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ABSTRACT  

The majority of hippocampal neurons in dissociated cultures and in intact brain exhibit clustering of CaMKII into spherical structures with an average diameter of 110 nm when subjected to conditions that mimic ischemia and excitotoxicity (Tao-Cheng et al., 2001).  Because clustering of CaMKII would reduce its effective concentration within the neuron, it may represent a cellular strategy to prevent excessive CaMKII-mediated phosphorylation during episodes of Ca2+ overload.  Here we employ a relatively mild excitatory stimulus to promote sub-maximal clustering for the purpose of studying the conditions for the formation and disappearance of CaMKII clusters.  Treatment with 30 µM NMDA for 2 min produced CaMKII clustering in ~15 percent of dissociated hippocampal neurons in culture, as observed by pre-embedding immunogold electron microscopy. These CaMKII clusters could be labeled with antibodies specific to the phospho form (Thr286) of CaMKII, suggesting that at least some of the CaMKII molecules in clusters are autophosphorylated.  To test whether phosphorylation is involved in the formation and maintenance of CaMKII clusters, the phosphatase inhibitors calyculin A (5 nM) or okadaic acid (1 µM) were included in the incubation medium.  With inhibitors more neurons exhibited CaMKII clusters in response to 2 min NMDA treatment.  Furthermore, 5 min after the removal of NMDA and Ca2+, CaMKII clusters remained and could still be labeled with the phospho-specific antibody.  In contrast, in the absence of phosphatase inhibitors, no clusters were detected 5 min after the removal of NMDA and Ca2+ from the medium. These results suggest that phosphatases type 1 and/or 2A regulate the formation and disappearance of CaMKII clusters.  
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Ca2+/calmodulin dependent protein kinase II (CaMKII) is a serine/threonine kinase that is present in very high quantities in the central nervous system, making up 1-2% of the total protein in the cerebral cortex and hippocampus (Erondu and Kennedy, 1985).  The enzyme is involved in several important functions in neurons, including regulation of neurotransmitter release and activity-induced modification of synaptic efficacy (reviewed in Braun and Schulman, 1995; Lisman et al., 2002).  

We have previously demonstrated that, upon exposure of neurons to a variety of conditions that mimic ischemic and excitotoxic stress, CaMKII forms spherical clusters with an average diameter of 110 nm (Dosemeci et al., 2000; Tao-Cheng et al., 2001; Tao-Cheng et al., 2002).  Formation of CaMKII clusters requires sustained increases in intracellular Ca2+ levels that last 1-2 min (Tao-Cheng et al., 2001).  Purified clusters appear to contain virtually no other protein but CaMKII subunits (Dosemeci et al., 2000), suggesting that they consist of self-associated CaMKII.  In vitro studies show that the enzyme does indeed self-associate under specific conditions to form aggregates that resemble those observed in intact neurons (Hudmon et al., 1996; Hudmon et al., 2001).


Clustering of cytoplasmic CaMKII into compact aggregates would severely restrict its access to substrates, especially to fixed substrates such as receptor molecules.  We argue that this clustering may represent a cellular defense mechanism that would limit excessive CaMKII-mediated phosphorylation during episodes of Ca2+-overload. In addition, because CaMKII is a major calmodulin binding protein and highly concentrated in neurons, clustering is preferable to degradation as a strategy for limiting its kinase activity. Indeed, loss of CaMKII through degradation would result in an excess of calmodulin becoming available to other calmodulin-regulated enzymes during episodes high Ca2+.


If CaMKII clustering is a neuroprotective strategy, knowledge of the regulatory mechanisms that influence clustering would be useful for the design of pharmacological interventions to limit excitotoxic damage.  In the present study we subjected cultured hippocampal neurons to a relatively mild excitatory stimulus to obtain a sub-maximal clustering response to allow room for increases as well as decreases in clustering to be measured.

CaMKII autophosphorylates on several residues in the presence of Ca2+ and calmodulin (Miller et al., 1988).  Autophosphorylation on a specific residue, Thr-286 confers autonomous (Ca2+-independent) activity to the enzyme (Miller et al., 1988; Schworer et al., 1988; Thiel et al., 1988) and promotes its association with the postsynaptic density (PSD; Strack et al., 1997).  In the present study we set out to investigate the effect of autophosphorylation of CaMKII on Thr-286 on the formation and maintenance of CaMKII clusters.

MATERIALS AND METHODS

Materials and antibodies 

NMDA (N-methyl-D-aspartic acid) was from Tocris (Ballwin, MO), calyculin A and okadaic acid were from Calbiochem (San Diego, CA).  Monoclonal antibody against -CaMKII (Clone 6G9-2) was from Chemicon (Temecula, CA).  This antibody recognizes both the dephosphorylated and phosphorylated forms of the CaMKII. Two antibodies against the phosphorylated (T-286) form of CaMKII were used: a monoclonal antibody from Affinity Bioreagents (Golden, CO) and a polyclonal antibody from Promega (Madison, WI). 

Treatment of hippocampal neuronal cultures

Dissociated hippocampal cultures were prepared and maintained as described in Dosemeci et al., (2000).  During the experiments, culture dishes were placed on a floating platform in a water bath maintained at 37˚C.  Neuronal cultures 3-4 week old were washed once with normal incubation medium (124 mM NaCl, 2 mM KCl, 1.24 mM KH2PO4, 1.3 mM MgCl2, 2.5 mM CaCl2, 30 mM glucose in 25 mM HEPES at pH 7.4) before the addition of reagents in the same medium.  Control cultures were processed in parallel, including all the medium changing and washing steps.  

For the present study NMDA treatment was 30 µM for 2 min, and high K+ treatment was 90 mM K+ for 3 min.  To examine recovery after NMDA treatment, NMDA-containing medium was removed and the dishes were washed three times in Ca2+-free incubation medium (composition as in normal incubation medium, except for the omission of CaCl2 and addition of 1mM EGTA; change in osmolarity was compensated with sucrose) and then incubated in Ca2+-free medium for a total of 5 min.  

Phosphatase inhibitors (calyculin A and okadaic acid) were dissolved in DMSO as a carrier with a final carrier concentration at 0.1-0.3%, which was included in controls as well.  Final concentrations used in the present study were 5 nM calyculin A and 1 µM okadaic acid.  All phosphatase inhibitor treatments included a 10 min pre-incubation step and the inhibitors were included in all subsequent solutions until fixation.  The corresponding controls were pre-incubated and treated in parallel without the inhibitors throughout the experiment.  To assess any effect of treatment with phosphatase inhibitors alone on CaMKII clustering, some cultures were treated with calyculin A or okadaic acid without NMDA for 12- 30 min. 

Pre-embedding immunocytochemistry 

Cells were fixed with 4% paraformaldehyde (EMS, Fort Washington, PA) in 0.1M phosphate buffer at pH 7.4 for 45 – 60 min, washed with buffer, permeabilized with 0.1% saponin and blocked with 5% normal goat serum in PBS for 1 hr, incubated with the primary antibody for 1 hr, washed, incubated with the secondary antibody conjugated to 1.4 nm gold (Nanogold from Nanoprobes, Yaphand, NY) for 1 hr and washed and fixed with 2% glutaraldehyde in PBS.  Samples were then washed in water and silver enhanced (HQ silver enhancement kit, Nanoprobes), treated with 0.2% OsO4 in buffer for 30 min and with 0.25% uranyl acetate overnight at 4˚C, washed and dehydrated in ethanol and finally embedded in epoxy resins (Tanner et al., 1996).  Controls were carried out by omitting the primary antibodies.  Thin sections were stained with uranyl acetate and lead citrate.

Morphometry
Scoring neuronal cell bodies for presence of CaMKII clusters

Several grid openings from different areas of thin sections containing neuronal somas were chosen for morphometry.  Within chosen areas of the thin sections, every neuronal soma encountered was scored for presence or absence of CaMKII clusters.  The entire visible portion of the cytoplasm was examined in detail and each neuronal soma was scored as either positive (with CaMKII clusters) or negative (without CaMKII clusters). The criteria for scoring a CaMKII cluster were: (1) a dark aggregate of dense material with a diameter in the range of 75-175 nm, and (2) more than three grains of CaMKII label on the aggregate. 

Assessment of the degree of CaMKII phosphorylation in clusters and cytoplasm


Within examined areas of the thin sections, every neuronal soma containing CaMKII clusters were photographed.  An average number of grains per cluster was calculated for the phospho-antibody (value A) and for the -CaMKII antibody (value A’).  Likewise, an average labeling intensity of these two antibodies in the cytoplasm without clusters (values B and B’, grains per µm2) was calculated.  The ratios (A/A’ and B/B’) indicate the degree of CaMKII phosphorylation in clusters and in cytoplasm, respectively.  

It should be noted that (1) number of grains over the CaMKII clusters are likely to be underestimates because these tightly aggregated molecules may not be fully accessible to reagents in the pre-embedding method (Nusser et al., 1996; Tao-Cheng et al., 2000), and (2), only samples treated in parallel from the same experiments were compared, due to variation of labeling intensity from different runs. 

RESULTS

CaMKII clustering following NMDA treatment
Under mild conditions (30 µm NMDA for 2 min) CaMKII clusters (Fig. 1A) were detected in 14.5 percent of neurons (23 out of 159 neurons in five separate experiments) by means of pre-embedding immunogold electron microscopy with a -CaMKII antibody.  In contrast, no CaMKII clusters were detected in control cultures where the CaMKII label was, instead, dispersed in the cytoplasm.  The clusters were usually observed in somas and primary dendrites, rarely in smaller dendrites but never in dendritic spines. Thus, we restricted the scoring of the clusters to the neuronal somas.  Neurons with clusters typically exhibited 1-4 clusters per section of neuronal somatic profile.  Some of the somas with higher density of clusters had ~0.2 clusters per µm2 cytoplasm.

In order to determine whether the CaMKII molecules in the clusters are phosphorylated, immunoreactivity of clusters for two separate antibodies specific to the (Thr286) phospho form of CaMKII (phospho-CaMKII antibodies) was tested.  The ability of these antibodies to detect NMDA-induced increases in CaMKII phosphorylation had previously been verified in hippocampal cultures (Dosemeci et al., 2002).  Immediately after the NMDA treatment, CaMKII clusters were labeled with the phospho-CaMKII antibodies (Fig. 1B, C).  Furthermore, CaMKII clusters formed under a depolarizing condition (90 mM K+ for 3 min) also labeled with the monoclonal phospho-CaMKII antibody (Fig. 1D).  In four separate experiments, all CaMKII clusters detected were labeled with the phospho-CaMKII antibodies.  These results suggest that at least some of the CaMKII molecules in clusters are autophosphorylated.  


To test if a higher proportion of CaMKII molecules are phosphorylated in the clusters as compared to those dispersed in the cytoplasm, we compared the estimated degrees of phosphorylation (measured as the ratios of phospho CaMKII to -CaMKII labeling, see methods) in the clusters (A/A’) and that in the cytoplasm (B/B’).  In two separate experiments, the ratios were 0.37 for clusters vs. 0.20 for cytoplasm (a 1.8 fold difference); and 0.70 for clusters vs. 0.36 for cytoplasm (a 1.9 fold difference).  These results suggest that a higher proportion of CaMKII molecules in the clusters are phosphorylated than among those dispersed in the cytoplasm. 

Effects of Phosphatase inhibitors on CaMKII clustering

To test whether autophosphorylation is involved in the formation and maintenance of CaMKII clusters, the phosphatase inhibitors, calyculin A (5 nM) or okadaic acid (1 µM), were included in the incubation medium.  Cultures were preincubated with or without a phosphatase inhibitor for 10 min and then treated with 30 µM NMDA for 2 min.  Half of the samples were fixed 2 min after NMDA treatment to assess the effect of phosphatase inhibitors immediately after NMDA treatment; the other half of samples were fixed 5 min after the removal of NMDA and Ca2+ from the medium to assess the effect of phosphatase inhibitors under this “recovery” condition.

When phosphatase inhibitors were present, more neurons exhibited CaMKII clusters after the NMDA treatment.  In the presence of calyculin A, 2 min NMDA treatment induced CaMKII clustering in 27% of the neurons, compared to 10% of the neurons in parallel cultures without the inhibitor (Table I, +calyc A and –calyc A, 2 experiments).  Similarly, 31% of the neurons incubated with okadaic acid exhibited NMDA-induced CaMKII clustering, compared to 17 % in parallel cultures without the inhibitor (Table I, +ok. a. and –ok. a., 2 experiments).  Phosphatase inhibitors also appeared to increase the density of CaMKII clusters after NMDA treatment.  Levels as high as 0.6 clusters/µm2 could be detected.  

In order to test whether phosphatase inhibitors alone can cause CaMKII clustering in the absence of NMDA, cultures were treated with or without inhibitors for varying intervals (12-30 min). As expected, the intensity of the phospho-CaMKII labeling was higher in cultures treated with phosphatase inhibitors.  For example, a 12 min incubation with calyculin A induced a 2.9 fold increase in phospho-CaMKII labeling intensity in the cytoplasm of neuronal somas; and a 30 min incubation with okadaic acid promoted a 3.3 fold increase.  However, no CaMKII clusters were detected in any of the experiments (a total of 78 neurons in 5 experiments) where cultures were treated with the phosphatase inhibitors in the absence of NMDA.  We would also like to note that in confirmation of earlier work in other systems (Tamake and Yamashina, 2002), treatment with phosphatase inhibitors, especially the longer incubation at 30 min, caused significant vesiculation of the Golgi apparatus in hippocampal neurons.

Effects of Phosphatase inhibitors on the maintenance of CaMKII clusters

Five minutes after removal of NMDA and Ca2+ from the medium (recovery condition), NMDA-induced CaMKII clusters disappeared and grains of CaMKII labeling became dispersed in the cytoplasm in the absence of phosphatase inhibitors (Fig. 2 A, C).  In contrast, sister cultures that were exposed to phosphatase inhibitors throughout the experiment still contained many neurons with CaMKII clusters (Fig. 2 B-okadaic acid, D-calyculin A).  In some of the neurons, cluster density was as high as ~1 cluster/µm2.  

Measurements (Table I) indicate that when phosphatase inhibitors are not included, none of the 114 neurons examined in four recovery experiments exhibited any clusters, whereas 44% and 22% of the neuronal somas had CaMKII clusters in the presence of calyculin A or okadaic acid, respectively (2 experiments each).  Furthermore, these CaMKII clusters were still labeled with the phospho-specific form of the CaMKII antibody (Fig. 2 inset), verifying that CaMKII molecules remain phosphorylated. 
DISCUSSION

CaMKII clustering depends on the intensity of the excitatory stimulus. 

Substantially fewer neurons (15%) formed CaMKII clusters under the relatively mild NMDA stimulus (30 µM for 2 min) used in the present study compared to previous studies (Tao-Cheng et al., 2001) where hippocampal cultures were subjected to conditions that mimic ischemia (85% under 10 µM CCCP for 15 min) and excitotoxicity (62% under 250 µM NMDA for 15 min).  Also, within neurons that exhibited CaMKII clustering under the milder NMDA treatment, the density of clusters was considerably lower.  This sub-maximal response provides a suitable baseline so that induced increases as well as decreases in clustering can be documented.  We have previously observed that CaMKII clustering occurs in response to sustained high Ca2+ levels within the neuron (Tao-Cheng et al., 2001).  It is likely that, under the conditions employed here, only a minority of neurons reach the Ca2+ threshold necessary for CaMKII clustering, and that the cluster density is graded according to the intensity and duration of the intracellular Ca2+ rise.
Comparison between CaMKII clustering and CaMKII translocation to PSD 

Under excitatory conditions CaMKII also accumulates on the postsynaptic density (PSD), a phenomenon we attribute to its translocation from the adjacent cytoplasm (Dosemeci et al 2002).  However, the excitatory condition used here, which results in CaMKII clustering in only ~15% of neuronal somas, yielded a marked accumulation of CaMKII on most PSDs, particularly at dendritic spines (Dosemeci et al 2002).  Thus, CaMKII accumulation at PSDs commonly occurs under conditions that result in only mild clustering of CaMKII elsewhere in the neuron.  This difference between the onset of CaMKII accumulation at the PSD and CaMKII clustering in the soma need not reflect a difference in the threshold for Ca2+ for these two events.  Indeed, within the small confine of the spine, Ca2+ levels may rise much more rapidly in response to the NMDA treatment used here.

Role of Thr-286 phosphorylation in CaMKII clustering

Our observation that CaMKII clusters are labeled with the phospho-CaMKII antibody indicates that at least some of the CaMKII molecules in clusters are phosphorylated on Thr-286.  Furthermore, our data indicates that the CaMKII in clusters are preferentially phosphorylated.  This finding is surprising at first glance because a model (Hudmon et al., 2001) for the self-association of CaMKII, a phenomenon we believe underlies formation of CaMKII clusters, assumes that Thr 286 needs to be unphosphorylated for the association to occur.  The seeming contradiction between this model and our results can be reconciled if it is considered that each CaMKII holoenzyme is composed of ~12 subunits and only a few of these need to be unphosphorylated and engaged in binding to other holoenzymes for the clustering to occur.  Thus, while phosphorylation of all the subunits would prevent association according to the Hudman et al (2001) model, phosphorylation on some of the subunits, should not prevent clustering. 

We further propose that phosphorylation on some of the subunits would actually facilitate clustering.  According to the model of Hudmon et al (2001) CaMKII inter-holenzyme binding is between the unphosphorylated regulatory domain of one subunit and the catalytic domain of another subunit on an adjacent holoenzyme.  The model presumes that a catalytic domain should first be exposed in order to bind with a regulatory domain on another subunit.  Exposure of the catalytic domain would require either Ca2+/calmodulin binding or phosphorylation on Thr-286 of the subunit (reviewed in Lisman et al., 2002).  In cases when Ca2+/calmodulin concentrations are sub-saturating, as is most likely in intact cells, Thr-286 phosphorylation of a subunit would expose its catalytic domain and therefore facilitate CaMKII clustering.  Our observations that phosphatase inhibitors enhance CaMKII clustering in intact cells, and that phosphorylated molecules are enriched in the clusters are in agreement with the above interpretation. 
We emphasize that no clusters were observed in samples treated with phosphatase inhibitors in the absence of NMDA, conditions that lead to increases in CaMKII autophosphorylation.  Thus, under these conditions, phosphorylation alone is not sufficient to promote CaMKII clustering.  This finding is also in agreement with the above model of Hudmon et al (2001) for the self aggregation of CaMKII which assumes that [Ca2+] and pH are the determining factors.

Phosphatases  type 1 and/or 2A are involved in the reversal of CaMKII clustering  

The net effect of calyculin A and okadaic acid is an enhancement of NMDA-induced CaMKII clustering and maintenance of the clusters after the cessation of the excitatory conditions.  These results imply a role of phosphatases of type 1 and/or 2A in the regulation of CaMKII clustering.  Indeed, both of these phosphatases have been implied in the dephosphorylation of T-286 on CaMKII.  Purified protein phosphatases of type 1 and type 2A dephosphorylate CaMKII on T-286 (Lai et al, 1986; Schworer et al, 1986), although phosphatase type 1 appears to be preferentially involved in the dephosphorylation of postsynaptic density associated CaMKII (Dosemeci and Reese, 1993; Strack et al, 1997).  In future studies, it may be possible to distinguish between phosphatases of type 1 and 2A on the basis of their differential sensitivity to inhibitors such as okadaic acid and fostriecin, both of which are relatively selective for phosphatase 2A, and tautomycin which is selective for phosphatase 1 (Cohen et al, 1989; Walsh et al, 1997; Favre et al, 1997).  
The results from the present study indicate that the levels and activity of these phosphatases within the neuron can influence the extent and duration of CaMKII clustering upon exposure to excitatory conditions.  Our findings expand the status of CaMKII as an extremely versatile enzyme, whose autophosphorylation not only regulates its activity but also its distribution and its access to substrates.
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Table I. Effect of Phosphatase Inhibitors on NMDA-induced CaMKII Clustering.  






% neurons with CaMKII clusters 






(#soma with clusters/total #soma examined) 

______________________________________________________________________________

Treatment conditions
- calyc A
    + calyc A

  - ok. a.
+ ok. a.
______________________________________________________________________________

NMDA


10% (5/52)
  27% (17/62)

17% (14/85)
  31% (27/86)






   [p < .05]



    [p < .03]

Recovery


0% (0/40)
  44% (12/27)

0% (0/74)
  22% (16/72)






   [p < .001]



    [p < .001]

Cultures were pre-incubated with or without phosphatase inhibitors [calyculin A (5 nM), or okadaic acid (1 µM)] for 10 min and then exposed to 30 µM NMDA for 2 min.  Samples were either fixed immediately after NMDA treatment or fixed after an additional 5 min incubation in NMDA- and Ca2+ - free medium (Recovery). Phosphatase inhibitors were included throughout the experiment in one group (+calyc A or +ok.a.), but not in the control group (-calyc A or -ok.a.).  Data are pooled from 2 separate experiments for each inhibitor.  All measurements for the 4 experimental conditions (NMDA and Recovery with or without inhibitors) were from sister cultures processed in parallel. [p = probabilities calculated by Chi square test]
FIGURE LEGENDS  

Fig 1.  CaMKII clusters are phosphorylated.  Electron micrographs of CaMKII clusters immunolabeled with different CaMKII antibodies.  The labels (silver-enhanced gold particles) appear as dark grains of heterogeneous sizes.  Each panel shows one individual cluster found in somas of dissociated hippocampal neuronal cultures following treatment with 30 µM NMDA for 2 min (A, B, and C) or with 90 mM KCl for 3 min (D).  Samples were immunolabeled with -CaMKII antibody (A), a monoclonal antibody (B and D) and a polyclonal antibody (C) specific to the (T-286) phosphorylated form of CaMKII.  Scale bar = 0.1 µm.

Fig. 2.  CaMKII clustering is maintained in the presence of phosphatase inhibitors. 

Neuronal somas labeled with -CaMKII after the recovery experiment (30 µM NMDA for 2 min, followed by 5 min in NMDA- and Ca2+ -free medium).  Phosphatase inhibitors were either present (B, D) or absent (A, C) throughout the experiment.  At  5 min after the removal of NMDA and Ca2+, CaMKII clusters (arrows) persisted in the presence of okadaic acid (1 µM, B) or calyculin A (5 nM, D), and disappeared in the absence of the inhibitors (A, C).  The CaMKII clusters that remained after the recovery from NMDA treatment were labeled with an antibody specific for the phospho-form of the CaMKII (inset).  Scale bar = 1 µm.
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