phos-

phorylation of cPKC and of several proteins in the cPKC con-

sensus sites, indicating that the increase in the PKC isoforms

in the synaptic membranes in this experimental condition is

in concordance with the phosphorylating action of the kin-

ases. Therefore, in active synaptic zones, cPKCa and bI iso-

forms increase or decrease depending on whether the

muscle cells contract (Besalduch et al. 2010). The level of

the postsynaptic cPKCbII isoform in the synaptic membrane

when the nerve fibres are stimulated (with and without

contraction) increases or decreases in the membrane

depending on whether the muscle cells contract or not,

respectively (Fig. 2B). We suggest that a muscle cell contrac-

tion-dependent increase in the presynaptic isoforms (a and

bI) in the synaptic zone, may require neurotrophic-positive

feedback from the postsynaptic component as a result of

postsynaptic contractile activity. The increase in a and bII

isoforms in the postsynaptic site may be directly induced in

the muscle cell when contracting.

In conclusion, increases in synaptic activity, by nerve stim-

ulation, sufficient to trigger muscle contraction, couples

PKC to transmitter release in the rat neuromuscular junction

and increases the level of a, bI and bII isoforms in the mem-

brane. The phosphorylation activity of these classical-PKCs

also increases. It seems that the muscle needs to contract in

order to maintain or increase cPKCs in the membrane.

These results indicate that PKCa and/or bI isoforms poten-
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tially are directly involved in modulating calcium-

dependent ACh release at the NMJ.

nPKCe, a novel type of PKC, is expressed at a high level in

the brain and several neural functions of nPKCe, including

neurotransmitter release, have been identified (see Shirai

et al. 2008 for review). Presynaptic location of the nPKCe at

the NMJ has been described (Lanuza et al. 2006b), which

suggested that it may also have a role in neurotransmitter

release. Functional data indicate that nPKCe is involved in

the activity-induced ACh release mechanism at the NMJ and

that the action of this isoform seems related to the cPKCbI

isoform in an activity-dependent way that also needs

muscle contraction (Lanuza et al. 2012).

PKC signallingin developmental activity-
dependent synapse elimination

During the development of the nervous system there is an

initial overproduction of synapses that is followed by an

activity-dependent reduction in the number of connec-

tions, which refines the neuronal circuits. The elimination

of synapses has been studied extensively at the NMJ and

using this model it was demonstrated that both the stabil-

ity of the postsynaptic receptors and presynaptic neuronal

structures contribute to the process of elimination (Jansen

et al. 1976; Sanes & Lichtman, 1999; Nelson et al. 2003).

Figure 3 shows several examples of NMJs from a newborn

animal that are polyinnervated (asterisk) and other NMJs

that are monoinnervated. The synapse elimination process

is accompanied by changes in the morphology of the

AChR cluster in the postsynaptic component; Fig. 3 also

shows a classification of the morphology of the AChR clus-

ters into four maturity stages to visualize the maturation

of the cluster. As normal maturation takes place, changes

in the AChR distribution transform the uniform AChRs

oval plaque at birth (M1) into an elongated oval plaque

with hints of heterogeneities in receptor density (M2) that

later change into clusters containing small areas of low

AChR density appearing as holes (M3). This morphology

leads to an increasingly structured pattern of fluorescently

A

B

Fig. 2 Effect of electrical stimulation and electrical stimulation -induced contraction on nPKCe, cPKCa and cPKC bI. (A) Time course of CaC effect

on EPP amplitude when incubated solely (only CaC, 10 lM; dotted line) to the muscle, when a continuous stimulation at 1 Hz was applied previ-

ously (1 h) during the CaC incubation (1 : 1 Hz; 2 : CaC) and in the presence of high external calcium (1 : Ca2+; 2 : CaC). We can see also the

EPP amplitude when continuous stimulation at 1 Hz was applied (only 1 Hz). Values are expressed as percentages (mean � SE) with respect to ini-

tial amplitude. n = 10–15 single fibers by the kind of experiment. Points into the grey area: P < 0.05 with respect to initial values (0.0 min). On

the right, raw data showing examples of the CaC effect on synaptic potentials with and without electrical stimulation. EPPs were recorded before

and at 60 min of CaC application. Up: only CaC. Down: CaC with continuous stimulation at 1 Hz. Note that the following changes can be seen

only in down: the EPP sizes were diminished and the EPP variances increased. Artefacts are modified for clarity. Scale bars: horizontal: 4 ms, verti-

cal: 3 mV. (B) Drawing of the diaphragm muscle showing the innervated area of the muscle. Dotted lines indicate the place at which synaptic and

extrasynaptic zones were separated. The fluorescent image shows the NMJs detected with TRITC-conjugated a-BTX. Note that NMJs are located at

the synaptic area and no NMJs were detected in the extrasynaptic area. Western blotting analysis of cPKCa, bI, bII isoform immunoreactivity levels

in diaphragm muscles from synaptic membranes under basal conditions (Control) and after electrical stimulation (1 Hz, 30 min) with (ES + C) and

without (ES) muscle contraction. Experimental conditions resulted in a significant change (P < 0.05) from control values. Reproduced with permis-

sion from Besalduch et al. (2010).
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labelled independent primary gutters (M4) below the

nerve terminals. A careful examination of the time course

of loss of innervating axons and the disappearance of

postsynaptic receptors shows that these mechanisms are

gradual (finishing at the end of the 2nd to 3rd postnatal

week at the rodent NMJ) and reveals that there is a

degree of independence between these two processes. A

considerable decrease in polyneuronal innervation occurs

at a time when there is relatively little loss of the postsyn-

aptic acetylcholine receptors (Lanuza et al. 2002). On the

other hand, there can be a local receptor loss followed by

a later loss of the corresponding nerve axon (Balice-

Gordon & Lichtman, 1993). On the basis of some of these

and other observations, and the competitive nature of

nerve and receptor loss, several mechanisms have been

postulated to understand the synapse elimination process

(Liu et al. 1994; Nguyen & Lichtman, 1996; Chang & Balice-

Gordon, 1997; Sanes & Lichtman, 1999; Herrera & Zeng,

2003; Nelson et al. 2003; Wyatt & Balice-Gordon, 2003;

Buffelli et al. 2004). Data suggests that serine protein kin-

ases activity could be one of the biological mechanisms

that drive this synapse elimination process. Both serine pro-

tein kinases C and A play a role in activity-dependent syn-

apse modification: PKC activation results in a decrease in

synaptic strength, whereas the action of the PKA opposes

or reverses the PKC effect (Jia et al. 1999; Lanuza et al.

2000, 2001, 2002, 2006a, 2010; Li et al. 2001, 2004; Santafe

et al. 2001, 2002, 2003, 2007; Nelson et al. 2003) .

PKC signalling– presynaptic

The functional relationships among PKC activity, calcium

inflows, voltage-dependent calcium channels (VDCC) and

presynaptic muscarinic acetylcholine receptors (mAChRs) in

the modulation of the postnatal developmental activity-

dependent synaptic elimination process has been exten-

sively studied (Santafe et al. 2002, 2003, 2007, 2009b; Tom�as

et al. 2011). The results support a specific presynaptic model

of PKC signalling (Fig. 4A). When PKC is coupled to the neu-

rotransmission mechanism, it enhances ACh release in all

synaptic contacts, regardless of their state of developmental

maturation (in green in Fig. 4A), excepting those that are

‘weaker’ competitor during synapse elimination (in red in

Fig. 4A). In dually innervated endplates, the weak nerve ter-

minal is potentiated by partially reducing calcium entry

(P/Q-, N-, or L-type VDCC-specific block or 500 lM magne-

sium ions), M1- or M4-type selective mAChR block, or PKC

block. Moreover, reducing calcium entry or blocking PKC or

mAChRs results in the unmasking of functionally silent

nerve endings that now recover neurotransmitter release

(Santafe et al. 2009b). All these results show interactions

between these molecules and indicate that there is a

release inhibition mechanism based on an mAChR-PKC-

VDCC intracellular cascade. When it is fully active in certain

weak motor axons, it can depress ACh release and even dis-

connect synapses (Tom�as et al. 2011). We suggest that this

mechanism plays a central role in the elimination of

Fig. 3 Pre- and postsynaptic changes during developmental activity-dependent synapse elimination. Synaptic AChR cluster morphologies in the

neuromuscular junctions of the rat LAL muscle from birth to adulthood. AChRs were stained with rhodamine-conjugated a-bungarotoxin. Postsyn-

aptic AChR clusters are classified from M1 to M4 types according their morphologic maturation. The colour image shows a confocal image show-

ing several NMJs immunostained in green with neurofilament-200 and in red with a-bungarotoxin. Scale bars: 10 lm. Reproduced with

permission from Lanuza et al. (2002).
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redundant neonatal synapses, because functional axonal

withdrawal can indeed be reversed by mAChRs, VDCCs or

PKC block.

Neurotrophins and their receptors – p75NTR and the tyro-

sine kinase receptor family (trks) – that modulate the synap-

tic activity of NMJ (Wang & Poo, 1997) have a differential

spatial and temporal expression during neuromuscular syn-

apse development (Garcia et al. 2010b,c,d, 2011). This par-

ticular configuration of neurotrophin signalling specifically

contributes to the control of ACh release during synapse

elimination at the NMJ, and could be related to the mecha-

nism based on the previously described mAChR-PKC-VDCC

intracellular cascade. Figure 4B represents the localization

of neurotrophins [brain-derived neurotrophic factor (BDNF),

neurotrophin-3 and 4 (NT-3 and NT-4] and its receptor

proteins (p75NTR, trkB and trkC) in neonatal monoinnervat-

ed and multiple-innervated NMJ. Figure 4B also shows that

neurotrophins enhance neurotransmission and that this role

is selective for different nerve terminals depending on their

developmental maturation. Therefore, BDNF potentiates

ACh release at all synaptic contacts, regardless of their

developmental maturation, NT-3 only potentiates neuro-

transmission in synaptic contacts that are competing and

NT-4 only in the mature nerve terminals and not during

synapse elimination (Garcia et al. 2010b,c,d, 2011).

Brain-derived neurotrophic factor is a member of the neu-

rotrophin family that plays a role in neuronal proliferation,

differentiation and survival during development (Barde

A

B

Fig. 4 Presynaptic PKC signalling. (A) Functional relation between calcium inflows, voltage-dependent calcium channels (VDCC), presynaptic mus-

carinic acetylcholine receptors (mAChRs), and PKC activity in the modulation of the postnatal developmental activity dependent-synaptic elimina-

tion process. (B) Localization of neurotrophins (brain-derived neurotrophic factor (BDNF), neurotrophin (NT)-3 and NT-4 and its receptor proteins

(p75NTR, trkB and trkC) in neonatal monoinnervated and multiple-innervated NMJ. Figure also shows that neurotrophins enhance neurotransmis-

sion and that this role is selective for the different types of nerve terminals depending on their developmental maturation. In the diagram the

framed-neurotrophin name into a particular presynaptic component indicates that this neurotrophin is potentiating the ACh release in this specific

nerve terminal type.
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et al. 1982; Wang et al. 1995) and also, rapidly potentiates

both the spontaneous and evoked synaptic activity of the

developing NMJs of Xenopus laevis studied in culture (Poo,

2001) and of adult rat (Garcia et al. 2010a). Therefore, it can

be hypothesized that functional differences exist in BDNF

signalling between axons that are competing during

synapse elimination. There is evidence that exogenous BDNF

transiently recruits functionally depressed silent terminals,

and this effect seems to be mediated by trkB which may

oppose the previously mentioned PKC-mediated ACh

release depression (Garcia et al. 2010b). Thus, a balance

between trkB, PKC and muscarinic pathways may contribute

to the final functional suppression of the weaker and more

inactive neuromuscular synapses during development, con-

tributing to developmental synapse disconnection (Tom�as

et al. 2011).

PKC signalling – postsynaptic

The maturation of the NMJ involves the transformation of

postsynaptic AChR clusters. Although little is known about

the regulation of the dynamics of stabilization– destabiliza-

tion during the development of the postsynaptic apparatus,

it has been described that the axons that will be eliminated

become less efficient due to the fact that a progressive loss

of quantal content is associated with a decreased density of

postsynaptic AChRs (Balice-Gordon & Lichtman, 1993). It is

known that PKC activity regulates the distribution of AChRs

in the NMJ of chicken and mammals by dispersing them

(Bursztajn et al. 1988; Ross et al. 1988; Wallace, 1988;

Nimnual et al. 1998; Lanuza et al. 2000). Phorbol ester

treatment of innervated mouse myotubes causes a reduc-

tion in the synaptic potentials, accompanied by a loss of

AChR molecules from the functional aggregates (Lanuza

et al. 2000), suggesting that phosphorylation by the PKC

may drive dispersion. On the other hand, the inhibition of

PKC activity in vivo significantly prevents the normal disper-

sion of AChRs associated with synapse elimination (Lanuza

et al. 2002), suggesting that PKC activity regulates the post-

natal disappearance of synaptic AChRs in neonatal muscles.

Conversely, PMA accelerates the maturation of AChR clus-

ters, suggesting that PKC activity regulates the postnatal

redistribution of synaptic AChRs in neonatal muscle (Lanuza

et al. 2002). Moreover, the delay in the maturity of the

AChRs in postsynaptic clusters after exposure to CaC is

accompanied by total prevention of synapse loss during the

first postnatal week, indicating a pre- and postsynaptic

component to the process (Lanuza et al. 2002).

In vitro experiments have shown that the activation of

PKA and PKC has opposite effects on AChR stability in the

myotube membrane (Li et al. 2001). Activation of PKA by

cAMP totally blocks the dispersion stimulated by PMA, indi-

cating that the action of PKC decreases the stability of the

AChR in the membrane and that PKA activity stabilizes the

AChR in the aggregates (Li et al. 2001). We also know that

these pharmacological manipulations that affect receptor

stability also produce changes in the phosphorylation state

of the AChR. Thus, PKC activity increases the phosphoryla-

tion of the AChR delta subunit (which is the target of PKC),

whereas PKA activity increases the phosphorylation of the

AChR epsilon subunit (which is the target of PKA) (Lanuza

et al. 2006a). We suggest that selective AChR-phosphoryla-

tion by PKC and PKA could be one of the causes of disper-

sion and stability, respectively. Perhaps a balance between

the phosphorylating actions of the kinases PKC and PKA

could determine the final stabilization of AChRs within clus-

ters. In conclusion, a spatially specific and opposing action

of PKC and PKA may result in activity-dependent alterations

to synaptic connectivity at both presynaptic nerve terminals

and postsynaptic AChR clusters during the initial process of

synapse elimination. This balance between PKC and PKA

actions could mediate the retention of active neural inputs

and the loss of the inactive (or less active) inputs located

over the common postsynaptic cell (Fig. 5). In a CNS context,

PKC phosphorylation reactions involving central neurotrans-

mitter receptors such as the various glutamate receptors are

Fig. 5 Postsynaptic PKC signalling. A spatially specific and opposing

action of PKC and PKA may result in activity-dependent alterations to

synaptic connectivity at both the nerve inputs and the postsynaptic

AChR clusters in the initial process of synapse elimination. This

balance between PKC and PKA actions could mediate the retention of

active neural inputs and the loss of the inactive (or less active) inputs

located over the common postsynaptic cell. The diagram represents

these mechanisms: (1) Cholinergic activation of muscle produces an

increase in PKC and PKA activity. (2) Muscle activation, due to pepti-

dergic mechanisms (CGRP), produces an increase in PKA activity,

which has a positive effect, increasing efficacy and producing a local

synapse stabilization effect (3). (4) PKC activity has a general negative

effect; it is widely distributed within the postsynaptic cell and acts on

all synapses to reduce postsynaptic responsiveness. The positive,

synapse-stabilizing effect, mediated by PKA (2–3), is more localized,

counteracts the PKC effect and tends to preserve only stimulated

inputs because of this local action. These effects of both PKA and

PKC may be due, at least in part, to direct action of the kinases in

phosphorylating the AChR at the posynaptic site. In addition, neural

activity produces both positive (5) and negative (6) effects on transmit-

ter and neuropeptide output on presynaptic site (Li et al., 2001).
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involved in a number of examples of plasticity (Roche et al.

1994; MacDonald et al. 2001; Sanderson & Dell’Acqua,

2011; Ren et al. 2013). Differential cellular localization of

specific kinases and phosphatases that act to regulate

receptor membrane insertion and stability may be a key

determinant of effective synaptic circuitry in plasticity phe-

nomena such as LTP (Kotecha & MacDonald, 2003; Sacktor,

2008; Anwyl, 2009).

nPKCh is required for postnatal activity-dependent

synapse elimination and maturation of the nAChR

cluster

There are several indirect pieces of evidence showing that

nPKCh is an isoform of PKC that can play a specific role in

NMJ postnatal development. First, the nPKCh isoform has

been shown to be strongly expressed in skeletal muscle

and is under neural control (Hilgenberg & Miles, 1995;

Hilgenberg et al. 1996). Secondly, overexpression of nPKCh

in myotubes inhibited agrin-induced AChR cluster forma-

tion and disrupted pre-existing AChR clusters (Miles &

Wagner, 2003), suggesting that this isoform inhibits the

function of agrin (clustering of the AChRs in the postsynap-

tic component (Sanes & Lichtman, 1999). Thirdly, the nPKCh

isoform is translocated to the membrane by PMA (Lanuza

et al. 2000). Finally, nPKCh is more highly expressed in post-

natal development than in the adult (Lanuza et al. 2010).

Therefore, it has been important to examine whether

nPKCh is related to the process of postnatal activity-depen-

dent synapse elimination and maturation of AChR clusters

using mice lacking this particular isoform.

When synapse elimination is analyzed in KO mice, a sig-

nificant delay from P4 to P12 is found, indicates that nPKCh

could act in the initial process of synapse elimination

(Lanuza et al. 2010). It has also been demonstrated that the

elimination of synapses remains altered in co-cultures in

which muscle cells do not express the isoform theta of the

PKC and, surprisingly, synapse elimination also remained

suppressed in co-cultures in which only the neurons were

KO for nPKCh, suggesting a coordinated pre- and postsyn-

aptic role of this isoform (Li et al. 2004). In vivo results also

show that the process of synaptic disconnection that takes

place during the postnatal period in the NMJ depends at

least, at the postsynaptic level, on the activation of the

isoform theta of the PKC (Lanuza et al. 2010). Figure 6

shows several examples of NMJs from developing WT and

KO muscles indicating that KO mice show a delay in presyn-

aptic and postsynaptic maturation. In the KO polyinnervat-

ed P4 synapse shown in Fig. 6 (KO, P4), the cluster

morphology corresponds to stage M1 and the cluster

morphology of the WT (P4) corresponds to M3. Also, in the

monoinnervated synapses (P8) shown in Fig. 6, the cluster

morphology of the WT corresponds to stage M3, whereas

the KO corresponds to M2, indicating that even after

eliminating multiple innervation, the developmental delay

present in the nAChR cluster morphology persists. More-

over, differences in the maturity of the presynaptic compo-

nent have been also seen in both WT and KO mice, with a

higher number of axonal inputs in the P4 KO synapse than

in the P4 WT synapse (Fig. 6) and nerve terminal growth

(axonal sprouts not apposed to nAChRs) observed in KO

synapses (arrow in Fig. 6, P4). These examples and the

quantitative analysis performed help to conclude that KO

NMJs from different developing ages showed signs of being

less mature than the WT NMJs with changes at nerve

terminals and in postsynaptic receptors (Lanuza et al. 2010).

Although the synapses are less mature there are no

morphological abnormalities present even at the ultra-

structural level. Moreover, NMJs in the adult KO mice have

a normal appearance, indicating that PKCh is critical in

initial development of the NMJ but not for its final matura-

tion (Fig. 6; Besalduch et al. 2011).

The target of PKCh phosphorylation at the postsynaptic

site

As mentioned above, pharmacological PKC manipulations

that alter receptor stability also produce changes in the

phosphorylation of the delta subunit of nAChRs (Lanuza

et al. 2006a). It has been demonstrated that nPKCh-

dependent phosphorylation affects the serine phosphoryla-

tion sites of the nAChR delta subunit because there is a

decrease of the phosphorylation of this subunit in the KO

mice associated with the delay in maturity of nAChR clusters

(Lanuza et al. 2010). Moreover, this variation in phosphory-

lation level comes about with no apparent change in the

expression of the delta subunit of the AChR cluster in KO

mice (Lanuza et al. 2010), indicating that the nPKCh isoform

of PKC is required to phosphorylate the delta-AChR subunit.

So, AChR phosphorylation depends on the nPKCh. These

results and others suggest that the increased phosphoryla-

tion of AChR on serine residues in the major cytoplasmic

domain of the delta subunit could promote the detachment

of nAChRs from their anchorage to structural proteins

which constrain the lateral mobility of clustered nAChR and

favour the emergence of areas free of AChRs (holes: stages

M3 and M4, Fig. 3).

Furthermore, KO muscles also show deficient phosphory-

lation of the epsilon AChR subunit (which is the target of

PKA) during postnatal development, suggesting that nPKCh

may not only contribute to the phosphorylation of the delta

subunit but also influence PKA phosphorylation on the epsi-

lon subunit (Lanuza et al. 2010). It is known that PKA-

specific phosphorylation of the epsilon subunit affects the

physiology of the AChR (Nishizaki & Sumikawa, 1994). It is

also known that the PKC-dependent AChR dispersion can

be blocked or reversed by changes in PKA activity and that

the activation of PKA results in greater stability of AChR

clusters (Li et al. 2001) and increases the phosphorylation of

the epsilon subunit of the AChR on the membrane of
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+cultured myotubes (Lanuza et al. 2006a). Thus, the correct

phosphorylation of AChR delta and epsilon subunits would

aid the AChR cluster to mature appropriately and this

would also affect synapse loss during postnatal develop-

ment. PKC would produce AChR instability and loss by its

phosphorylation of the delta subunit, whereas PKA would

reverse this effect and increase receptor stability by its phos-

phorylation of the epsilon subunit. PKC action would also,

however, be required for PKA to produce that phosphoryla-

tion and receptor stabilization. This interaction, we pro-

pose, could induce a sharpening of the boundaries between

areas of highly concentrated, stabilized AChR, (dominated

by PKA phosphorylated receptors at pre/post synaptic appo-

sitions) and receptor-poor areas in which PKC (in the

absence of PKA action) has destabilized the receptor. On

the basis of this and previous studies, we hypothesize that

the spatially specific and opposing action of nPKCh and PKA

may result in activity-dependent alterations to synaptic con-

nectivity at both the nerve terminals and the AChR clusters.

Conclusion

In this review, we summarize the PKC signalling that plays

critical roles in specific functional aspects of the NMJ:

Fig. 6 Confocal and electron microscopy images of NMJs from newborn and adult. Confocal microphotographs from wild type (WT) and knock-

out in nPKCh (KO) NMJs at neonatal postnatal 4-day (P4, polyinnervated NMJs), postnatal 8-day (P8, monoinnervated NMJs) and adult were

stained for AChRs (red) and axons and nerve terminals (neurofilament-200 protein in green). The selected examples of polyinnervated and monoin-

nervated NMJs from developing WT and KO muscles (P4, P8) show differences in the pre- and postsynaptic components that are in accordance

with the quantitative measurements of the cluster morphology. Scale bars: 10 lm. The ultrastructure images of the KO NMJs during development

and in the adult have the same structure than NMJs with comparable levels of maturation in WT muscles at P3, P6, P13 and adult. The NMJ from

a P3 KO muscle shows the coexistence of several nerve terminal boutons (marked by asterisks in the drawing at the right of the picture) on a

poorly defined, low-density, postsynaptic membrane without gutters. The NMJ from a P6 KO muscle shows an intermediary stage of axon separa-

tion. The NMJ from a P13 KO muscle shows advanced gutter formation and nerve terminal segregation and elimination. Nerve terminals (marked

with # in the accompanying drawing) are engulfed by Schwann cell processes that also contain membrane debris. The right column shows draw-

ings in which the three cellular components of the NMJ (axon terminal, Schwann cells and postsynaptic membrane density) have been delineated.

Scale bar: 200 nm. Reproduced with permission from Lanuza et al. (2010) and Besalduch et al. (2011).
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neurotransmission in the adult and maturation of the syn-

apse in the neonate. PKC is a ubiquitous signalling mole-

cule with effects that are dependent upon localization.

Several isoforms of PKC are present within a single cell in

the NMJ, each mediating unique intracellular functions.

Studies using Western blotting or confocal microscopy

reveal complex and specific localization of PKC isoforms

in their inactive and their active state. This review focuses

on cPKC (a, bI, bII, c) and nPKC (e, h) subfamilies and pro-

vides evidence that there is a specific cellular distribution

of these PKC isoforms in the NMJ that favours the

functional diversity of these isoforms. Specifically, we

demonstrate that the PKC family couples to transmitter

release at the neuromuscular junction when synaptic

activity increases. PKCa and/or bI isoforms could be

directly involved in modulating calcium-depending ACh

release at the NMJ. nPKCe is also involved in the activity-

induced ACh release mechanism at the NMJ and the

action of this isoform seems related to the cPKCbI isoform

in an activity-dependent way that also requires muscle

contraction. nPKCh might play a role in developing NMJs,

by affecting the phosphorylation and stability of the

receptor clusters during the initial postnatal development.
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