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Abstract

Spaced synaptic depolarization induces rapid axon terminal growth and the formation of new 

synaptic boutons at the Drosophila larval neuromuscular junction (NMJ). Here, we identify a 

novel presynaptic function for the Calcium/Calmodulin-dependent Kinase II (CamKII) protein in 

the control of activity-dependent synaptic growth. Consistent with this function, we find that both 

total and phosphorylated CamKII (p-CamKII) are enriched in axon terminals. Interestingly, p-

CamKII appears to be enriched at the presynaptic axon terminal membrane. Moreover, levels of 

total CamKII protein within presynaptic boutons globally increase within one hour following 

stimulation. These effects correlate with the activity-dependent formation of new presynaptic 

boutons. The increase in presynaptic CamKII levels is inhibited by treatment with cyclohexamide 

suggesting a protein-synthesis dependent mechanism. We have previously found that acute spaced 

stimulation rapidly downregulates levels of neuronal microRNAs (miRNAs) that are required for 

the control of activity-dependent axon terminal growth at this synapse. The rapid activity-

dependent accumulation of CamKII protein within axon terminals is inhibited by overexpression 

of activity-regulated miR-289 in motor neurons. Experiments in vitro using a CamKII translational 

reporter show that miR-289 can directly repress the translation of CamKII via a sequence motif 

found within the CamKII 3’ untranslated region (UTR). Collectively, our studies support the idea 

that presynaptic CamKII acts downstream of synaptic stimulation and the miRNA pathway to 

control rapid activity-dependent changes in synapse structure.
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INTRODUCTION

The processes of synaptogenesis and long-term synaptic plasticity involve extensive 

structural remodeling on both the pre- and postsynaptic side of the synapse. This remodeling 

is essential for the proper development and function of the nervous system. The axon growth 

cone is highly dynamic and responds to signals in the surrounding environment directing it 

to grow towards a target region and ultimately form a synapse on a specific target cell. 

Importantly, these synapses continue to remodel throughout development and during 

activity-dependent plasticity. Mechanistically, changes in axon terminals can occur very 

rapidly (on the order of minutes) and at sites that can be extremely distant (100s to 1000s of 

microns) from the cell body. To facilitate these rapid changes, local machinery needs to 

already be in place within the growth cone and presynaptic boutons. Proteins localized to 

axon terminals include highly conserved components of signal transduction pathways. These 

mechanisms have been extensively characterized. It has also been shown that specific 

mRNAs are packaged into transport ribonucleoprotein particles (RNPs) and actively 

transported into distal axons. These mRNAs are released from repression and subsequently 

translated in the axonal compartment in response to a local stimulus (Gumy et al., 2014). 

Local translation provides a mechanism by which axons can rapidly alter their protein 

composition without requiring direct communication with the nucleus (Jung et al., 2012).

One of the most important secondary messengers in axon growth and guidance is calcium 

(Sutherland et al., 2014). Increased intracellular Ca2+ levels binds to calmodulin (CaM) 

resulting in the activation of Ca2+/CaM-dependent enzymes including calcineurin (CaN), 

protein kinase A (PKA), and the Calcium/Calmodulin-dependent Kinase II (CamKII) (Faas 

et al., 2011). In the growth cone, activation of CamKII and PKA promotes attraction and 

dual inhibition switches this attraction to repulsion (Wen et al., 2004). In presynaptic nerve 

terminals, a major target for phosphorylation by CamKII is synapsin. The reversible 

association of synapsin with synaptic vesicles helps to facilitate vesicle clustering and 

presynaptic plasticity and is controlled by phosphorylation at CamKII and PKA 

phophorylation sites (Hosaka et al., 1999; Stefani et al., 1997). Recent studies from the 

Littleton lab (Vasin et al., 2014) have identified a PKA/synapsin-dependent mechanism that 

is required at the larval Drosophila neuromuscular junction (NMJ) to regulate the rapid 

budding and outgrowth of new presynaptic boutons in response to acute spaced 

depolarization. While several other signaling mechanisms have been implicated in this 

process (Ataman et al., 2008; Koon et al., 2011; Korkut et al., 2009; Korkut et al., 2013) 

little is known about the role of presynaptic CamKII. Furthermore, even less is known about 

the upstream mechanisms that are involved in the control of activity-dependent presynaptic 

bouton outgrowth and, more specifically, precisely how these upstream mechanisms are 

linked to local presynaptic signaling events (Freeman et al., 2011; Nesler et al., 2013; 

Pradhan et al., 2012).

In mammals and flies, CamKII expression can be post-transcriptionally regulated at the level 

of translation. The activity-dependant translation of the CamKII mRNA in Drosophila 
olfactory projection neuron (PN) dendrites requires components of the microRNA (miRNA)-

containing RNA induced silencing complex (RISC) (Ashraf et al., 2006). Similar results 
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have been observed in mammalian hippocampal neurons (Banerjee et al., 2009). In both 

cases, this is facilitated via the rapid activity-dependent degradation of the SDE3 helicase 

Armitage (MOV10 in mammals). Degradation of Armitage/MOV10, and potentially other 

RISC components, is thought to destabilize the apparatus required for miRNA-mediated 

mRNA regulation (Ashraf et al., 2006; Banerjee et al., 2009). Consistent with this 

hypothesis, rapid degradation of miRNAs occurs in mammalian neurons in response to 

activity (Krol et al., 2010).

Similarly, we have shown that spaced stimulation rapidly downregulates levels of five 

miRNAs in Drosophila larval ventral ganglia (Nesler et al., 2013). We demonstrated that 

three of these miRNAs (miRs-8, -289, and -958) control rapid presynaptic bouton growth at 

the larval NMJ. We focus here on CamKII because the fly CamKII 3’ untranslated region 

(UTR) contains two putative binding sites for activity-regulated miR-289 (Ashraf et al., 

2006). This suggests that 1) the CamKII protein might be required to control activity-

dependent axon terminal growth, and 2) the CamKII mRNA may be a downstream target for 

regulation by neuronal miR-289.

In this study, we show that knockdown of CamKII within the presynaptic compartment 

using transgenic RNAi disrupts activity-dependent presynaptic growth. We demonstrate that 

phosphorylated CamKII (p-CamKII) is enriched at the presynaptic axon terminal membrane. 

We also find that spaced stimulation rapidly leads to a global increase in total CamKII 

protein levels within axon terminals. This increase can be blocked by treatment with either 

the translational inhibitor cyclohexamide or presynaptic overexpression of miR-289. 

Together, this suggests a translation-dependent mechanism. Using an in vitro translational 

reporter fused to the CamKII 3’UTR, we show that CamKII expression is downregulated by 

miR-289 via one binding site. Collectively, these data provide support for the idea that 

CamKII is acting downstream of activity-regulated miRNAs to control rapid activity-

dependent presynaptic plasticity.

MATERIALS AND METHODS

Fly strains

All Drosophila stocks were cultured at 25°C on standard Bloomington medium. Stocks were 

obtained from the following sources: Canton-S, w1118 (Iso31), UAS-CamKIIAla, UAS-
CamKIIR3(WT), UAS-CamKIIT287A, UAS-CamKIIT287D, and C380-Gal4 (Bloomington 

Drosophila Stock Center); UAS-CamKIIv38930 and UAS-CamKIIv47280 long hairpin RNAi 

lines (Vienna Drosophila Resource Center) (Dietzl et al., 2007); UAS-CamKII:EYFP-
CamKII 3’UTR and UAS-CamKII:EYFP-NUT 3’UTR were gifts from S. Kunes (Ashraf et 

al., 2006); UAS-mCherry: miR-289 pri-miRNA was from Barbee lab stocks (Nesler et al., 

2013).

Activity paradigm

The acute spaced synaptic depolarization assay was done exactly as we have previously 

described (Nesler et al., 2013). Where indicated, cyclohexamide (100 mM) was added to 

normal HL3 haemolymph-like dissection buffer during the entire rest phase. Following the 
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rest phase, larvae were checked to make sure that they were alive and then processed for 

NMJ analysis.

Immunohistochemistry

NMJ dissection, immunostaining, and the quantification of boutons were done as we have 

previously described (Nesler et al., 2013; Pradhan et al., 2012). We used the following 

primary antibodies: mouse anti-CamKII 1:2000 (Takamatsu et al., 2003) (Cosmo), rabbit 

anti-CamKII 1:4000 (Koh et al., 1999), anti-DLG 1:100 (4F3; deposited to the 

Developmental Studies Hybridoma Bank by C. Goodman), anti-DVGLUT 1:10,000 (Daniels 

et al., 2004), anti-pT287 CamKII 1:150 (Santa Cruz), and anti-GFP 1:2500 (TP401; Torrey 

Pines). Secondary antibodies conjugated to Alexa Fluor® 488, 568, and 633 (Molecular 

Probes) were used at a concentration of 1:500. Antibodies against HRP conjugated to 

Dylight™ 594 and 647 (Jackson Labs) were used at 1:500 and added with secondary 

antibodies. All images were acquired on an Olympus FV1000 scanning confocal microscope 

using either a 60X (N.A. 1.42) or 100X objective (N.A. = 1.4). Unless otherwise indicated, 

images presented have been combined using FV1000 software from confocal stacks 

collected at intervals of 0.4 µM.

Quantitative immunofluorescence and western analysis

For quantitative confocal microscopy of CamKII immunofluorescence, larvae from 0X and 

5X high K+ treatment groups were dissected on the same day and then processed for 

immunochemistry in the same dish to ensure that antibody staining was consistent. All 

images were acquired using identical settings on the scanning confocal microscope. Initial 

settings were established for each paired experiment by thresholding the red and green 

channels to the brightest NMJs identified in the 5X high K+ treatment group. Following 

imaging, the intensity of CamKII fluorescence relative to either HRP or DvGLUT was 

analyzed using two distinct methods to identify regions of interest (ROIs) using ImageJ 

v1.45 open source software (NIH). The initial steps in both processes were identical. First, 

RGB images were split into their corresponding channels and then uniformly zoomed to 

150% for analysis. Next, the ROI manager was opened to compile a list of ROIs as defined 

by either boutons demarked by HRP or DvGLUT positive puncta. For HRP images 

specifically, ROIs were selected in the HRP channel (red) by using the “freehand selections 

tool” carefully tracing around each individual bouton and adding them to the ROI list. 

Alternatively, for DvGLUT puncta, the ROIs were selected using a thresholding approach. 

First, the image in the DvGLUT channel (red) was auto-thresholded. Next, the DvGLUT 

puncta were selected and added to the ROI manager for measurement. Then the image was 

closed and re-opened, colors split again, keeping all of the data points in the ROI manager. 

This was done so that the red channel was no longer thresholded due to the fact that 

thresholding the image eliminates the variability in puncta intensity. In both cases, ROIs 

were superimposed on the CamKII channel (green). Measurements were taken for both the 

green and red channels using the “mean gray value” in ImageJ. Following quantification for 

the entire data set, a mean value for green intensity (CamKII) and red intensity (HRP or 

DvGLUT, depending on the experiment) was calculated for each NMJ. This was done so 

that the data was not biased in favor or those NMJs containing a greater number of ROIs. 
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Finally, a ratio was calculated (green/red) for each NMJ and recorded. This data was then 

exported for statistical analysis.

For quantitative western blotting, the CNS (ventral ganglion plus optic lobes minus eye 

imaginal discs) was dissected from 15 larvae from 0X and 5X high K+ treatment groups 

(each). This CNS tissue was homogenized directly in 2X Laemmli sample buffer (BioRad), 

clarified by centrifugation, and the entire supernatant separated by SDS-PAGE. The 

following primary antibodies were used: anti-CamKII 1:4000 (Cosmo) and anti-actin 1:1000 

(Cell Signaling). Secondary antibodies conjugated to HRP (Cell Signaling Technology) were 

used at a dilution of 1:1000. Band intensities from scanned images were determined using 

ImageJ (NIH).

Cell culture

Drosophila Schneider 2 (S2-DRSC isolate) cells were cultured and transfected with 

expression plasmids essentially as we have previously described (Nesler et al., 2013) except 

that all transfections were performed in three biological replicates in 12-well plates using 

Effectene transfection reagent (Qiagen). The transfection mixtures for each well contained 

50 ng of the firefly luciferase (FLuc) CamKII 3’UTR reporter, 200 ng of a Renilla luciferase 

transfection control, and 250 ng of either a pre-miR expression vector or an empty vector 

control. Most vectors are described elsewhere (Nesler et al., 2013). The wild-type CamKII 
3’UTR was cloned into pENTR (Invitrogen) using the following primers: CKIIf 5’-

CCCATCAGTCCGAGGAG ACG-3’ and CKIIr 5’-TGTTTGTGCATTAGCGTCCCA-3’ 

and then into a pAc5.1-FLuc2 [dPolyA] destination vector. Mutations were introduced at 

nucleotides 727–729 within the seed region interacting sequence in miR-289 binding site 2 

(QuikChange SDM Kit; Strategene).

Statistics

All statistical analysis including graphing was done using Prism software (GraphPad) and 

statistical significance determined to be at p < 0.05. In all bar graphs, the mean is presented 

± SEM. When two samples are compared, we used a paired Student’s t-test. When more 

than two samples are compared, we used a one-way ANOVA with a Tukey’s post-hoc test. 

In experiments where ghost bouton quantification was required, statistical outliers were 

eliminated using the ROUT method (robust regression and outlier removal; Q = 1%) 

(Motulsky and Brown, 2006).

RESULTS and DISCUSSION

Presynaptic CamKII is necessary for activity-dependent axon terminal growth

Acute spaced synaptic depolarization rapidly induces the formation of new synaptic boutons 

at the larval NMJ (Ataman et al., 2008; Vasin et al., 2014). These immature presynaptic 

outgrowths, also known as “ghost boutons”, are characterized by the presence of synaptic 

vesicles but by a lack of active zones and postsynaptic specializations (Ataman et al., 2006). 

In our hands, a wild-type third instar larval NMJ will typically have about 2 ghost boutons 

(Fig. 1B, D; 0X high K+, 1.7 ± 0.2 ghost boutons per NMJ). Using an established synaptic 

growth protocol, we observed a robust increase in the number of ghost boutons following 5X 
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K+ spaced stimulation (Fig. 1A; stimulation protocol was adapted from Ataman et al., 2008; 

Fig. 1B, D; 3.3-fold increase relative to unstimulated controls; 5X high K+, 5.6 ± 1.0; p < 

0.0001). It has been shown that activity-dependent ghost bouton formation involves both 

new gene transcription and protein synthesis (Ataman et al., 2008). Furthermore, new 

presynaptic expansions can form within 30 minutes of stimulation even after the axon 

innervating the NMJ has been severed (Vasin et al., 2014). These findings suggest that a 

local mechanism (i.e. local signaling and/or translation) is required for the budding and 

outgrowth of new axon terminals. As expected, application of the translational inhibitor 

cyclohexamide during the recovery phase prevented the formation of new ghost boutons 

(Fig. 1D; 0X high K+, 2.3 ± 0.4; 5X high K+, 2.6 ± 0.4).

We have shown previously that the outgrowth of new synaptic boutons in response to spaced 

depolarization requires the function of activity-regulated neuronal miRNAs including miR-8, 

miR-289, and miR-958 (Nesler et al., 2013). This implies that mRNAs encoding for synaptic 

proteins might be targets for regulation by these miRNAs. We focused on CamKII for three 

reasons. 1) CamKII has been shown to have a conserved role in the control of long-term 

synaptic plasticity and its expression at synapses requires components of the miRNA 

pathway (Ashraf et al., 2006). Furthermore, the fly CamKII mRNA contains two predicted 

binding sites for activity-regulated miR-289. 2) CamKII and PKA both phosphorylate and 

actives synapsin (Hosaka et al., 1999; Stefani et al., 1997). At the fly NMJ, a synapsin-

dependent mechanism is required for a transient increase in neurotransmitter release in 

response to tetanic stimulation (Akbergenova and Bykhovskaia, 2007; Kuromi and 

Kidokoro, 2002). Synapsin also redistributes to sites of activity-dependent axon terminal 

growth and regulates outgrowth via a PKA-dependent pathway (Vasin et al., 2014). 3) 

Presynaptic CamKII has been shown to function in axon pathfinding in cultured Xenopus 
neurons (Wen et al., 2004). It seemed likely that activity-dependent ghost bouton formation 

and axon guidance might share similar molecular machinery.

We postulated that presynaptic CamKII was required to control activity-dependent axon 

terminal growth at the larval NMJ. To address this question, we first disrupted CamKII 

expression in motor neurons using two transgenic RNAi constructs. Depletion of presynaptic 

CamKII with both transgenes prevented the formation of new ghost boutons in response to 

spaced stimulation (Fig. 1C, D; C380-Gal4>UAS-CamKIIv38930 0X high K+, 0.8 ± 0.2 and 

5X high K+, 0.7 ± 0.2; C380-Gal4>UAS-CamKIIv47280 0X high K+, 1.1 ± 0.3 and 5X high 

K+, 1.7 ± 0.3). Thus, presynaptic CamKII is necessary to control the formation of new 

synaptic boutons.

To further confirm that presynaptic CamKII function was required for activity-dependent 

growth, we used a transgenic line that inducibly expressed an inhibitory peptide (UAS-
CamKIIAla). As in mammals, the activation of Drosophila CamKII by exposure to calcium 

leads to the autophosphorylation of a conserved threonine residue within the autoinhibitory 

domain (T287 in Drosophila). Activation of CamKII then confers an independence to 

calcium levels that persists until threonine-287 is dephosphorylated (Wang et al., 1998). The 

synthetic Ala peptide mimics the autoinhibitory domain and its transgenic expression is 

sufficient to substantially inhibit endogenous CamKII activity (Joiner and Griffith, 1997). 

Expression of the Ala inhibitory peptide in larval motor neurons disrupted the formation of 
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new ghost boutons following spaced synaptic depolarization (Fig. 1D; C380-Gal4>UAS-
CamKIIAla 0X high K+, 1.7 ± 0.3 and 5X high K+, 2.6 ± 0.3). These observations are 

consistent with results from CamKII RNAi.

Together, our data suggest that presynaptic CamKII function is required to control new ghost 

bouton formation in response to acute synaptic activity. Similarly, presynaptic CamKII has 

been implicated in controlling both bouton number and morphology during development of 

the larval NMJ. Reducing neuronal CamKII levels by RNAi has recently been shown to 

significantly reduce the number of type 1b boutons at the larval NMJ suggesting that 

presynaptic CamKII is required to control normal synapse development (Gillespie and 

Hodge, 2013). In contrast, presynaptic expression of the Ala inhibitory peptide has no effect 

on the total number of type 1 synaptic boutons (Haghighi et al., 2003; Koh et al., 1999; 

Morimoto et al., 2010). Given that the Ala peptide does not completely inhibit CamKII 

autophosphorylation, we suggest that the activation of CamKII in response to acute spaced 

synaptic depolarization is likely to be more sensitive to disruption then during NMJ 

development (Griffith et al., 1993; Jin et al., 1998).

Presynaptic overexpression of CamKII does not enhance activity-dependent growth

We next asked if presynaptic CamKII could induce activity-dependent axon terminal growth 

at the NMJ. The overexpression of genes that are necessary for the control of ghost bouton 

formation generally does not cause an increase in the overall number of new synaptic 

boutons following 5X high K+ spaced stimulation (Ataman et al., 2008; Nesler et al., 2013; 

Vasin et al., 2014). Instead, overexpression often leads to an increased sensitization of the 

synapse to subsequent stimuli (for example, significant growth is observed after 3X instead 

of 5X high K+). The overexpression of a wild-type CamKII transgene in motor neurons 

caused an increase of 71% in ghost bouton numbers in 3X K+ spaced stimulation larvae 

compared to 0X K+ controls (Fig. 1E; C380-Gal4>UAS-CamKIIWT; 0X high K+, 2.7 ± 0.4; 

3X high K+, 4.6 ± 0.7; p = 0.11). While this is trending towards an increase, it did not reach 

statistical significance, even though expression levels were substantially higher than 

endogenous CamKII (Fig. S1). Thus, increased CamKII is not sufficient to stimulate 

activity-dependent axon terminal growth.

To further investigate the role of presynaptic CamKII in activity-dependent axon terminal 

growth, we examined the effect of transgenic neuronal overexpression of either an overactive 

form of CamKII (CamKIIT287D) or a form that is incapable of remaining active in the 

absence of elevated calcium (CamKIIT287A). Much like C380-Gal4/+ controls, presynaptic 

expression of either transgene had no significant effect on the number of ghost boutons in 

3X high K+ stimulation larvae (Fig. 1E; C380-Gal4>UAS-CamKIIT287D, 18% increase, 0X 

high K+, 3.3 ± 0.6; 3X high K+, 3.9 ± 0.5, p = 0.88; C380-Gal4>UAS-CamKIIT287A, 45% 

decrease, 0X high K+, 3.3 ± 0.6; 3X high K+, 1.8 ± 0.3, p = 0.37). Again, levels of CamKII 

protein in axon terminals in both transgenic lines were elevated relative to controls (Fig. S1). 

Collectively, these data suggest that constitutive activation of CamKII is not sufficient to 

sensitize the NMJ to stimulation.

Our results suggest that the temporal and/or spatial regulation of CamKII expression or 

activation is likely required to control activity-dependent growth. In support, the Drosophila 
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CamKII protein has been shown to phosphorylate and regulate the activity of the Ether-a-go-

go (Eag) potassium channel in motor neuron axon terminals (Wang et al., 2002). In turn, 

CamKII is bound and locally activated by phosphorylated Eag (Sun et al., 2004). This local 

activation can persist even after calcium levels have been reduced. CamKII 

autophosphorylation and Eag localization to synapses requires the activity of the membrane-

associated Calcium/Calmodulin-associated Serine Kinase, CASK (Gillespie and Hodge, 

2013). The presynaptic coexpression of CASK with CamKIIT287D reverses (to wild-type 

levels) the increase in type 1b boutons observed when CamKIIT287D is overexpressed alone. 

Thus, a mechanism exists at the larval NMJ that allows for the persistence of local CamKII 

activation in the absence of additional stimuli.

CamKII is primarily enriched in axon terminals at the Drosophila larval NMJ

After establishing that CamKII has a novel presynaptic function in activity-dependent ghost 

bouton formation, we next sought to closely examine the distribution of CamKII protein at 

the larval NMJ. It has previously been reported that CamKII strongly colocalizes with 

postsynaptic Discs large (DLG), the Drosophila ortholog of mammalian PSD-95, around the 

borders of type 1 synaptic boutons. In support, an anti-CamKII antibody 

coimmunoprecipitates DLG from larval body wall extracts (Koh et al., 1999). Interestingly, 

while DLG is pre-dominantly postsynaptic at the developing NMJ it is also initially 

expressed in the presynaptic cell and at least partially overlaps with presynaptic membrane 

markers in axon terminals (Guan et al., 1996; Lahey et al., 1994). The studies of Ashraf et 

al. (2006) have demonstrated that while fly CamKII colocalizes with DLG within dendrites 

of adult olfactory projection neurons (PNs), it also localizes to presynaptic boutons within 

those same neurons. Consistent with the latter observations (using a different CamKII 

antibody), it has been shown that CamKII is substantially enriched in presynaptic terminals 

of type 1b boutons (Gillespie and Hodge, 2013; Takamatsu et al., 2003). To resolve these 

inconsistent results, we have used both antibodies against CamKII to more closely analyze 

the localization of CamKII at the third instar larval NMJ. First, double labeling of wild-type 

NMJs with a monoclonal CamKII antibody and anti-horseradish peroxidase (HRP), a 

marker for Drosophila neurons, confirmed that CamKII was enriched in presynaptic boutons 

in a pattern very similar to that of HRP (Fig. 2A) (Takamatsu et al., 2003). A closer 

examination of confocal optical sections revealed that almost all CamKII localized to the 

presynaptic terminal and was not significantly enriched either 1) at sites surrounding 

presynaptic boutons (Fig. 2A’), or 2) in the axons innervating synaptic arbors (Fig. 2A; 

arrowhead).

Within boutons, CamKII appeared to be predominantly cytoplasmic but was sometimes 

localized to discrete puncta that were reminiscent of antibody staining for active zones. 

Prolonged depolarization of hippocampal neurons with K+ leads to mobilization of CamKII 

from the cytoplasm to sites near active zones (Tao-Cheng et al., 2006). Moreover, using a 

fluorescent reporter for CamKII activity, high frequency stimulation causes the very rapid 

(on the order of minutes) activation of presynaptic CamKII and promotes its translocation 

from the cytoplasm to sites near active zones (Shakiryanova et al., 2011). To address this 

possibility, we double labeled larval NMJs with antibodies targeting both CamKII 

(Takamatsu et al., 2003) and DVGLUT, the Drosophila vesicular glutamate transporter, in 

Nesler et al. Page 8

Mol Cell Neurosci. Author manuscript; available in PMC 2017 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



order to visualize active zones (Daniels et al., 2004). As predicted, we found that some 

presynaptic CamKII colocalized with DVGLUT in type 1b and 1s boutons (Fig. 2B; 1b 

bouton indicated by arrow; 1s bouton indicated by arrowhead). Thus, in some type 1 

synaptic boutons, CamKII protein is enriched in or near active zones.

To demonstrate the specificity of the CamKII monoclonal antibody, we next disrupted the 

expression of neuronal CamKII using our two transgenic CamKII-targeting RNAi constructs 

(both used in Fig. 1). Presynaptic CamKII RNAi completely disrupted expression of 

CamKII in axon terminals (Fig. 2C). A faint halo of CamKII remained around the border of 

synaptic boutons following RNAi (Fig. 2C; arrowhead). This residual immunostaining likely 

represents the population of CamKII expressed in muscle and localized at or near 

postsynaptic densities. To further confirm that CamKII was enriched in presynaptic boutons, 

we double labeled wild-type NMJs with a polyclonal CamKII antibody and anti-DLG (Koh 

et al., 1999). As previously shown, CamKII did partially colocalize with DLG at the border 

of type 1 synaptic boutons (Fig. 2D). However, in our hands, CamKII was primarily 

localized to the presynaptic side of the synapse. Collectively, we provide strong evidence 

that CamKII is expressed on both the pre- and postsynaptic side of the synapse but that it is 

clearly enriched within presynaptic boutons at the larval NMJ. This localization is analogous 

to CamKII distribution in mammalian axons.

Motoneuron axon terminals are enriched for phosphorylated CamKII

After demonstrating that total CamKII was enriched in presynaptic axon terminals, we next 

asked if any of this protein was active by assessing phosphorylation of threonine-287 using a 

phospho-specific polyclonal antibody (Gillespie and Hodge, 2013). We found that pT287 

CamKII staining intensity was strong and fairly uniform in presynaptic boutons (Fig. 3A; 

arrow) and weakly stained axons innervating synaptic arbors (Fig. 3A; arrowhead). Closer 

examination of confocal optical sections revealed that almost all p-CamKII colocalized with 

HRP in the presynaptic terminal and only sparsely stained the body wall muscle (Fig. 3A’). 

Presynaptic CamKII RNAi almost completely disrupted p-CamKII in axon terminals leaving 

some residual staining in the presynaptic bouton and surrounding muscle suggesting that the 

antibody is specific (Fig. 3B). To further demonstrate this presynaptic localization, we found 

that p-CamKII staining clearly does not overlap with postsynaptic DLG (Fig. 3C) but does 

colocalize strongly with immunostaining using the monoclonal total CamKII antibody (Fig. 

3D).

Enrichment of CamKII in motoneuron axon terminals does not require the CamKII 3’UTR

Collectively, we have used three different antibodies to show that CamKII enriched in 

presynaptic axon terminals. Next, we were curious as to how this enrichment was occurring. 

In Drosophila and mammalian neurons, the CamKII mRNA is transported to dendritic 

compartments and locally translated in response to synaptic stimulation (Aakalu et al., 2001; 

Ashraf et al., 2006). This spatial and temporal regulation requires sequence motifs found 

within the 5’ and 3’ UTRs of the CamKII transcript. In contrast, the localization of CamKII 

to axon terminals of Drosophila PNs does not strictly require the CamKII 3’UTR suggesting 

that enrichment in presynaptic boutons occurs through a mechanism that does not strictly 

require local translation (Ashraf et al., 2006). In mammalian neurons, CamKII is enriched in 
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axon terminals where it can associate with synaptic vesicles and synapsin I (Benfenati et al., 

1996; Benfenati et al., 1992). Recently, it has been shown that mammalian CamKII and the 

synapsin proteins are both conveyed to distal axons at rates consistent with slow axonal 

transport, with a small fraction of synapsin cotransported with vesicles via fast transport 

(Scott et al., 2011).

Because activity-dependent growth at the larval NMJ requires the miRNA pathway and new 

protein synthesis (Fig. 1D) (Ataman et al., 2008; Nesler et al., 2013), we asked if the 

localization of CamKII protein to axon terminals might require the CamKII 3’UTR. As 

expected, when expression was specifically driven in larval motor neurons, a transgenic 

CamKII:EYFP fusion protein regulated by the CamKII 3’UTR localized strongly to 

presynaptic boutons at the larval NMJ (Fig. 4A; C380-Gal4>UAS-CamKII:EYFP:CamKII 
3’UTR). However, very similar results were observed using the same CamKII:EYFP fusion 

protein regulated by a heterologous 3’UTR (Fig. 4B; C380-Gal4>UAS-CamKII:EYFP:NUT 
3’UTR). Taken together, these data suggest that localization of CamKII protein to 

presynaptic boutons at the NMJ does not require mRNA transport and local translation. 

Thus, we conclude that most of the Drosophila CamKII protein found in motoneuron axon 

terminals is likely there due to the transport of cytosolic CamKII from the cell body to 

synapses via a mechanism involving axonal transport.

CamKII levels in axon terminals rapidly increase in response to spaced synaptic 
stimulation

We were interested in determining how CamKII might be regulating activity-dependent axon 

terminal growth and speculated that either the levels or distribution of CamKII protein might 

be altered in response to spaced depolarization. We first asked if high K+ stimulation 

resulted in an increase in CamKII protein within motoneuron axon terminals. Larval 

preparations were stimulated as shown in Fig. 1A and changes in the levels of CamKII 

protein in presynaptic boutons was examined by immunohistochemistry and quantitative 

confocal microscopy (Fig. 5A–B). Following spaced stimulation, CamKII staining within 

boutons rapidly increased (in ~1 hour) by an average of 26% (Fig. 5B; p < 0.05). This 

increase in immunofluorescence was global and did not appear to be localized to particular 

regions of the NMJ (i.e. near obvious presynaptic outgrowths). CamKII has been reported to 

very rapidly translocate to regions near active zones in response to high frequency 

stimulation (Shakiryanova et al., 2011). However, when compared to DVGLUT levels in 

unstimulated and stimulated larvae, no significant increase in CamKII immunoflourescence 

was observed indicating that translocation does not occur or does not persist in our assay 

(Fig. 5B). To determine if this increase in CamKII enrichment required new protein 

synthesis, we incubated larval preparations with the translational inhibitor cyclohexamide 

during the recovery phase (as in Fig. 1). Surprisingly, this treatment completely blocked the 

activity-dependent affects on presynaptic CamKII enrichment within axon terminals (Fig. 

5B). Thus, spaced high K+ stimulation results in a rapid increase in CamKII levels in 

presynaptic boutons via some mechanism that requires activity-dependent protein synthesis.

Next, we asked if the levels or distribution of p-CamKII changed in response to spaced 

stimulation. Larval preparations were stimulated exactly as described above and analyzed by 
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confocal microscopy (Fig. 5C). Interestingly, p-CamKII staining was enriched at the 

presynaptic membrane of many axon terminals following spaced depolarization (Fig. 5C; 

arrows).

Given the requirement for new protein synthesis, we speculated that the additional CamKII 

protein in axon terminals could be derived from a pool of CamKII mRNA that is rapidly 

transcribed and translated in the soma in response to spaced depolarization. This newly 

translated CamKII would then be actively transported out to axon terminals via standard 

mechanisms. If this were true, we would expect to detect elevated CamKII levels in the 

larval ventral ganglion. To examine this process more closely, global total CamKII 

expression levels within the larval ventral ganglion were assayed by Western blot analysis. 

We found that two distinct isoforms of CamKII are expressed in explanted larval ventral 

ganglia (97 and 116 kDa; Fig. 5D). Surprisingly, we did not observe an increase in CamKII 

protein levels in the ventral ganglion.

What is the source of this new presynaptic CamKII protein? We propose there are three 

possible explanations. First, new CamKII protein might be transcribed and translated in the 

motor neuron cell body. However, this new protein would be rapidly transported away to 

axon terminals in response to spaced depolarization. Second, some CamKII protein is found 

in the axons innervating the NMJ (seen using the p-CamKII antibody; Fig. 3A; arrowhead). 

It is possible that activity stimulates the rapid transport of an existing pool of CamKII 

protein from distal axons into axon terminals. This process would be sensitive to 

translational inhibitors. Finally, a pool of CamKII mRNA might be actively transported into 

axon terminals and then locally translated in response to spaced depolarization. This would 

account for the both the dependence on translation and for increased CamKII enrichment in 

presynaptic boutons.

CamKII enrichment in axon terminals is negatively regulated by miR-289

Thus far, we have shown that activity-dependent ghost bouton formation correlates with a 

protein synthesis-dependent increase in CamKII levels within presynaptic boutons at the 

larval NMJ. The activity-dependent translation of CamKII in olfactory neuron dendrites in 

the adult Drosophila brain requires components of the miRNA pathway (Ashraf et al., 2006). 

Within the CamKII 3’UTR, there are two putative binding sites for activity-regulated 

miR-289 (Fig. 6A). These two binding sites were of particular interest. We have previously 

shown that levels of mature miR-289 are rapidly downregulated in the larval brain in 

response to 5X high K+ spaced training (Nesler et al., 2013). Moreover, presynaptic 

overexpression of miR-289 significantly inhibits activity-dependent ghost bouton formation 

at the larval NMJ (Nesler et al., 2013). Based on these data, we speculated that CamKII 

might be a target for regulation by miR-289.

To determine if CamKII is a target for repression by miR-289 in vivo, we overexpressed a 

transgenic construct containing the primary miR-289 transcript in motor neurons and 

examined CamKII enrichment by anti-CamKII immunostaining and quantitative confocal 

microscopy (Fig. 6B). Relative to controls, the presynaptic overexpression of miR-289 

completely abolished the observed activity-dependent increase in CamKII 

immunofluorescence (C380-Gal4/+ controls, 20% increase in 5X high K+ group, p < 0.05; 
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C380-Gal4>UAS-pri-miR289, 3% increase, p = 0.73). When analyzing global CamKII 

levels within axon terminals during NMJ development, presynaptic miR-289 expression led 

to a slight decrease in CamKII immunofluorescence (Fig. 6B; C380-Gal4>UAS-pri-miR289, 

13% decrease in 0X high K+ group, p = 0.06). This trend is similar to results observed 

following treatment with cyclohexamide during the recover period (Fig. 5B). The lack of full 

repression by miR-289 is not surprising given that one miRNA alone is often not sufficient 

to completely repress target gene expression (Thomas et al., 2010).

To directly test the ability of miR-289 to repress translation of CamKII, we developed a 

reporter where the coding sequence for firefly luciferase (FLuc) was fused to the regulatory 

CamKII 3’UTR (FLuc-CamKII 3’UTR; Fig. 6C). When this wild-type reporter was 

coexpressed with miR-289 in Drosophila S2 cells, expression of FLuc was significantly 

reduced (Fig. 6D; 30% of empty vector controls, p < 0.0001). In contrast, when this reporter 

was coexpressed with miR-279a, a miRNA not predicted to bind to the CamKII 3’UTR, no 

repression was observed (99% of controls, p = 0.99). To confirm that repression of the FLuc-
CamKII reporter by miR-289 was via a specific interaction, we mutagenized the second of 

two predicted miR-289 binding sites (Fig.6A and 6C). Binding site 2 (BS2) was a stronger 

candidate for regulation because it is flanked by AU-rich elements (AREs) and miR-289 has 

been shown to promote ARE-mediated mRNA instability through these sequences (Jing et 

al., 2005). Moreover, it is well established that the stabilization and destabilization of 

neuronal mRNAs via interactions between AREs and ARE-binding factors plays a 

significant role in the establishment and maintenance of long-term synaptic plasticity in both 

vertebrates and invertebrates (Lee et al., 2015). Altering three nucleotides within BS2 in the 

required seed region binding site was sufficient to significantly disrupt repression of the 

reporter by miR-289 (Fig. 6E; compare the wild-type 3’UTR, 44% of control; and BS2mut, 

85% of control, p < 0.0001). We also cloned the minimal predicted BS2 sequence into an 

unrelated 3’UTR and asked if miR-289 could repress translation (Fig. 6C). Coexpression of 

the FLuc-SV-mBS2 reporter with miR-289 led to significant repression (Fig. 6E; 62% of 

control; p < 0.0001). Taken together, these results indicate that the BS2 sequence is both 

necessary and sufficient for miR-289 regulation via the CamKII 3’UTR.

CONCLUSION

The most important conclusion of this study is that presynaptic CamKII is required to 

control activity-dependent axon terminal growth at the Drosophila larval NMJ. First, we 

show that CamKII is necessary to control ghost bouton formation in response to spaced 

synaptic depolarization (Fig. 1D–E). Next, we demonstrate that spaced stimulation 

correlates with a rapid protein synthesis dependent increase in CamKII immunofluorescence 

in presynaptic boutons (Fig. 5A–B). This increase is suppressed by presynaptic 

overexpression of activity-regulated miR-289 (Fig. 6B). We have previously shown that 

overexpression of miR-289 in larval motor neurons can suppress activity-dependent axon 

terminal growth (Nesler et al., 2013). Here, we demonstrate that miR-289 can repress the 

translation of a FLuc-CamKII 3’UTR reporter via a specific interaction with a binding site 

within the CamKII 3’UTR (Fig. 6C–E). Collectively, this experimental evidence suggests 

that CamKII functions downstream of the miRNA pathway to control activity-dependent 

changes in synapse structure.
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Thus, CamKII protein is expressed in the right place to regulate rapid events that are 

occurring within presynaptic boutons. Several questions remain regarding CamKII function 

in the control of activity-dependent axon terminal growth. First, it is unclear what the 

significance might be of a rapid increase of total CamKII in presynaptic terminals. Why is 

the pool of CamKII protein that is already present not sufficient to control these processes? 

Similar questions have been asked regarding activity-dependent processes occurring within 

dendrites. We postulate that the CamKII mRNA might be locally translated in axon 

terminals. It has been proposed that local mRNA translation might be 1) required for 

efficient targeting of some synaptic proteins to specific sites, or 2) local translation may in 

and of itself be required to control activity-dependent processes at the synapse (Steward, 

2002). Second, the impact of spaced depolarization on CamKII function needs to be 

assessed and downstream targets of CamKII phosphorylation involved in these processes 

need to be identified. One very strong candidate is synapsin which, at the Drosophila NMJ, 

has been shown to rapidly redistribute to sites of new ghost bouton outgrowth in response to 

spaced stimulation (Vasin et al., 2014). Finally, the idea that CamKII might work through a 

Eag/CASK-dependent mechanism to control activity-dependent axon terminal growth needs 

to be explored (Gillespie and Hodge, 2013).
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Highlights

• CamKII is enriched in axon terminals at the Drosophila neuromuscular 

junction.

• Presynaptic CamKII is necessary to control activity-dependent synaptic 

growth.

• Spaced depolarization causes a translation-dependent increase in 

CamKII levels.

• Phosphorylated CamKII is enriched at the presynaptic membrane in 

axon terminals.

• CamKII is a target for repression by activity-regulated miR-289.
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Figure 1. Presynaptic CamKII is required to control activity-dependent axon terminal growth
(A) Diagram of the 5X high K+ spaced training paradigm. Partially dissected larval NMJ 

preps were exposed to a series of five pulses of HL3 containing high K+ (90 mM KCl) 

separated by rest periods in normal buffer (5 mM KCl). In experiments indicated, 

cyclohexamide (100 mM) was added to normal HL3 immediately preceding the final ~70 

minute rest period (indicated by the arrowhead). (B and C) Larvae were exposed to 0X and 

5X high K+ spaced synaptic stimulation and, at the end of the final rest period, preps were 

fixed and labeled with antibodies against postsynaptic DLG (green) and presynaptic HRP 

(red). Larger confocal images show an entire synaptic arbor at muscle 6 and 7 in abdominal 

segment 3. Arrows in (B) and (C) and the arrowhead in (B; inset) point to ghost boutons 

which are characterized as HRP+ and DLG- presynaptic extensions. Genotypes shown are 

(B) a Canton-S control and (C) a larval prep expressing a transgenic CamKII RNAi 

construct in motor neurons (C380 > CamKIIv38930). (D) The number of ghost boutons 

following 5X high K+ depolarization in Canton-S controls, Canton-S controls treated with 

cyclohexamide, and in different genetic backgrounds to either knock down presynaptic 

CamKII expression (C380>CamKIIv38930 and C380>CamKIIv47280) or disrupt its 

presynaptic function (C380>CamKIIAla). (E) The number of ghost boutons following 3X 

and 5X high K+ depolarization in controls (C380/+) and genetic backgrounds that express 

wild-type (C380>CamKIIWT) or mutant forms (C380>CamKIIT287A or 

C380>CamKIIT287D) of CamKII in motor neurons. (D and E) The numbers of NMJs 

analyzed are indicated within each column. * p < 0.05, *** p < 0.001, **** p < 0.0001. The 

error bars indicate the SEM.
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Figure 2. CamKII is enriched in presynaptic boutons
(A) CamKII immunoreactivity in the entire synaptic arbor at muscle 6 and 7 in abdominal 

segment 3. Canton-S larvae were double labeled with a monoclonal antibody against 

CamKII (green) (Takamatsu et al., 2003) and against HRP (red). The arrow in (A) points to 

type I synaptic boutons shown in (A’) while the arrowhead points to the axon innervating the 

synaptic arbor. In (A’) an oval has been drawn around the axon terminal as defined by HRP 

staining and then superimposed on the green channel. Note that CamKII colocalizes with 

HRP within the presynaptic bouton. (B) Single confocal section of boutons of NMJs from 
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larvae stained with monoclonal CamKII (green) and anti-DVGLUT (red) antibodies. The 

arrow indicates a type 1b synaptic bouton with green, red, and yellow foci. Note that there is 

a significant amount of overlap (arrowhead) between CamKII and DVGLUT. (C) CamKII 

immunoreactivity in presynaptic terminals from larvae where CamKII has been knocked 

down in motor neurons by RNAi (C380>CamKIIv38930). An oval has been drawn around the 

axon terminal as defined by HRP staining in the red channel and then superimposed onto the 

monoclonal CamKII (green) channel. Presynaptic CamKII immunostaining has been almost 

completely eliminated leaving a faint halo of immunoreactivity around the bouton border 

(arrow). (D) Single confocal section of boutons double stained with a polyclonal antibody 

against CamKII (green) (Koh et al., 1999) and against DLG (red). Two circles have been 

drawn to highlight the inner and outer boundaries of DLG staining and then superimposed 

on the green channel. Note that CamKII staining is largely restricted to the region inside the 

inner circle indicating enrichment with the axon terminal. Scale bar is 7.5 µm in (A) and 2.5 

µm in (A’–D).
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Figure 3. p-CamKII is enriched in presynaptic boutons
(A) p-CamKII immunoreactivity in the entire synaptic arbor at muscle 6 and 7 in abdominal 

segment 3. w1118 larvae were double labeled with a monoclonal antibody against p-CamKII 

(green) (Gillespie and Hodge, 2013) and against HRP (red). The arrow in (A) points to type 

I synaptic boutons shown in (A’) while the arrowhead points to the axon innervating the 

synaptic arbor. (B) p-CamKII immunoreactivity in presynaptic terminals from larvae where 

CamKII has been knocked down in motor neurons by RNAi (C380>CamKIIv38930). 

Presynaptic p-CamKII immunostaining has been almost completely eliminated. (C) Single 

Nesler et al. Page 21

Mol Cell Neurosci. Author manuscript; available in PMC 2017 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



confocal section of boutons double stained with an antibody against p-CamKII (green) and 

against DLG (red). Note that p-CamKII immunoreactivity is restricted to the region inside 

the circle of DLG staining indicating enrichment with the axon terminal. (D) Single confocal 

section of boutons of NMJs from larvae stained with p-CamKII (green) and monoclonal 

anti-CamKII (red) antibodies. Note that there is a significant amount of overlap between p-

CamKII and total CamKII. Scale bar is 7.5 µm in (A) and 2.5 µm in (A’–D).
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Figure 4. Enrichment of CamKII in presynaptic boutons does not require the regulatory 3’UTR
(A–B) Confocal images of NMJs at muscle 6 and 7 in abdominal segment 3 double stained 

with antibodies against GFP (green) and HRP (red). Larvae shown are expressing a 

transgene containing a wild-type CamKII protein fused to EYFP controlled by either (A) the 

CamKII regulatory 3’UTR or (B) an unrelated 3’UTR (C830>UAS-CamKII:EYFP-CamKII 
3’UTR and C830>UAS-CamKII:EYFP-NUT 3’UTR respectively). Scale bar is 2.5 µm in 

(A–B).
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Figure 5. CamKII enrichment in presynaptic boutons is altered by synaptic activity
(A, C) Confocal images of NMJs at muscle 6 and 7 in abdominal segment 3. Larvae were 

exposed to 0X and 5X high K+ spaced synaptic stimulation, fixed, and then double stained 

with a monoclonal antibody against CamKII or p-CamKII (green) and against HRP (red). 

Images in both the red and green channels were first thresholded for NMJs from the 5X high 

K+ stimulation group and the exact same settings used to acquire images from paired 

controls from the 0X high K+ group. Scale bar is 2.5 µm. (B) Quantification of the 

immunofluorescence from images from (A) and for NMJs double stained with antibodies 

against CamKII and DVGLUT. CamKII immunofluorescence in each condition is 

normalized to either HRP (Canton-S control and cyclohexamide-treated Canton-S control) 

or DVGLUT and then 0X high K+ set to 100%. * p < 0.05. The numbers of NMJs analyzed 

are indicated within each column. (D) Representative Western blot of CamKII in larval CNS 

extracts from Canton-S control animals after 0X and 5X high K+ spaced synaptic 

stimulation. Molecular weights for CamKII isoforms are in kDa. (E) Quantification of the 

levels of CamKII expression (both bands) normalized to actin from 3 independent biological 

replicates as shown in (C). The error bars in (B and D) indicate the SEM.
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Figure 6. Expression of CamKII is regulated by miR-289
(A) Two putative miR-289 binding sites within the CamKII 3’UTR. A vertical bar (“|”) 

indicates perfect complementation and a “:” indicates G, U base pairing. The blue sequence 

in binding site 2 (BS2) indicates the minimal miR-289 binding site. The red sequences 

indicate the nucleotides at positions 3–6 in the seed region binding site that were mutated in 

BS2 (BS2mut). (B) Quantification of the immunofluorescence from images from control 

larvae (C380/+) and larvae expressing a transgenic pri-miR289 construct in motor neurons 

(C380>UAS-pri-miR289). NMJs were double stained with antibodies against CamKII and 

HRP and normalized as described in Fig. 4. Note that miR-289 suppresses the activity 

dependent increase of CamKII immunofluorescence in axon terminals. Overexpression of 

miR-289 also reduces overall CamKII levels in unstimulated presynaptic boutons relative to 

controls (C380/+). (C) Diagram of FLuc reporters. The wild-type (WT) reporter as fused to 

the CamKII regulatory 3’UTR. Squares indicate the relative locations of miR-289 BS1 and 

BS2. The star in BS2mut indicates the mutant BS2 binding site. In SV-mBS2, the minimal 
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miR-289 binding site in BS2 was introduced into the Simian virus 40 (SV40) 3’UTR and 

fused downstream of the FLuc coding sequence. (D) Drosophila S2 cells were transfected 

with the FLuc-WT reporter, a RLuc vector, and either an empty vector control or plasmids 

expressing the indicated miRNAs. Luceferase activity was measured 72 hours after 

transfection. FLuc values were normalized to RLuc and the empty vector control set to 

100%. (E) S2 cells were transfected with FLuc reporters and either an empty vector or 

plasmid expressing miR-289. Luciferase activity was read and values normalized as 

described in (D). Error bars in (D–E) indicate the SEM for three biological replicates. ** p < 

0.01 **** p < 0.0001.
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