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Abstract

Effective function of the locomotor system in the Drosophila larva requires a continuous 

adjustment of synaptic architecture and neurotransmission at the neuromuscular junction (NMJ). 

This feature has made the larval NMJ a favorite model to study the genetic and molecular 

mechanisms underlying synapse plasticity. This chapter will review experimental strategies used 

to study plasticity at the NMJ, the cellular parameters affected during plastic changes, and many of 

the known molecules involved in plastic changes. In addition, signal transduction pathways 

activated during plasticity will be discussed.

I. Introduction

Plasticity, in the broadest sense, is the ability to be molded. Neurobiologists have co-opted 

this term to mean the capacity of genetically identical organisms to vary in developmental 

pattern, phenotype, or behavior in response to varying local or global environmental 

conditions. The original definition, however, is quite evocative of the way the larval 

neuromuscular junction (NMJ) responds to change: the forces of electrical activity, secreted 

and environmental factors and a myriad of other internal and external conditions push and 

shove the structure and the function of this synapse to shape it and to maintain an output 

adequate to support larval locomotion. Because of its robust response to change, the larval 

NMJ has been a workhorse for investigators interested in the signal transduction pathways 

that subserve plasticity.

Why is this synapse so plastic? From the time of hatching to the time of pupation, roughly 4 

days, the larval body wall muscle fiber surface area increases by a factor of more than 100-

fold (Gorczyca et al., 1993; Keshishian et al., 1993; Schuster et al., 1996b; Fig. 1). To allow 

the animal to maintain control of its musculature, the structure and functional properties of 

the glutamatergic motor neurons have to be rapidly and continuously updated. The larval 

NMJ therefore has a large number of signal transduction pathways that sense internal and 

environmental changes and trigger homeostatic adjustment of synaptic strength and size. 

Interestingly, these transduction pathways are almost all important in the short- and long-

term behavioral plasticity that occurs in the central nervous system of both invertebrates and 
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vertebrates. While the NMJ is clearly not a synapse central to learning, the parsimonious 

nature of evolution has resulted in learning-relevant biochemical events being particularly 

easy to study there.

This chapter will outline first some of the experimental paradigms for the study of plasticity 

at the NMJ and discuss what cellular parameters are believed to be altered by plasticity at 

the NMJ. The second part of this chapter will discuss a number of the known molecules that 

can effect plastic changes at the NMJ by activation of signal transduction pathways and how 

they initiate these processes. The last part of the chapter will look at the internal machinery 

of signal transduction and discuss what happens inside the cell when plasticity-inducing 

pathways are activated.

II. Manifestations of plasticity at the larval neuromuscular junction

1. Functional plasticity

The term functional plasticity, as used here, refers to changes in the magnitude of synaptic 

transmission that occur without gross structural change, usually on a short time scale. The 

Drosophila NMJ is a glutamatergic synapse. Release of glutamate into the synaptic cleft 

activates ionotropic glutamate receptors (GluRs) permeable to cations (Schuster et al., 1991; 

Qin et al., 2005). The resulting glutamate-induced depolarization of the muscle membrane 

also leads to the opening of a variety of voltage-dependent channels (Suzuki and Kano, 

1977; Singh and Wu, 1989). The combined currents activated by stimulation of the motor 

axon give rise to the characteristic amplitude and kinetic profile of the postsynaptic 

response. The binding of glutamate to postsynaptic receptors can be detected by recording 

from the muscle in either current- or voltage-clamp, and the amplitude of the excitatory 

junctional potentials (EJPs) or excitatory junctional currents (EJCs) can be quantified. 

Typically at the larval NMJ, short-term plastic changes are detected as activity-dependent 

alterations in these evoked responses.

There are several types of potentiating short-term plasticity events that can measured at the 

NMJ (Jan and Jan, 1978). Depression has also been measured at this synapse, but it was 

believed largely to reflect depletion of glutamate-containing vesicles and has therefore often 

been used as a measure of vesicle recycling. Recent evidence suggests that perhaps this 

assumption should be reevaluated (Wu et al., 2005). A frequency-dependent long-term 

depression-type phenomenon can be seen at the NMJ, and interestingly, its molecular basis 

appears to be quite distinct from potentiating plasticity (Guo and Zhong, in press). In this 

chapter, however, we will focus exclusively on potentiating short-term plasticity.

Paradigms that are variations on facilitation or post-tetanic potentiation (PTP) are most 

commonly employed to look at short-term plasticity at the NMJ. Facilitation is the increase 

in EJP/EJC amplitude observed between two stimuli. Paired-pulse facilitation (PPF) occurs 

at low calcium concentrations on a msec timescale and is characterized by an increased 

EJP/EJC amplitude after the second stimulation in a closely spaced stimulus pair. The 

enhancement of the second EJP/EJC is believed to be a result of residual presynaptic 

calcium in response to the first stimulus (Beaumont et al., 2002). PTP occurs on a time scale 

of minutes and is also believed to be due to residual calcium (Beaumont et al., 2002), 
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although the cAMP pathway has also been implicated in PTP (Zhong and Wu, 1991). The 

amplitude of EJP/EJCs evoked by low-frequency stimulation is increased for several 

minutes after a high-frequency (5-10 Hz) tetanus. The early increase in amplitude during the 

high frequency train has been called augmentation and has a time course in the range of 

seconds.

While all of these forms of plasticity are believed to be due to increased probability of 

release, and therefore presynaptic, the biochemical details of how this happens in the 

different fast (msec to min) time regimes cannot be identical. As will be detailed below, 

mutations in many signal transduction pathways have differential effects on these types of 

short-term plasticity. Because of their time course, the mechanisms by which these pathways 

affect activity are believed to involve post-translational modification of the presynaptic 

apparatus.

There are also postsynaptic contributions to functional plasticity. Activity can signal 

synthesis of glutamate receptors on a time scale of hours (Sigrist et al., 2000; Sigrist et al., 

2002; Sigrist et al., 2003) and clustering of glutamate receptors on a longer time scale 

(Marrus and DiAntonio, 2004). Because of the intrinsic linkage of structure and function, 

and the fact that many signal transduction pathways affect both, the boundary between 

strictly functional and structural plasticity begins to breakdown in this temporal regime.

2. Structural plasticity

Structural plasticity is believed to require new protein synthesis and therefore occurs on a 

longer time scale than the short-term plasticity described above. The larval NMJ is in a 

continuous state of growth and remodeling. Muscles grow in size and the number of 

synaptic boutons increases over 10-fold between first and third instars (Gorczyca et al., 

1993; Keshishian et al., 1993). Over the course of hours to days, the NMJ can alter its size 

and shape dramatically; the area of these terminal arbors scales to muscle size to optimize 

neuromuscular transmission (Lnenicka and Keshishian, 2000). Both intrinsic and activity-

dependent signal transduction pathways drive these changes in the wild type animal. 

Activity-dependent changes in gene expression will be discussed in Chapter 14, so they will 

not be considered here in detail.

Both genetic perturbations of the signals that engage the above processes or of components 

of the intracellular machinery that is turned on by these signals can result in structural 

changes in NMJ morphology. These changes can occur at many levels. On the presynaptic 

side, the number and order of branches and the number and size of boutons are easily 

observed under the light microscope. More subtle changes in the number of active zones or 

the number of vesicle profiles require the use of electron microscopy. On the postsynaptic 

side, changes in the amount or localization of molecules such as receptors, scaffolding 

proteins and signal transduction molecules can be measured immunocytochemically, and 

structural changes in the size of the postsynaptic membrane, postsynaptic densities, or 

subsynaptic structures are observed at the ultrastructural level.

These morphological changes often have functional consequences that can be measured. 

Spontaneous release rates can be an indicator of an increase in the number of active zones. 
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The number of functional glutamate receptors can be assessed by measurements of muscle 

responses to evoked activity and glutamate. Optical imaging techniques are also being used 

to address this class of changes. The releasable pool of vesicles can be assessed by styryl 

dye release and electrophysiological methods (Kidokoro et al., 2004) and postsynaptic 

responses can be followed by calcium imaging (Dawson-Scully et al., 2000; Guerrero et al., 

2005). The number of new tools for analyzing the state of the NMJ is growing rapidly. 

Many of these tools are genetically encodable, allowing for more precise and detailed 

information on the functional consequences of plasticity than ever before (White et al., 

2001; Mosca et al., 2005).

III. Plasticity-inducing signals at the larval neuromuscular junction

1. Synaptic activity

Synaptic activity is perhaps the major endogenous regulator of structure and function at the 

larval NMJ (Budnik et al., 1990). During normal growth, mismatches between the pre- and 

postsynaptic cells are detected by alterations in the effectiveness of synaptic transmission 

and both retrograde and anterograde signals help to coordinate the growth of pre- and 

postsynaptic compartments. Alterations in the balance of these signals by mutation or 

misexpression of pathway components results in aberrant functional and structural plasticity.

Alterations in synaptic activity induced by mutations in channel proteins have been used to 

probe the role of activity in the development of this synapse. Hyperexcitability can be 

produced by mutations in potassium channels or their regulatory subunits [Hyperkinetic 

(Hk), Shaker (Sh) and ether-a-go-go (eag)] or by duplication of the sodium channel gene 

paralytic (para). Such manipulations alter the morphology of the NMJ in a predictable 

manner: hyperexcitable mutants have increased branching and an increase in the number of 

boutons (Budnik et al., 1990). These mutants also exhibit profound ultrastructural changes 

with vesicle depletion and changes in the number of synaptic densities (Jia et al., 1993). 

Hypoexcitability can be produced by disrupting para splicing with no action potential 

(napts) mutants. In these animals, there is a slight reduction in the number and complexity of 

branches, and when this mutation is present on an eag, Sh background, it suppresses the 

increase in branching and bouton number (Budnik et al., 1990). These experiments argue 

strongly that he NMJ is integrating activity to determine it optimum structure. Because 

sodium channels are only present in the presynaptic neurons and not in muscles the above 

observations suggest that presynaptic activity signal the changes in NMJ arborization. This 

is supported by cell-specific expression of transgenes that alter activity (Mosca et al., 2005). 

For example, inducing hyperexcitability by expressing a Shaker dominant-negative 

transgene in neurons but not in muscles mimics the increase in arborization and bouton 

number observed in eag Sh mutants.

2. Glutamate

Glutamate is the major excitatory transmitter at the Drosophila NMJ. As such, its release is 

the signal of presynaptic neuronal activity, a potent inducer of both functional and structural 

plasticity at this synapse. Glutamate release is detected by glutamate receptors formed by at 

least 5 different subunits at the larval NMJ and these receptors are discussed in detail in 
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Chapter 8. The best characterized are the ionotropic DGluRIIA and DGluRIIB subunits that 

are localized by activity-dependent processes to the postsynaptic densities in the muscle 

membrane (Broadie and Bate, 1993). Recently it has been shown that other family members, 

DGluRIII, DGluRIID and DGluRIIE are obligate members of the active DGluRIIA or 

DGluRIIB containing complexes at the NMJ (Marrus and DiAntonio, 2004; Qin et al., 

2005). These receptors are all related to the vertebrate AMPA/Kainate or non-NMDA family 

of glutamate receptors. The synthesis of DGluRIIA is a critical variable in long-term 

plasticity (Sigrist et al., 2002). Drosophila also expresses an NMDA-type glutamate receptor 

presynaptically that enhances vesicle release to potentiate transmission secondary to high 

levels of locomotor activity (C. Schuster, personal communication). Activation of both of 

these classes of ionotropic receptors can directly admit calcium and activate downstream 

calcium-dependent signal transduction pathways. Postsynaptic activation of the ionotropic 

DGluR receptors also depolarizes the muscle membrane and leads to the opening of voltage-

gated calcium channels.

Glutamate can also activate type II metabotropic mGluRs (DmGluRA) at the NMJ to 

modulate transmission. DmGluRA is expressed presynaptically, and null mutants have 

normal basal transmission and PPF, but enhanced facilitation to high frequency stimulation 

(Bogdanik et al., 2004). These mutants also have a mild reduction in bouton number and 

size. In first instar larvae, mGluR agonists increase mEJCs. This effect is mimicked by 

forskolin and CPT-cAMP, a cAMP analog, and blocked by an adenylate cyclase inhibitor 

(Zhang et al., 1999). In rutabaga (rut) flies, which lack Ca2+/calmodulin-dependent 

adenylate cyclase, the effects of DmGluR agonists are greatly attenuated. These results 

suggest that DmGluRA couples to adenylate cyclase presynaptically to effect short-term 

changes in transmission. Interestingly, this coupling to cyclase in embryos does not appear 

to be mediated by Gsa (Hou et al., 2003).

3. Octopamine

Glutamate is not the only small molecule transmitter released at the NMJ. Octopamine, a 

transmitter important in learning (Schwaerzel et al., 2003), and other behaviors (Roeder, 

2005) is a modulator of transmission at the NMJ of many insects. At the NMJ, octopamine 

is found only in the type II boutons (Monastirioti et al., 1995). Unlike type I neurons which 

usually innervate a single muscle, type II synapses are widely distributed; three type II 

motor neurons in each segment provide synaptic input to all but 8 muscles of the body wall 

musculature (Monastirioti et al., 1995; Hoang and Chiba, 2001). These neurons therefore 

can provide broad modulation of the motor pattern (Fox et al., 2006).

The Drosophila octopamine receptors all appear to be G-protein coupled and it was shown 

very early on that octopamine was a good stimulator of adenylate cyclase in adult head 

extracts (Uzzan and Dudai, 1982). At the first instar larval NMJ, octopamine decreases the 

size of EJCs and has no effect on mEJCs (Nishikawa and Kidokoro, 1999), but in embryos it 

increases the frequency of mEJCs in a manner consistent with it acting via increasing cAMP 

(Hou et al., 2003). The exact identity of the octopamine receptors involved in these effects 

and their G-protein effectors have not been determined.
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4. Peptides and secreted proteins

Peptide signaling molecules are important neuromodulators in both vertebrates and 

invertebrates. The estimated number of such peptides in Drosophila is large: close to three 

dozen based on number of peptide coding genes and G-protein-coupled receptors found in 

the genome (Nassel, 2002). Peptides can reach the larval NMJ by two routes: they can be 

released as co-transmitters from motor neuron endings e.g. CCAP (D. Park and L.C. 

Griffith, unpublished), Proctolin (Anderson et al., 1988), and Insulin-like peptides 

(Gorczyca et al., 1993), or they can be released into the larval hemolymph which bathes the 

musculature (Hewes et al., 1998). Only a few of the peptides that have been extensively 

characterized as to their effects on NMJ function in Drosophila are considered here.

a. Amnesiac/PACAP—One of the most widely studied neuropeptides in Drosophila is 

the product of the amnesiac (amn) locus. Mutations in this gene specifically block 

consolidation of memory (Quinn et al., 1979; Waddell et al., 2000). The amn gene product 

has high homology to the mammalian pituitary Adenylate Cyclase-activating peptide 

PACAP-38 (Feany and Quinn, 1995). Application of PACAP-38 to third instar larval NMJ 

elicits an immediate depolarization that is followed by a delayed enhancement of potassium 

currents (Zhong, 1995).

The signal transduction machinery activated by PACAP-38 at the NMJ are diverse and 

include both the Ras/Raf/MAPK and cAMP pathways (Zhong and Pena, 1995). The cAMP 

branch of this pathway involved the rut cyclase and the Drosophila homolog of the 

neurofibromatosis type 1 (NF1) gene (Guo et al., 1997). L-type calcium channels are also 

activated by PACAP-38 via a protein kinase A (PKA)-dependent mechanism (Bhattacharya 

et al., 2004).

b. Insulin—Insulin-like immunoreactivity has been found in a limited number of terminals 

at the third instar NMJ. Antibodies to vertebrate Insulin stain the type III boutons of muscle 

12. Insulin receptor immunoreactivity and Insulin binding are much more widely distributed, 

occurring at almost all type I boutons of the NMJs (Gorczyca et al., 1993). The function of 

Insulin at the NMJ is unknown, but mutations in the Insulin receptor and other components 

of the Insulin pathway result in alterations in animal size and lifespan. Ablation of Insulin-

producing neurons in the adult abolishes sex-specific differences in locomotor activity, but 

the source of this defect is still unknown (Belgacem and Martin, 2006). In addition, Insulin 

receptors have been shown to be involved in axon guidance in the fly visual system (Song et 

al., 2003).

c. FMRFamide-related peptides—The Drosophila FMRFamide gene encodes as many 

as 15 neuropeptides (Nambu et al., 1988) which are synthesized, and potentially secreted 

into the hemolymph from neurosecretory organs localized in the dorsal region of the CNS, 

but not from nerve terminals at the NMJ (Schneider et al., 1993). Assay of a large group of 

these peptides at the NMJ showed that they had essentially redundant functionality, 

enhancing twitch tension presumably by increasing EJC amplitude (Hewes et al., 1998). At 

muscle 6/7, application of one of the peptides, DPKQDFMRFamide, enhanced EJPs 

produced by stimulation of the MN6/7-Ib motor neuron, but not EJPs produced by 
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stimulation of the MNSNb/d-Is neuron. Genetic and pharmacological inhibition of CaMKII 

blocked the potentiation of Ib neuron stimulation, suggesting that this peptide acts through 

CaMKII to increase EJP amplitude (Dunn and Mercier, 2005).

d. Glass bottom boat/BMPs—The product of the glass bottom boat (gbb) gene is a 

member of the BMP subfamily of the TGF-b superfamily of morphogens, and at the NMJ is 

secreted by muscle cells to promote presynaptic growth and to regulate neurotransmitter 

release (Marques, 2005). The signal transduction pathway activated by Gbb release from the 

muscles is thought to provide a retrograde signal to motorneurons, thus coupling muscle 

growth to changes in strength of the presynaptic input to maintain synaptic strength. The 

presence of such a retrograde signaling pathway has been suggested by a number of 

observations. First, there is a tight correlation between the size of muscle fibers and the 

number of synaptic boutons, suggesting that muscles provide information to motorneurons 

to adjust the size of their terminal arborization in a manner correlated with muscle growth 

(Gorczyca et al., 1993; Keshishian et al., 1993). Second, elimination of GluRIIA, which 

results in a decrease in mEJP/mEJC size, leads to an increase in the amount of 

neurotransmitter released. The final result of these homeostatic compensations are EJPs/

EJCs with amplitudes indistinguishable from wild type (Petersen et al., 1997).

Work from several labs has implicated a canonical TGF-ß pathway as a mediator of these 

retrograde processes (Aberle et al., 1997; McCabe et al., 2003; Rawson et al., 2003). Briefly, 

Gbb binds to the BMP type I receptors encoded by Thick veins (Tkv) and Saxophone (Sax) 

and BMP type II receptor encoded by Wishful thinking (Wit). Activation of these receptors 

by Gbb binding results in phosphorylation of the receptor Smad Mothers against dpp (Mad), 

which complexes with the Co-Smad Medea (Med). The complex is imported into the 

nucleus where it is presumed to regulate transcription of genes involved in synaptic growth. 

Loss of any of the above components interferes with normal synapse homeostasis and result 

in NMJ arbors that are smaller than normal. In addition, these presynaptic arbors have 

reduced neurotransmitter release, leading to a reduction in EJP/EJC amplitude. Thus, in the 

absence of the Gbb-mediated retrograde pathway, muscle growth appears to become 

functionally and structurally uncoupled from the presynaptic motorneuron, preventing the 

maintenance of synaptic efficacy.

The above model is strongly supported by the genetic data, including the analysis of the 

distribution of phospho-Smad to the nucleus of motorneurons, the absence of this nuclear 

translocation in mutants affecting the Gbb ligand and its receptors, and rescue experiments. 

However, an intriguing report shows that phospho-Mad is also present in colocalization with 

GluRs at postsynaptic muscles as well as in muscle nuclei (Dudu et al., 2006). Although the 

significance of the postsynaptic localization of activated Mad to postsynaptic densities and 

muscle nucleus is at present unknown, these observations suggest that the TGFß pathway 

may not function exclusively as a retrograde pathway. A more thorough understanding of 

the complexities of this pathway in anterograde and retrograde signaling will be better 

assessed once the distribution of the receptors is better established.

e. Wingless—Wingless (Wg), a member of the Wnt family of secreted glycoproteins, is 

also a morphogen that plays important roles during the development of the larval NMJ 
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(Packard et al., 2003b; Fig. 2). The evidence suggests that Wg functions in an anterograde, 

and perhaps an autocrine fashion. At the NMJ, Wg is observed both at the pre- and at the 

postsynaptic aspect of type I boutons (Packard et al., 2002). However, several lines of 

evidence suggest that Wg is synthesized and secreted by motorneurons and deposited at the 

postsynaptic membrane. A Wg receptor, DFrizzled-2 (DFz2) is localized at the postsynaptic 

muscle membrane. Overexpressing Wg in the pre- but not in the postsynaptic cell results in 

increased Wg accumulation in the postsynaptic membrane. In addition, structural defects 

induced by reducing Wg secretion can be rescued by expressing a wild type Wg transgene in 

the presynaptic cell (Packard et al., 2002).

The role of Wg at the NMJ has been investigated independently from the role of Wg in early 

morphogenesis by using a temperature sensitive wingless allele (wgts). In this mutant Wg is 

not processed properly and becomes trapped in the ER (van den Heuvel et al., 1993). 

Eliminating Wg secretion during the last day of larval development results in stunted NMJs 

containing about 50% fewer boutons than normal (Packard et al., 2002). Ultrastructural 

analysis of NMJs in these mutants reveals drastic defects in synapse structure. Many 

boutons are devoid of active zones, pre- and postsynaptic densities, and subsynaptic 

reticulum. Despite these abnormalities, these boutons still contain synaptic vesicles. Other 

boutons have intermediate phenotypes, with grossly abnormal active zones and postsynaptic 

structures. These observations suggest that Wg has an essential function in the development 

of the most basic structures required for synaptic function, and that it might be one of the 

initial signals for new synapse formation. Similar morphological abnormalities are elicited 

by hypomorphic dfz2 alleles (Mathew et al., 2005). In addition, the serine/threonine kinase 

Gsk3-ß/Shaggy is enriched at presynaptic boutons (Packard et al., 2002), and defects similar 

to those observed in wg and dfz2 mutants are observed in shaggy mutants (Franco et al., 

2004).

Several alternative Wnt transduction pathways have been described during the development 

of organisms (Ciani and Salinas, 2005; DasGupta et al., 2005). These include the canonical 

pathway, in which Frizzled activation by Wnts results in an elevation of cytoplasmic ß-

Catenin by preventing its degradation by the proteasome. Stabilized ß-Catenin translocates 

into the nucleus where it forms transcriptionally active complexes with lymphoid enhancer 

factor (LEF)/T cell-specific transcription factor (TCF) proteins and regulates cell fate. In the 

planar cell polarity pathway, Wg binding to Frizzled receptors leads to activation of the 

small G-proteins Rho and Rac, and JNK signaling. This process is thought to regulate the 

cytoskeleton during the development of cell and tissue polarity and during the formation of 

dendrites. In the calcium pathway, activation of Frizzled receptors by Wnts results in 

calcium increase and subsequent activation of Protein Kinase C (PKC) and Calcium/

Calmodulin dependent protein kinase II (CaMKII). This pathway is also believed to regulate 

the transcription of genes required for cell fate determination and cell movements (Ciani and 

Salinas, 2005; DasGupta et al., 2005).

Besides Wnts and Frizzled receptors, a common component of all of the above pathways is 

the scaffolding protein Disheveled (Dvl), a PDZ-containing protein. Curiously however, Dvl 

is not observed at detectable levels at the NMJ, and hypomorphic dvl mutants do not show 

obvious NMJ defects (Mathew et al., 2005). Similarly, Armadillo, the ß-Catenin homolog in 
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flies, is not observed at the NMJ, although it has been reported to be present in neurons 

during embryonic development (Loureiro and Peifer, 1998). These observations and the 

ones described below have led to the conclusion that the Wnt pathway at the NMJ utilizes a 

yet alternative transduction pathway, the receptor cleavage pathway (Mathew et al., 2005).

In the receptor cleavage pathway, DFz2 is internalized and transported into the perinuclear 

region. Along the way, the C-terminal fragment of the receptor is cleaved and imported into 

the nucleus where it is postulated to regulate transcription (Mathew et al., 2005; Fig. 2). 

While the cleavage and import of the C-terminal DFz2 fragment is necessary for NMJ 

differentiation and growth, the nature of the events downstream of nuclear DFz2-C import 

are still unknown. However, more recently another component of this pathway, which 

appears to be required for trafficking the receptor from the synaptic membrane to the muscle 

nuclei, has been identified (Ataman et al., in press). This corresponds to the 7 PDZ protein 

dGRIP (Fig. 2). dGRIP interacts with the C-terminal tail of DFz2, and is required to 

transport vesicles containing the receptor towards the nucleus. Mutations in dgrip or 

genetically encoded dGRIP-RNAi phenocopy wg and dfz2 mutant phenotypes at the NMJ, 

and in these mutants, the DFz2 C-terminal fragment is not imported into the nucleus. Like 

wg and dfz2 mutants, dgrip mutants have stunted NMJs, and a proportion of boutons (called 

ghost boutons) fail to develop pre- and postsynaptic structures, and are devoid of all 

postsynaptically localized proteins. This phenotype appears to be the opposite of that 

observed in certain alterations of the TGF-ß pathway and retrograde transport at the NMJ 

(Eaton et al., 2002; Eaton and Davis, 2005), in which presynaptic membranes are reported to 

retract, leaving remnants of postsynaptic proteins (footprints) behind.

While the above studies document the transduction pathway activated in postsynaptic 

muscles, mutations in wg, dfz2, and dgrip clearly affect the development of both pre- and 

postsynaptic structures. Whether this is mediated by Wg binding to presynaptic DFz2 

receptors in an autocrine fashion remains to be determined. In this regard, it is important to 

note that in mammals a retrograde control of presynaptic differentiation by Wnts has been 

reported (Hall et al., 2000; Krylova et al., 2002).

5. Cell adhesion molecules

Membrane bound signaling molecules are important in both the development and plasticity 

of cellular junctions. Reducing cell adhesion may be permissive for synaptic expansion, 

while increasing it can block growth. Cell adhesion molecules can also, in some contexts, 

function as receptors or ligands to activate intracellular cascades.

a. Fasciclin II—Fasciclin II (FasII) is a Drosophila homolog of the mammalian NCAM 

cell adhesion molecule. FasII has been shown to behave as a signaling molecule in early 

development (Garcia-Alonso et al., 1995) and to be required for memory formation in the 

adult (Cheng et al., 2001). In the complete absence of FasII, synapses initially form but 

retract early in development suggesting an essential role in NMJ maintenance (Schuster et 

al., 1996b). Alterations in the level of FasII during development have profound 

consequences for the structure and function of the synapse. Reduction to ca. 10% of wild 

type levels causes a reduction in branching and bouton number (Schuster et al., 1996a) 
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which is accompanied by functional alterations that maintain synaptic strength (Stewart et 

al., 1996). In contrast, a milder reduction, to ca. 50% of wild type levels, causes overgrowth 

of boutons (Schuster et al., 1996a) and functional changes that decrease quantal content to 

normalize synaptic transmission (Schuster et al., 1996a). This has led to the idea that many 

pathways that alter synaptic structure at the NMJ do so by modulating the levels of FasII 

(Packard et al., 2003a; Fig. 3B). The structural effects of hyperexcitability mutants such as 

eagSh are mediated by FasII (Schuster et al., 1996a) as are the effects of alterations in the 

Ras/MAPK cascade (Koh et al., 2002) and CaMKII (Koh et al., 1999). The trafficking of 

FasII to and from the postsynaptic cell surface is accomplished by SNARE-mediated fusion 

and requires the Drosophila homolog of Amphiphysin (Mathew et al., 2003) and it is 

localized in the postsynaptic membrane by binding to Dlg, a member of the MAGUK family 

of proteins which includes PSD95 (Thomas et al., 1997).

Recent studies suggest that FasII-mediated cell adhesion at the NMJ may activate a 

transduction pathway that involves APPL the Drosophila homolog of Amyloid Precursor 

Protein (APP; Ashley et al., 2005). These studies show that the ability of FasII to stimulate 

or inhibit the proliferation of boutons depends on the symmetry of transmembrane FasII 

levels in the presynaptic and postsynaptic cell and requires the presence of the fly homolog 

of (APPL). In turn, APPL is regulated by direct interactions with the PDZ-containing protein 

dX11/Mint/Lin-10, which also regulates synapse expansion downstream of FasII.

b. Integrins—Integrins, like NCAMs, function as both structural and signaling molecules 

(Arnaout et al., 2005). In Drosophila, Integrins are present both pre- and postsynaptically at 

the NMJ. Mutation of the volado (vol) gene, which encodes an aPS Integrin, causes defects 

in adult short-term memory that are not due to developmental defects since they can be 

rescued by acute expression of Vol (Grotewiel et al., 1998). At the NMJ, vol mutants have 

large boutons, larger than normal evoked currents and defects in presynaptic short-term 

plasticity. Pharmacological disruption of Integrin interactions in wild type animals by 

application the RGD peptide, which competes for the Integrin ligand site, phenocopies 

aspects of the mutant phenotype (Rohrbough et al., 2000). Hypomorphic mutations in bPS 

Integrins also have complex effects on NMJ structure and function (Beumer et al., 1999). 

These molecules can activate CaMKII and via this kinase modulate FasII levels (Beumer et 

al., 2002). Integrins are also involved in hypertonicity-induced vesicle fusion and require an 

intact cAMP cascade to modulate release (Suzuki et al., 2002).

c. Proteoglycans—The extracellular compartment of most cells contains proteins that 

have long polymeric sugar side chains called proteoglycans. The two major heparan sulfate 

proteoglycan families, glypicans and syndecans differ in their sugars and their modes of 

attachment to the cell surface: glypicans are linked by a glycosylphosphatidylinositol tail, 

while syndecans are transmembrane proteins (Lander and Selleck, 2000). The function of 

these molecules has been mysterious, but in the last several years it has become clear that 

they are important components of known signal transduction pathways. Syndecan has been 

shown to be a ligand for Dlar, a membrane-bound tyrosine phosphatase (Fox and Zinn, 

2005; Johnson et al., 2006). Dlar is important in axon guidance at the NMJ (Johnson et al., 

2004). Dally-like protein, which is a glypican, has been shown to be important in Wnt 
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signaling, helping to present Wnt to its receptor and creating extracellular gradients of this 

morphogen (Baeg et al., 2001; Kirkpatrick et al., 2004). As noted above, Wg has important 

roles in plasticity at the NMJ.

IV. Major intracellular effectors of plasticity at the neuromuscular junction

1. cAMP

Among the initial wave of learning mutants isolated in Drosophila, there were several genes 

that encoded proteins involved in cAMP-dependent signal transduction. The identification of 

this first plasticity-associated signal transduction pathway paved the way for molecular 

studies of learning and memory in many systems. In Drosophila, the analysis of this cascade 

has been facilitated by both traditional and reverse genetic approaches and cAMP appears to 

be a common mediator of plasticity across phyla.

cAMP is generated from ATP by adenylate cyclases. This is a large family of enzymes, most 

of which are stimulated by release of Gas from trimeric G proteins by G protein-coupled 

receptors (GPCRs). Some adenylate cyclases can also respond to additional signals, 

integrating GPCR activation with another pathway and in effect becoming molecular 

coincidence detectors. Mammalian neurons contain a voltage-sensitive adenylate cyclase 

(Reddy et al., 1995) and at lease two Ca2+/CaM stimulable cyclases (Ferguson and Storm, 

2004). The cyclase encoded by the Drosophila rut gene is stimulated by binding of 

Ca2+/CaM (Livingstone et al., 1984). In the PACAP-stimulated pathway, NF1 appears to 

modulate the activation of rut (Guo et al., 1997; Tong et al., 2002) adding yet another level 

of complexity to the integration.

Intracellular levels of most second messengers are under tight control, and cAMP is no 

exception. Cyclic nucleotides are degraded to AMP by a family of enzymes called 

phosphodiesterases. The product of the dunce (dnc) gene is a cAMP-specific 

phosphodiesterase (Walter and Kiger, 1984) and mutations in this gene would be expected 

to elevate cAMP, the opposite of the rut biochemical effect. Indeed rut alleles that have 

intact ability to be stimulated by calcium, but lowered basal activity, can suppress the female 

sterility of dnc and its behavioral phenotype (Feany, 1990) indicating that for these 

functions, the calcium-sensitivity of Rut is important. Other functions do not seem to require 

this feature of the enzyme since the rut1 allele, which has no calcium-stimulated activity, is 

capable of rescuing the morphological defects of dnc (Zhong et al., 1992).

dnc and rut have been studied extensively with regard to larval functional plasticity to assess 

the effects of bidirectional manipulation of cAMP. In dnc mutants, there is an increase in 

evoked EJC amplitude, but no alteration in mEJC size (Zhong and Wu, 1991). In the same 

study rut larvae did not show alterations in evoked EJCs, but both mutants had weak or non-

existent facilitation, PPF and PTP. Mutation of the dgs gene, which encodes the Drosophila 

Gas protein, also blocks PTP and facilitation (Wolfgang et al., 2004). These data suggested 

that cAMP has profound effects on presynaptic function, and that increases in presynaptic 

cAMP enhance release. This conclusion is supported by studies that overexpress dnc to 

lower cAMP levels and find a decrease in evoked EJP size (Cheung et al., 1999) and studies 

in which the recruitment of vesicles from the reserve pool by high frequency stimulation 
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was examined. It was found that rut mutants were impaired in reserve pool access, while dnc 

mutants showed enhanced mobilization (Kuromi and Kidokoro, 2000).

The morphological effects of chronically altering cAMP levels have also been studied. dnc 

mutants have an increased number of branches and boutons, while rut is relatively normal 

(Zhong et al., 1992). The overgrowth of dnc mutants were further stimulated on either an 

eag or Sh background, suggesting that activity and cAMP can act synergistically. Structural 

studies carried out at the EM level demonstrate that the docking of vesicles is altered in 

these mutants in a way that is consistent with their functional presynaptic phenotypes: rut 

larva have fewer docked vesicles while dnc animals have more (Renger et al., 2000).

The mechanisms by which these functional and structural changes come about are likely to 

be complex. The presynaptic functional changes in release found in dnc occur via activation 

of CREB (Davis et al., 1996), while the structural changes are secondary to decreases in 

FasII (Schuster et al., 1996a). In the postsynaptic cell, alteration of cAMP can alter 

excitability and affect the response to neuronal activity. In dnc mutants there are specific 

increase in the IA and IK potassium currents. In rut, ICS is increased (Zhong and Wu, 1993). 

Postsynaptic activation of PKA can also directly modulate the expression of DGluRIIA and 

activate a retrograde signaling pathway to alter quantal content in larvae (Davis et al., 1998). 

Activity-dependent retrograde signaling at the embryonic NMJ requires presynaptic cAMP 

pathways to modulate release (Yoshihara et al., 2005).

2. cGMP

The actions of cGMP in the larva have been investigated both from the behavioral and the 

synaptic point of view. Genetic polymorphism in the foraging (for) gene which encodes 

cGMP protein kinase (PKG) has effects on larval feeding behavior; animals with the Rover 

allele will wander far afield to eat, while sitter animals feed in one place (Osborne et al., 

1997). At the NMJ, fors animals are hyperexcitable, showing spontaneous activity after 

stimulation. In addition, they have aberrant targeting and architecture. In culture, fors 

neurons have reduced potassium currents (Renger 1999). Presynaptic function can clearly be 

modulated by PKG and this produces behavioral effects in the larva.

3. Calcium

Calcium is an important second messenger in both the motor neuron and the muscle at the 

larval NMJ. In muscle, calcium influx is the major determinant of membrane depolarization 

and is responsible for activating the Myosin contractile apparatus. In both the pre-and 

postsynaptic cells calcium can activate signal transduction pathways. Intracellular calcium 

can be increased by either the opening of calcium-permeable channels in the plasma 

membrane or by release from intracellular stores. Not surprisingly, these functions are vital: 

mutations in the ER calcium pump, SERCA are lethal (Sanyal et al., 2005) as are mutations 

in the a subunit of the voltage-gated L-type calcium channel (Eberl et al., 1998), the 

Ryanodine receptor (Sullivan et al., 2000), the IP3 receptor (Venkatesh and Hasan, 1997) 

and the major calcium-binding effector protein, CaM (Nelson et al., 1997). Calcium has 

many downstream targets; only two major kinases are considered here.
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a. PKC—Protein kinase C (PKC) is a family of kinases that differ in their requirements for 

activation. Classical or conventional PKC (cPKC) requires calcium, diacylglycerol and a 

phospholipid. Novel PKC (nPKC) requires lipid/diacylglycerol but not calcium. Atypical 

PKC (aPKC) is activated by lipid and interaction with specific partners such as Par-6, and 

can also be proteolysed into an active form. In Drosophila, two cPKCs, one aPKC and two 

nPKCs have been identified (Shieh et al., 2002).

Both cPKCs and nPKCs are activated downstream of Phospholipases that generate 

diacylglycerol. In the eye, PLC and a cPKC are critical to signal transduction (Shieh et al., 

2002). At the NMJ, norpA mutants, which disrupt PLC-b function, have a reduction in 

muscle L-type calcium currents (Gu and Singh, 1997). Application of PKC activators can 

rescue current levels in the mutant, but have no effect in wild type, suggesting that PKC is a 

regulator of the basal levels of calcium current in the larval muscle.

aPKC has been implicated in memory maintenance (Drier et al., 2002) and establishment of 

cell polarity (Johnson and Wodarz, 2003) in Drosophila. At the larval NMJ, this kinase is 

expressed both pre- and postsynaptically and is critical to organization of the Actin and 

Microtubule cytoskeletons (Ruiz-Canada et al., 2004). It also serves to mediate localization 

of other cell polarity genes such as the fly homologs of Par-3, Par-6. Alterations in the level 

of aPKC affect mEJP amplitude and DGluRIIA levels and distribution. dapkc mutants have 

an increase in mEJP amplitude and an increase in the intensity of postsynaptic DGluRIIA 

staining. Postsynaptic overexpression of activated aPKC decreased mEJP amplitude and 

causes aberrant localization of the receptor. mEJP frequency was reduced in both types of 

animals leading to an profoundly decreased evoked EJP in the overexpresser and a partially 

compensated increase in the EJP of the dapkc mutant.

At the structural level, both increasing and decreasing aPKC activity lead to a reduction in 

bouton number (Ruiz-Canada et al., 2004). Both types of manipulations also disrupt the 

organization of the cytoskeleton, suggesting that normal dynamics and interactions between 

pre-and postsynaptic compartments are necessary for normal growth of the bouton arbor.

b. CaMKII—Ca2+/calmodulin protein kinase II (CaMKII) is an abundant signaling 

molecule in both vertebrate and invertebrate nervous systems. Binding of Ca2+/CaM allows 

substrate phosphorylation, but also stimulates a fast phosphorylation of T287 in the 

autoregulatory domain. This phosphorylation makes the kinase constitutively active. The 

constitutive activity of CaMKII has been shown to be important for learning and plasticity in 

both flies (Mehren and Griffith, 2004) and mammals (Giese et al., 1998). At the NMJ, 

CaMKII regulates presynaptic excitability and plasticity (Wang et al., 1994; Park et al., 

2002). One mechanism by which excitability can be regulated is by modulation of potassium 

channels, including the EAG protein (Griffith et al., 1994; Wang et al., 2002). Postsynaptic 

CaMKII has a role in regulation of Dlg and FasII localization (Koh et al., 2000; Fig. 3B) and 

can also participate in generation of an activity-dependent retrograde signal that modulates 

presynaptic function (Haghighi et al., 2003; Kazama et al., 2003; Morimoto-Tanifuji et al., 

2004).
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Activation of postsynaptic CaMKII, as measured by phosphorylation of T287, is stimulated 

by neuronal activity (J. Hodge, P. Mullasseril and L.C. Griffith, submitted; Fig. 4). The 

ability of calcium influx to activate the kinase is modulated by an interaction of CaMKII 

with the Drosophila homolog of CASK (dCASK) a mammalian MAGUK scaffolding 

protein (Lu et al., 2003). dCASK, which is also known as caki or Camguk, physically 

interacts with CaMKII in the presence of Ca2+/CaM to localize the kinase's activity. In the 

absence of Ca2+/CaM, dCASK dissociates from CaMKII and stimulates the kinase to 

autophosphorylate at T306 in its CaM-binding domain. This pT306 kinase is no longer able 

to bind to Ca2+/CaM and is therefore inactive until it is dephosphorylated by protein 

phosphatases 2A. Inhibition of CaM binding would also be expected to blunt generation of 

the constitutive form of the kinase since autophosphorylation of T287 requires binding of 

Ca2+/CaM to two neighboring subunits (Wang et al., 1998).

The fact that the dCASK-stimulated phosphorylation of T306 only occurs at low calcium 

suggested that it might be associated with synapses that were inactive and could serve to 

differentiate them from more active synapses by depleting their activatable CaMKII. 

Genetically manipulating synaptic activity and immunocytochemically measuring pT287 

(the activating autophosphorylation) and pT306 (the inactivating autophosphorylation) at the 

NMJ supports this idea (Lu et al., 2003, and J. Hodge and L.C. Griffith, upublished). 

Behavioral manipulation of activity in the adult brain indicates that the dCASK interaction is 

also an indirect regulator of pT287 phosphorylation (J Hodge, P. Mullasseril and L.C. 

Griffith, submitted). Both the fidelity and the dynamic range of circuit-specific changes in 

CaMKII autophosphorylation are lessened in dCASK mutant animals.

4. Ras/MAPK

Ras proteins are small GTPases with well-known functions in cell proliferation and 

differentiation. In these processes they play key roles as molecular switches that can trigger 

distinct signal transduction pathways, such as the Mitogen-activated protein kinase 

(MAPKinase) pathway, the Phosphoinositide-3 kinase pathway (PI3-K), and the Ral-GDS 

pathway (Fig. 3A). Ras proteins are highly conspicuous in developing and adult brains 

(Leon et al., 1987), and maintenance of long-term potentiation (LTP) is critically dependent 

on MAPKinase activation (English and Sweatt, 1997). Mutations in genes encoding 

members of the MAPKinase pathway, such as Mitogen-activated-protein-kinase-kinase 

(MEK), Ras-guanine-nucleotide-releasing factor (GRE) or H-Ras cause defects in learning 

and LTP (Brambilla et al., 1997; Atkins et al., 1998; Manabe et al., 2000).

In Aplysia, ApMAPKinase, the homolog of P44/42-extracellular-signal-regulated-kinase 

(ERK), plays a major role in long-term facilitation (LTF; Bailey et al., 1997). LTF elicits 

translocation of activated ApMAPKinase into the neuronal nucleus, and the internalization 

of ApCAM, a homolog of Neuronal-Cell-Adhesion-Molecule (NCAM) in mouse, and FasII 

in flies (Mayford et al., 1992). Mutations in MAPKinase or MAPKinase phosphorylation 

targets in ApCAM block internalization of ApCAM, preventing synaptic growth (Bailey et 

al., 1997; Martin et al., 1997).

Both Ras1 and MAPKinase are expressed at the NMJ, and modification in their activity 

levels results in an altered number of synaptic boutons (Koh et al., 2002). As discussed 
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above, synapse stability and synapse expansion during muscle growth at the NMJ are 

regulated by changes in FasII expression at pre- and postsynaptic membranes, and FasII 

expression is in part controlled by electrical activity (Schuster et al., 1996b; Ashley et al., 

2005). One mechanism through which electrical activity alters FasII levels is by regulating 

its synaptic clustering via CaMKII-dependent phosphorylation of Dlg (Thomas et al., 1997; 

Koh et al., 1999). An additional mechanism by which the levels of FasII at the presynaptic 

terminal are modified is by the activation of the Ras/MAPKinase pathway (Koh et al., 

2002). This redundant mechanism may serve the differential regulation of FasII localization 

at the pre- and postsynaptic site, or may represent FasII regulation in response to different 

signals. While activation of CaMKII is elicited by an increase in electrical activity, 

activation of the MAPKinase pathway may be triggered by activity or a yet unknown but 

different signaling mechanism. Expression of constitutively active Ras drastically increased 

the number of synaptic boutons at the NMJ. This change was indistinguishable from the 

increase in boutons observed in a Ras variant that selectively activates the MAPKinase 

pathway, and by constitutively active RafF179, suggesting that these changes were induced 

by activation of the MAPKinase pathway. Consistent with these results, a hypomorphic 

mutation in ras1 had the opposite phenotype, a decrease in bouton number, and a gain of 

function mutation in the fly MAPKinase gene rolled (rl) led to an increase in bouton number 

(Koh et al., 2002). These results are in agreement with the studies in Aplysia dissociated 

neurons, which show that ApMAPKinase is involved in the internalization of ApCAM 

(Bailey et al., 1997; Martin et al., 1997).

Further support that the changes in bouton number elicited by alterations in Ras1 and 

MAPKinase activity are mediated by alterations in FasII levels was demonstrated by 

examining the overall expression of FasII in MAPKinase gain or loss of function alleles, by 

examining the distribution of FasII within single synaptic boutons in relationship to active 

MAPKinase, and by using hypomorphic fasII mutants (Koh et al., 2002). The studies with rl 

mutants demonstrated that there was an inverse relationship between levels of synaptic FasII 

and MAPKinase activity. Further, active MAPKinase localization coincided with active 

zones, regions of the bouton that have no or low FasII levels. These results provide evidence 

for a Ras-dependent signaling cascade that regulates FasII-mediated cell adhesion at 

synaptic terminals during synapse growth.

Further support for the above model and for a relationship between MAPKinase activation 

and level of synaptic activity was provided by studies of flies with conditional mutations 

resulting in abnormally high bursts of neural activity including comatosets and Kumts 

mutants, with conditional defects in N-ethylmaleimide-sensitive fusion factor 1 and sarco-

endoplasmic reticulum Ca2+ ATPase, respectively (Hoeffer et al., 2003). Shifting the larvae 

to restrictive temperature resulted in persistent activation of neuronal extracellular signal-

regulated kinase (ERK). ERK activation in turn coincided with a rapid reduction of synaptic 

Fasciclin II. In addition, there was nuclear translocation of activated ERK in neuronal 

somata together with increased transcription of the immediate-early genes Fos and c/EBP 

(CCAAT element binding protein). This effect was found to require neural activity and was 

mediated through activation of MEK (MAPK/erk kinase), the MAPKK (mitogen-activated 

protein kinase kinase) that functions upstream of ERK (Hoeffer et al., 2003).
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V. Conclusion

The Drosophila neuromuscular junction has proven to be fertile ground for the study of 

plasticity and signal transduction. Molecules that are involved in invertebrate and vertebrate 

behavior almost inevitably have a role in the development or modulation of this beautiful 

and experimentally accessible synapse.
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Figure 1. 
Changes in body wall muscle size during the larva period. Micrographs show comparative 

regions of the larval body wall in (left) first, and (right) third instar stages in preparations 

stained with texas red-conjugated phalloidin (red) to visualize muscles, and antibodies to the 

neuronal membrane marker HRP (blue) to visualize nerve trunks and NMJs. Green lines 

across the two panels mark two segmental boundaries.
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Figure 2. 
The Wg cleavage pathway. The diagram shows a model of known events during Wg 

signaling at the NMJ. Wg is secreted by the presynaptic motoneuron and it binds to 

postsynaptic DFz2 receptors. DFz2, perhaps still bound to Wg is internalized, and it is 

transported to the perinuclear area via an interaction between its C-terminal tail and the 

PDZ4-5 domains of dGRIP. dGRIP is present in trafficking intracellular vesicles that move 

along microtubules. Once DFz2 reaches the perinuclear area, the C-terminal tail is cleaved 

and imported into the muscle nuclei, where it is postulated to regulate the transcription of 

genes required for the differentiation of new synapses.
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Figure 3. 
Regulation of synaptic FasII by CaMKII and the MAPKinase pathway. (A) Diagram of 

signal transduction pathways constitutively activated by Ras1 mutant constructs. 

Substitution of glycine-12 to valine (Ras1V12) renders Ras1 constitutively active. 

Additional substitution of either threonine-35 to serine (Ras1V12S35), glutamic acid-37 to 

glycine (Ras1V12G37), or tyrosine-40 to cysteine (Ras1V12C40), results in the activation of 

a single pathway. (B) Postulated model summarizing the regulation of synaptic FasII by 

both activation of CaMKII, and by recruitment and activation of the Ras-MAPKinase 

pathway. According to this model, electrical activity activates CaMKII, which 

phosphorylates Dlg detaching it from the synaptic complex and therefore reducing its ability 

to cluster FasII. An additional pathway involved in the downregulation of synaptic FasII 

might be the endocytic pathway based on work in flies and Aplysia. Ras-MAPKinase 

pathway activation in this scheme induces the endocytosis of FasII-rich membrane, 

presumably by phosphorylation of the PEST sequence at the FasII cytoplasmic region which 

would target it for proteolytic cleavage. Note that for simplicity we have drawn the CaMKII 

pathway at the postsynaptic site, and the Ras-MAPKinase pathway at the presynaptic site. 

However the CaMKII mechanism may operate at both sides of the synapse.
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Figure 4. 
Activity-dependent interactions of CaMKII and dCASK. CaMKII and dCASK associate 

tightly under physiological conditions. At synapses where activity and intracellular calcium 

are high (left), calcium/calmodulin (Ca2+/CaM) can bind to the CaMKII:dCASK complex. 

In this tripartite complex, CaMKII is active and can phosphorylate substrates and 

autophosphorylate at T287. Phosphorylation of T306 is blocked by the presence of bound 

CaM. At synapses where activity and intracellular calcium are low (right), dCASK 

stimulates CaMKII autophosphorylation of T306. This causes the complex to dissociate, 

releasing dCASK and pT306 CaMKII. Subunits with pT306 are unable to bind Ca2+/CaM 

and are therefore refractory to activation by calcium influx and cannot be substrates for 

intersubunit phosphorylation of T287.
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