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Abstract

The Ca2+/calmodulin(CaM)-dependent protein kinase II (CaMKII) forms 12meric holoenzymes. 

These holoenzymes cluster into larger aggregates within neurons under ischemic conditions and in 

vitro when ischemic conditions are mimicking. This aggregation is thought to be mediated by 

interaction between the regulatory domain of one kinase subunit with the T-site of another kinase 

subunit in a different holoenzyme, an interaction that requires stimulation by Ca2+/CaM and 

nucleotide for its induction. This model makes several predictions that were verified here: 

Aggregation in vitro was reduced by the CaMKII inhibitors tatCN21 and tatCN19o (which block 

the T-site) as well as by KN93 (which is CaM-competitive). Notably, these and previously tested 

manipulations that block CaMKII activation all reduced aggregation, suggesting an alternative 

mechanism that instead requires kinase activity. However, experiments with the nucleotide-

competitive broad-spectrum kinase inhibitors staurosporin and H7 showed that this is not the case. 

In vitro, staurosporine and H7 enabled CaMKII aggregation even in the absence of nucleotide. 

Within rat hippocampal neurons, an intra-body enabled live monitoring of endogenous CaMKII 

aggregation. This aggregation was blocked by tatCN21, but not by staurosporine, even though 

both effectively inhibit CaMKII activity. These results support the mechanistic model for CaMKII 

aggregation and show that kinase activity is not required.
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Introduction

CaMKII is a major regulator of glutamatergic synaptic transmission in the brain, including 

that of long-term potentiation (LTP) and depression (LTD) (Coultrap & Bayer 2012b, 

Lisman et al. 2012, Hell 2014, Coultrap et al. 2014), two opposing forms of synaptic 
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plasticity that are thought to underlie higher brain functions such as cognition, learning, and 

memory (Martin et al. 2000, Malenka & Bear 2004, Lee & Silva 2009). Glutamate is the 

major physiological excitatory neurotransmitter in the mammalian brain, but excessive 

glutamate release during ischemic conditions is also the trigger for the subsequent 

excitotoxic death of neurons (Choi et al. 1988, Doyle et al. 2008, Hara & Snyder 2007, 

Aarts & Tymianski 2004). Interestingly, this pathological glutamate signaling is also 

mediated by CaMKII and can be alleviated by CaMKII inhibition (Vest et al. 2010, Ashpole 

& Hudmon 2011, Coultrap et al. 2011). While LTP- and LTD-related glutamate stimuli 

trigger CaMKII translocation to excitatory and inhibitory synapses, respectively (Shen & 

Meyer 1999, Bayer et al. 2001, Zhang et al. 2008, Rose et al. 2009, Marsden et al. 2010, 

Coultrap & Bayer 2012b), excitotoxic glutamate stimuli trigger additional extrasynaptic 

aggregation of many CaMKII holoenzymes – which are themselves large 12meric 

complexes (Kanaseki et al. 1991, Chao et al. 2011, Coultrap & Bayer 2012b) – into larger 

clusters (Suzuki et al. 1994, Dosemeci et al. 2000, Tao-Cheng et al. 2002, Hudmon et al. 

2005, Vest et al. 2009). A similar aggregation of purified CaMKII holoenzymes can also be 

induced in vitro by mimicking ischemic conditions biochemically, i.e. by incubating the 

kinase at a pH of 6.8 or lower in the presence of Ca2+ (and CaM) and ATP at low 

concentration or ADP at high concentration (Hudmon et al. 1996, Vest et al. 2009).

CaMKII mutations that prevent Ca2+/CaM stimulation and the K42M kinase dead mutation 

block the glutamate-induced holoenzyme aggregation within neurons (Vest et al. 2009, 

Hudmon et al. 2005), apparently indicating a requirement for CaMKII activity. This seems 

to be further corroborated by the inhibition of aggregation by the CaMKII inhibitors KN93, 

tatCN21, and tatCN19o that was seen in our current study. However, the current model for 

the molecular mechanism underlying aggregation (Fig. 1) (Vest et al. 2009) predicts 

activity-independent reasons for the block of aggregation by inactivating mutations and by 

inhibitors. In the basal state of CaMKII, the substrate binding S-site and the nearby T-site 

are blocked by the regulatory domain (Fig. 1) (Bayer et al. 2001, Chao et al. 2010, Coultrap 

& Bayer 2012b). Aggregation is thought to be mediated by the interaction between the 

regulatory domain of one kinase subunit with the T-site of another kinase subunit within a 

different holoenzyme (Fig. 1). Thus, aggregation requires stimulation by Ca2+/CaM 

(Hudmon et al. 1996, Vest et al. 2009), which can explain the block of aggregation by the 

A302R and the T305/306D mutations (Hudmon et al. 2005) and by the inhibitor KN93, 

which all prevent CaMKII stimulation by Ca2+/CaM. The inhibitors tatCN21 and tatCN19o 

(Vest et al. 2007, Coultrap & Bayer 2011) bind to the T-site of CaMKII, thereby explaining 

the block of aggregation by these inhibitors, as well as by the T-site mutant I205K (Hudmon 

et al. 2005). Additionally, aggregation requires occupation of the nucleotide binding pocket 

on CaMKII (Vest et al. 2009), which can explain the block of aggregation by the K42M 

mutation that prevents nucleotide binding (Vest et al. 2009).

In order to further test the current mechanistic model for CaMKII holoenzyme aggregation 

and to determine the requirement for CaMKII activity in aggregation within neurons, we 

used a similar strategy as we had previously employed to address similar questions about the 

CaMKII interaction with the NMDA-receptor subunit GluN2B (Barcomb et al. 2013), an 

interaction that also requires the CaMKII T-site and is stimulated by binding of Ca2+/CaM 
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and nucleotide to CaMKII (Bayer et al. 2001, Bayer et al. 2006, O’Leary et al. 2011). As 

predicted by the current model (Fig. 1), and as briefly delineated above, CaMKII 

aggregation in vitro was blocked by the CaMKII inhibitors KN93, tatCN21, and tatCN19o. 

However, inhibiting CaMKII activity by the ATP-competitive broad-spectrum kinase 

inhibitors staurosporine or H7 did not block the in vitro aggregation. Thus, similar to the 

CaMKII/GluN2B interaction (Barcomb et al. 2013), occupation of the nucleotide binding 

pocket by staurosporine (Omura et al. 1977, Tamaoki et al. 1986, Nakano et al. 1987, 

Yanagihara et al. 1991) or H7 (Hidaka et al. 1984, Malinow et al. 1989) substituted for the 

nucleotide requirement (rather than interfering with it). This result enabled testing the 

requirement of CaMKII activity in aggregation within neurons. While aggregation was 

blocked by tatCN21 (as predicted based on T-site interference), it was not inhibited by 

staurosporine, demonstrating that activity of CaMKII (or the other kinases inhibited by 

staurosporine) is not required for aggregation. These results also highlight the need for 

detailed mechanistic knowledge of inhibitors and inactivating mutations in order to correctly 

infer the requirement of enzymatic activities in biological processes. In this case, the effect 

of several different inhibitors or inhibiting mutations on CaMKII aggregation was through 

structural mechanisms unrelated to the inhibition of enzymatic activity.

Materials and methods

Materials

CaMKIIα and CaM were purified after baculovirus/Sf9 cell expression or bacterial 

expression as previously described (Coultrap et al. 2010, Coultrap & Bayer 2012a). The 

vector for the CaMKIIα FingR was described previously (Mora et al. 2013). Cell culture 

reagents and chemicals were obtained from Invitrogen and Sigma, respectively, unless 

indicated otherwise. H7 (1-(5-isoquinolinylsulfonyl)-2-methylpiperazine) and staurosporine 

were obtained from Tocris. TatCN21, TatCN19o and TatSCR peptides were custom ordered 

through CHI Scientific.

CaMKII aggregation in vitro

Aggregation of purified CaMKIIα (0.5 μM) was induced in 30–35 mM PIPES at pH 6.5–

6.8, 20 mM KCl, 10 mM MgCl2, 0.1 mg/ml BSA, 0.1% Tween, 0.5 mM DTT, 0.5 mM 

CaCl2, 1.5–2 μM CaM and 0.1–1 mM ADP (unless indicated otherwise), essentially as 

described previously (Vest et al. 2009). Various inhibitors were present in the mixture as 

indicated, prior to induction of aggregation by the addition of nucleotide (or the nucleotide-

competitive inhibitors H7 or staurosporin). After 5 min at room temperature, soluble and 

aggregated CaMKII were separated by centrifugation at 14,000xg at 4°C for 30 min. 

Western blot analysis of the resulting pellet and supernatant was performed using a 

monoclonal CaMKIIα antibody (CBα2; Invitrogen) and quantified as described previously 

(Vest et al. 2007, Coultrap & Bayer 2012a, Goodell et al. 2014, Coultrap et al. 2014). The 

quantified amount of CaMKII in the pellet was normalized, with the aggregation in presence 

of ADP (≥100 μM) without inhibitors in the same experiment set to 100.
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Preparation, transfection, and live imaging of primary neuronal cultures

Pregnant Sprague-Dawley rats were supplied by Charles River Labs for the preparation of 

primary hippocampal cultures from P0–P1 neonatal rat pups as described previously 

(Barcomb et al. 2014, Vest et al. 2007). All animal treatment was in accordance with the 

University of Colorado Denver Institutional Animal Care and Use Committee. At 12 DIV 

neurons were transfected with the CaMKII FingR intrabody using Lipofectamine 2000. The 

following day the neurons were imaged using a Zeiss Axiovert 200M microscope with 

climate controlled chamber at 32°C in a HEPES buffered solution (0.87X Hank’s Buffered 

Saline Solution, 25 M HEPES pH 7.4, 2 mM glucose, 2 mM CaCl2 and 1 mM MgCl2) 

containing tatCN21 (5 μM), tatCN19o (5 μM), staurosporine (2 μM), or no inhibitor. Z-stack 

images were collected every 10 seconds for 3 minutes, with glutamate/glycine (100 μM/10 

μM) stimulation at 30 seconds. Images were analyzed blind at 2 minutes after stimulation for 

the number of puncta, which were defined as discrete objects greater than 2 pixels in size 

with intensity greater than 3 standard deviations from the mean somal intensity.

Statistical analysis

All quantifications are shown as mean±SEM and were tested for statistically significant 

differences by ANOVA followed by Tukey’s posthoc analysis (ns: p>0.05; *: p<0.05; **: 

p<0.01; ***: p<0.001) using GraphPad Prism.

Results

CaMKII aggregation in vitro is blocked by the inhibitors KN93, tatCN21, and tatCN19o

Aggregation of CaMKII holoenzymes into larger clusters in vitro was induced by the 

addition of nucleotide (1 mM ADP) at pH ≤6.8 in the presence of Ca2+/CaM, and detected 

by a differential centrifugation assay followed by Western blot analysis of the supernatant 

(containing soluble CaMKII holoenzymes) and the pellet (containing the aggregated 

holoenzymes). As predicted by the molecular model for CaMKII aggregation (Vest et al. 

2007) (see Fig. 1), the Ca2+/CaM-competitive CaMKII inhibitor KN93 (10 μM) 

significantly reduced aggregate formation (Fig. 2). By contrast, the inactive analogue KN92 

(10 μM) had no effect (Fig. 2). As also predicted by the model, the T-site binding CaMKII 

inhibitor peptides tatCN19o (5 μM) or tatCN21 (5 μM) both significantly reduced 

aggregation (Fig. 2). By contrast, the inactive scrambled control peptide tatCtrl (5 μM) had 

no effect.

These results further corroborate the current molecular model for CaMKII aggregation (see 

Fig. 1). However, the observed inhibition of CaMKII aggregation by KN93, tatCN21 and 

tatCN19o also makes these inhibitors unsuitable for testing whether or not CaMKII activity 

is required for aggregation within neurons.

The nucleotide-competitive inhibitors staurosporine or H7 can substitute for nucleotide in 
the induction of CaMKII aggregation in vitro

The proposed mechanisms for CaMKII aggregation and for CaMKII binding to GluN2B 

share several similarities, and both are promoted by nucleotide binding to the kinase (Vest et 

al. 2007, O’Leary et al. 2011). Within cells, both CaMKII aggregation and GluN2B binding 

Barcomb et al. Page 4

J Neurochem. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



are blocked by the CaMKII K42M mutation that prevents nucleotide binding (Vest et al. 

2009, O’Leary et al. 2011). However, the nucleotide-competitive inhibitors staurosporine 

and H7 do not block the CaMKII/GluN2B interaction; instead, occupation of the CaMKII 

nucleotide binding pocket by these inhibitors can substitute for nucleotide binding (O’Leary 

et al. 2011). Thus, we here tested if these nucleotide-competitive inhibitors can also 

substitute for nucleotides in the regulation of CaMKII aggregation. Indeed, while no 

CaMKII aggregation was observed in the absence of nucleotide, addition of ADP (≥100 

μM), H7 (700 μM), or staurosporine (2 μM) induced robust aggregation (Fig. 3). Consistent 

with previous reports, ADP induced aggregation at high concentrations (100 μM), while 

lower concentrations (10 μM) were not sufficient (Fig. 3). For staurosporin, 2 μM was 

sufficient to induce aggregation (Fig. 3), consistent with its higher affinity for the nucleotide 

binding pocket. Thus, CaMKII aggregation is enabled by occupation of the nucleotide 

binding pocket either by nucleotide or by nucleotide-competitive inhibitors. Importantly, 

identification of these kinase inhibitors that do not interfere with CaMKII aggregation 

allows for testing of the requirement of enzymatic kinase activity in ischemia-related 

CaMKII aggregation within neurons.

Live-imaging of the aggregation of endogenous CaMKII within neurons

GFP-labelled FingRs (Fibronectin intrabodiesgenerated with mRNA display) are powerful 

new tools for live imaging of endogenous proteins within cells (Gross et al. 2013, Mora et 

al. 2013). When expressed in cells, these labeled intrabodies bind specifically to the 

endogenous protein, allowing live molecular imaging without any potential distortion that 

can be caused by the overexpression of a protein that is directly tagged with a fluorescent 

protein (Gross et al. 2013, Mora et al. 2013). However, like direct GFP-labeling, FingR 

binding has the potential to alter specific functions of the labeled protein. Thus, we decided 

to test here whether or not a CaMKII FingR (Mora et al. 2013) interferes with the glutamate-

induced CaMKII aggregation within hippocampal neurons. As previously observed by 

immuno-EM for endogenous CaMKII (Dosemeci et al. 2000, Tao-Cheng et al. 2002) and by 

fluorescence microscopy for overexpressed GFP-CaMKII (Vest et al. 2009, Hudmon et al. 

2005), treatment with 100 μM glutamate plus 10 μM glycine induced robust CaMKII 

aggregation in hippocampal neurons that was readily detectable with the expressed FingR 

(Fig. 4 and Supplemental Movie 1). The extrasynaptic nature of CaMKII aggregates was 

determined based on serial planes of deconvoluted z-stack images (each plane 0.3 μm apart 

within a 1.8 μm stack), which demonstrated aggregates that are not associated with the 

plasma membrane (Fig. 4). Thus, the CaMKII FingR does not prevent extrasynaptic 

CaMKII aggregation and can be utilized for monitoring this aggregation of endogenous 

CaMKII within live neurons.

CaMKII aggregation within neurons does not require kinase activity

Both staurosporine (2 μM) and tatCN21 (5 μM) effectively block CaMKII activity within 

cells (Vest et al. 2007, Barcomb et al. 2013); H7 can be similarly effective, but only at much 

higher concentrations (≥700 μM) (Barcomb et al. 2013). Thus, we decided to utilize 

staurosporine (which did not inhibit CaMKII aggregation in vitro; see Fig. 3) to test whether 

or not CaMKII activity is required for aggregation within neurons (Fig. 5). Glutamate-

induced aggregation of endogenous CaMKII was monitored live in cultured hippocampal 
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neurons using the FingR method described in the previous section. First, we tested if 

CaMKII aggregation in neurons can be inhibited by pharmacological means in principle. 

Indeed, 5 μM tatCN21 or tatCN19o (the T-site binding CaMKII inhibitors that blocked 

CaMKII aggregation in vitro; see Fig. 2) significantly reduced aggregation of endogenous 

CaMKII within the neurons (Fig. 5). By contrast, inhibiting CaMKII with 2 μM 

staurosporine had no significant effect on the aggregation, neither for endogenous CaMKII 

(Fig. 5) nor for overexpressed GFP-CaMKII (Supplemental Fig. 1). These results further 

validate the current mechanistic model for CaMKII aggregation, and demonstrate that 

CaMKII aggregation within neurons does not require enzymatic activity of CaMKII (or of 

any other kinase inhibited by staurosporine).

Discussion

Ischemia-related CaMKII aggregation within neurons is prevented by mutations (K42M or 

A302R and T305/306D) that prevent CaMKII activity by two independent mechanisms 

(Vest et al. 2009, Hudmon et al. 2005). However, the current study demonstrates that this 

aggregation does not require enzymatic activity of CaMKII. While the T-site binding 

inhibitors tatCN21 and tatCN19o (Vest et al. 2007, Coultrap & Bayer 2011) also inhibited 

CaMKII aggregation both in vitro and within neurons (as predicted by the mechanistic 

model for aggregation shown in Fig. 1), CaMKII inhibition with staurosporine did not affect 

aggregation, neither in vitro nor within neurons. While staurosporine is a broad-spectrum 

kinase inhibitor that is not restricted to CaMKII, these results show that the enzymatic 

activities of either CaMKII or any of the other kinases inhibited by staurosporine (including 

PKA and PKC (Meggio et al. 1995)) are not required for CaMKII aggregation. Notably, the 

staurosporine concentration used here (2 μM) was ~230x the Ki for CaMKII inhibition and 

has been demonstrated to effectively inhibit CaMKII activity within cells (Barcomb et al. 

2013).

It should be pointed out that high concentrations of tatCN21 by itself can induce a different, 

artificial form of CaMKII aggregation in neurons that is distinguished by an unusual 

association with polyribosomes (Tao-Cheng et al. 2013). However, these polyribosome 

aggregates were prevalent only at higher concentrations of tatCN21 (20 μM) and were seen 

only minimally, or not at all, at the lower concentration used here (5 μM) to inhibit 

formation of the normal self-aggregates.

Even though the current mechanistic model for CaMKII aggregation (see Fig. 1) predicts 

that kinase activity is not required, it does stipulate the requirement for nucleotide binding to 

CaMKII. The latter is consistent with the failure of the nucleotide binding-impaired CaMKII 

K42M mutant to aggregate (Vest et al. 2007), but it is in apparent conflict with the 

aggregation observed here in the presence of nucleotide binding-competitive inhibitors such 

as staurosporine. However, a similar situation has been observed previously for the CaMKII/

GluN2B interaction that is also positively regulated by nucleotides (Barcomb et al. 2013): 

While the occupation of the nucleotide binding pocket of CaMKII by staurosporine instead 

of a nucleotide prevents enzymatic kinase activity, it can substitute for nucleotides in 

enhancing GluN2B binding or in enabling aggregation. Indeed, our in vitro experiments 

demonstrate that CaMKII aggregation was enabled alternatively by the addition of either 
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nucleotide or the nucleotide-competitive inhibitors staurosporine or H7. By contrast, and as 

predicted by the model shown in Fig.1, the Ca2+/CaM-competitive CaMKII inhibitor KN93 

(Vest et al. 2010, Tokumitsu et al. 1990, Sumi et al. 1991) and the T-site binding CaMKII 

inhibitors tatCN19o and tatCN21 (Vest et al. 2007, Coultrap & Bayer 2011) were found here 

to inhibit CaMKII aggregation in vitro, even under conditions where enzymatic kinase 

activity was already disabled by substitution of ATP with ADP. Thus, our results further 

validate the current mechanistic model for CaMKII aggregation, and provide additional 

evidence that the CaMKII aggregation in vitro and within neurons are regulated by the same 

mechanisms.

Our results also provide the first live observation of aggregation of endogenous CaMKII 

within neurons. Previously, extrasynaptic CaMKII aggregation has been observed either 

live, but only for overexpressed GFP-CaMKII (Vest et al. 2009, Hudmon et al. 2005), or for 

endogenous CaMKII, but only by immunostaining in fixed neurons (Dosemeci et al. 2000, 

Tao-Cheng et al. 2002). Live imaging of endogenous protein within cells is enabled by the 

expression of GFP-labeled intrabodies (Gross et al. 2013, Mora et al. 2013). The use of such 

intrabodies instead of expressing directly GFP-labeled protein avoids functional alteration 

that can be caused by overexpression. For instance, PSD95 and gephyrin intrabodies have 

been used to label excitatory and inhibitory synapses, respectively, without the functional 

alterations of these synapses seen after overexpression of the corresponding directly GFP-

labeled proteins (Gross et al. 2013). However, like direct GFP-labelling, indirect labeling 

with intrabodies has the potential to alter specific functions of the labeled protein. Thus, in 

order to monitor cellular processes with intrabodies, it has to be established first that the 

intrabodies do not interfere with these processes. The CaMKII FingR intrabody utilized here 

was previously shown to allow normal CaMKII translocation to excitatory synapses in 

response to LTP-related glutamate stimuli (Mora et al. 2013). Our results show that this 

FingR also allows normal extrasynaptic CaMKII aggregation in response to excitotoxic 

glutamate stimuli.

The current study demonstrates another aspect of the interaction, the requirement of 

nucleotide-binding pocket occupation but not of enzymatic activity, and further confirms the 

mechanistic similarities between CaMKII aggregation and CaMKII/GluN2B binding. This 

provides further validation for the current mechanistic model for CaMKII aggregation 

(illustrated in Fig. 1). Additionally, this study establishes a technique for monitoring the 

self-aggregation of endogenous CaMKII within live cells, which can be further exploited in 

the future.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
The current mechanistic model for aggregation of CaMKII holoenzymes into larger clusters. 

In the basal state (shown for an individual kinase subunit without depiction of the C-

terminal association domain), the regulatory domain blocks the substrate-binding S-site (S, 

orange) and the neighboring T-site (named for its interaction with the T286 region of the 

regulatory domain; T, yellow); the nucleotide-binding pocket (N, white) is also indicated. 

Ca2+/CaM binding replaces the regulatory domain to allow access to the S- and T-sites. 

Then, the T-site can interact with binding partners such as GluN2B. T-site interaction with 

the regulatory domain of another kinase subunit additionally requires a drop in pH to ~6.8 or 

lower and then causes aggregation of multiple 12meric holoenzymes into large aggregates 

(shown here as hexamers and in two different colors for better visualization of the 

aggregates). Both aggregation and GluN2B binding additionally require occupation of the 

nucleotide binding pocket. Both aggregation and GluN2B binding is prevented by inhibitory 

mutations that prevent nucleotide binding (K42M) or Ca2+/CaM binding (T305/306D) as 

well as by inhibitors that block the T-site (tatCN21, tatCN19o) or are competitive with 

Ca2+/CaM (KN93). By contrast, nucleotide competitive inhibitors (staurosporine, H7) block 

enzymatic kinase activity but can replace the nucleotide function for aggregation and 

GluN2B binding. The differential inhibitor effects on aggregation were elucidated by the 

results of this study.
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Fig. 2. 
CaMKII aggregation in vitro is reduced by the CaMKII inhibitors KN93, tatCN19o and 

tatCN21. CaMKII aggregation was induced at pH 6.5–6.8 by the addition of 1 mM ADP in 

the presence of Ca2+/CaM and 10 μM KN93, KN92, 5 μM tatCN19o, tatCtrl, or tatCN21, as 

indicated (with 10 μM KN compounds or 5 μM tat peptides). Aggregates were separated by 

centrifugation from soluble kinase, and both pellet and supernatant (Sup.) were analyzed for 

CaMKII content by Western blot. Aggregation was normalized to ADP-only control. 

CaMKII inhibitor (dark grey) versus control substance (light grey) conditions are indicated. 
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One-Way ANOVA with post-hoc Tukey’s test indicated that the inhibitors KN93, tatCN19o 

and tatCN21 significantly reduced aggregation (* p<0.05, *** p<0.001, ns = non-significant 

as compared to ADP-only control; n=5–6).
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Fig. 3. 
The nucleotide-competitive inhibitors staurosporine (Sta) and H7 can substitute for 

nucleotide in inducing CaMKII aggregation in vitro. CaMKII aggregation was induced at 

pH 6.5–6.8 in the presence of Ca2+/CaM by addition of ADP, H7, or staurosporine at the 

concentrations indicated. Without addition of inhibitor or nucleotide (none), no aggregation 

was seen. Aggregates were separated by centrifugation from soluble kinase, and both pellet 

and supernatant (Sup.) was analyzed for CaMKII content by Western blot. Aggregation was 

normalized to ADP positive control. One-Way ANOVA with post-hoc Tukey’s test showed 
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that ≥100 μM ADP (n=3), 700 μM H7 (n=4), 2 μM Sta (n=5) equally and significantly 

induced CaMKII aggregation, compared to either no nucleotide (n=4) or 10 μM ADP (n=2) 

(*** p<0.001, ns = non-significant).
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Fig. 4. 
A FingR that enables live imaging of aggregation of endogenous CaMKII within neurons. 

Primary hippocampal neuron cultures were transfected with a CaMKII FingR at 12 DIV, 

allowing for visualization of endogenous CaMKII (at 13 DIV). (Top) Basally CaMKII is not 

aggregated in the soma, as seen in a representative neuron. Images of neurons were collected 

in z-stacks over 1.8 μm with 0.3 μm between planes. Somal puncta are not seen in a 

flattened image of all of the planes or in individual planes; top and bottom planes of the 

boxed in region are shown on the right. (Bottom) Aggregation is clearly seen 2 minutes after 

glutamate/glycine stimulation (stim.) in the same neuron depicted in the top panel. Arrows 

in the right panels identify puncta that are present in either the top plane (red) or the bottom 

plane (green) but not both. The presence of unique puncta in individual planes throughout 

the z-stacks shows that they are cytoplasmic rather than membrane associated.
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Fig. 5. 
CaMKII aggregation within neurons does not require enzymatic kinase activity. CaMKII 

FingR transfected neurons were imaged in the presence of tatCN21 (5 μM; n=9), tatCN19o 

(5 μM; n=3), staurosporine (Sta; 2 μM; n=8), or no inhibitor (control; n=10). The top panels 

show representative images of cells in all four conditions 2 minutes after glutamate/glycine 

stimulation. Puncta – indicating aggregation – can clearly be seen in the control and 

staurosporine conditions, but not in either of the tat-peptide conditions. The images were 

quantified by counting the number of somal puncta, as defined by objects greater than 2 

pixels in size whose intensity was greater than 3 standard deviations from the mean somal 
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intensity at 2 minutes. This value was significantly less than control for tatCN19o and 

tatCN21, as determined by a One-Way ANOVA with post-hoc Tukey’s test (* p<0.05, ** 

p<0.01, ns = non-significant as compared to control).
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