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Abstract 

 
 
 
Title of Dissertation: Multiple spatial and kinetic subpopulations of CaMKII in spines 
and dendrites as resolved by single-molecule tracking PALM 
 
Hsiangmin Emily Lu, Doctor of Philosophy, 2014 
 
Dissertation Directed by: Thomas A. Blanpied 
 
 

Calcium/calmodulin-dependent protein kinase II (CaMKII) is essential for 

synaptic plasticity underlying memory formation. The existing hypothesis is that with	  

stimuli	   that	   induce	   LTP,	   activated	   CaMKII	   translocates	   to	   the	   PSD	   and	  

phosphorylates	   synaptic	   proteins	   and	   thus	   increases	   synaptic	   strength.	   However,	  

many	  known	  CaMKII	  substrates	   that	   regulate	  synaptic	   transmission	   lie	  away	   from	  

the	   PSD, and it is unlikely that PSD-bound CaMKII can phosphorylate such targets.  

Therefore, I propose an alternative hypothesis that CaMKII interacts with binding 

partners both at and away from the PSD upon NMDAR stimulation. 	  

It has been difficult to study protein-protein interaction in living cells. I 

considered one way to do this would be to measure CaMKII mobility as an indication of 

its interaction with the substrate. Confocal imaging does not achieve the resolution 

necessary to distinguish subpopulations within the small volumes of a spine. Here, I used 

photo-activated localization microscopy (PALM) to track single molecules of CaMKIIα 

in live neurons, mapping their spatial distribution and kinetic heterogeneity at high 

resolution. I found that CaMKIIα exhibits at least three kinetic subpopulations, even 

within individual spines. Latrunculin application, which depolymerizes actin filaments, or 

co-expression of CaMKIIβ containing its actin-binding domain, strongly modulated 



 

CaMKII diffusion, indicating that a major subpopulation is regulated by the actin 

cytoskeleton. CaMKII in spines was typically more slowly mobile than in dendrites, 

consistent with the presence of a higher density of binding partners or obstacles. 

Importantly, NMDA receptor stimulation that triggered CaMKII activation prompted the 

immobilization and presumed binding of CaMKII in spines not only at PSDs but also at 

other points up to several hundred nanometers away, suggesting that activated kinase 

does not target only the PSD. Consistent with this, single endogenous activated CaMKII 

molecules detected via STORM immunocytochemistry were concentrated in spines both 

at the PSD and at points distant from the synapse. Together, these results indicate that 

CaMKII mobility within spines is determined by association with multiple interacting 

proteins that could potentially activate different downstream signals, even outside the 

PSD, The results lend greater support to the alternative hypothesis proposed above, and 

suggest diverse mechanisms by which CaMKII may regulate synaptic transmission.  
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Chapter I. Introduction 

	  

The hippocampus is involved in certain forms of higher cognitive functions 

including learning and memory. Past studies involving patients with brain lesions and 

animal models have contributed much to our understanding of the role of the 

hippocampus in learning and memory. One of the best examples is the case study of 

Henry Molaison (also known as H.M.) (Scarboro, 2012), an epileptic patient who 

underwent bilateral medial temporal lobe resection to control the severe seizures from 

which he suffered. While the surgery provided therapeutic relief for his epilepsy, it also 

resulted in a devastating inability to transfer short-term memory, in particular explicit 

memory (which refers to factual knowledge of objects and what they represent), into 

long-term memory (Kandel et al., 2000).   

Memory formation is a result of the circuit activity of millions of neurons in the 

mammalian brain. Within the hippocampus, excitatory neurons are important for 

regulating network activity. The communication between neurons takes place at the 

excitatory synapses (Figure 1a). Vesicles containing neurotransmitters reside in the pre-

synaptic side. The arrival of an action potential at the presynaptic terminal acts as a 

trigger for vesicles in the active zone to fuse to the presynaptic plasma membrane. This 

results in neurotransmitter (glutamate) release into the synaptic cleft. Glutamate then 

binds to AMPA receptors (AMPARs) and NMDA receptors (NMDARs) on the 

postsynaptic side. These receptors are maintained in position at the postsynaptic 

membrane by the postsynaptic density (PSD), a dense structure formed by the interaction 
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of numerous scaffold proteins (MacGillavry et al., 2011). On the postsynaptic side, the 

synaptic strength can be enhanced or weakened (Figure 1b), either via modulating 

receptor number or receptor conductivity. This phenomenon is called synaptic plasticity 

(Huganir and Nicoll, 2013). 

 

 

Figure 1 Major components of Excitatory Synapses 

(a) Glutamate released from the presynaptic terminal binds to the receptors at the PSD  

during synaptic transmission 

(b) During synaptic plasticity, the synaptic strength (measured by EPSCs) is weakened or strengthened  
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One form of the synaptic plasticity is Long-Term Potentiation (LTP). First 

demonstrated in the rabbit hippocampus, the application of high-frequency electrical 

stimulation was shown to lead to a long-lasting increase in synaptic strength (Bliss and 

Lomo, 1973). The observation of LTP initiated several decades of work that have well 

established that activity-dependent modification of the function of individual synapses is 

a central means by which an animal’s experience is encoded as memory. 

Much evidence has demonstrated the relationship between LTP and memory. 

Blocking NMDAR with an antagonist such as 2-amino-5-phosphonopentanoic acid 

(AP5) not only prevents LTP induction but also impairs animals’ ability to perform 

hippocampus-dependent memory tasks (Morris et al., 1986; Abraham and Mason, 1988). 

Even more compelling evidence is that CA1-specific NR1 knockout mice had deficits in 

both LTP and spatial learning and memory (Tsien et al., 1996). Strong experimental 

evidence supports the importance of LTP in memory formation. For example, animals 

with impaired LTP exhibited deficits in Morris Water Maze performance, indicating 

impairment in spatial memory (Mayford et al., 1996). In addition, in vivo recordings 

revealed that in animals that underwent an avoidance learning paradigm, a task that 

requires memory formation, LTP was generated in vivo (Whitlock et al., 2006).  

It has since been shown that LTP exists in a variety of mammalian species (from 

mice to monkeys) as well as in various brain regions (cerebral neocortex to the spinal 

cord) (Cooke and Bliss, 2006; Kumar, 2011), suggesting that LTP is important for, but 

not limited to, the hippocampus. In the neocortex, it has been proposed that LTP is 

responsible for sensory learning (Fox, 2002). In the cerebellar area, LTP is important for 

motor learning (Salin et al., 1996; Lev-Ram et al., 2002). Drug addiction, another form of 



 4 

learning and memory, has been shown to be regulated by LTP as well (Kauer and 

Malenka, 2007). Therefore, different forms of memory share LTP as one of their 

mechanisms.  

Among all the signaling molecules associated with LTP, CaMKII is one of the 

dominant players. Pharmacological studies have shown that CaMKII inhibitors can block 

LTP induction (Malenka et al., 1989; Malinow et al., 1989), while genetically modified 

animals with CaMKII-knockout (Silva et al., 1992) or knock-in mutations that interfere 

with CaMKII activation (Giese et al., 1998)  also disrupt LTP and result in learning 

deficit. Therefore, CaMKII has bee believed as one of the memory molecules.  

In summary, since the observation of LTP several decades ago, many studies have 

provided supporting evidence for LTP being one of the candidate mechanisms 

responsible for memory formation. The working model involving CaMKII is that the 

opening of NMDARs increases Ca2+ concentration, and Ca2+/CaM activates CaMKII. 

This process results in the modulation of the synaptic strength. 

CaMKII isoforms, subunits, and holoenzymes 

	  
To investigate how CaMKII regulates LTP, it is essential to first understand the 

basic properties of CaMKII and how they regulate its activity. CaMKII is ubiquitously 

expressed and abundant in neurons (accounting for 1-2% of total protein) (Erondu and 

Kennedy, 1985). Electron microscopy (EM) (Kolodziej et al., 2000) and partial crystal 

structures (Hoelz et al., 2003; Chao et al., 2011) have revealed that the CaMKII 

holoenzyme contains 12 subunits, which is divided into two layers consisting of six 

subunits each.  Each subunit is about 50-60kDa and contains a kinase domain (N-

terminus) (Figure 2a), a regulatory domain, and an association domain (C-terminus) 



 5 

(Griffith, 2004) . The association domain is required for oligomerization (Kolb et al., 

1998; Shen and Meyer, 1998). CaMKII exists as four isoforms (α, β, γ, δ) derived from 

different genes. All isoforms are present in the brain, but CaMKIIα and CaMKIIβ are the 

dominant isoforms in the forebrain, with a ratio of 3:1 (CaMKIIα: CaMKIIβ) (Erondu 

and Kennedy, 1985). The only difference between CaMKIIα and CaMKIIβ is that the 

latter contains an actin-binding domain (Fig 2a) (Lisman et al., 2012).  

The assembly of CaMKII holoenzymes depends on the expression level of 

different isoforms because there is no isoform preference (Brocke et al., 1999). In the 

forebrain, CaMKII mostly exists as a heteromultimeric protein, consisting of CaMKIIα 

and CaMKIIβ, primarily due to the expression difference in CaMKIIα and CaMKIIβ 

expression (Erondu and Kennedy, 1985). However, CaMKIIα homomultimers are formed 

in a subset of excitatory neurons that exclusively express the isoform, and CaMKIIβ 

homomultimers can exist in inhibitory neurons when CaMKIIα is not expressed (Sik et 

al., 1998; Lamsa et al., 2007). Furthermore, the expression level of different isoforms can 

be regulated by activity and developmental state (Thiagarajan et al., 2002). CaMKIIβ 

expression begins during embryonic development. On the other hand, CaMKIIα appears 

postnatally (Griffith et al., 2003). Interestingly, the expression of CaMKIIα and CaMKIIβ 

is oppositely regulated by neuronal activity, with CaMKIIα levels decreasing and 

CaMKIIβ levels increasing during periods of low neuronal activity (Thiagarajan et al., 

2002). Conversely, when activity is elevated, expression of CaMKIIα is increased and 

CaMKIIβ level is decreased (Thiagarajan et al., 2002). This suggests that the 

CaMKIIα/CaMKIIβ ratio might be important for the function of CaMKII. 
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CaMKII activity is mainly regulated by several steps: Ca2+/CaM binding, the 

release of the autoinhibitory domain, and autophosphorylation. Under basal conditions, 

the regulatory domain acts as a pseudosubstrate and blocks the substrate-binding site (S-

site, in the kinase domain) (Rosenberg et al., 2005) (Figure 2b). This maintains the kinase 

in an autoinhibitory state by preventing substrate binding. To stimulate individual 

CaMKII subunits, Ca2+/CaM must bind to the CaM-binding site of the regulatory domain 

(Schulman and Greengard, 1978; Hudmon and Schulman, 2002) (Figure 2b). This 

releases the S-site and results in T286 autophosphorylation (Coultrap and Bayer, 2012). 

T286 autophosphorylation causes a significant increase in CaM affinity (Meyer et al., 

1992) and the maximum CaMKII activation. The individually activated CaMKII subunits 

can activate neighboring CaMKII subunits within the holoenzyme (Hanson et al., 1994). 

As the concentration of Ca2+ decreases, T305/306 is autophosphorylated upon Ca2+/CaM 

unbinding (Griffith, 2004) and the autophosphorylation prevents Ca2+/CaM rebinding. At 

this stage, CaMKII  remains autonomously active in the absence of Ca2+ (Coultrap et al., 

2010). Depending on the subcellular localization of CaMKII, different protein 

phosphatases like PP1, PP2A, and PP2C can dephosphorylate CaMKII (Colbran, 2004a). 

The phosphatases reset CaMKII activity to the basal state.  
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Figure 2 CaMKII conformational change upon activation 

(a) Diagram showing the domain structure of CaMKII  

(b) Diagram showing the conformation change upon CaMKII activation (top) and the conformational 

change when binding to GluN2B (bottom). Adapted from (Lisman et. al., 2002) with permission from 

Nature Publishing Group 
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CaMKII activity has been believed to be constitutively active. This is because the 

subunits within the holoenzyme is able to activate its neighbor CaMKII. Many studies 

supported this idea. Biochemical assays measuring kinase activity from hippocampal 

acute slices and organotypic cultures showed that CaMKII activity is detectable for at 

least an hour after LTP stimulation (Okamoto et al., 2009; Lisman et al., 2012). This 

activity was blocked by NMDAR antagonist, APV (Fukunaga et al., 1993). 

Immunohistochemical studies measuring CaMKII phosphorylation from hippocampal 

cultures also revealed sustained CaMKII phosphorylation for up to 30 min after LTP 

stimulation (tetanic stimulation) (Ouyang et al., 1997; Ouyang et al., 1999). The 

sustained activity is also correlated with the phosphorylation of CaMKII substrates such 

as AMPARs. 

In living neurons, CaMKII activity was measured by combining the use of 

fluorescence-based probes with in live-cell imaging. Structural analysis lead to the design 

of Camuiα, a Fluorescence-Resonance Energy Transfer (FRET)-based reporter for 

CaMKII activation, made by tagging CFP onto the C-terminus and YFP onto N-terminus, 

(Takao et al., 2005). At rest, the regulatory domain binds to the kinase domain. This 

decreases the distance between CFP and YFP, resulting in more FRET. When Ca2+/CaM 

binds, the regulatory domain is released which leads to a conformational change, 

increasing the distance between the C- and N-terminals and resulting in less FRET. The 

change in FRET was used to measure the levels of CaMKII activation. By monitoring 

changes in FRET, CaMKII activation was successfully shown to last ~ 20 minutes 

following chemical LTP stimulation in hippocampal neuronal cultures. The effect was 

blocked by APV (Takao et al., 2005).   
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A more recent study combining another FRET-based probe (mEGPF and 

resonance energy-accepting chromoprotein, REAch) with Fluorescence-Lifetime Imaging 

Microscopy (FLIM) was used to visualize CaMKII activation (two-photon glutamate 

uncaging to a single spine) in hippocampal slice cultures (Lee et al., 2009). By measuring 

the fluorescence lifetime of FRET-based CaMKII probes under different conditions, 

CaMKII activation can be estimated within single spines upon synapse-specific 

activation.  Different from the previous studies, it was shown that CaMKII activity only 

lasted ~1 minute after stimulation, indicating that CaMKII activity will be restricted to 

the stimulated spine (Lee et al., 2009).  

 In summary, these considerations about the activation and deactivation kinetics of 

CaMKII make clear that the duration of activation depends on the situation or the nature 

of the stimulus such as activation protocol (chem LTP or single spine glutamate 

uncaging), culture system (dissociated neurons or slice), and how CaMKII is measured 

(immunohistochemistry/biochemistry or FRET based activity measurement). Moreover, 

the amount of activated CaMKII at a single synapse is difficult to quantify with the 

current technique. It is possible that the fast deactivation kinetics of CaMKII is a result of 

the small amount of CaMKII that is hard to see with traditional microscopy.  
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Activity-dependent regulation of CaMKII localization 

	  

As	   a	   cytosolic	   kinase,	   CaMKII	   is	   found	  dispersed	   throughout	   the	   cell	   under	  

basal,	   unstimulated	   conditions,	   but	   it	   is	   has	   been	   well	   documented	   that	   it	  

translocates	   to	   the	   synapse	   after	   stimulation	   of	   NMDARs	   (Figure	   3a)	   (Shen and 

Meyer, 1999; Bayer et al., 2006; Sharma et al., 2006). By introducing EGFP-CaMKII 

into cultured hippocampal neurons, EGFP-CaMKIIα homomers were observed to change 

their distribution from dendrite to spines upon glutamate application (Shen, 1999).  As it 

turns out, examining the time course of translocation revealed an important aspect of 

CaMKII regulation. CaMKIIα homomers translocated to the synapse faster than 

CaMKIIβ homomers (20 vs 280 sec time to half-maximal concentration at the synapse), 

and CaMKIIα/β heteromeric oligomers translocated with an intermediate time course (80 

s). This difference appears to stem from the ability of CaMKIIβ to bind actin, such that 

oligomers containing substantial amounts of CaMKIIβ can only migrate to the synapse 

following their unbinding from actin filaments, a process that is slow enough to delay 

synaptic accumulation of these enzymes. 

A series of studies provided insights into the molecular mechanisms underlying 

CaMKII translocation upon stimulation; Ca2+/CaM binding was shown to be essential for 

translocation because mutants lacking Ca2+/CaM binding (A302R) were unable to 

translocate. However, kinase activity is not required for this effect since the kinase-

inactive mutant (K42R) still undergoes translocation (Shen and Meyer, 1999). 

Autophosphorylation regulate the persistence of the effect since T286A mutant has a 

faster recovery (Shen, 1999). The autophosphorylation on T305/306 facilitates CaMKII 

dissociation (Shen et al., 2000; Elgersma et al., 2002).  
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Activity-regulated CaMKII translocation was further studied in detail and shown 

to contain transient and persistent components (Bayer et al., 2006).  In dissociated 

hippocampal neurons, 1 min glutamate/glycine stimulation results in the tanslocation that 

is primarily reversible (mostly reversed within two minutes of perfusion with high 

Mg2+/low Ca2+ solutions, but 20% of the translocation persisted even after 30 min of 

wash).  This is regulated by the interaction with the substrate-binding site (S-site). When 

the stimulation time is increased, the amount of the persistent translocation is increased. 

And this persistent translocation depends on the interaction of substrates with the T286-

binding site (T-site) (Bayer et al., 2006).  

Interestingly, when neuronal dendrites (containing 7-32 synapses) are locally 

stimulated by applying short puffs of glutamate, CaMKII translocation occurs first at the 

stimulation site, but eventually leads to a persistent, widespread CaMKII enrichment in 

spines.  This process is known as locally induced propagating synaptic accumulation (L-

IPS). This effect has been shown to be regulated by NMDAR and L-type Ca2+ channels. 

CaMKII activity and the number of AMPARs increases were also observed following L-

IPS. This observation suggests that CaMKII distribution results in heterosynaptic 

plasticity (Rose et al., 2009). 

To test whether CaMKII amount or enrichment in spines is correlated with 

synaptic strength, the translocation is further quantified by examining the amount of 

CaMKII enrichment in spines.  Neurons expressing GFP-CaMKII and a fluorescent cell-

fill marker (such as mCherry) are imaged and the intensity of GFP-CaMKII in spines (SG) 

or dendrites (DG) was quantified. SR or DR indicates the fluorescence intensity of 

mCherry in a spine region and a dendritic region.  The intensity of GFP-CaMKII (SG and 
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DG ) was normalized to the cell volume (obtained by the cell-fill marker) and the ratio 

was calculated as a CaMKII enrichment index at the spine, I= !!/  !!
!!/!!

. If all CaMKII in the 

spine is free, the enrichment of CaMKII in spines over dendrites will be one. However, 

this is often not the case. Even under basal conditions, CaMKII enrichment is between 

1.2 to 1.4 (Otmakhov et al., 2004; Zhang et al., 2008), indicating that at least some 

CaMKII is bound to its substrates. Moreover, soluble CaMKII can be estimated by 

DG*(S/D)R and bound CaMKII using SG-DG*(S/D)R. The fraction of bound CaMKII in 

the spine can be estimated using the following formula, [SG-DG*(S/D)R]/SG (Otmakhov et 

al., 2004). The enrichment of CaMKII has been shown to increase upon LTP induction in 

both cultured hippocampal neurons and slice cultures (Otmakhov et al., 2004; Zhang et 

al., 2008). The bound CaMKII amount is correlated not only with spine size, but also 

synaptic strength as measured by uEPSC (Asrican et al., 2007).  

Biochemical analysis of PSD isolated from organotypic hippocampal slices 

demonstrated that the amount of CaMKII bound to the PSD doubles after CaMKII 

activation (by applying 15 mM Tetraethylammonium (TEA) for 10 min, which blocks K 

channels and is thus expected to increase depolarization and thus potentially trigger 

action potential frequency) (Strack et al., 1997). This effect was later confirmed with 

electron microscopy (Figure 3b). Immunostaining of isolated PSD showed an increase in 

the amount of CaMKII at the PSD (Dosemeci et al., 2001). Alternatively, hippocampal 

cultures were fixed and immunostained to show an increase in CaMKII at the PSD after 

chemical LTP (Otmakhov et al., 2004).  
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Figure 3 Activity-dependent CaMKII translocation 

(a) Under basal conditions, GFP-CaMKII distribution was homogenous. Upon Glu/Gly stimulation,  

GFP-CaMKII translocated to synapses. GFP-CaMKII redistributed after 30 min washout. Scale bar, 10 mm. 

Adapted from (Bayer et al., 2006) with permission from Society for Neuroscience   

(b) CaMKII immunogold labeling for cells under basal conditions or Glu/Gly stimulation. Scale bar,100nm. 

Adapted from (Dosemeci et al., 2001) with permission from The National Academy of Sciences 
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In summary, the observation of activity-regulated CaMKII translocation provides 

information for the distribution of CaMKII in living cells.  Complementary to the 

CaMKII’s binding at the PSD via biochemical studies and EM, all these studies provide 

supporting evidence that upon stimulation, activated CaMKII translocates to the spine 

and potentially interact with its substrates at the PSD to regulate synaptic functions. 

However, if one intends to ask the CaMKII behavior within the spine in living neurons, 

the current literature is lacking the information about the behavior of CaMKII at the 

subspine resolution in living neurons.  

NMDAR: A major player in the interaction between CaMKII and the PSD 

	  
Besides the evidence of CaMKII concentrating at the PSD upon stimulation, 

initial biochemical studies showed that several synaptic proteins are associated with 

CaMKII (Colbran et al., 1997). The interaction between CaMKII and its substrates will 

be discussed as follows, and the most studied substrate is NMDAR. CaMKII associates 

weakly with NR1 and NR2A subunits, but strongly with GluN2B subunits (Fig 2b) 

(Gardoni et al., 1998; Strack and Colbran, 1998). Moreover, the interaction requires Ca2+ 

/CaM (Leonard et al., 1999). Several sites on NMDAR regulate its interaction with 

CaMKII. CaMKII binds with GluN2B (R1300/S1303) in an autophosphorylation-

independent manner (Barria and Malinow, 2005). However, CaMKII-interaction with 

sites 839 and 1120 is T286 dependent (Bayer et al., 2001). Moreover, CaMKII-I205K 

blocks CaMKII-GluN2B interaction, thus preventing CaMKII translocation after activity 

(Bayer et al., 2006). More importantly, CaMKII-GluN2B interaction is of high interest 

because when CaMKII interacts with GluN2B it increases CaMKII’s autonomous activity 

(Bayer et al., 2001; Coultrap et al., 2010).  Upon Ca2+/CaM binding, GluN2B binds with 
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the T-site and results in CaMKII kinase activity (autonomous activity) that is lower than 

its maximum activation (< 20%) (Coultrap and Bayer, 2012). The CaMKII-GluN2B 

complex is essential for LTP induction because when CaMKII-GluN2B interaction is 

disrupted by mutations (R1300Q/S1303D) (Barria and Malinow, 2005; Halt et al., 2012), 

LTP is blocked.  LTP is reversed with high doses of CaMKII inhibitor (tatCN21) 

(Sanhueza et al., 2011) that blocks the interaction (Vest et al., 2007). GluN2B C-tail cell 

permeable peptide (TAT-2B) (Gardoni et al., 2009) or transgenic mice with 

overexpressing GluN2B cytoplasmic tails (Zhou et al., 2007) also display an impairment 

in LTP. GluN2B mutant (Leu 1298 to Ala and Arg1300 to Gln) knock-in mice showed 

that in vivo disruption of the CaMKII-GluN2B interaction can lead to impaired LTP and 

learning as well as memory recall deficits (Halt et al., 2012). Thus, CaMKII-GluN2B 

interaction is one of the major mechanism for how CaMKII is involved in the synaptic 

plasticity. 

However, the enhanced levels of CaMKII at the PSD upon stimulation is unlikely 

to be mediated only by CaMKII-GluN2B interaction. Since CaMKII has many binding 

partners within the PSD including: α-actinin (Walikonis et al., 2001; Dhavan et al., 

2002), synaptic Ras GTPase activation protein β (SynGAPβ) (Li et al., 2001), SAP97 

(DLG1) (Gardoni et al., 2003), densin 180 (LRRC7) (Strack et al., 2000; Walikonis et al., 

2001), and voltage-gated calcium channels (Hudmon et al., 2005a; Grueter et al., 2006).  

In summary, even though CaMKII has multiple substrates at the PSD, CaMKII-

GluN2B interaction remains a focus of study. This is because the interaction not only 

locates CaMKII to the PSD but also maintains its autonomous activity. Some of the 
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potential pathways for how CaMKII causes an increase in synaptic strength via 

interacting with GluN2B will be discussed below. 

 

CaMKII functions at different subcellular locations 

	  

We know a great deal about specific CaMKII mechanisms from the detailed study 

of its role in LTP induction. This literature has focused on CaMKII actions that directly 

modulate AMPAR function. I will discuss three of the several molecular mechanisms  

proposed. First, CaMKII phosphorylates AMPARs at Ser831 and this increases the 

average AMPAR conductance (Figure 4a) (Barria et al., 1997; Derkach et al., 1999; 

Kristensen et al., 2011). Second, it has been shown that AMPAR auxiliary subunit, 

Stargazin (Nicoll et al., 2006; Osten and Stern-Bach, 2006), is also a substrate of CaMKII 

(Opazo et al., 2010; Sumioka et al., 2010). Stargazin is a member of the transmembrane 

AMPA regulatory proteins (TARPs). The first extracellular loop of Stargazin interacts 

with the ligand binding domain of AMPARs, regulating its maturation and trafficking to 

the surface (Ziff, 2007).  

Upon induction of LTP-like stimulation, CaMKII phosphorylates Stargazin, 

which permits the association between the C-terminus domain of Stargazin and PDZ 

domain of PSD-95 (Figure 4b). Both Stargazin phosphorylation and Stargazin-PDZ 

interaction are required for the trapping of AMPARs at the PSD (Ziff, 2007) and an 

increase in synaptic transmission (Opazo et al., 2010; Sumioka et al., 2010).  

The third proposed mechanism for how CaMKII regulates synaptic function is via 

increasing receptor insertion (Figure 4c) (Huganir and Nicoll, 2013) and this results in an 
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increase in the number of surface AMPARs. However, the mechanism is still not clear. 

There are several steps that CaMKII might be involved to result in the increase of 

receptor exocytosis. CaMKII could increase the number of AMPAR trafficking to the 

activated spines. CaMKII could increase the release of AMPAR from the receptor 

containing cargo before exocytosis, or CaMKII could increase the exocytosis event 

directly. By regulating one or more of the steps during AMPAR trafficking, CaMKII 

could increase receptor exocytosis onto the surface. 
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Figure 4 Proposed mechanisms for how CaMKII regulates AMPAR functions 

(a) Activated CaMKII phosphorylates AMPARs and increases the average conductance of AMPAR 

(b) Stargazin that is phosphorylated by CaMKII interacts with PSD-95 and this leads to the 

increase of AMPAR number at the synapse  

(c) CaMKII regulates AMPAR trafficking and insertion upon stimulation 
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Moreover, where the exocytosis happens is still under debate. The development of 

optical probes made it possible to visualize the exocytosis event. GluR1 was tagged with 

a GFP variant that is pH sensitive (Miesenbock et al., 1998). Because of the increased 

fluorescent signal at the extracellular environment (pH7.4) and decreased signal when the 

fluorophore is in the recycling endosome (under acidic conditions), the probe has been 

widely used to monitor exocytosis events. Interestingly, the reported sites for activity-

triggered exocytosis have been either in dendrites (Yudowski et al., 2007; Lin et al., 

2009; Makino and Malinow, 2009) or spines (Kennedy et al., 2010). This could be 

because that fewer expressed receptor traffics to the spine and make it hard to observe the 

exocytosis event within spines(Kennedy and Ehlers, 2011).  

In summary, none of the proposed mechanism is exclusive but it is more likely to 

be mutually supportive. Moreover, these different mechanisms are likely to happen at 

locations not only limited to the PSD. Thus, a more integrated view of CaMKII-mediated 

synaptic plasticity will have to take into account that CaMKII substrates and points of 

action are quite diverse.	   For instance, CaMKII can regulate trafficking of AMPARs, 

NMDARs, and GABAA receptors through effects both in spines and dendrites (Guillaud 

et al., 2008; Marsden et al., 2010; Opazo et al., 2010; Lemieux et al., 2012) and they will 

be discussed below. 

Upon synaptic stimulation, activated CaMKII has been shown to accumulate in 

the dendrites by binding to microtubules (Lemieux et al., 2012), and this process is 

followed by the increased AMPAR number at the synapse (Lemieux et al., 2012). Via 

mutagenesis and pharmacological treatment, Ca2+/CaM binding, kinase activity, the 

holoenzyme structure, and the interaction with the T-site are all involved in regulating 
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CaMKII translocation to the dendrite. Interestingly, these mechanisms are also involved 

in regulating the activity of CaMKII at the synapse. However, when the S-site was 

mutated (E96K), CaMKII translocation to the microtubule was blocked but CaMKII still 

translocated to the synapse. This mutation also impairs the activity-driven AMPAR 

insertion(Lemieux et al., 2012). The results support the model that activated CaMKII in 

the dendrite is involved in AMPAR trafficking and insertion to the surface. 

CaMKII regulates the transport of NMDARs in the dendrites.   Trafficking of 

NMDARs is regulated by the KIF17, a member of the kinesin-2 family. When KIF17 is 

phosphorylated by CaMKII on Ser1029, the interaction between KIF17 and the receptor 

containing cargo is disrupted. This results in the release of NMDAR from the 

microtubule. (Guillaud et al., 2008). The results support the model that CaMKII regulates 

NMDAR trafficking before the exocytosis close to spines.  

In addition, a recent report demonstrates that CaMKII not only concentrates at 

excitatory synapses but also at inhibitory synapses with moderate NMDAR stimulation. 

Interestingly, the kinase activity and T286 autophosphorylation regulates this 

translocation. The concentration of CaMKII at inhibitory synapses eventually results in 

an increase in the number of surface GABAARs. This suggests that CaMKII regulates 

GABAAR trafficking to inhibitory synapses via a complex mechanism  

In summary, here I outline the diversity of CaMKII substrates and its multi-level 

regulation of neuronal functions.  Our understanding of CaMKII targeting is limited in 

part because biochemical methods suited for identifying kinase-substrate interactions are 

difficult to confirm in living cells. One of the alternative ways of studying CaMKII-
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substrate interaction in living neurons is to measure protein mobility kinetically and 

spatially. 

Structural Plasticity 

	  
 During LTP, not only does synaptic transmission increase, but structural changes 

also occur (Okamoto et al., 2009). Many fluorescence imaging studies have shown that 

during LTP induction, NMDAR activation can induce increases in spine volume (Engert 

and Bonhoeffer, 1999; Maletic-Savatic et al., 1999; Matsuzaki et al., 2004).  This 

increase in spine size is also correlated with synaptic AMPAR strength (Matsuzaki et al., 

2001; Yang et al., 2008). Other studies have demonstrated that local stimulation can 

induce the formation of spines with functional synapses (Kwon and Sabatini, 2011). 

Structural plasticity is known to be regulated by CaMKII because application of CaMKII 

inhibitor, KN-62 can block the increase in spine volume during stimulation (Matsuzaki et 

al., 2004). Before discussing the role of CaMKII in regulating spine structure, I will 

introduce the main players involved in maintaining the spine structure. 

 Actin is the major cytoskeletal protein within spines (Caceres et al., 1983). Actin 

functions as the main regulator of spine morphology (Fischer et al., 1998; Matus, 2000) 

and regulates synaptic function through its interaction with the PSD (Frost et al., 2010a). 

Essentially, there are two forms of actin, a monomeric globular form (G-actin) and a 

filamentous form (F-actin).  To generate F-actin filaments, G-actin is incorporated to the 

plus ends of F-actin (while actin monomer is severed on the minus end) (Okamoto et al., 

2009).  
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Actin filaments are tightly regulated. Polymerization factors including profilin 

and the formin family initiate polymerization on single filaments (Goldschmidt-Clermont 

et al., 1990), whereas branching from single filaments to more complex “trees” of 

filaments is mediated by the Arp2/3 complex (Hotulainen et al., 2009). Though in other 

cellular structures, actin filaments can form parallel bundles, within spines it is actin 

branching that is thought to be particularly critical, because the vast majority of actin is 

present within networks of branched actin filaments. The Wiskott-Aldrich syndrome 

protein (WASP) family increases actin polymerization by activating Arp2/3 (Miki and 

Takenawa, 2003). Conversely, actin depolymerization factors (ADF) such as cofilin help 

break down actin. Actin-binding proteins (ABPs), such as α-actinin, can cross-link actin 

filaments. Thus, spine size and/or density can be altered by manipulating these different 

factors (ADFs, APFs and ABPs) (Stossel et al., 2001; Okamoto et al., 2009). Actin 

cytoskeleton is essential to spine morphology maintenance and structural plasticity during 

LTP since actin depolymerization agent, Latrunculin, disrupts spine size (Zito et al., 

2004)and prevents structural plasticity (Matsuzaki et al., 2004). Constant reorganization 

also is essential for regulating spine morphology. Applying FRET techniques in live-cell 

imaging, Okamoto and colleagues demonstrated that actin polymerization increases with 

LTP-like stimulus. Conversely, LTD has the opposite effect. By tagging CFP and YFP on 

G-actin, they were able to measure FRET efficiency between actin monomers (Okamoto 

et al., 2004).  This supports the idea that actin polymerization is a key regulator of spine 

structure during synaptic plasticity (Fukazawa et al., 2003; Lang et al., 2004; Matsuzaki 

et al., 2004).   
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 However, how CaMKII regulates spine structure is still not clear. One of the 

mechanisms is to regulate the actin cytoskeleton by CaMKII kinase activity. Via 

activation of the guanine nucleotide exchange factor (GEFs) such as Kalirin-7, CaMKII 

increase the activity of a small GTPase, Rac1. This leads to the activation of p-21 

activated kinase (PAK)-LIM kinase pathway and subsequently the stabilization of actin 

filaments (Xie et al., 2007). Other signaling pathways that are activated by CaMKII and 

further result in the stabilization of actin filaments includes CaMKK/β-PAK-interacting 

exchange factor (β-PIX)/PAK-LIMK (Park et al., 2003; Saneyoshi et al., 2008), 

SynGAP-Ras-PAK-LIMK (Carlisle et al., 2008).  Another small GTPase, RhoA, is also 

downstream of CaMKII and activates RhoA-specific kinase (ROCK).  This results in 

profiling II phosphorylation that increases new actin filaments  (Ackermann and Matus, 

2003; Schubert et al., 2006)and cofilin phosphorylation that stabilizes the actin filaments 

(Maekawa et al., 1999; Schubert et al., 2006).   

In addition, it has been proposed that CaMKII acts as a scaffold protein to 

maintain spine morphology because of the abundance of CaMKII and CaMKIIβ’s ability 

to bind to actin (Okamoto et al., 2009). CaMKIIβ knockdown with shRNA decreases 

spine head size and increases spine length, changing mature spines to filopodia. The 

effect was not observed with CaMKIIα knockdown. Moreover, this effect can be reversed 

by overexpressing CaMKIIβ without the kinase domain, suggesting that CaMKIIβ kinase 

activity is not required for the structural regulation of spine morphology (Okamoto et al., 

2007). In addition, CaMKIIβ overexpression increases neurite extensions (Thiagarajan et 

al., 2002).  These support the idea that CaMKIIβ is involved in the regulation of spine 

structures.  
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Because of ratio for the CaMKIIα/β expression level is about 3 to 1(Erondu and 

Kennedy, 1985), it is most likely that every holoenzyme has more than one CaMKIIβ. 

This could lead to the holoenzyme to bind to multiple actin filaments (Okamoto et al., 

2009). Moreover, it has been shown that CaMKIIβ potentiates actin-bundle formation in 

vitro (Sanabria et al., 2009). Ca2+/CaM binding and autophosphorylation are essential to 

actin-CaMKII interactions (Okamoto et al., 2007; Sanabria et al., 2009). In living cells 

FRAP analysis of actin-GFP turnover showed that CaMKIIβ overexpression increases 

actin stability within spines (Okamoto et al., 2007).  These support the proposed 

molecular mechanism that CaMKII regulates actin cytoskeleton by its bundling property 

(Okamoto et al., 2007). 

In summary, CaMKII can modulate spine structure via multiple mechanisms,  

both via its kinase activity and its interaction with actin.  The proposed model for 

CaMKII acting as a structural role during synaptic plasticity is that CaMKII maintains 

spine structure by binding to actin under basal conditions. During stimulation, CaMKII is 

released from actin and this allows for the reorganization and change in spine structure. 

After the activity goes down, CaMKII rebinds to actin and help stabilize the structure 

(Okamoto et al., 2009). However, more evidence will need to be provided to support this 

model. For example, how CaMKII-actin interaction might regulate actin behavior in 

living cells will need to be studied. 
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CaMKII dynamics indicates its functions 

	  
The activation and action of cytosolic signaling molecules such as kinases and 

phosphatases are critically regulated by their ability to diffuse within the internal 

environment of a cell. The mobility of individual species of molecules regulates the 

activation of kinases by governing its exposure to upstream activators, and determines 

how quickly and how far within the cell the kinase needs to disperse in order to bind to 

substrate targets. As a dominant cytosolic kinase in neurons, its distribution and dynamic 

behavior has a profound impact on its functions. Our understanding of its subspine 

targeting is limited in part because biochemical methods suited for identifying kinase-

substrate interactions are difficult to confirm in living cells. However, measurement of 

protein mobility can reveal protein-protein interactions in cells (Sprague and McNally, 

2005). Fluorescence recovery after photobleaching and photoactivation have identified 

mobile and immobile fractions within the total population of CaMKII, and following 

NMDAR stimulation more CaMKII is immobilized, presumably through an increase in 

binding interactions (Otmakhov et al., 2004; Sharma et al., 2006; Zhang et al., 2008; Lee 

et al., 2009). 

FRAP studies revealed that GFP-CaMKIIα in hippocampal neurons display 

different dynamics in various cellular locations, supporting the importance of spatial 

localization to its action. In spines, CaMKII has 82% mobile fraction and a time constant 

of 186 seconds. In shafts, CaMKII has 88% mobile fraction and a time constant of 57 

seconds. In soma, CaMKII has 80% mobile fraction and a time constant of 15 seconds. 

Compared with other proteins in the spine, CaMKII is more mobile than GluR1, PSD-95, 

and NR1. Upon chemical LTP (cLTP: 0 Mg 2+/100µM Glycine), which has been shown 
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to increase AMPAR transmission (Lu et al., 2001), CaMKII dynamics changed 

dramatically. The mobile fraction decreased from 82% to ~20 % and the time constant 

increased from ~ 3 minutes to ~12 minutes in spines. This differs from the activity 

observed for GluR1, NR1, and PSD95 (Sharma et al., 2006).  CaMKII dynamics were 

also documented in hippocampal slice cultures with two-photon FRAP microscopy. 

Consistent with the previous reports, CaMKII has a large mobile fraction (50-80%) with 

a time constant of 16-70 seconds (Zhang et al., 2008; Lee et al., 2009).   

Following NMDAR stimulation, CaMKII becomes mostly immobile, presumably 

through an increase in binding events within spines (Otmakhov et al., 2004; Sharma et 

al., 2006; Zhang et al., 2008; Lee et al., 2009). Taking into account the mobility and 

activation dynamics of CaMKII, it was proposed that CaMKII activity remains for a short 

period of time within single spines, and is unlikely to spread to neighboring spines. This 

course of action is different from other signaling molecules, such as Ras which has been 

shown to spread its activity to neighboring spines (Lee et al., 2009; Lee and Yasuda, 

2009).  

Due to the small size of spines and the complex environment contained within, it 

has been difficult to dissect the mechanisms that regulate CaMKII dynamics in individual 

spines. Thus, CaMKII dynamics in solution have been evaluated. CaMKIIα (970 kDa) in 

solution was estimated to have a diffusion coefficient of 25 µm2/s. Since this is in 

solution, the diffusion coefficient represents the behavior of freely diffusing CaMKII 

holoenzyme. However, it is likely to be overestimated compared with the diffusion 

coefficient in the complex environment in vivo.  Indeed, when measured in HEK cells, 

the diffusion coefficient was estimated to be 1.6 µm2/s.  This is still 10 times faster than 
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the mobility estimated in spines.  Hence, when examining the impact of CaMKII 

dynamics in spines, the molecular weight and size has to be carefully considered as both 

these factors can influence protein mobility and interactions with the actin cytoskeleton.  

In addition, modeling studies have been conducted to evaluate how different 

factors regulate CaMKII dynamics. Monte Carlo simulation showed that the spine neck 

radius determines the dynamics of CaMKII within spines.  More specifically, modeling 

studies show that the spine neck radius is critically involved in the ‘trapping’ of CaMKII 

within spines by interacting with high affinity binding partners including PSD.  The 

spacing in between actin filaments was also shown to act as a gate for CaMKII diffusing 

in and out of spines. This is consistent with previous reports about CaMKII bundles 

(Byrne et al., 2011).  

The modeling of single CaMKII molecules within spines further suggests that 

CaMKII bound to actin provides CaMKII with easy access to the PSD upon intracellular 

increases in calcium. CaMKII subsequently self-aggregates and interacts with the PSD. 

The self-aggregation not only increases its binding capacity to the PSD but also 

dramatically increases the amount of CaMKII in spines. The effect will reset as calcium 

decreases and CaMKII rebinds to the actin cytoskeleton (Khan et al., 2011).   

From empirical and simulated results, I have learned that CaMKII dynamics can 

be classified into free and bound. Different interactions might be responsible for the 

bound fraction, such as PSD, actin. However, because of the technical limit, much 

remains unclear.	  
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Hypothesis and implications 

	  
The existing hypothesis (Figure 5a) for how CaMKII regulates synaptic strength 

is that upon stimulation, CaMKII translocates to the PSD and phosphorylates synaptic 

proteins. The hypothesis is supported by the observations that a variety of CaMKII 

actions including regulating the number of synaptic AMPARs (Hayashi et al., 2000; 

Poncer et al., 2002; Opazo et al., 2010; Sumioka et al., 2010) may occur directly at the 

PSD. NMDAR stimulation drives enrichment of CaMKII in the PSD (Petersen et al., 

2003; Otmakhov et al., 2004) where it docks to proteins including the NMDAR GluN2B 

subunit (Bayer et al., 2001; Leonard et al., 2002; Merrill et al., 2005; Halt et al., 2012).  

However, it is also clear that CaMKII can regulate synaptic function through 

diverse mechanisms unlikely to occur at the PSD. For instance, CaMKII can regulate 

trafficking of AMPARs, NMDARs, and GABAA receptors through effects both in spines 

and dendrites (Guillaud et al., 2008; Marsden et al., 2010; Opazo et al., 2010; Lemieux et 

al., 2012). Critically, while spines contain numerous potential CaMKII targets known to 

regulate AMPAR trafficking or synapse function (Colbran, 2004b), little is known about 

CaMKII targeting to substrates within the spine that are not at the PSD.  

This makes room for the alternative hypothesis (Figure 5b) that CaMKII 

interacts with binding partners both at the PSD and in regions other than the PSD upon 

NMDAR stimulation. My hypothesis has the implication that there are diverse 

mechanisms by which CaMKII may regulate synaptic transmission. In spines, these 

include, first, that CaMKII might regulate AMPAR trafficking to the sties of exocytosis ; 

second, CaMKII is involved in activity-dependent protein degradation in spines (Bingol 

et al., 2010).  My hypothesis leads us to consider these diverse mechanisms 
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together, rather than separately, as part of an investigation of the role of CaMKII in 

synaptic transmission. 

 

 

 

 

	  
Figure 5 Existing hypothesis and alternative hypothesis 

(a) Existing hypothesis is that upon stimulation, CaMKII translocates to the PSD and phosphorylates 

synaptic proteins and regulates synaptic functions. 

(b) Alternative hypothesis is that CaMKII interacts with binding partners both at the PSD and in regions 

other than the PSD upon stimulation and regulates synaptic functions. 

  

Our understanding of subspine targeting is limited in part because biochemical methods 

suited for identifying kinase-substrate interactions are difficult to confirm in living cells. 

However, measurement of protein mobility can reveal protein-protein interactions in cells 

(Sprague and McNally, 2005). Fluorescence recovery after photobleaching and 

photoactivation have identified mobile and immobile fractions of the total population of 

CaMKII, and following NMDAR stimulation, more CaMKII is immobilized, presumably 
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through increased binding interactions (Otmakhov et al., 2004; Sharma et al., 2006; 

Gielen et al., 2008; Zhang et al., 2008). Unfortunately, dissecting mobility of CaMKII at 

specific regions within individual spines is difficult because diffraction limits the spatial 

resolution of confocal microscopy. Equally important, interactions of interest may be 

transient or involve molecular subpopulations difficult to detect while observing the 

average behavior of the total population. 

To overcome these obstacles, I studied CaMKII mobility in living neurons using 

single-molecule tracking photoactivated localization microscopy (PALM) (Manley et al., 

2008; Frost et al., 2010b). This provided methods to map molecular dynamics of CaMKII 

within spines. Using this approach, I found a distinctive and substantial regulation of 

CaMKII mobility both at and surrounding synapses following NMDAR stimulation. The 

results lend greater support to the alternative hypothesis here proposed. 
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Chapter II. Methods 

	  

Coverslips, cell culture, and transfection 

 

To remove fluorescent contaminants from coverslips (#1.5 glass coverslips, e.g. 

from Warner Instruments; or glass-bottom dishes from Mattek), clean them by boiling in 

a 5:1:1 solution of filtered water, ammonium hydroxide and hydrogen peroxide for 3 

hours, rinse in filtered water, 96% ethanol and methanol, and flame briefly. An alternate 

chemical method is to sonicate in 1M potassium hydroxide for 15 minutes, followed by 

extensive washing in filtered water. cDNAs were obtained or constructed as follows: 

mEos2-CaMKIIα was constructed by subcloning CaMKIIα from GFP-CaMKIIα (a gift 

from T. Meyer, Stanford University, Stanford, CA) into mEos2–C1 (a gift from S. 

McKinney, Stowers Institute for Medical Research, Kansas City, MO). CaMKIIβ-

Cerulean3 was constructed by subcloning CaMKIIβ from GFP-CaMKIIβ (a gift from T. 

Meyer, Stanford University, Stanford, CA) into Cerulean3-C1 (a gift from M. Rizzo, 

University of Maryland, Baltimore, Baltimore, MD). PSD-95-mCherry (Kerr and 

Blanpied, 2012) and shrPSD-95-mEos2 (MacGillavry et al., 2013) were described 

previously. PSD-95-Cerulean3 was constructed by subcloning PSD-95 into Cerulean3-

N1. mEos3.1-CaMKIIβ,  mEos3.1-CaMKIIβ-All A, and , mEos3.1-CaMKIIβ-All D (gifts 

from Y. Hayashi, RIKEN, Japan). Membrane-mEos2 was constructed based on the 

sequence of EYFP-Mem (Clontech), by appending to mEos2 the N-terminal 20 amino 

acids of GAP43, which contain a palmitoylation motif. 

To allow post hoc correction for lateral drift, it can be useful to deposit gold beads 

on the coverslip, because they are visible in a red fluorescence channel and can be 
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tracked and used as fiducial markers to correct localizations. Gold beads (50 nm; 

Microspheres-Nanospheres) diluted in 70% ethanol are dried onto the coverslips; the 

bead suspension can be stored at 4°C for later use.  Alternatively, multicolor fluorescent 

beads (100 nm Tetraspeck beads from Invitrogen) can be used for 2-color alignment. 

After bead deposition, coverslips are coated overnight with a favorable growth substrate 

such as 0.5 mg/ml poly-L-lysine. Dissociated hippocampal cultures can be prepared using 

standard methodology from embryonic day 18 rats (Kerr and Blanpied, 2012). Cells 

plated at relatively low density (50,000 per 18mm coverslip in a 12-well plate) serve well 

for many experiments. These cultures are mixtures of glia and neurons, and the 

neuron:glia ratio is critical in several respects and must be adjusted to match the needs of 

the experiments. Abundant glia generally aid neuron growth and synapse formation, and 

are also protective during transfections with reagents like Lipofectamine (Invitrogen); 

thus, there is considerable value in maintaining a low neuron:glia ratio. On the other 

hand, confluent glia produce a layer of cells on the coverslip that prohibit examination by 

TIRF of the neurons, which grow generally on top of the glia. Glial abundance can be 

controlled through early withdrawal of serum after plating, and by the use of antimitotics.  

To study synaptic processes in mature neurons, we generally use neurons grown 

14 to 21 days in vitro. Cells cultured for very brief times may take up fluorescent material 

from the growth medium and so prolonged UV irradiation of the medium before 

application to the cells is sometimes recommended. We do not find that UV irradiation of 

the growth medium is able to reduce endogenous fluorescence in the neurons; this is 

presumably because the neurons have sufficient time to synthesize their own 

autofluorescent proteins.  
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One to three days before imaging, cells are transfected using Lipofectamine 2000 

reagent (Invitrogen) following manufacturer specifications. Lipofectamine 2000 or 

calcium phosphate transfection methods yield low transfection efficiencies (<1%), 

usually sufficient to transfect 5 to 15 neurons per coverslip. This is sufficient for most 

PALM imaging experiments, but if higher rates are desired, gene transfer using lentiviral 

or adeno-associated virus vectors can be used. It is important to realize that following 

overexpression, levels of the transgene can be up to 100 times the endogenous protein 

levels, and might have unwanted side-effects that influence the outcome of the 

experiment. To avoid non-physiological overexpression levels, expression driven by 

weaker promoters can be considered, or a replacement strategy can be taken where 

simultaneously a shRNA targeting the endogenous protein of interest and a tagged 

protein resistant to the shRNA are expressed in the same neurons. These approaches can 

reduce transgene expression to nearly endogenous levels. Notably, because of its high 

sensitivity, PALM easily tolerates low expression levels, unlike many other forms of 

microscopy which require much larger signal levels particularly for low-noise time-lapse 

imaging.  

Super-resolution Imaging  

 

The diffraction of optical microscopy limits its ability to resolve small structures. 

A point source of light under the microscope becomes a blurred and diffracted spot (point 

spread function, PSF). The diffraction limit is the distance between two points so they 

can be distinguished.  This was defined by Abbe in 1874 to be  λ/2*NA. where λ is the 

wavelength of light and NA. is the objective numerical aperture. For most fluorescence 
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microscope experiments, the diffraction limit is about 250-500nm. This limited resolution 

made it difficult to resolve small structures like spines. 

Many efforts have been conducted to overcome this limitation. Several 

technologies have been the recent advances to break diffraction limit and achieve 

nanometer scale resolution. Stimulated Emission Depletion (STED) microscopy modified 

the shape of the PSF by deactivating fluorophores except for the exact center.  Thus this 

results in the effective PSF to be ~70nm. By Structure Illumination Microscopy (SIM), a 

grid pattern is projected to the specimen and several girded-image are taken. Intensive 

software analysis was conducted to improve the resolution about 2 folds. Photoactivated 

Localization Microscopy (PALM) was made possible because of at least two ways: first, 

the invention of the photoswitchable probes like mEos2 (McKinney et al., 2009). With 

this, it is possible to detect single-molecules in living cells when mEos2 is tagged with 

the protein of interest and introduced into cells. Second, when a single molecule is 

detected, by fitting its image profile by the Gaussian function, we can estimate its precise 

position (equation). The resolution is highly correlated to the photon N of the molecule, 

background photon number and  pixel size (Hess et al., 2006). Furthermore, single-

molecule tracking PALM can be performed to reveal molecule dynamics with super-

resolution (Manley et al., 2008; Frost et al., 2010b).  

PALM provides two essential types of data: molecular maps and single-molecule 

trajectories. A “molecular map” is simply a representation of the 2D or 3D set of 

locations determined from a PALM image series. With PALM, a variety of methods have 

been established to convey this information graphically in the form of an image(see 

below). In an important respect, a molecular map is equivalent to a standard fluorescence 
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image in which the intensity of the fluorescence can be assumed to be directly related to 

the density of fluorophores in the local region. This use of PALM essentially provides a 

higher resolution view of the sample than is possible via confocal; this is similar to STED 

microscopy, even though generated very differently. For instance, the map of an 

expressed protein free in the cytosol like PA-GFP can be used to visualize cell 

morphology at resolutions well beyond that obtainable via confocal microscopy.  

However, it is useful to consider how to make the most use of the information that 

the PALM image is built upon. If one is counting molecules to make a PALM image, can 

one then measure the absolute molecular density in the structure of interest? Consider 

first a confocal fluorescence image, in which the final fluorescence collected per 

molecule depends both on diverse user-controlled variables such as AOTF percentage of 

the excitation laser intensity, scanning pixel dwell time, and the detector voltage, as well 

as on highly nonlinear effects essentially unknown to the user, such as fluorophore triplet 

state saturation, local pH that affects fluorophore quantum efficiency, and []Thus, to 

account for all these variables, the direct determination of molecular number from the 

measured fluorescence intensity necessitates a difficult and time-consuming use of 

various calibration standards (Sugiyama et al., 2005) and under typical conditions is 

highly unreliable or essentially impossible. The problems are confounded when 

attempting to analyze live cells, time-lapse images, or images from different conditions or 

different cells. This is not to say that fluorescence intensity cannot be meaningfully 

quantified and compared, but simply that interpreting the data in terms of molecular 

number is not often desirable.  
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PALM offers a potential alternative approach for determining molecular number. 

At it’s most basic, the output indeed quite simply reports the number of molecules per 

area in the image. However, several factors make it difficult to interpret this value in 

absolute terms. Because PALM relies on expression of exogenous molecules tagged with 

GFP-type reporters, the degree of overexpression and wild-type protein targeting must be 

determined to know whether the reporter protein recapitulates the native protein number. 

More problematically, the proportion of existing molecules that are actually counted and 

included in the final tally must be determined. This proportion is undoubtedly 

considerably less than one, because a) not every molecule of the expressed tag folds 

properly to produce a photoactivatable reporter, b) not all reporters photoactivate instead 

of remaining dark or photobleaching, c) the exponential nature of the photobleaching 

process means necessarily that some molecules will produce too few photons to become 

detectable, and d) noise from the background fluorescence or other sources can decrease 

the precision of localization for some molecules unacceptably. Further difficulties arise 

because most fluorophores can “blink” and be imaged two or more times, and the depth 

of penetration for the excitation laser when using total internal reflection (TIR) or oblique 

illumination is often unequal across the imaged field of view, meaning that molecules are 

sampled from different volumes of the sample. Thus, even though PALM records 

molecular numbers, care should be taken before interpreting these values as absolute 

numbers of molecules in the native state. 

In fixed cells, one can usually image until the entire population of molecules has 

been photoconverted; with reasonable care to balance other conditions, this offers some 

capacity to compare relative molecule numbers between cells or regions. In live cells, 
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this is a trickier prospect. Because in a live cell one typically does not want to obtain 

simply a single snapshot of protein distribution at a certain time but rather multiple 

measurements in time lapse, the available fluorophores must be divided up over the 

several images. This naturally imposes the difficulty of knowing what fraction of 

molecules have been activated at each time point. Indeed, because successful experiments 

depend in practice on having a certain number of molecules photoconverted per frame, 

the user must adjust the intensity of the photoactivating illumination during the 

acquisition, a procedure which is difficult to keep quantitatively repeatable between times 

or conditions.  

The second modality of information derived from PALM is the motion of single 

molecules within live cells. Called single-particle tracking PALM when it was developed 

(sptPALM) (Manley et al., 2008), the general approach is straightforward: because 

fluorescence from a fraction of the molecules persists for more than one frame, motion of 

those molecules between time points can be measured. Single-molecule trajectories 

contain a wealth of information that is not represented in a molecular map or traditional 

image, namely the velocity and direction of motion. This motion, or lack of it, in turn 

reflects the binding status, diffusion, or transport of molecules within the cell, and so 

provides an unparalleled view to the ongoing biochemistry within the living cell. 

The power of single-molecule tracking lies in its high spatial resolution, and in its 

consequent ability to spatially map the kinetic behavior of proteins within cells. Several 

points arise when comparing single-molecule tracking to other approaches to measure 

protein mobility in cells, most notably fluorescence recovery after photobleaching 

(FRAP).  First, FRAP is a “bulk” measurement, that is, one that reports the average 
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behavior of large numbers of molecules in the region. This necessarily limits the ability 

to distinguish subpopulations that are not well-separated from one another.  Second, the 

time resolution of single-molecule vs confocal imaging is not substantially different. 

However, the increased spatial resolution (~10-fold for PALM) corresponds to a 10-fold 

lower limit of detection for molecular diffusion coefficient(Saxton, 2001). (And even 10-

fold better improvement is expected when tracking brighter, more photostable molecules 

such as quantum dots.) Third, measurements of single-molecule trajectories are in units 

of distance per time, so are directly interpretable in terms of diffusion coefficient and thus 

directly comparable across cells, between investigators, and between in vitro and in silico 

observations. By contrast, converting FRAP recovery curves to diffusion coefficient is 

dependent on complex models incorporating the laser profile, the size and shape of the 

bleached region, and the geometry of the cell; accordingly, this typically restricts FRAP 

analysis to a much simpler t1/2 measure that holds less intrinsic biological significance. 

Lastly, with minor adaptation of the hardware, there is the possibility for extracting even 

further characteristics of single, diffusing molecules in live cells, such as their anisotropy 

that reflects rotational freedom and protein interactions (Gould et al., 2008). 

This breadth of information is one reason why the use of antibody-based single-

molecule techniques to study plasma membrane proteins has revolutionized our 

understanding of receptor trafficking at the cell surface, for example (Triller and 

Choquet, 2008). However, intracellular proteins have been notoriously difficult to study 

by similar methods because they are not generally amenable to antibody labeling, and 

GFP tagging does not readily permit single molecule discrimination. Even compared to 

the well-established speckle methods that have been instrumental in defining 
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cytoskeleton characteristics in many cell types, single-molecule PALM dramatically 

improves both the precision and the interpretability of the measures. The relative ease of 

the technique makes it feasible to track the behavior of many critical proteins heretofore 

impossible to measure with even remotely similar accuracy: scaffold molecules, kinases 

and signaling intermediates, low abundance proteins such as transcription factors and 

translational repressors, and any protein whose overexpression is not well tolerated 

(because for single-molecule tracking PALM, these can be expressed using low-

efficiency promoters).  

Localization of single-molecules 

 

The localization algorithms described here rely on the iterative fitting of a 2D 

Gaussian model of the PSF to single-molecule intensity profiles. This is generally a very 

accurate method, but can be a computationally demanding process that can take hours to 

analyze. Other approaches have been described that use less computationally demanding 

localization procedures, such as the freely available LivePALM (Hedde et al., 2009) and 

QuickPALM (Henriques et al., 2010) packages, providing somewhat less accurate, but 

significantly faster data analysis that permits real-time PALM reconstruction. The 

rapidSTORM package (Wolter et al., 2010) uses a Gaussian fitting algorithm. These 

packages are certainly useful to get a first glimpse of the quality of the data, and diagnose 

experimental factors, such as labeling density, acquisition settings, and so on.  

To find and localize single molecules, first identify candidate intensity peaks that 

contain at least one pixel with an intensity value above a defined threshold value. This 

can be performed on smoothed or filtered data, such as after “rolling ball” filtering or 
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bandpass filtering to remove noise with spatial frequencies of 1 camera pixel or several 

times larger than a molecule. Discard overlapping peaks on basis of the expected size of 

the microscope’s point spread function. To localize the sub-pixel position of the peak, 

several methods are possible. The least-squares fit of an elliptical Gaussian to the 

intensity profile in a region around the intensity peak provides very high precision 

(Thompson et al., 2002); the region needs to be large enough to capture the complete 

profile, but small enough to not include neighboring peaks (Ober et al., 2004). A 2-

dimensional symmetric or circular Gaussian can be used, but an elliptical Gaussian 

function permits additional post hoc sorting of molecules based on their deviation from 

the expected microscope PSF. Thus, the following equation is recommended: 
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where xo and yo are the coordinates of the molecule, A the amplitude of the intensity 

distribution, wx and wy are the width of the ellipse in the respective axes, and B the 

background signal intensity. All variables can be treated as free fitting parameters in a 

nonlinear least squares fit.  

Estimating the precision of single localizations 

The localization precision σxy reflects the confidence in the estimate of a 

molecule’s position. Most fundamentally, it is limited by the characteristics of the 

microscope PSF, which spreads incident the photons used to detect a molecule over a 

broad area. Because diffraction of emission is predictable, we gain ability to decrease the 

error by using a model of that diffraction to estimate its true origin. Though the final error 

could be calculated from a number of characteristics of the fit, the most straightforward 
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method simply acknowledges that the error decreases with the square root of the number 

of photons in the image but increases with the amount of background noise: 
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where A is the area of the area of the microscope PSF, b is the background photon count 

per pixel, and N is the number of photons detected in the object. What this generalization 

lacks is consideration of the effects of the pixelization of the image on the camera CCD, 

and thus a more complex relationship was developed(Thompson et al., 2002): 
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where s is the standard deviation of the Gaussian fit (similar to the microscope PSF) and 

p is the camera pixel size. A variety of methods can be used to measure b. Because the 

background fluorescence in part arises from autofluorescence of the cell as well as non-

trivial emission from non-converted fluorophores (Shroff et al., 2007), it typically varies 

across the field of view and must be measured locally to each peak. Ideally, it can be 

measured in the same region of the presumably blank frames that occur before or after 

the presence of the fluorescent molecule(Betzig et al., 2006a). When using simultaneous 

activation and acquisition, the frame immediately preceding or following the 

identification of a molecule should be avoided, because the molecule likely was 

photoactivated and photobleached somewhere in the midst of these adjacent frames but 

didn’t produce enough photons to be detected. A simple alternative is to derive 

background statistics from the pixels surrounding the region of interest containing the 

peak.  
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In fixed samples, if molecules appear in multiple frames, these additional 

intensity profiles should be utilized. If the molecule is fit independently in each of the 

frames and then its position taken as the average of these fits (Betzig et al., 2006b), the 

benefit of multiple measurements is expected to accumulate as the square root of the 

number of samples. Alternatively, the photons may be summed over the several frames, 

and the sum fit for localization (Betzig et al., 2006b). In this case, the precision is 

expected to increase with the square root of the additional photons 

Map styles 

A molecular map based on a PALM image series can be rendered in several ways. 

The simplest is an XY scatter plot of all individual molecular localizations. Such a plot is 

useful to quickly evaluate the density of localizations and gives a fair idea of the level of 

erroneous localizations attributable to noise, dust, or other contaminants that can show up 

outside the cell of interest. Because the appropriate size of the symbol used to plot the 

results depends on the scale of the plot itself (York et al., 2011), these plots tend to 

saturate visually at high densities and overemphasize areas with density similar to the 

background level. Thus, care must be taken when interpreting these plots, but they are the 

first stage of most analyses. 

Though the scatter plot of all points is trivial to create, it provides only limited 

analytical utility for regional analysis. The density of localizations within image pixels 

provides further power. Essentially plotted as a histogram, a density map, groups 

molecular localizations into regions analogous to camera pixels whose size can be 

determined by the user. Bin size is critical, as large bins obviously will not convey all the 

available information, whereas bins that are too small given the density of localizations 
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inevitably results in a punctate image that is difficult to interpret (York et al., 2011). Bin 

sizes ranging from 10 to 30 nm are typical. These images can be analyzed as in 

traditional image analysis, for instance via intensity profiles.  

The density map does not utilize all information available from the fit, namely the 

confidence in each location which may be critical in understanding structures particularly 

in regions of low molecular density. To incorporate this information, images may be 

rendered as a “molecular probability density” where the brightness in the image is 

proportional to the likelihood that a molecule can be found at a given location (Betzig et 

al., 2006a). This is accomplished by plotting each molecule’s localization as a unit-area 

2D Gaussian with standard deviation σxy. The spatial bins for calculating the Gaussian 

must be at least as small as half the size of the smallest calculated σxy, but do not 

otherwise affect the resolution of the final image. 

Map resolution 

	  
The final resolution of a rendered PALM image is not equated with traditional 

image resolution. Conceptually, it involves two classes of parameters: the localization 

precision σxy of the molecules comprising the map, and the number or density of 

localizations. That is, a map of sparsely sampled locations cannot be considered accurate 

on spatial scales more than twice the average molecular spacing; similarly, a dense map 

of locations that are all inaccurately known is also of low resolution. These two 

parameters are typically combined to report a final effective resolution, Reff:  

!!"" =    !!"! + !!!!  
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where r2
NN is the average nearest neighbor distance between molecules. Clearly, unlike 

for a traditional image, this value is not constant across the extent of the map, and must 

be calculated locally for regions where its value is of particular importance. Ideally, the 

entire map can be plotted with output bins that are scaled irregularly to match the local 

information density and quality reflected in Reff.  

Identifying trajectories across frames 

	  
Single-molecule tracking within a relatively dense field of molecules involves 

linking a molecule in one frame with one in the next based typically on minimizing the 

total displacement; that is, molecules are linked to the closest subsequent position. 

Analysis developed originally by John Crocker and David Grier, and ported to Matlab by 

Daniel Blair and Eric Dufresne (http://www.physics.emory.edu/~weeks/idl) provides a 

widely used and freely available approach (Manley et al., 2008; Frost et al., 2010b). 

There are two key parameters: the maximum allowable frame-to-frame displacement (or 

“tracking radius”), and the number of frames during which the molecule is allowed to be 

temporarily unlocated. The tracking radius is set as expected based on the diffusion 

coefficient D or transport rate of the tracked protein, such that the squared displacement 

between frames is 4DΔt, where Δt is the time between frames. Because of the variability 

inherent in the random walk and also the inevitable error in each localization, the tracking 

radius must typically be several times larger than this expected lower limit. The mean 

intermolecular distance in each frame should be at least one or two orders of magnitude 

larger than the tracking radius. 

The temporary disappearance of molecules may be allowed when building single-

molecule trajectories under several conditions. Some molecules are known to “blink” for 
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instance, most notably quantum dots, but also dyes and most fluorescent proteins 

depending on the buffer conditions (van de Linde et al., 2011). In addition, changes in 

axial location, stochastic fluctuation of photon output, appearance of other molecules, or 

noise may prevent localization of a persistent molecule in one of the frames during its 

presence. For these reasons, permitting a “blink duration” of a few frames may be 

appropriate, and the position interpolated between the observed locations. Of course the 

procedure can introduce substantial error by linking non-identical molecules, particularly 

if the density of molecules is high, so it must be verified that the output does not vary 

qualitatively when the blink duration is varied by several-fold. 

Single-molecule localization and tracking analysis 

	  
 Raw images were analyzed by algorithms written in MATLAB (Mathworks). 

Images were band-pass filtered to identify candidate peaks. Molecules were then 

localized by fitting a 2D elliptical Gaussian function to a 9x9 pixel array surrounding the 

peak as previously described (Frost et al., 2010b). PALM images were rendered by 

constructing a density map by binning molecules within 25x25 nm subpixel. Based on 

available algorithms (http://physics.georgetown.edu/matlab/), localized molecules that 

appeared in consecutive frames were considered as the same track if the frame-to-frame 

displacement (tracking radius) was within 500 nm; gaps (e.g. due to fluorophore 

blinking) were not permitted. The tracking radius was determined considering the 

maximum displacement CaMKII could have within 20 ms (<r2> = 4DΔt) based on 

estimated CaMKII Deff (< 5 µm2/sec) (Hoppa et al., 2012; Lakadamyali, 2013). Using a 

500-nm tracking radius permits monitoring molecules with diffusion coefficients up to 3 

µm2/s. The histogram of Deff was fitted with a two- or three-component Guassian function 
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by “peak analyzer” in Origin (OriginLab) and the proportion of each subpopulation was 

quantified. Tracks with at least 4 frames were plotted and color-coded according to its 

Deff to construct a diffusion map. To estimate the relative enrichment of CaMKII at the 

PSD, CaMKII single-molecule localization were overlaid with widefield images of PSD-

95-Cerulean3 and the density of CaMKII localizations at the PSD (marked by PSD-95-

Cerulean3) was divided by the density of CaMKII in the rest of the spine. The border of 

the PSD was defined as follows: widefield images at three z positions centered on the 

focal plane of the PALM experiment were acquired; they were deconvolved in ImageJ, 

and their maximum projection was thresholded at 50% of the resulting peak intensity. To 

study the relation between the distance of CaMKII within the spine to the border of the 

PSD and its mobility, regions were drawn that included the spine head and neck but 

excluded the dendrite shaft. The distance was calculated of each tracked molecule to the 

border of the PSD. The mean Deff was calculated within 100-nm distance bins. To 

simulate molecule movement in three dimensions, random 3D walks with fixed diffusion 

coefficient were simulated in MATLAB. The simulated trajectories were then projected 

onto 2D to calculate the Deff as previously described. 

Live-cell confocal microscopy  

	  
Live-cell imaging experiments were conducted on a spinning disc confocal 

system. This system consists of an Olympus IX-81 inverted microscope with a CSU-22 

confocal (Yokagawa) and an Orca-ER CCD (Hamamatsu) mounted on the side-port, and 

excitation laser (Coherent, Inc.) and emission filters (Semrock). Cells expressing the 

indicated constructs were imaged at room temperature in extracellular imaging buffer 

with a 60X1.42 NA oil objective and an extra 1.6X and 1.2X magnification in the light 
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path, resulting in pixel size of 56 nm. Acquisition was controlled by IQ software (Andor 

Technology).   

 

Diffusion coefficient calculation for trajectories 

 

Tracks with at least 4 frames were used to calculate Deff based on a linear fit of 

the first 3 points of their MSD vs elapsed time. Because it was impractical to use the 

variance at each Δt due to the low number of samples per molecule in the short tracks 

typical of mEos, we weighted each by the square root of the number of sample 

measurements (i.e. in a 4-frame track, at Δt=1 the weight was √3, and at Δt=3, the weight 

was 1). A problem inherent to this approach is that the localization error inherent in each 

molecule’s MSD vs time plot results in some best fits having a negative slope (and thus 

an uninterpretable Deff). Most problematic is that influence of this effect will be much 

greater for those points with low Deff, and thus present difficulties interpreting the effect 

of stimuli that prompt a shift in D. One approach to dealing with the molecules lost due to 

the negative slopes would be to assign them to an “immobile” group. However, this 

presumes that they are immobile and still undermines the advantages of monitoring the 

distribution; because it is sometimes quite a high fraction, removing this data would also 

lower the resolution of the resulting maps of Deff. We thus asked whether we could rescue 

some of the negative-slope fits without distorting the population by including an 

additional value of 0 at MSD(0), weighted lightly (as an n of 1) and then fit freely. This 

reduced the number of negative-slope results substantially, as expected (live vs fixed 3.0 

± 0.2%, n = 13 vs 6.8 ± 0.4%, n = 4; before vs after stimulation 2.5 ± 0.5 vs 4.8 ± 0.1%, n 
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= 5). This confirms the risk that excluding these molecules will undermine our ability to 

interpret differences in the population between conditions. The overall distribution was 

not substantially different these two analyses . 

In principle, the value of the fit at MSD=0 reflects the error of the trajectory 

(Savin and Doyle, 2005), providing a means to exclude tracks of unacceptably high error. 

However, as a molecule diffuses even during the 10 ms of our exposure, its photons are 

dispersed, effectively broadening the molecule’s image. This increases error in the 

localization estimate, which in turn degrades estimates of D (Michalet, 2010) as well as 

directionality, bounded region size, and other parameters (Frost et al., 2012) including 

cell morphology (Renner et al., 2011). The most troublesome aspect of this effect for our 

experiments is that the magnitude of the error is strongly dependent on the true D of the 

molecule. Immobilized molecules in live or fixed samples will be unaffected, whereas 

quickly moving molecules (D>~0.1 µm2/s) are expected to be more poorly localized and 

subject to greater error. This D-dependent error was apparent in our experiments, as 

indicated by calculating the error (from linear fits excluding the point at Δt = 0) as ε = 

√(MSD(0)/8) (Savin and Doyle, 2005) under conditions where D was expected to vary: ε 

=  18.3 ± 1.4 nm (live cells) vs. ε = 7.5 ± 0.5 nm (fixed cells); ε = 21.7 ± 3.3 nm (before 

Glu/Gly stimulation) vs. ε = 11.39 ± 0.8 nm (after Glu/Gly stimulation). Thus, using 

MSD(0) as a way to select tracks thus preferentially eliminates the faster-moving 

molecules. Because we are centrally interested in the change of CaMKII mobility both 

within the cell and across stimulus conditions, this presents a confound that would make 

it difficult to interpret changes in the distribution of D, so we did not exclude tracks based 

on this criterion.  
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Immunostaining 

	  
Cells were pre-treated with 100 µM DL-APV and 10 µM KN-93 for two days and 

stimulated with 100 µM Glutamate/10 µM Glycine (Glu/Gly) for 30 – 60 seconds. Cells 

were then immediately fixed with 4% paraformaldehyde (PFA) and 4% sucrose 

supplemented with a phosphatase inhibitor cocktail (PhosSTOP; Roche) in PBS 

(phosphate buffered saline, pH 7.4) for 10 min at room temperature. Cells were washed 3 

times with PBS containing 0.1 M glycine (PBS/Gly), and blocked in PBS/Gly with 10% 

goat serum, 0.3% Tween 20 and PhosSTOP (Dil experiment) or with 10% goat serum, 

0.3% Triton X-100 and phosSTOP for 1 hour. Cells were incubated with rabbit anti-

phospho-CaMKII (Thr286) (1:200, from Cell Signaling Technology or Promega) for 2 

hours at room temperature. Cells were washed 3 times with PBS/Gly, and incubated with 

Alexa-647 conjugated goat anti-rabbit secondary antibodies (1:200, Invitrogen) for 1 

hour at room temperature. Cells were washed 3 times and post-fixed with 4% PFA and 

4% sucrose in PBS for 5 min, and washed 3 times with PBS prior imaging. 

Two-color single-molecule imaging 

	  
Cells expressing shrPSD-95-mEos2 were pre-treated with 100 µM DL-APV and 

10 µM KN-93 for two days and stimulated with Glu/Gly and stained with anti-phospho-

CaMKII. Cells were imaged in STORM imaging buffer containing 50 mM Tris, 10 mM 

NaCl, 10% glucose, 0.5 mg/ml glucose oxidase (Sigma), 40 mg/ml catalase (Sigma), and 

0.1 M cysteamine (Sigma). Emission light was passed through a Photometrics DV2 to 

split the emission light at 565 nm and separate the red and far-red light through emission 

filters (590/50 and 655 long pass) onto the EM-CCD. To overlay the red and far red 
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channels, TetraSpeck beads (100 nm, Invitrogen) were dried on a glass coverslip and 

imaged (50 frames) for calibration at least once per experiment. Based on the average 

bead localizations the ‘projective’ transformation between the two channels was 

calculated using the MATLAB command ‘cp2tform’. Images were analyzed as described 

under “single-molecule localization and analysis”.  

 
The analysis for molecule directionality 
 

To distinguish motion mediated by flow along actin filaments from diffusion, 

1,000-1500 frames were collected at 1 Hz using a frame exposure time of 150 ms. During 

each long exposure, molecules bound into actin filaments will be nearly immobile except 

for their slow flow driven primarily by actin polymerization. In contrast, small molecules 

that are freely diffusing, such as G-actin monomers (Frost et al., 2012) will become 

blurred during the long exposure and indistinguishable from background. The 1-sec 

interval between frames permits the flow-driven displacement to exceed the inevitable 

localization error per frame (Frost et al., 2012), and further reduces the number of 

inappropriately tracked unbound molecules, which will rarely move only short distances. 

Following acquisition, molecules were localized and tracked. The maximum permissible 

displacement between frames in a track was set to 200 nm. Velocities were calculated 

based on the net displacement over the duration of the track. Spine morphology was 

deduced from the map of all localized positions. Direction of motion was measured 

relative to the center of the spine head. 
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Chapter III. Results 

Single-molecule tracking PALM optimization 

       In live-cell imaging, molecular motion degrades overall resolution. For proteins 

with effective diffusion coefficient between 0.1 to 1 µm2/s, they move 100 to 300 nm 

within 20 ms exposure time. This is 10 times larger than the localization precision. Thus, 

it is important to understand the effect of motion during image acquisition on the 

calculated precision. By Monte Carol simulation, for both fast and slow moving 

molecules and for molecules with various photon number, the calculated precision was 

degraded as exposure times increases.  Furthermore, the effect of motion on structure 

measurement was evaluated. In bounded structures like spines, the localization of 

molecules appeared away from the boundaries when the exposure time is longer. For 

molecular mobility, diffusion coefficient measured in bounded regions was 

underestimated as the region size decreased. For faster molecules in longer exposure 

time, the artifact was obvious.  

 To decrease the effect of molecule motion on structure and mobility 

measurement, we developed a simple approach that is flexible enough to adapt to diverse 

needs (Figure 6). To design the acquisition protocol for live-cell experiments, we 

considered the duration of excitation (te). In typical single-molecule tracking 

experiments, excitation persists for the duration of the image acquisition, and the 

acquisition speed is limited by the readout speed of the camera. For standard EMCCDs 

such as used here, the frame rate at a full 5126512 pixel frame is 30 Hz te =33 msec; a 

reduced acquisition window is frequently used to increase frame rate to 50 Hz, te = 20 

msec. Further reduction of te requires unacceptable limitation of the readout area of the 
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EM-CCD. Thus, we sought to illuminate molecules for only a brief proportion of each 

frame, while maintaining a larger imaged region of the CCD and a frame rate that could 

be set independently. To do this, we synchronized the initiation of the camera frame 

(provided through the ‘‘fire’’ TTL pulse on Andor’s EM-CCDs) to a TTL timing source 

(in this case, an AMPI Master-8) which gated an AOTF controlling the excitation laser. 

In this manner, both the exposure time and the delay after the start of the frame could be 

varied freely. Short illumination times required high-intensity excitation, which we 

achieved by expanding the incident collimated laser beam only to ~2.2 µm before 

focusing it onto the back focal plane of the objective for oblique (near-TIR) illumination. 

With this scheme, we could achieve either high acquisition frame rates (routinely 100 Hz 

of 15 X 50 mm at 100 nm per pixel), or short te (routinely 0.5 to 10 ms), or both.  

 

 

Figure 6 Acquisition Protocol for PALM 

405nm light is applied continuously, but at an adjustable intensity level that rise as the pool of molecules 

available for photoconversion shrinks during extended imaging. Further, the duration of the 561nm laser 

exposure per frame is set by the user not by the camera, which allows flexibility necessary during single-

molecule tracking of molecules with a diverse range of diffusion coefficients. 
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Using this configuration, we acquired sptPALM images of filopodia, spines, and 

spine necks of cultured neurons expressing membrane-mEos2. This molecule is targeted 

to the plasma membrane by virtue of a palmitoylation motif, and is quickly mobile (Deff : 

1 mm2/s; data not shown). To test whether shorter exposure times permitted more 

accurate reconstruction of cell morphology, we set te at 2 or 10 ms (in randomized order) 

while imaging the same field of view at a fixed 50 Hz image acquisition rate. To compare 

as directly as possible to our simulations, which maintained a constant photon output per 

frame, we altered the laser power L in concert with te to maintain equivalence of L* te. 

We plotted locations of all molecules meeting criteria (see Methods), which was 

sufficient to provide clear delineation of apparent cell morphology at each te. Visually, 

the influence of te on the diameter of fine processes was clear (Figure 7A, 7B). To 

quantify the effect, we measured filopodia, whose nearly constant diameter along their 

length makes their apparent diameter straightforward to ascertain. We measured the full 

width at halfmaximum of N processes at the two te values (Figure 7C–E). Indeed, the 

shift toward larger widths with reduced te is clear evidence that it more accurately 

captures cell morphology at scales relevant to super-resolution imaging.  
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Figure 7 More Accurate Morphology of Living Neurons Using Short, Pulsed 

Excitation during Acquisition. 

(A-B) Cultured hippocampal neurons grown 10 days in vitro (DIV) expressing membranemEos2 

were imaged at 50 Hz using excitation pulses of two durations (te = 2 ms and 10 ms) delivered in random 

order. The distribution of localized positions was plotted (A, enlarged in B), demonstrating a thinner 

appearance of neuronal processes imaged with longer te.  

(C) Intensity profile of line scans drawn perpendicular to the neuronal process as in B.  

(D) Cumulative frequency plot of the line scan full width at half maximum intensity.  

(E) Paired comparison showed that the width of the processes was consistently diminished in the longer 

exposure 
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PALM revealed super-resolved CaMKII distribution in living neurons  

 

To investigate CaMKIIα distribution at high resolution in living neurons, we used PALM 

to measure the location of single molecules (Betzig et al., 2006b; Hess et al., 2006). 

Cultured rat hippocampal neurons were transfected with mEos2-CaMKIIα (McKinney et 

al., 2009), which undergoes photoconversion from green to red fluorescence upon UV 

absorbance. Live-cell experiments were carried out using weak 405-nm illumination to 

photoconvert mEos2-CaMKIIα at a very low spatial density, enabling clear 

discrimination of single molecules. Red fluorescence was detected in 5,000 to 10,000 

frames at 50 Hz with 10-ms 561-nm excitation laser pulses. We used a shorter excitation 

pulse (10 ms) than camera exposure time (20 ms) because molecular motion during 

exposure deteriorates localization precision (Frost et al., 2012). Because CaMKIIα under 

basal conditions is substantially cytosolic (Halt et al., 2012), the distribution of all 

localizations outlined cell morphology. Compared with a diffraction-limited view, this 

PALM image revealed subspine morphological details at extremely high resolution 

(Figure 8).  
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Figure 8 Super-resolved CaMKII Distribution in Living Neurons Reveals Neuronal 

Morphology 

Cells expressing mEos2-CaMKIIα were imaged by single-molecule tracking PALM at 50 Hz . The 

intensity of the images acquired was averaged to construct a diffraction-limited image (left), and all 

localizations were binned to create a density map (right). Scale, 2.5 µm. 

	  
 

We estimated the effective map resolution (Gould et al., 2009) to be <30 nm, 

considering the localization precision (mean = 12 nm) (Thompson et al., 2002) and the 

density of localizations (Figure 9). Under these conditions, small morphological 

structures such as spine necks were detected with widths as small as 80 nm (Figure 10), 

highlighting the ability of PALM to exploit a single molecular species to extract multiple 

modalities of information from the same dataset, including cell morphology, molecule 

distribution, and molecular mobility.  
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Figure 9 Effective Map Resolution 

Histogram of effective resolution calculated from Reff = rnn2 + σ2, where rnn is the mean nearest neighbor 

distance of molecules within the region analyzed and σ the mean stand deviation of the localizations (Gould 

et al., 2009). 

 

 

 

Figure 10 Measurement of the Width of Small Morphological Structures 

Cumulative frequency of the width of spine necks and filopodia. 
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Multiple, distinct modes of CaMKII mobility resolved by single-molecule tracking 

To examine CaMKII mobility, we noted that photobleaching or photoactivation is 

restricted by diffraction to a region not much smaller than a spine, so that only the “bulk” 

average motion of many molecules into and out of this region is measured (Freche et al., 

2011). In addition, protein exchange rate between spines and dendrites is highly 

influenced by heterogeneous spine morphology (Bloodgood and Sabatini, 2005; Sheng 

and Hoogenraad, 2007). In combination, these factors may contribute to widely varying 

reports of time constants for the most mobile fraction of CaMKII exchange in spines 

(Sharma et al., 2006; Gielen et al., 2008; Zhang et al., 2008; Hoppa et al., 2012). In 

contrast, single-molecule tracking PALM is not influenced by these factors, as it 

measures the motion of individually tracked molecules, and for each directly derives an 

effective diffusion coefficient (Kullmann et al., 1992; Manley et al., 2008; Frost et al., 

2010b). Though the accuracy of the approach is degraded by noise in each measurement 

and a limited photon budget of the label, the greater spatial resolution of single-molecule 

tracking results in greater precision of measures, particularly for quickly moving 

molecules (Saxton and Jacobson, 1997). Given the brief track duration typical of mEos2 

(Figure 11A, B), we considered three methods for analyzing the effective diffusion 

coefficient, Deff, of CaMKII.  
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Figure 11 The Characteristics of mEos2-CaMKII Tracks 

(A) Example tracks of mEos2-CaMKIIα with green and red points indicating the first and last localized 

position in the track. Scale, 500 nm.  

(B) Histogram of track length (n = > 20,000 tracks per cell for 4 neurons). 

 

 

First, in order to utilize the large number of the shortest, two-frame tracks, we 

calculated Deff based on the displacement between all consecutive measurements of all 

molecules tracked for at least two frames. Assuming that photobleaching or 

photoblinking are the predominant reasons for loss of molecules after more than one 

frame, and considering that consecutive steps in a random walk are independent, two-

frame tracks should not sample a different population of molecules than those tracked 

over larger numbers of frames. We used the mean squared displacement MSD(Δt) = 

4DeffΔt to calculate Deff for every molecule localized in two consecutive frames separated 

by time Δt. However, the distribution of Deff in fixed cells was broad (data not shown), 

resulting in a poor detection limit of the analysis. This limited its further usage for 

CaMKII tracking in living cells. As a second approach, we calculated Deff from plots of 

A B 
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MSD vs. time that included tracks with different lengths. Assuming that tracks with 

different lengths do not represent different populations, we grouped together tracks with 

the same length and calculated the mean MSD for each group. The mean MSD from 

different groups was plotted as a function of the elapsed time to construct an MSD vs.  

time plot. Linear fitting was performed to the first 3 points of the MSD vs. time plot. 

With this approach, the Deff of whole cells was 0.076 ± 0.02 µm2/s for live cells and 

0.006 ± 0.001 µm2/s for fixed cells (Figure 12A, B; n = 4 neurons in each group).  

 

 

 

 

 

Figure 12 Different Ways of Deff Calculation 

(A) Deff calculated from two-frame displacement (n = 4 neurons) 

(B) Mean MSD from different groups (Red: Live cells; Black: Fixed cells) were plotted as a function of 

elapsed time to construct MSD vs. time plot. A linear fit of the first three points of the MSD vs. plot was 

used to calculate Deff (n = 4 neurons) 

 

A B 
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As a third approach, we sought to obtain both spatial and dynamic information of 

individual tracks. We constructed plots of MSD vs. time for every track that consisted of 

at least 4 frames, and calculated Deff as the best weighted linear fit of this plot (see 

Methods for details). Using this approach we estimated the Deff of molecules in live cells 

to be 0.084 ± 0.024 µm2/s and for that in fixed cells 0.005 ± 0.001 µm2/s (Figure 13A, B; 

n = 4 neurons). Nevertheless, in fixed samples, there was still some measured 

displacement between frames, potentially resulting from localization error from each 

molecule, incomplete immobilization of molecules after paraformaldehyde fixation 

(Tanaka et al., 2010) or the occasional misclassification of two molecules as the same 

track. With this method we obtained a better separation between the distributions of Deff 

in live and fixed cells, and the Deff of fixed cells was lower (Fig. 13C). 

 

Figure 13 Deff Derived from the Longer Tracks Provids More Sensitive 

Measurements of CaMKII Mobiltiy 

(A) Example MSD vs. time plots from molecules tracked for 4 frames.  

(B) Histogram of Deff derived from tracks with at least 4 frames, using a weighted fit of the MSD vs time 

including zero as described in the Methods (red and black) or a fit excluding zero (grays)(n = 4 neurons).  

(C) Median Deff from 14B and 15B. 
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Comparison of these three approaches is useful in several ways. First, it is clear 

that the information derived from the smaller number of long tracks cannot be replaced 

by averaging the much more numerous short tracks. This is presumably because shorter 

tracks are affected more by the localization error at each frame (Michalet, 2010; Frost et 

al., 2012), whereas longer tracks permit a greater time for diffusion and a resulting 

increase in displacement of unfixed molecules that dominates the error. Nevertheless, the 

distribution of 2-frame jump distances contains important information about molecular 

mobility, and the benefit of longer tracks will depend on the relationship between the 

localization error, D, and acquisition rate. The second approach, by accumulating all 

tracks, achieves high sensitivity but sacrifices spatial information. Notably, it provides 

A          B 

C          
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high temporal resolution; this analysis of the mobility of the molecule population can be 

obtained at about once per sec depending on the molecular density and size of the imaged 

area. For our further analysis of CaMKII mobility here, we used the third method because 

it provides sensitive measurements of CaMKII dynamics with spatial information, though 

the resulting maps of high spatial resolution are accumulated over a time frame of 200 

sec. 

Using this approach, the distribution of Deff clearly appeared to consist of more 

than one subpopulation. A two-component Gaussian function fit, including one 

subpopulation whose mean was held constant at the mean Deff measured in fixed cells, 

resulted in fits that were clearly insufficient (R2 = 0.940; Figure 14A). However, a three-

component fit appeared adequate in all cases (R2 = 0.992; Figure 14B). Thus, we 

continued to use a three-component analysis to characterize the distribution of Deff 

(Figure 14C, D).  
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Figure 14 CaMKII Mobiltiy is Classified into Three Subpopulations 

(A) Single example of histogram of Deff fitted with a two-component Gaussian (black: original data, green: 

Gaussian peak fitted, blue: sum of individual Gaussians).  

(B) Single example of histogram of Deff fitted with a three-component Gaussian.  

(C) The proportion of different subpopulations was quantified based on the characteristics of the fit. Area1: 

9.3%; Area2: 35.9%; Area3: 54.8% (n = 11).  

(D) Mean Deff of the subpopulations. Deff1: 0.0025 µm2/s; Deff2: 0.0173 µm2/s; Deff3: 0.1903 µm2/s. 
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Because CaMKII moves in three dimensions within cells, it is possible that the 

different Deff subpopulations we observed resulted from tracking this motion in 2D. To 

test this possibility, we simulated 3D random walks of molecules with a single diffusion 

coefficient and projected their displacement onto 2D for Deff calculation. The distribution 

of Deff from such simulations only had one population (Figure 15), indicating that 

tracking CaMKII movement in 2D is unlikely to result in artificial dynamic 

subpopulations.  

 

Figure 15 The Dynamic Subpopulation is Unlikey to be from the 3D Effect 

Histogram of Deff from simulated molecules (black) and experimental results (red). 
 

 

 

 

 



 66 

Alternatively, within small spines, the confined motion of CaMKII might result in 

reduced apparent mobility. However, we found no correlation between CaMKII mobility 

and spine size (r2 = 0.0006; Figure 16), suggesting that encounters between CaMKII 

molecules and the spine plasma membrane during the track were rare and of little 

influence on our measurements. Overall, these measurements indicate that CaMKII 

diffusion within cells is 10- to 100-fold slower than that measured in free solution 

(Lakadamyali, 2013) confirming the importance of understanding the mechanisms that 

restrict this mobility. 

 

 

 

Figure 16 CaMKII Deff Is Not Correlated with Spine Size 

Correlation between spine size and mean Deff (n = 61 spines, 11 neurons). 
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Actin cytoskeleton regulates CaMKII mobility 

	  
We inferred that the least mobile subpopulation of CaMKII contains those 

molecules that are immobilized via binding. Likewise, the fast population likely contains 

molecules that are the most free to diffuse unencumbered by interactions with effectors. 

However, the intermediate component suggests the presence of a third subpopulation of 

molecules not immediately interpretable in classical biochemical terms of bound and free. 

To investigate the mechanisms that result in this pool of molecules with intermediate 

mobility, we first considered that CaMKII holoenzymes are homomers or heteromers 

comprising both CaMKIIα and CaMKIIβ subunits (Lisman et al., 2012). CaMKIIβ 

interacts with actin filaments and could through this interaction slow the mobility of 

CaMKII holoenzymes (Shen et al., 1998; Lin and Redmond, 2008). To study the effect of 

CaMKIIβ on CaMKIIα mobility, we transfected neurons with mEos2-CaMKIIα alone or 

in combination with CaMKIIβ tagged with the photostable CFP variant Cerulean3 

(Markwardt et al., 2011), and compared the Deff the two groups of cells (including 

dendrites and spines). Overexpression of CaMKIIβ significantly decreased CaMKIIα 

mobility (Figure 17A; K-S test; p < 0.001). Three-component fitting showed that 

overexpression of CaMKIIβ decreased the proportion of the fast population from 54.8% 

to 37.4% of measured molecules, while increasing the intermediate population from 

35.9% to 46.3% (Figure 17B). We next tested whether we could reverse the effect of 

CaMKIIβ overexpression on CaMKIIα mobility by depolymerizing actin filaments.  
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Figure 17 Overexpression of CaMKIIβ Dereases CaMKII Mobility 

(A) Histogram of Deff of cells transfected with mEos2-CaMKIIα or mEos2-CaMKIIα/Cer3-CaMKIIβ (1:1) 

(n = 13 neurons for mEos2-CaMKIIα and n = 17 neurons for mEos2-CaMKIIα/Cer3-CaMKIIβ).  

(B) Histograms of Deff were fit as in Fig 14B and the proportion of each kinetic subpopulation was 

quantified. Deff1: 0.0025 µm2/s (9.3 ± 3.3%); Deff2: 0.0173 µm2/s (35.9 ± 5.4%); Deff3: 0.1903 ± 0.045 µm2/s 

(54.8 ± 4.9%) in the mEos2-CaMKIIα expressing cells (n = 11 neurons). Deff1: 0.0025 µm2/s (16.3 ± 3.6%); 

Deff2: 0.011 µm2/s (46.3 ± 5.7%); Deff3: 0.161 µm2/s (37.4 ± 3.8%) in the cells transfected with mEos2-

CaMKIIα/Cer3-CaMKIIβ (n = 15 neurons). *, p < 0.05 two-way ANOVA repeated measures with one 

factor repeated. 

 

 

To test the effect of reducing the number of actin filaments, we measured Deff in 

the same cells before and after treating the cells with the actin depolymerizing agent 

Latrunculin A (Lat A). For this, we chose dendrites with few spines to avoid the expected 

complication of Lat A reducing spine size. This treatment increased CaMKIIα mobility 

(Figure 18A; K-S test; p < 0.001). Three-component fitting showed that Lat A treatment 

profoundly decreased the size of the intermediate population (from 50.8% to 18.5% of all 
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measured molecules) while concomitantly increasing the fast population (from 40.6% to 

70.1%; Figure 18B). To assess whether this extended imaging (20,000 instead of 10,000 

frames) exhausted the slowest population of molecules, we collected twice the number of 

frames and examined the proportion of slow molecules in the first and second cohort of 

frames. This showed no reduction in the size of the slow population (paired sample sign 

test for slow population; p>0.5; intermediate populations; p>0.2), suggesting that the 

population of slowly moving molecules was not depleted during prolonged but low 

intensity photoactivation. Thus, the CaMKIIβ effect on the Deff distribution was abolished 

by Lat A. Consistent with the idea that the intermediate mobility arises from CaMKII 

interactions with the actin cytoskeleton, the intermediate subpopulation was most 

strongly regulated by these manipulations. Interestingly, the decrease of CaMKIIα 

mobility upon CaMKIIβ co-expression was not observed exclusively in spines, where F-

actin is most dense, but also in dendrite shafts. This suggests that even the relatively 

sparse actin filaments in the dendrite (Peng et al., 2012) may regulate CaMKII mobility. 

 

 

Figure 18 The Effect of CaMKIIβ is Reversed by Lat A 

(A) Histogram of Deff of cells transfected with mEos2-CaMKIIα/Cer3-CaMKIIβ before and after Lat A (n 

= 3 neurons).  

(B) Deff distributions before or after Lat A treatment (n = 3 neurons). *, p < 0.01 before vs. after lat A, two-

way ANOVA repeated measures with two factors repeated. 
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The spatial distribution of CaMKII mobility is heterogeneous within dendrites and 

spines 

Because there are numerous CaMKII substrates within spines, it is tempting to speculate 

that CaMKII regulates synaptic function by interacting with other proteins at multiple 

locations, not exclusively at the PSD. However, it remains unclear where and when these 

interactions occur within spines. Reasoning that CaMKII mobility will decrease as a 

result of these interactions, we evaluated CaMKII Deff within spines. We plotted all 

tracked CaMKII molecules, color-coded according to their mobility to construct spatial 

diffusion maps. Interestingly, these maps indicated that the mobility of CaMKII was 

strongly heterogeneous across the cell, revealing dendritic subregions where the local Deff 

differed by 10- to 100-fold from closely adjacent areas (Figure 19A). Notably, CaMKII 

mobility in spines was significantly lower than that in dendrites (Figure 19B; K-S test, p 
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< 0.001), consistent with the idea that there are more CaMKII binding partners within 

spines than within dendrites. Interestingly, three-component fitting of the mobility 

distribution in spines showed that most CaMKII belonged to the intermediate 

subpopulation (Figure 19C, Deff1: 0.0025 µm2/s (0.76 ± 1.35%); Deff2: 0.025 µm2/s (68.5 

± 11.5%); Deff3: 0.112 µm2/s (30.7 ± 12.5%). By contrast, in dendritic shafts, a higher 

proportion of molecules occupied the fast subpopulation (Figure 19C, Deff1: 0.0025 µm2/s 

(1.79 ± 0.82%); Deff2: 0.023 µm2/s (48.4 ± 4.7%); Deff3: 0.254 µm2/s (49.8 ± 4.7%). 

Because of the high density of polymerized actin in spines, this difference further 

supports the notion that a key regulator of CaMKII mobility is its interaction with the 

actin cytoskeleton.  
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Figure 19 The Spatial Distribution of CaMKII Mobility is Heterogeneous within 

Cells. 

(A) Deff was calculated and color-coded to construct a spatial map of molecular mobility. Scale,  1.5 µm 

(left top). Enlarged view of the spine marked from the left. Scale, 1 µm (right top).   

(B) Histogram of Deff from spines or dendrites (K-S test, p < 0.001, n = 5).  

(C) Deff in spines or dendrites were fit as in Fig 14B and the proportion of each kinetic subpopulation was 

quantified (n = 4).  
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NMDA receptor stimulation concentrates CaMKII in spines both at the PSD and away 

from the PSD 

To investigate the activation-dependent dynamics of CaMKII within spines, we 

first used confocal microscopy to study CaMKII distribution before and after NMDAR 

stimulation. Cells were co-transfected with GFP-CaMKIIα and PSD-95-mCherry, then 

imaged before and after a brief (1 min) Glu/Gly stimulation. As expected, GFP-CaMKIIα 

was primarily diffusely distributed in neurons at rest, with some enrichment in spines, but 

was rapidly concentrated in spines following stimulation (Figure 20A). Close 

examination of these spines revealed that CaMKII clearly colocalized with the PSD 

marked by PSD-95-mCherry, but that typically the degree of overlap was rough and 

GFP-CaMKIIα was also found adjacent to the PSD or even in other parts of the spine 

(Figure 20B). To explore this in greater detail, we used PALM to examine mEos2-

CaMKIIα distribution in live cells co-expressing PSD-95-Cerulean3. To ensure enough 

CaMKII molecules are collected in each condition, results of basal or after Glu/Gly were 

collected from different cells. After Glu/Gly stimulation, PALM revealed the stimulation-

driven concentration of CaMKII in spines (Figure 20C). Quantitatively, we found that the 

proportion of CaMKII within the spine that colocalized with the PSD (marked with PSD-

95-Cerulean3) roughly doubled after stimulation, compared with CaMKII enrichment 

under basal conditions (Figure 20D). Notably, however, PALM images also confirmed 

that CaMKII concentrated at points away from the PSD. Line-scan analysis along the 

length of the spine showed clear intensities of mEos2-CaMKIIα not associated with PSD-

95-Cerulean3 (Figure 20E).  
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Figure 20 Activated CaMKII Concentrates in Spines Both at the PSD and away 

from the PSD after NMDA Receptor Stimulation. 

(A) Cells transfected with GFP-CaMKIIα and PSD-95-mCherry were imaged by confocal microscopy 

before and after NMDAR stimulation. Scale, 1 µm.   

(B) Enlarged view from A (left) and other experiments before (right top) and after 0 Mg++/Gly  

stimulation (right bottom). Scale, 1µm.  

(C) CaMKII localizations were binned (25 nm) to construct a map of CaMKII density under basal 

 conditions and after Glu/Gly stimulation. Scale, 1 µm.  

(D) CaMKII enrichment at the PSD was quantified before and after Glu/Gly stimulation (*, p < 0.05, 

 K-S test, n = 52 synapses for basal, n = 22 synapses for Glu/Gly).  

(E) For basal condition and after Glu/Gly stimulation, image (top) shows density map of the spine 

from C (green) superimposed on deconvolved widefield image of PSD95-Cerulean3 (red). Lines 

indicate profiles along which intensity was measured, as shown in the graph (bottom). 
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CaMKII translocation following stimulation does not necessarily predict the 

kinase activation state (Gielen et al., 2008). To test whether CaMKII that concentrated 

away from the PSD was activated, we stained cells with a phospho-T286-CaMKIIα-

specific antibody, which specifically labels CaMKII in its activated state (Coultrap and 

Bayer, 2012). The amount of phospho-T286 is widely used to evaluate the status of 

CaMKII activation (Lemieux et al., 2012). Indeed, phospho-T286-CaMKII labeling 

intensity increased dramatically following Glu/Gly stimulation (Figure 21A). However, it 

is important to note that CaMKII is activated by Ca2+/CaM also under conditions that do 

not lead to T286 autophosphorylation, and even more critically, T286-phosphorylated 

CaMKII is not fully active in absence of Ca2+/CaM (Coultrap et al., 2010). Accordingly, 

the phospho-T286 staining does show that the NMDAR-stimulation (as used in the live 

tracking) indeed caused an activation of CaMKII, but there is not a way to direct assess 

the activity state of the kinase populations that were tracked live. To achieve nm 

resolution, we turned to two-color single-molecule imaging. First, after Glu/Gly 

stimulation, we labeled cells with anti-phospho-T286-CaMKII to mark activated CaMKII 

and DiI to outline morphology, and imaged both simultaneously via dSTORM (van de 

Linde et al., 2011; Holm et al., 2013). Phosphorylated CaMKII was found distributed 

broadly throughout the cell, but was largely concentrated in small clusters (Figure 21B) 

that were difficult to distinguish in confocal microscopy (data not shown). Spines 

visualized with DiI clearly contained small clusters of CaMKII at multiple locations, 

including points typically not at the sites of synapses, such as the spine neck (Figure 

21B). To test this in more detail, we expressed shrPSD-95-mEos2 to visualize the PSD by 

PALM (MacGillavry et al., 2013), stimulated cells with Glu/Gly, and then stained them 
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for phospho-T286-CaMKII for visualization by dSTORM. By visualizing both the PSD 

and activated CaMKII with super-resolution, we showed that phospho-T286 CaMKII 

clustered at locations both at and away from the PSD (Figure 21C). Together, these 

observations indicate that NMDA receptor stimulation prompts concentration of activated 

CaMKII both at the PSD and elsewhere in spines, consistent with potential interaction of 

CaMKII with downstream effectors away from the synapse.  
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Figure 21 Activated CaMKII Concentrates at and away from the PSD 

(A) Quantification of the intensity of Phospho-T286 immunostaining under basal conditions and after 

Glu/Gly stimulation (*, p < 0.001, K-S test, n = 11 cells).  

(B) Example of phospho-T286 CaMKII (red) with the plasma membrane labeled with DiI (green) resolved 

by two-color localization microscopy.  

(C) Example of phospho-T286 CaMKII as in G (red) with the PSD resolved by PALM of PSD-95-mEos2 

(green). Scale, 1 µm.   
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NMDAR stimulation immobilizes spine CaMKII both at and away from the PSD  

To further evaluate whether CaMKII can interact with binding partners at 

locations away from the PSD, we measured CaMKII mobility before and after Glu/Gly 

stimulation. Overall CaMKII mobility was significantly decreased after stimulation 

(Figure 22A, B (left); K-S test, p < 0.001)). In contrast, mobility of free mEos2 was not 

altered by stimulation (Figure 22B (right); K-S test, p > 0.1).  

 

 

Figure 22 CaMKII is Immobilied upon NMDAR Stimualtion 

(A) Deff map of mEos2-CaMKIIα in the same neuron before (left) and after (right) Glu/Gly stimulation. 

Scale, 2 µm.  

(B) Histograms of Deff of mEos2-CaMKIIα (left) or cytosolic mEos2 (right) before and after Glu/Gly 

stimulation (mEos2-CaMKIIα: K-S test, p < 0.001, n = 5 cells; mEos2: K-S test, p > 0.1, n = 5 cells). 
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To quantify CaMKII mobility in relation to the synapse, we co-transfected PSD-

95-Cerulean3. Under basal conditions, CaMKII mobility within the thresholded borders 

of the PSD was not different from that elsewhere in the spine (Figure 23A, B; n = 52 

spines). The results are in agreement with the previous observation that under basal 

conditions very little CaMKII is bound at the PSD (Dani et al., 2010; Feng et al., 2011; 

Holderith et al., 2012), though the absolute amount is expected to correlate with the size 

and strength of the synapse (Asrican et al., 2007). After Glu/Gly stimulation, CaMKII 

was immobilized at the PSD but strikingly also elsewhere in the cell. This was clear at 

other points in the spine outside of the PSD (Figure 23B), but a reduction was also seen 

in the dendrite shaft (median Deff basal 0.193 ± 0.012 µm2/s, stimulated 0.009 ± 0.002 

µm2/s). To examine whether the reduction within the spine was restricted to the synapse, 

we grouped CaMKII localizations in the spine at 100 nm intervals relative to the border 

of the PSD. This revealed that the slowing or immobilization CaMKII molecules 

occurred found at distances even several hundred nanometers away from the border of 

the PSD (Figure 23C). This suggests that NMDAR stimulation not only induces CaMKII 

binding to substrates at the PSD, but also to binding partners away even outside the PSD. 

Our results suggest that the mobility and binding of CaMKII within spines is determined 

by association with multiple interacting proteins that are broadly distributed within the 

cellular environment near the synapse. 
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Figure 23 CaMKII is Immobilized Both at the PSD and away from the PSD upon 

NMDAR Stimulation 

(A) CaMKII mobility map superimposed on deconvolved widefield image of PSD-95-Cerulean3 (black). 

Scale, 500 nm.  

(B) Mean Deff either within or outside of the PSD border (n = 54 synapses for basal condition, n = 22 

synapses for Glu/Gly, two groups were from different cells. *, p < 0.001, two-way ANOVA repeated 

measures with one factor repeated).  

(C) Mean Deff calculated in spatial bins either within or every 100 nm outside the PSD (n = 52 spines for 

basal condition, n = 22 spines for Glu/Gly, *, p < 0.001, two-way ANOVA).  
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Novel mechanism for CaMKII-actin regulation  

CaMKII-actin interaction was previously documented to be regulated by Ca/CaM 

binding, CaMKII autophosphorylation, but surprisingly not the kinase activity. Further 

studies showed that a new regulatory mechanism of F-actin by CaMKII: multiple 

autophosphorylation sites within actin-binding domain of CaMKII is essential to 

CaMKII-actin binding in vitro. In vivo, GFP-CaMKII phospho- mimicked mutant  had a 

reduced accumulation in the spines compared with wild type and CaMKII phospho- null 

mutant. With photoactivation experiemnts, the speed of CaMKII turnover was also 

evaluated and CaMKII phospho- mimicked mutant  showed a faster turnover compared 

with wild type and CaMKII phospho- null mutant.  The results supported that CaMKII 

phospho- mimick mutant lacks F-actin binding ability. It is not clear whether the binding 

influences the mobility of CaMKII within spines.  

Used smt PALM to evaluate CaMKII beta mobility and directionality. As 

expected, actin and CaMKII beta both have inward direction, but not All D. This supports 

the previous results that the autophosphorylation regulates camkii-actin binding. 

To test whether actin binding influences mobility of CaMKIIβ, we tracked single 

molecules of CaMKIIβ or actin within dendritic spines using single-particle tracking 

PALM. The distribution of localized molecules of mEos3-CaMKIIβ again revealed its 

greater enrichment within spines compared to the distribution of the All D mutant (Figure 

26A, B). We analyzed the tracks of individual molecules (Figure 24C) and measured 

their direction of motion (Figure 24D). Consistent with previous observations, tracked 

actin molecules showed predominantly inward movement from the periphery of dendritic 

spine toward the center (Figure 24E, H). Under the conditions of our experiments, G-
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actin is not analyzed due to its high diffusion rate (Frost et al., 2010b; see Methods). 

Thus, this movement of tagged actin has been interpreted to represent flow of molecules 

that are polymerized within F-actin, (Honkura et al., 2008; Tatavarty et al., 2009) and in 

motion along the filament as a result of actin treadmilling (as it is sensitive to 

jasplakinolide (Frost et al., 2010b)). This pattern of flow thus is consistent with broadly 

distributed sites of polymerization towards the spine periphery which are presumably 

responsible for maintaining the size of the spine head, similarly to other cellular 

protrusive structures supporting cellular motility, such as growth cone (Pollard and 

Borisy, 2003). To test whether CaMKIIβ molecules in spines exhibited a similar pattern, 

we examined their mobility and measured their direction of motion. Indeed, CaMKIIβ 

tagged with mEos3 showed a similarly high fraction of inwardly directed events. Polar 

plots of molecular vectors with respect to the center showed a broad distribution of 

orientations similar to actin (Figure 24F, H). In contrast, All D mutant molecules showed 

a strongly reduced directional selectivity (Figure 24G, H; 43% reduction: actin 66.3% in, 

CaMKIIβ 64.9% in, CaMKIIβ All D 58.5% in). This difference is consistent with the 

idea that interactions with F-actin guides the motion of wild-type but not AllD mutant 

CaMKII within spines.  
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Figure 24 Autophosphorylation of the Actin-binding Domain of CaMKIIβ Regulates 

the Dynamics in Dendritic Spines 

	  
 (A) Single-molecule localization of CaMKIIβ-mEos3.1 (left) and CaMKIIβ All D-mEos3.1 (right) binned 

at 40 nm to construct density maps.  

(B-C) Density map of an example spine (left); Example molecule trajectories of CaMKIIβ-mEos2 super-

imposed on the spine outlined from the density map of all localized molecules (right). Green and red points 

indicate the first and last localized position in the track.  

(D) Diagram showing that track angle θ was calculated with respect to the center of the spine head (black 

dot) to distinguish inwardly directed from outwardly directed molecules.  

(E-G) Example plots of all tracked molecules ( at least three frames) from single spines of cells transfected 

with the indicated constructs. The vectors show θ and velocity of each molecule, where red indicates 

inward tracks and black indicates outward. 0 and 180 degrees represent directly toward and away from the 

center, respectively.  

(H) Summary of similar experiments, showing the fraction of tracks with inward directionality for actin (n 

= 31 spines/7 neurons), CaMKIIβ (29 spines/7 neurons), and CaMKIIβ All D (35 spines/9 neurons). 

Kruskal-Wallis ANOVA (p < 0.01); post hoc pairwise comparisons by Mann-Whitney U test, **p < 0.017. 
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Chapter IV. Discussion 
 

Discriminating protein distribution and sites of action within cells is critical for 

studying CaMKII, as for many kinases and other signaling molecules, because even a few 

molecules of activated kinase positioned away from the bulk of the population may have 

unique and important functions in the cell. Using single-molecule tracking to achieve 

high spatial and kinetic resolution of protein motion within living neurons, I found that 

CaMKII mobility was surprisingly heterogeneous; even within single spines, though 

kinase mobility was on average lower than in dendrite shafts, there were subregions of 

elevated or diminished mobility. Activation of NMDA receptors greatly slowed and 

redistributed the population of CaMKII molecules. In individual spines, immobilized 

molecules likely representing activated, bound CaMKII were abundant at the synapse but 

also away from the PSD at other points of the spine. My results are consistent with the 

idea that CaMKII exerts its function on multiple substrates at different locations within 

neuronal spines and dendrites, regulating a diversity of mechanisms that underlie synaptic 

plasticity.  

 

Three ways of studying protein mobility  

	  
Traditionally, CaMKII mobility measured using FRAP and related methods has 

been classified simply as immobile or mobile (Sharma et al., 2006; Zhang et al., 2008; 

Lee et al., 2009). However, the uses of these techniques impose limitations. First, the 

region targeted for photobleaching (or photoactivation) is restricted by diffraction to a 

region not much smaller than a spine, so that only the “bulk” average motion of many 

molecules into and out of this region is measured. Further, averaging bulk molecular 
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motion limits the ability to discern subcomponents in each population. In addition, the 

protein exchange rate between spines and dendrites is highly influenced by spine 

morphology, which is heterogeneous and not easily measured in detail for individual 

spines during mobility assays (Bloodgood and Sabatini, 2005; Sheng and Hoogenraad, 

2007). In combination, these factors may contribute to the inconsistency in the literature 

regarding the time constants for the most mobile fraction of CaMKII in spines, which has 

ranged in different reports from ~13 sec to 5 minutes (Sharma et al., 2006; Zhang et al., 

2008; Lee et al., 2009).  

In contrast, single-molecule tracking PALM is not influenced by the factors 

discussed above, as it measures the motion of thousands of individually tracked 

molecules, and for each directly derives an effective diffusion coefficient from these 

observations. Though the accuracy of the approach is degraded by noise in each 

measurement and a limited photon budget of the label (Manley et al., 2008; Frost et al., 

2012), the spatial resolution of single-molecule tracking is still several fold higher, 

resulting in greater precision of measures particularly for quickly moving molecules 

(Saxton and Jacobson, 1997).  

Another classic way of measuring protein mobility in live cells is Fluorescence 

Correlation Spectroscopy (FCS). Within a diffraction-limit region, the fluctuation of the 

fluorescence intensity over time is measured. The normalized variance of the 

fluorescence fluctuation is the autocorrelation function G(τ). The shape of the 

autocorrelation curve G(τ) indicates the mobility of the molecule. This further provides 

the calculation of diffusion coefficient. The amplitude of the curve is inversely 

proportional to the molecule number (Kim and Schwille, 2003). Thus, FCS can be used 
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to monitor molecule aggregation such as AMPA receptor clustering and amyloid 

aggregates (Post et al., 1998) and investigate protein-protein interaction in living cells 

(Kim and Schwille, 2003; Kim et al., 2005; Sprague and McNally, 2005).  

Different from FRAP which is better suited for the time scale of seconds, FCS can 

be used for molecule movement at the microsecond scale both in vitro and in vivo 

(similar to smt PALM).  Organic fluorescence dye (Alexa 488) in water was measured to 

have the DFCS  = 300 µm2/s; the DFCS of eGFP in solution is 90 µm2/s; the DFCS of eGFP in 

HEK cells is 20 - 30 µm2/s; the DFCS of eGFP-CaMKII in HEK cells is 1.6 - 3 µm2/s (Kim 

and Schwille, 2003; Sanabria et al., 2008). Even though CaMKII mobility in HEK cells is 

faster than what I observed via smt PALM in the cultured hippocampal cells, the DFCS of 

GFP and the DFCS of GFP-CaMKII are consistent with the results from the DFCS via 

simulated single molecule in neurons (the Deff of GFP is 15 µm2/s; the Deff of CaMKII is 

4.5 µm2/s) (Khan et al., 2012). However, the spatial resolution of FCS is not optimal, 

with the best to be near diffraction-limit (Capoulade et al., 2011). Also, it’s highly 

sensitive to the model of the observation volume, has a difficult time distinguishing very 

low D, and can’t easily assess D in multiple subregions of a cell since the data is only 

collected in the one region where the beam is parked. 

Multiple variations of FCS have been developed for different purposes. FRET-

FCS (Remaut et al., 2005), in which the signal is only detected when two probes are close 

enough to undergo FRET, has been used to study protein-protein interaction Similarly, 

fluorescence cross-correlation spectroscopy (FCCS) examines the diffusion time 

difference between two molecules to deduce molecule interactions; therefore, the results 

are independent of the diffusion rate of molecules (Eigen and Rigler, 1994; Schwille et 
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al., 1997).  Two-photon FCS (TPFCS) and combining FCS with STED are used to 

achieve high spatial resolution (Heinze et al., 2000; Kim et al., 2005; Leutenegger et al., 

2012). FSC has been utilized and developed to measure molecular mobility, the rate 

constants of chemical interaction, triplet state lifetimes, fluorescence brightness, 

molecular concentrations, and other molecular parameters (Elson, 2011).  

In summary, I made use of smt PALM to measure CaMKII mobility at the 

subspine resolution, and use that as a read out for protein-protein interaction. However, it 

does not provide direct measurement of protein-protein interaction. To understand the 

CaMKII-substrate interaction and its regulating mechanism, FRET-based FCCS could be 

used in the future.  

 

Multiple dynamic subpopulations 

	  

I found that the effective diffusion coefficient of CaMKII molecules spanned 

several orders of magnitude, even in single spines of unstimulated cells under basal 

conditions. For convenience, I analyzed the population as three subpopulations--fast, 

intermediate, and immobile--though it may be that there are more than this, or indeed a 

broadly varying diversity. Regardless, this is substantially more detailed information than 

has been previously available.  

The slowest population (those indistinguishable from chemically fixed molecules) 

I take to be those that are bound to essentially immobile substrates in the neuron. On the 

other hand, the molecular subpopulation with the highest diffusion rates likely contributes 

to the mobile fraction observed with FRAP. However, some molecules of intermediate 
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Deff likely would also be classified as mobile. Considering photoactivation of CaMKII in 

a typical mushroom spine, Lee and Yasuda (Lee and Yasuda, 2009) estimated that a 1-

min escape time constant could be accounted for by a CaMKII Deff of 0.17 µm2/s. This 

Deff is in good accord with the fast population I observed (mean Deff = 0.19 µm2/s), 

suggesting that the mobility I observe may explain single-spine FRAP and 

photoactivation results. However, the Deff of the slower fraction estimated from 20-min 

escape time constant would be 0.0085 µm2/s (Lee et al., 2009), and this is several times 

slower than the intermediate subpopulation I observed (0.025 µm2/s). Moreover, in 

spines, I found that the fast population comprised only 30% of CaMKII molecules, much 

smaller than the bulk FRAP mobile fraction of ~80%. This suggests that the bulk “mobile 

fraction” comprises molecules with both fast and intermediate diffusion coefficients 

spanning at least two orders of magnitude, and which may represent multiple states and 

be subjected to quite diverse regulatory influences. 

In summary, by single-molecule tracking PALM, I was able to show a more 

detailed characterization of CaMKII dynamic subpopulations than previously defined by 

FRAP. Because CaMKII mobility could be an index of protein-protein interactions, a 

way of measuring CaMKII mobility with higher sensitivity makes it possible to further 

investigate the mechanisms that regulate different CaMKII-substrate interactions. 
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Mechanisms regulating basal CaMKII mobility  

 

The motion of CaMKII indicates its potential interaction with substrates and the 

current environment it encounters. This will influence the kinetics of CaMKII activation 

and effects. Under the basal conditions, CaMKII mobility contains at least three 

subpopulations, including at least one regulated by actin cytoskeleton.   

 The high concentrations of actin filaments in the spine are known to modulate 

CaMKII mobility in a number of ways. Importantly, binding between CaMKIIβ and actin 

filaments slows the exchange rate of CaMKII into and out of spines (Shen et al., 1998; 

Okamoto et al., 2009). In addition, actin filaments in the spine neck have been suggested 

to reduce the rate of CaMKII exchange between spines and dendrites (Byrne et al., 2011). 

However, whether actin filaments control CaMKII motion within the spine has not been 

clear. Here, I show directly that CaMKII mobility within the spine head is strongly 

influenced by the cytoskeleton. This regulation was exerted most clearly on CaMKII 

molecules that moved with an intermediate diffusion coefficient, as this subpopulation 

was enlarged in the presence of overexpressed CaMKIIβ (along with the slowest 

population) and reduced by latrunculin A treatment.  

The most straightforward mechanism to slow kinase mobility is binding of 

CaMKII oligomers to the sides of actin filaments (Figure 25a) (Okamoto et al., 2004). 

Such filament-bound CaMKII would most likely display a velocity of motion similar to 

polymerized actin monomers or other filament-binding proteins. However, these move 

within the cell only at extremely slow speeds (<50 nm/sec, Deff<10-3 µm2/s) generated by 

polymerization-dependent flow along the filament (Danuser and Waterman-Storer, 2006; 
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Frost et al., 2010b), whereas motion at these slow speeds would be classified in my 

current analysis as immobile rather than intermediate. An intermediate Deff could also 

arise from transition of holoenzymes between bound and free (or vice versa) during their 

tracking (Figure 25b). However, the unbinding rate is likely very slow (Khan et al., 

2012), suggesting that these transitions occur rarely during the brief periods I track 

individual molecules, and so the effect may not contribute substantially. 

 Further, even in a very high CaMKIIα:β ratio or in the presence of latrunculin 

which eliminates the vast majority of spine actin filaments (Kerr and Blanpied, 2012) and 

quickly halts actin-dependent trafficking (Kaksonen et al., 2006), a substantial population 

of molecules retained this intermediate mobility. Thus, filaments-binding alone does not 

easily explain the characteristics of this population. 

Several other mechanisms could underlie the actin-sensitive mobility of this large 

subpopulation. Based on electron microscopy, actin filaments in spines are highly 

branched and complex (Landis and Reese, 1983; Hotulainen and Hoogenraad, 2010; 

Burette et al., 2012). It is thus possible that such dense structures act as diffusion barriers 

for the bulky CaMKII holoenzyme (Figure 25c). Therefore, even though CaMKII might 

still move freely during the brief periods between interactions with these actin filaments, 

its mobility averaged over longer time periods will be reduced since it would often 

encounter impassable obstructions. Alternatively, CaMKII may also interact with targets 

that bind to and move along actin. For instance, CaMKIIα interacts with α-actinin2 

(Walikonis et al., 2001; Simonson et al., 2011), and thus might interact with actin through 

the actinin-actin association, and reduce diffusion even of holoenzymes that do not 

contain CaMKIIβ (Figure 25d). 
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Figure 25 Potential Actin-Related Mechanisms that regulate CaMKII mobility 

(a) Binding of CaMKII oligomers to the sides of actin filaments might slow CaMKII mobility 

(b) The intermediate Deff could also arise from transition of holoenzymes between bound and free (or vice 

versa) during their tracking 

(c) The dense structures act as diffusion barriers for the bulky CaMKII holoenzyme 

(d) CaMKII might interact with actin through the actinin-actin association and reduce diffusion even of 

holoenzymes that do not contain CaMKIIβ 
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Moreover, upon activation, CaMKII can phosphorylate a set of guanine 

nucleotide exchange factors (GEFs), including Kalirin-7 and Tiam1 (Penzes et al., 2008) 

that control the actin regulator Rac1 and may remain associated with actin filaments. 

Interestingly, the effects of latrunculin or co-expression of CaMKIIβ was seen also on 

CaMKIIα mobility in the dendrite, even though actin filaments there are less dense (Xu et 

al., 2013), consistent with the notion that CaMKII-actin direct or indirect binding is 

sufficient to slow mobility. Overall, though the details are still unclear, it is likely that 

multiple actin-related mechanisms establish the large population of spine CaMKII 

molecules that move substantially more slowly than free diffusion.  

Factors other than the molecular mass are involved for molecule motion in the 

complex environment such as the cytosol in vivo. In solutions, the Deff of GFP-CaMKII 

(970 kDa; 21 µm2/sec) is a about three to four fold slower than GFP (27 kDa; 83 µm2/sec) 

and GFP-CaM (42 kDa; 66 µm2/sec) measured by FCS (Sanabria et al., 2008). This is 

consistent with the estimation based on the molecular mass  (D ∝   1/ !"). However, 

In HEK cells, the Deff of GFP-CaMKII (1.6 µm2/sec) is 12 fold slower than GFP (20 

µm2/sec) (Sanabria et al., 2008). This reduction of D within the cellular environment has 

been termed“ hindered diffusion,” and could arise from a number of factors, including the 

presence of immobile barriers, molecular crowding, or binding interactions. Dextran was 

used to create a crowded environment, as the concentration of the dextran was increased 

the DFCS was decreased. This is likely caused by the increased collision between Dextran 

and CaM (Sanabria et al., 2007). Therefore, it is possible that CaMKII Deff under basal 

condition depends largely on this type of effect, CaMKII mobility is lower as a result of 

the dense actin filaments in the cellular environment. To test this possibility, one could 
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either express exogenous protein with high molecular mass to create a crowded 

environment or inject Dextran into neurons to see whether this could manipulate CaMKII 

subpopulations mobility of CaMKII Deff. 

The effect of immobilized barriers on molecule mobility was studied by 

measuring motion of molecules with different size (Dextran: 3 kDa - 70 kDa) in the  

silica nanostructures that polymerized over hours to days (0, 6hr, and 3 days) (Sanabria et 

al., 2007). The results showed that both the size and shape of the molecule and the pore 

size of the crowding environment determine the behavior of the molecule (Sanabria et al., 

2007). This will be even more pronounced for CaMKII because of its size as a 

holoenzyme.  

In summary, it seems likely that multiple mechanisms could contribute to the 

heterogeneous mobility of CaMKII, such as actin cytoskeleton, other binding 

interactions, cellular environment, and potentially other mechanisms that are still not 

clear. CaMKII motion will not only influence its effectors upon activation but also 

regulate synapse functions under basal conditions. Therefore, understanding the 

mechanisms that regulate CaMKII mobility under basal conditions will provide 

information about the previous activity of the cell and CaMKII’s role in maintaining 

basic synapse functions. 
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The distribution of CaMKII mobility indicates multiple neuronal functions 

 

I observed substantial but localized variations in the CaMKII effective diffusion 

coefficient. This makes clear that as the kinase diffuses within the cell, it encounters a 

complex and varied environment where it likely interacts with diverse proteins. Overall, 

CaMKII mobility was higher in dendrites than in spines, in line with earlier FRAP studies 

showing faster recovery after targeted photobleaching in dendrites than spines (Sharma et 

al., 2006). However, I expand these findings by demonstrating substantial heterogeneity 

across the interior of individual spines even under basal conditions. This spatial 

heterogeneity of mobility likely arises from various protein-protein interactions. Some 

interactors may simply be obstacles that produce no binding during elastic collisions, 

whereas many interactions are likely to involve binding over a broad range of affinities. 

Notably, very low affinity interactions of the type most difficult to identify via traditional 

biochemistry would be expected to slow or immobilize the kinase for only very brief 

periods.  

Therefore, via smt PALM, the information of protein-protein interaction or the 

elastic collisions that cannot be resolved with other assays can now be obtained. Indeed, 

under basal conditions, only a small fraction of the total pool was immobilized. Of this 

bound CaMKII, only a small part of was immobilized at the PSD, though the amount 

may correlate with the size and strength of the synapse (Asrican et al., 2007). It may be 

the case that these various obstacles and partners result in subsets or pools of CaMKII 

that are available for activation upon calcium elevation, and potentially confine CaMKII 

activity within spines (Lee et al., 2009).  
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 The heterogeneity of CaMKII mobility is different from the well-accepted model 

that CaMKII is classified only into bound or free fraction (Otmakhov et al., 2004). The 

existing model is that activated CaMKII at the PSD is mainly responsible for the synaptic 

plasticity (Lisman et al., 2012). The alternative model that CaMKII has multiple dynamic 

subpopulations depending on the binding interaction and the location of the kinase. This 

heterogeneity of CaMKII mobility provides information about the current status of 

CaMKII interaction with the substrate that might be the results of the previous activity. 

Moreover, the alternative model suggests the more precise control of the downstream-

signal activation. For example, CaMKII residing next to the calcium channels can be 

locally activated before CaMKII translocation or without recruiting CaMKII from other 

regions with lower calcium concentration. This localized activation around the calcium 

channel can further activate the downstream signals.  In addition, the locally available 

pool of CaMKII can be regulated by activity. For example, CaMKII is released from 

actin when Ca2+/CaM binds. Thus can provide a pool of activated CaMKII for 

downstream signals.  

Throughout the rest of the spine interior, CaMKII-actin interactions (Okamoto et 

al., 2007) likely dominate the mobility environment. When Ca2+/CaM binds, the available 

pool of activated CaMKII can regulate GEF (Penzes et al., 2008) and remodel actin 

cytoskeleton during structural plasticity. This is consistent with the recent model of 

CaMKII’s role to synaptic plasticity as a structural role (Okamoto et al., 2007; Okamoto 

et al., 2009). Via controlling the available CaMKII pool spatially and temporally, this 

will make it possible for CaMKII to regulate functions at multiple locations.  The 

regulation could be for under basal condition or upon stimulation. The alternative model 
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that CaMKII not only has functions at the PSD but also other regions away from the PSD 

seems a more possible model considering the abundance of CaMKII in neurons and its 

multiple functions to neuronal activity regulation. 

Following glutamate receptor stimulation, the fraction of CaMKII molecules that 

were immobilized and presumably bound increased dramatically. A substantial 

proportion of these immobile molecules are likely to be activated CaMKII, since such 

brief, global stimulation elevates kinase activity up to several minutes (Bayer et al., 2006; 

Lee et al., 2009; Lemieux et al., 2012). Consistent with this, staining of phosphorylated 

CaMKII increased dramatically following stimulation, as seen previously (Redondo et 

al., 2010; Lemieux et al., 2012), and this activated kinase distributed in the cell similarly 

to immobilized mEos2-CaMKII, including at the PSD and locations away from the PSD 

within the spine, and in the dendrites.  

Within the dendrite, I currently cannot define the mechanism of this effect, though 

several influences are likely. Actin filaments in the shaft are far less dense than in spines 

(Korobova and Svitkina, 2009; Peng et al., 2012), but CaMKIIα holoenzymes can self-

associate to form macrooligomers (Hudmon et al., 1996; Hudmon et al., 2005b). Though 

the chance of CaMKII self-association should be rare under basal conditions since 

Ca2+/CaM binding initiates the process (Hudmon et al., 2005b), larger complexes would 

be highly sensitive to the sieving effect by the actin cytoskeleton. Additionally, recent 

work suggests that dendritic microtubules are a target of activated CaMKII (Lemieux et 

al., 2012).  

At the synapse, one of the most abundant CaMKII substrates, NR2B (Bayer et al., 

2001; Leonard et al., 2002; Merrill et al., 2005; Halt et al., 2012), was recently shown to 
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be clustered within subdomains of the PSD (MacGillavry et al., 2013). PSD have been 

observed to have subcluster at the size of 100 nm via PALM (MacGillavry et al., 2013).  

These subdomains might serve as CaMKII accumulation points to enrich phosphorylation 

of its targets in this local subregion of the PSD. There are many synaptic CaMKII 

substrates, including GKAP (Shin et al., 2012), PSD95 (Steiner et al., 2008), AMPARs 

(Lu and Roche, 2012; Coultrap et al., 2014) and TARPs (Opazo et al., 2010; Sumioka et 

al., 2010) each of which individually has been proposed to regulate synaptic strength. 

Clustering phosphorylated substrates by docking CaMKII at specific PSD sites (Petersen 

et al., 2003; Simonson et al., 2011) may provide a means to accentuate or coordinate 

these effects.  

As a protein kinase, the duration of CaMKII activity and the number of the 

activated kinase are both important for its functions. How long CaMKII stays activated 

after stimulation is still under debate as discussed previously. The number of activated 

CaMKII at the PSD has been the focus of the research because this is the prime location 

for CaMKII to regulate synaptic plasticity. It is important to know whether GluN2B 

binding really accounts for all the PSD-bound CaMKII. The number of GluN2B-bound 

CaMKII has been estimated to be about 30  (about 2% of total CaMKII within the spine, 

about 33% of total CaMKII at the PSD) based on results by EM tomography, while a big 

proportion of CaMKII interact with other substrates at the PSD (Feng et al., 2011).  

Moreover, activated CaMKII has to be estimated to be very small fraction (about 0.2%), 

suggesting that the amount of the activated CaMKII would be difficult to be detected 

with traditional optical methods.  Therefore, this demands super resolution imaging to for 

further understanding of the activated CaMKII at the PSD.  
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Stargazin, SynGap, Shank, α-Actinin2, Densin-180, and calcium channels have  

been identified as CaMKII substrates. CaMKII phosphorylates Stargazin and traps 

surface AMPARs in the PSD to regulate short-term plasticity (Opazo et al., 2010). 

CaMKII regulates NMDA-induced redistribution of SynGap (Yang et al., 2013). 

However, the regulation between CaMKII and its many other substrates is still not very 

clear. 

Outside the synapse, the activated CaMKII that I have seen immobilized away 

from the PSD could serve a number of functions. Notably, CaMKII is known to increase 

synaptic AMPARs via regulating receptor trafficking to spines through interaction with 

microtubules (Lemieux et al., 2012). An intriguing extension of this notion is additional 

CaMKII regulation of receptor transport within spines. Prior work has demonstrated the 

facilitation of NMDAR traffic by the CaMKII-triggered release of NR2B-containing 

transport vesicles following phosphorylation of the kinesin 2 family member KIF17 

(Guillaud et al., 2008). It is tempting to speculate that perisynaptic or further distributed 

points of CaMKII away from the PSD could represent sites of phosphorylation 

controlling traffic of vesicles containing AMPARs or NMDARs. Moreover, CaMKII has 

been reported to be involved in proteasome recruiting into spines (Bingol et al., 2010), 

but what the detail molecular mechanism is not clear. Overall, revealing CaMKII 

dynamics in subspine resolution will provide an important tool for deciphering the 

multiple CaMKII-substrate interactions that regulate neuronal function	  

The	  Deff	  derived	  from	  MSD	  is	  a	  result	  of	  both	  the	  biophysical	  (local	  viscosity	  

or	  molecular	  crowding)	  and	  biochemical	  (protein-‐protein	  interaction)	  properties,	  

but	  lacking	  the	  abilities	  to	  tell	  them	  apart.	  More	  recently,	  a	  different	  analysis	  has	  
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been	  developed	  to	  extract	  diffusion	  coefficient	  (reveals	  density	  of	  obstacles)	  and	  

local	  field	  of	  forces	  (indicates	  molecular	  interaction).	  This	  can	  potentially	  be	  applied	  

to	  investigate	  how	  much	  actin	  cytoskeleton’s	  influence	  on	  CaMKII	  mobility	  is	  via	  

molecular	  crowding	  and	  how	  much	  is	  by	  binding	  interaction	  (Hoze	  et	  al.,	  2012;	  

Masson	  et	  al.,	  2014).	  	  

	  

Further research 

	  
Current	   models	   of	   LTP	   induction	   highlight	   CaMKII	   activation	   as	   necessary	  

and	   sufficient	   to	   trigger	   an	   increase	   in	   AMPAR	   content	   at	   individual	   synapses.	  

However,	   exactly	   how	   CaMKII	   activation	   prompts	   AMPARs	   to	   accumulate	   at	  

synapses	   is	  unclear.	  One potential mechanism is for CaMKII to release AMPAR from 

the receptor containing cargo before exocytosis	  via	  phosphorylating	  myosin	  V.	  This	  is	  

supported by the previous work that Myosin V transports AMPAR containing recycling 

endosomes into spines during synaptic activity (Wang et al., 2008). In	  addition,	  CaMKII	  

has	  been	  shown	  to	  release	  vesicles	  from	  myosin	  V	  by	  phosphorylation	  (Karcher	  et	  

al.,	  2001).	  	   

The potential mechanism could be further tested. Since there is putative CaMKII 

phosphorylation consensus on myosin Va, I could ask whether CaMKII phosphorylates 

myosin Va during LTP induction. CaMKII could be activated by chemical LTP, and 

hippocampal cultured cell lysates could be immunoprecipitated to pull down myosin Va 

and probed by anti-phospho-Ser antibody to detect basal phosphorylation level. To test 

whether CaMKIIα is essential to myosin Va phosphorylation, cells could be transfected 

with CaMKIIα T286A or T286D, or treated with CaMKII inhibitor, KN-93 and the 
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phosphorylation level of myosin Va could be evaluated. I would predict that CaMKIIα 

T286A and CaMKII inhibitor would decrease phosphorylation level, and CaMKIIα 

T286D would increase phosphorylation level. If so, this will support the hypothesis that 

CaMKII interacts with myosin Va. If CaMKII does not phosphorylate myosin Va during 

LTP induction, it could be that CaMKII regulate myosin Va through downstream 

effectors.  

 Whether CaMKII regulates the association between AMPAR and Myosin Va 

during LTP could be studied.  To test whether CaMKII releases AMPAR from myosin 

Va, I could use different manipulations to examine the role of CaMKII on AMPAR-

myosin Va association. Cells could be infected with Lenti virus containing different 

constructs to increase transfection efficiency, and CaMKII could be activated by 

chemical LTP. Myosin Va could be immunoprecipitated, then GluA1 could be probed to 

detect their association.  

Cells could be transfected with different mutants, CaMKIIα T286A, T286D 

myosin, Va S/A or myosin Va S/D and CaMKII-myosin Va association could be 

evaluated. Based on the hypothesis, I would predict that myosin Va S/A, CaMKIIα 

T286A mutants could retain AMPAR-myosin Va association, but myosin Va S/D and 

CaMKIIα T286D could decrease AMPAR-myosin Va association, and I could therefore 

conclude that phosphorylation on myosin Va is essential to AMPAR myosin Va 

association. However, if the results are not what I predicted, it would imply that 

CaMKIIα increases AMPAR exocytosis by downstream effectors, or phosphorylation 

might not be the regulation mechanism.  
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Furthermore, I could ask whether AMPAR-Myosin Va dissociation is essential to 

AMPARs insertion during LTP. To test whether AMPAR releasing from myosin Va is 

essential to LTP, I could manipulate AMPAR-myosin Va association and monitor surface 

GluA1 as an index of LTP. Cells could be cotransfected with myosin Va S/A or myosin 

Va S/D with HA/T-GluA1, and thrombin could be treated to cleave HA of surface 

GluA1. After chemical LTP, cells could be fixed and surface GLuA1 could be detected 

by N- terminus extracellular region of GLuA1 antibodies (Passafaro, et al., 2001). My 

predictions would be that myosin Va S/A decreases surface GluA1 after synaptic 

stimulation, and myosin Va S/D increases basal level surface GluA1. I could then 

conclude that with LTP induction, CaMKIIα phosphorylates myosin Va and releases 

AMPAR vesicles for gluR1 exocytosis. However, if there is no difference, it could be 

that there are more regulations involved in the process.  
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