
Cellular/Molecular

Multiple Spatial and Kinetic Subpopulations of CaMKII in
Spines and Dendrites as Resolved by Single-Molecule
Tracking PALM

Hsiangmin E. Lu,1,2 Harold D. MacGillavry,1,3 Nicholas A. Frost,1,3,4 and Thomas A. Blanpied1,2,3

1Department of Physiology, 2Program in Molecular Medicine, and 3Program in Neuroscience, University of Maryland School of Medicine, Baltimore,
Maryland 21201, and 4Department of Neurology, University of California San Francisco, San Francisco, California 94143

Calcium/calmodulin-dependent protein kinase II (CaMKII) is essential for synaptic plasticity underlying memory formation. Some
functions of CaMKII are mediated by interactions with synaptic proteins, and activity-triggered translocation of CaMKII to synapses has
been heavily studied. However, CaMKII actions away from the postsynaptic density (PSD) remain poorly understood, in part because of
the difficulty in discerning where CaMKII binds in live cells. We used photoactivated localization microscopy (PALM) in rat hippocampal
neurons to track single molecules of CaMKII�, mapping its spatial and kinetic heterogeneity at high resolution. We found that CaMKII�
exhibits at least three kinetic subpopulations, even within individual spines. Latrunculin application or coexpression of CaMKII�
carrying 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 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 quite distant from the synapse. Together, these results
indicate that CaMKII mobility within spines is determined by association with multiple interacting proteins, even outside the PSD,
suggesting diverse mechanisms by which CaMKII may regulate synaptic transmission.
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Introduction
Cytosolic signaling molecules, such as kinases, are critically reg-
ulated by their ability to diffuse within the cell interior. Diffusion
of kinases governs exposure to upstream activators and deter-
mines how quickly and how far they disperse to bind substrate
targets and phosphatases. A key example in neurons is the regu-
lated mobility of calcium/calmodulin-dependent protein kinase
II (CaMKII), an abundant kinase that plays an essential role in
learning and memory by modifying synaptic function (Coultrap
and Bayer, 2012; Lisman et al., 2012). In neurons at rest, most
CaMKII is inactive and abundant in dendritic shafts, but after its
activation following NMDA receptor-mediated Ca 2� influx,

CaMKII rapidly accumulates in dendritic spines via diffusion and
binding (Shen and Meyer, 1999). This enrichment of CaMKII in
the spine is critical for the induction of synaptic plasticity (Fink
and Meyer, 2002; Lisman et al., 2002), and so understanding how
and where CaMKII acts within spines is of great importance.

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
postsynaptic density (PSD). NMDAR stimulation drives enrich-
ment 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 mech-
anisms unlikely to occur at the PSD. For instance, CaMKII can
regulate trafficking of AMPARs, NMDARs, and GABAA recep-
tors through effects both in spines and dendrites (Guillaud et al.,
2008; Marsden et al., 2010; Opazo et al., 2010; Lemieux et al.,
2012). Critically, although spines contain numerous potential
CaMKII targets known to regulate AMPAR trafficking or synapse
function (Colbran, 2004), little is known about CaMKII targeting
to substrates within the spine that are not at the PSD.

Our understanding of subspine targeting is limited in part
because biochemical methods suited for identifying kinase–sub-
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strate interactions are difficult to confirm in living cells. How-
ever, measurement of protein mobility can reveal protein–
protein interactions in cells (Sprague and McNally, 2005).
Fluorescence recovery after photobleaching and photoactivation
has identified mobile and immobile fractions of the total popu-
lation of CaMKII, and following NMDAR stimulation, more
CaMKII is immobilized, presumably through increased binding
interactions (Otmakhov et al., 2004; Sharma et al., 2006; Zhang et
al., 2008; Lee et al., 2009). Unfortunately, dissecting mobility of
CaMKII at specific regions within individual spines is difficult
because diffraction limits the spatial resolution of confocal mi-
croscopy. Equally important, interactions of interest may be tran-
sient or involve molecular subpopulations difficult to detect
while observing the average behavior of the total population.

To overcome these obstacles, we studied CaMKII mobility in
living neurons using single-molecule tracking photoactivated lo-
calization microscopy (PALM) (Manley et al., 2008; Frost et al.,
2010), which provided methods to map molecular dynamics of
CaMKII within spines. Using this approach, we find a distinctive
and substantial regulation of CaMKII mobility both at and sur-
rounding synapses following NMDAR stimulation.

Materials and Methods
Neuron culture, cDNA, and transfection. Dissociated hippocampal neu-
ron cultures were prepared from embryonic day 18 rats of either sex as
described previously (Frost et al., 2010). Glass coverslips (Warner Instru-
ments) were boiled in filtered water, ammonium hydroxide, and hydro-
gen peroxide (5:1:1), rinsed with filtered water, ethanol, and methanol,
and flamed. Before plating, coverslips were coated with poly-L-lysine
(Sigma) overnight. Cells were transfected with Lipofectamine 2000 (In-
vitrogen) at DIV12–16 and imaged 36 – 48 h later. cDNAs were obtained
or constructed as follows: mEos2-CaMKII� was constructed by subclon-
ing CaMKII� from GFP-CaMKII� (a gift from T. Meyer, Stanford Uni-
versity, Stanford, CA) into mEos2–C1 (a gift from S. McKinney, Stowers
Institute for Medical Research, Kansas City, MO). CaMKII�-Cerulean3
was constructed by subcloning CaMKII� from GFP-CaMKII� (a gift
from T. Meyer, Stanford University, Stanford, CA) into Cerulean3-C1 (a
gift from M. Rizzo, University of Maryland, Baltimore, Baltimore). PSD-
95-mCherry (Kerr and Blanpied, 2012) and shrPSD-95-mEos2 (MacGil-
lavry et al., 2013) were described previously. PSD-95-Cerulean3 was
constructed by subcloning PSD-95 into Cerulean3-N1.

PALM imaging. Cells expressing the indicated constructs were imaged
at room temperature in extracellular imaging buffer containing 120 mM

NaCl, 3 mM KCl, 2 mM CaCl2, 2 mM MgCl2, 10 mM glucose, and 10 mM

HEPES, pH 7.35. Imaging was conducted on an Olympus IX81 inverted
microscope with a 100�/1.45 TIRF oil-immersion objective. Output
from a set of diode lasers (Coherent) was directed to the rear of the
microscope using a custom optical path. Molecules were simultaneously
photoconverted and excited using 405-nm (�100 �W) and 561 nm (20
mW) illumination through oblique illumination (near TIR) to reduce
background fluorescence. The AOTF was controlled separately by a TTL
timing source (AMPI Master-8) so that excitation pulse length could be
set independently from the exposure time, reducing noise caused by
molecular motion during the acquisition of each frame (Frost et al.,
2012). As a molecule diffuses even during the 20 ms of our exposure, its
photons are dispersed, effectively broadening the molecule’s image. This
increases error in the localization estimate, which in turn is expected to
degrade estimates of D (Michalet, 2010) as well as directionality,
bounded region size, and other parameters (Frost et al., 2012). Imaging
was conducted at 50 Hz, with 10 ms laser pulses for 10,000 –20,000
frames. Fluorescence was detected by an iXon� 897 EM-CCD camera
(Andor Technology) placed after a 1.6� magnifying optic, resulting in a
pixel size of 100 nm. The Olympus ZDC2 feedback positioning system
was used to maintain Z stability.

Single-molecule localization and tracking analysis. Raw images were
analyzed by algorithms written in MATLAB (MathWorks). Images were
bandpass filtered to identify candidate peaks. Molecules were then local-

ized by fitting a 2D elliptical Gaussian function to a 9 � 9 pixel array
surrounding the peak as previously described (Frost et al., 2010). PALM
images were rendered by constructing a density map by binning mole-
cules within 25 � 25 nm subpixel. Based on available algorithms
(http://physics.georgetown.edu/matlab/), localized molecules that ap-
peared 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 (�r 2� � 4D�t) based on estimated CaMKII
Deff (� 5 �m 2/s) (Sanabria et al., 2008; Khan et al., 2012). Using a 500 nm
tracking radius permits monitoring molecules with diffusion coefficients
up to 3 �m 2/s. The histogram of Deff was fitted with a two- or three-
component Guassian function 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 con-
struct a diffusion map. To estimate the relative enrichment of CaMKII at
the PSD, CaMKII single-molecule localization were overlaid with wide-
field images of PSD-95-Cerulean3, and the density of CaMKII localiza-
tions 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 decon-
volved 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.

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 versus elapsed time. Because it was impractical to use the
variance at each �t because of 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 �t � 1
the weight was �3, and at �t � 3, the weight was 1). A problem inherent
to this approach is that the localization error inherent in each molecule’s
MSD versus 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 because of the nega-
tive 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 these 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 � 5). This confirms the risk
that excluding these molecules will undermine our ability to interpret
differences in the population between conditions. The overall distribu-
tion was not substantially different these two analyses (see Fig. 1H ).

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 broad-
ening the molecule’s image. This increases error in the localization esti-
mate, 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 trou-
blesome aspect of this effect for our experiments is that the magnitude of
the error is strongly dependent on the true D of the molecule. Immobi-
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lized molecules in live or fixed samples will be unaffected, whereas
quickly moving molecules (D�
0.1 �m 2/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 �t � 0) as � � �(MSD(0)/8) (Savin and
Doyle, 2005) under conditions where D was expected to vary: � � 18.3 	
1.4 nm (live cells) versus � � 7.5 	 0.5 nm (fixed cells); � � 21.7 	 3.3
nm (before Glu/Gly stimulation) versus � � 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.

Live-cell confocal microscopy. Live-cell imaging experiments were con-
ducted on a spinning disc confocal system. This system consists of an
Olympus IX-81 inverted microscope with a CSU-22 confocal (Yoka-
gawa) and an Orca-ER CCD (Hamamatsu) mounted on the side-port,
and excitation laser (Coherent) and emission filters (Semrock). Cells
expressing the indicated constructs were imaged at room temperature in
extracellular imaging buffer with a 60�1.42 NA oil objective and an extra
1.6� and 1.2� magnification in the light path, resulting in pixel size of 56
nm. Acquisition was controlled by IQ software (Andor Technology).

Immunostaining. Cells were pretreated with 100 �M DL-APV and 10 �M

KN-93 for 2 d and stimulated with 100 �M glutamate/10 �M glycine
(Glu/Gly) for 30 – 60 s. Cells were then immediately fixed with 4% PFA
and 4% sucrose supplemented with a phosphatase inhibitor mixture
(PhosSTOP; Roche) in PBS, 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 h. Cells were incubated with rabbit anti-
phospho-CaMKII (Thr286) (1:200, from Cell Signaling Technology or
Promega) for 2 h at room temperature. Cells were washed 3 times with
PBS/Gly and incubated with Alexa-647-conjugated goat anti-rabbit sec-
ondary antibodies (1:200, Invitrogen) for 1 h at room temperature. Cells
were washed 3 times and postfixed 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 pretreated with 100 �M DL-APV and 10 �M KN-93 for 2 d 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 �g/ml cata-
lase (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 chan-
nels, TetraSpeck beads (100 nm, Invitrogen) were dried on a glass cover-
slip 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.”

Results
PALM reveals super-resolved CaMKII distribution in
living neurons
To investigate CaMKII� distribution at high resolution in living
neurons, we used PALM to measure the location of single mole-
cules (Betzig et al., 2006; Hess et al., 2006; Jones et al., 2011).
Cultured rat hippocampal neurons were transfected with
CaMKII� tagged with mEos2, which undergoes photoconver-
sion from green to red fluorescence upon UV absorbance
(McKinney et al., 2009). Live-cell experiments were carried out
using weak 405 nm illumination to photoconvert mEos2-CaMKII�
at a very low spatial density, enabling clear discrimination of single
molecules. Red fluorescence was detected in 5000–10,000 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 preci-
sion (Frost et al., 2012). Because CaMKII� under basal conditions is
substantially cytosolic (Michalet, 2010; Frost et al., 2012), the distri-
bution of all localizations outlined cell morphology. Compared with
a diffraction-limited view, this PALM image revealed subspine mor-
phological details at extremely high resolution (Fig. 1A). We esti-
mated 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 (Fig. 1B).
Under these conditions, small morphological structures, such as
spine necks, were detected with widths as small as 80 nm (Fig. 1C),
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.

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 (Kim et
al., 2010). In addition, protein exchange rate between spines and
dendrites is highly influenced by heterogeneous spine morphol-
ogy (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; Zhang et al.,
2008; Lee et al., 2009; Khan et al., 2012; Dupuis et al., 2014). 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 (Hoze et al., 2012; Manley et al., 2008; Frost et al.,
2010). Although 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 (Fig. 1D,E), we considered three
methods for analyzing the effective diffusion coefficient, Deff, of
CaMKII. First, to use 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 dif-
ferent population of molecules than those tracked over larger
numbers of frames. We used the mean squared displacement
MSD(�t) � 4Deff�t to calculate Deff for every molecule localized
in two consecutive frames separated by time �t. 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 MSD versus 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 calcu-
lated 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 versus time plot. Linear fitting was performed
to the first 3 points of the MSD versus time plot. With this ap-
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proach, the Deff of whole cells was 0.076 	 0.02 �m 2/s for live
cells and 0.006 	 0.001 �m 2/s for fixed cells (Fig. 1F; n � 4
neurons in each group).

As a third approach, we sought to obtain both spatial and
dynamic information of individual tracks. We constructed plots
of MSD versus time for every track that consisted of at least 4
frames and calculated Deff as the best weighted linear fit of this
plot (see Materials and Methods). Using this approach, we esti-
mated the Deff of molecules in live cells to be 0.084 	 0.024 �m 2/s
and for that in fixed cells 0.005 	 0.001 �m 2/s (Fig. 1G,H; n � 4
neurons). Nevertheless, in fixed samples, there was still some
measured displacement between frames, potentially resulting
from localization error from each molecule, incomplete immo-
bilization 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 sepa-

ration between the distributions of Deff in live and fixed cells, and
the Deff of fixed cells was lower (Fig. 1I).

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 be-
cause 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 lo-
calization error, D, and acquisition rate. The second approach, by
accumulating all tracks, achieves high sensitivity but sacrifices
spatial information. Notably, it provides high temporal resolu-

Figure 1. Super-resolved CaMKII distribution and dynamic subpopulations in living neurons. A, Cells expressing mEos2-CaMKII� 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 bar, 2.5 �m. B, Histogram of
effective resolution calculated from Reff � �r2

nn � �2, where rnn is the mean nearest neighbor distance of molecules within the region analyzed and � the mean SD of the localizations (Gould
et al., 2009). C, Cumulative frequency of the width of spine necks and filopodia. D, Example tracks of mEos2-CaMKII�, with green and red points indicating the first and last localized position in the
track. Scale bar, 500 nm. E, Histogram of track length (n � �20,000 tracks per cell for 4 neurons). F, Mean MSD from different groups (red represents live cells; black represents fixed cells) were
plotted as a function of elapsed time to construct MSD versus time plot. A linear fit of the first three points of the MSD versus plot was used to calculate Deff (n � 4 neurons). G, Example MSD versus
time plots from molecules tracked for 4 frames. H, Histogram of Deff derived from tracks with at least 4 frames, using a weighted fit of the MSD versus time, including zero as described in Materials
and Methods (red and black) or a fit excluding zero (grays) (n �4 neurons). I, Median Deff from F and H. J, Single example of histogram of Deff fitted with a two-component Gaussian: black represents
original data; green represents Gaussian peak fitted; blue represents sum of individual Gaussians. K, Single example of histogram of Deff fitted with a three-component Gaussian. L, 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). M, Mean Deff of the subpopulations. Deff1: 0.0025 �m 2/s; Deff2:
0.0173 �m 2/s; Deff3: 0.1903 �m 2/s. N, Histogram of Deff from simulated molecules (black) and experimental results (red). O, Correlation between spine size and mean Deff (n � 61 spines, 11
neurons).
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tion; this analysis of the mobility of the
molecule population can be obtained at
about once per seconds 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 measure-
ments of CaMKII dynamics with spatial
information, although the resulting maps
of high spatial resolution are accumulated
over a time frame of 200 s.

Using this approach, the distribution
of Deff clearly appeared to consist of
more than one subpopulation. A two-
component Gaussian function fit, includ-
ing one subpopulation whose mean was
held constant at the mean Deff measured
in fixed cells, resulted in fits that were
clearly insufficient (R 2 � 0.940; Fig. 1J).
However, a three-component fit appeared
adequate in all cases (R 2 � 0.992; Fig.
1K). Thus, we continued to use a three-
component analysis to characterize the
distribution of Deff (Fig. 1L,M). 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 displace-
ment onto 2D for Deff calculation. The
distribution of Deff from such simulations
only had one population (Fig. 1N), indi-
cating that tracking CaMKII movement in
2D is unlikely to result in artificial
dynamic subpopulations. Alternatively,
within small spines, the confined motion
of CaMKII might result in reduced appar-
ent mobility. However, we found no cor-
relation between CaMKII mobility and
spine size (r 2 � 0.0006; Fig. 1O), suggest-
ing 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 (Sanabria
et al., 2008), confirming the importance of understanding the
mechanisms that restrict this mobility.

Actin cytoskeleton regulates CaMKII mobility
We inferred that the least mobile subpopulation of CaMKII con-
tains 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 inter-
mediate mobility, we first considered that CaMKII holoenzymes
are homomers or heteromers comprising both CaMKII� and
CaMKII� subunits (Lisman et al., 2012). CaMKII� interacts with
actin filaments and could through this interaction slow the mo-

bility of CaMKII holoenzymes (Shen et al., 1998; Lin and Red-
mond, 2008). To study the effect of CaMKII� on CaMKII�
mobility, we transfected neurons with mEos2-CaMKII� alone or
in combination with CaMKII� 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 CaMKII� significantly decreased CaMKII�
mobility (Fig. 2A; K-S test; p � 0.001). Three-component fitting
showed that overexpression of CaMKII� decreased the propor-
tion of the fast population from 54.8% to 37.4% of measured
molecules while increasing the intermediate population from
35.9% to 46.3% (Fig. 2B). We next tested whether we could re-
verse the effect of CaMKII� overexpression on CaMKII� mobil-
ity by depolymerizing actin filaments. 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 depo-
lymerizing agent Latrunculin A (Lat A). For this, we chose den-
drites with few spines to avoid the expected complication of Lat A
reducing spine size. This treatment increased CaMKII� mobility
(Fig. 2C; K-S test; p � 0.001). Three-component fitting showed

Figure 2. Actin cytoskeleton regulates CaMKII mobility. A, Histogram of Deff of cells transfected with mEos2-CaMKII� or
mEos2-CaMKII�/Cer3-CaMKII� (1:1) (n � 13 neurons for mEos2-CaMKII� and n � 17 neurons for mEos2-CaMKII�/Cer3-
CaMKII�). B, Histograms of Deff were fit as in Figure 1K, and the proportion of each kinetic subpopulation was quantified. Deff1:
0.0025 �m 2/s (9.3 	 3.3%); Deff2: 0.0173 �m 2/s (35.9 	 5.4%); Deff3: 0.1903 	 0.045 �m 2/s (54.8 	 4.9%) in the mEos2-
CaMKII� expressing cells (n � 11 neurons). Deff1: 0.0025 �m 2/s (16.3 	 3.6%); Deff2: 0.011 �m 2/s (46.3 	 5.7%); Deff3: 0.161
�m 2/s (37.4 	 3.8%) in the cells transfected with mEos2-CaMKII�/Cer3-CaMKII� (n � 15 neurons). *p � 0.05 (two-way
ANOVA repeated measures with one factor repeated). C, Histogram of Deff of cells transfected with mEos2-CaMKII�/Cer3-CaMKII�
before and after Lat A (n � 3 neurons). D, Deff distributions before or after Lat A treatment (n � 3 neurons). *p � 0.01 before
versus after lat A (two-way ANOVA repeated measures with two factors repeated).
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that Lat A treatment profoundly decreased the size of the inter-
mediate population (from 50.8% to 18.5% of all measured mol-
ecules) while concomitantly increasing the fast population (from
40.6% to 70.1%; Fig. 2D). To assess whether this extended imag-
ing (20,000 instead of 10,000 frames) exhausted the slowest pop-
ulation 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
CaMKII� 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 in-
termediate subpopulation was most strongly regulated by
these manipulations. Interestingly, the decrease of CaMKII�
mobility upon CaMKII� coexpression was not observed ex-
clusively 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 (Xu et al., 2013) may regulate
CaMKII mobility.

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 ex-
clusively 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. Interest-
ingly, these maps indicated that the
mobility of CaMKII was strongly hetero-
geneous across the cell, revealing den-
dritic subregions where the local Deff

differed by 10- to 100-fold from closely
adjacent areas (Fig. 3A). Notably, CaMKII
mobility in spines was significantly lower
than that in dendrites (Fig. 3B; K-S test,
p � 0.001), consistent with the idea that
there are more CaMKII binding partners
within spines than within dendrites. Inter-
estingly, three-component fitting of the
mobility distribution in spines showed
that most CaMKII belonged to the inter-
mediate subpopulation (Fig. 3C; Deff1:
0.0025 �m 2/s (0.76 	 1.35%); Deff2: 0.025
�m 2/s (68.5 	 11.5%); Deff3: 0.112 �m 2/s
(30.7 	 12.5%). By contrast, in dendritic
shafts, a higher proportion of molecules
occupied the fast subpopulation (Fig. 3C;
Deff1: 0.0025 �m 2/s (1.79 	 0.82%); Deff2:
0.023 �m 2/s (48.4 	 4.7%); Deff3: 0.254
�m 2/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.

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
cotransfected with GFP-CaMKII� and PSD-95-mCherry, then
imaged before and after a brief (1 min) Glu/Gly stimulation. As
expected, GFP-CaMKII� was primarily diffusely distributed in
neurons at rest, with some enrichment in spines, but was rapidly
concentrated in spines following stimulation (Fig. 4A). Close ex-
amination of these spines revealed that CaMKII clearly colocal-
ized with the PSD marked by PSD-95-mCherry but that typically
the degree of overlap was rough and GFP-CaMKII� was also
found adjacent to the PSD or even in other parts of the spine (Fig.
4B). To explore this in greater detail, we used PALM to examine
mEos2-CaMKII� distribution in live cells coexpressing 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 (Fig.
4C). Quantitatively, we found that the proportion of CaMKII
within the spine that colocalized with the PSD (marked with PSD-
95-Cerulean3) approximately doubled after stimulation, compared
with CaMKII enrichment under basal conditions (Fig. 4D). 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-CaMKII� not associ-
ated with PSD-95-Cerulean3 (Fig. 4E).

CaMKII translocation following stimulation does not neces-
sarily predict the kinase activation state (Lee et al., 2009). To test
whether CaMKII that concentrated away from the PSD was acti-

Figure 3. 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 bar: left top, 1.5 �m. Enlarged view of the spine marked from the left. Scale
bar: right top, 1 �m. B, Histogram of Deff from spines or dendrites (K-S test, p � 0.001, n � 5). C, Deff in spines or dendrites was
fit as in Figure 1K, and the proportion of each kinetic subpopulation was quantified (n � 4).
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vated, we stained cells with a phospho-
T286-CaMKII�-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 in-
creased dramatically following Glu/Gly
stimulation (Fig. 4F). However, it is impor-
tant tonote thatCaMKII isactivatedbyCa2�/
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 Ca 2�/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 pop-
ulations 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 ac-
tivated CaMKII and DiI to outline mor-
phology and imaged both simultaneously
via dSTORM (van de Linde et al., 2011;
Shim et al., 2012). Phosphorylated
CaMKII was found distributed broadly
throughout the cell but was largely con-
centrated in small clusters (Fig. 4G) that
were difficult to distinguish in confocal
microscopy (data not shown). Spines vi-
sualized 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 (Fig.
4G). To test this in more detail, we ex-
pressed shrPSD-95-mEos2 to visualize the
PSD by PALM (MacGillavry et al., 2013),
stimulated cells with Glu/Gly, and then
stained them for phospho-T286-CaMKII
for visualization by dSTORM. By visualiz-
ing both the PSD and activated CaMKII
with super-resolution, we showed that
phospho-T286 CaMKII clustered at loca-
tions both at and away from the PSD (Fig.
4H). Together, these observations indi-
cate that NMDA receptor stimulation
prompts concentration of activated
CaMKII both at the PSD and elsewhere in
spines, consistent with potential interac-
tion of CaMKII with downstream effec-
tors away from the synapse.

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 (Fig. 5A,B,

left; K-S test, p � 0.001). In contrast, mobility of free mEos2 was
not altered by stimulation (Fig. 5B, right; K-S test, p � 0.1). To
quantify CaMKII mobility in relation to the synapse, we cotrans-
fected PSD-95-Cerulean3. Under basal conditions, CaMKII mo-
bility within the thresholded borders of the PSD was not different
from that elsewhere in the spine (Fig. 5C,D; n � 52 spines). The
results are in agreement with the previous observation that under

Figure 4. Activated CaMKII concentrates in spines both at the PSD and away from the PSD after NMDA receptor stimulation. A,
Cells transfected with GFP-CaMKII� and PSD-95-mCherry were imaged by confocal microscopy before and after NMDAR stimula-
tion. Scale bar, 2 �m. B, Enlarged view from A (left) and other experiments before (right top) and after 0 Mg 2�/Gly stimulation
(right bottom). Scale bar, 1 �m. C, CaMKII localizations were binned (25 nm) to construct a map of CaMKII density under basal
conditions and after Glu/Gly stimulation. Scale bar, 1 �m. D, CaMKII enrichment at the PSD was quantified in different cells under
basal conditions 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). F, 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). G, Example of phospho-T286 CaMKII (red) with the plasma membrane labeled
with DiI (green) resolved by two-color localization microscopy. H, Example of phospho-T286 CaMKII as in G (red) with the PSD
resolved by PALM of PSD-95-mEos2 (green). Scale bar, 1 �m.
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basal conditions small or variable amounts of CaMKII are bound
at the PSD (Dani et al., 2010; Feng et al., 2011), although the
absolute amount is expected to correlate with the size and
strength of the synapse (Asrican et al., 2007). After Glu/Gly stim-
ulation, 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 (Fig. 5D), but a reduction was also seen in the
dendrite shaft (median Deff basal 0.193 	 0.012 �m 2/s, stimu-
lated 0.009 	 0.002 �m 2/s). To examine whether the reduction
within the spine was restricted to the synapse, we grouped CaM-
KII localizations in the spine at 100 nm intervals relative to the
border of the PSD. This revealed that the slowing or immobiliza-
tion CaMKII molecules occurred found at distances even several
hundred nanometers away from the border of the PSD (Fig. 5E).
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 are determined by associ-
ation with multiple interacting proteins that are broadly distrib-
uted within the cellular environment near the synapse.

Discussion
Discriminating protein distribution and sites of action within
cells is critical for studying many kinases and other signaling
molecules because even a few molecules of active kinase posi-
tioned away from the bulk of the population may have unique
and important functions. Direct measurement of kinase mobility
within spines will also be critical for developing accurate models
of neuronal signaling cascades (Byrne et al., 2011; Faas et al.,
2011; Khan et al., 2011). Using single-molecule tracking to

achieve high spatial and kinetic resolution of protein motion
within living neurons, we found that CaMKII mobility was strik-
ingly heterogeneous. Mobility was on average lower in spines
than in dendrite shafts, and even within single spines there were
subregions of elevated or diminished mobility. Activation of
NMDARs greatly slowed and redistributed the population of
CaMKII molecules. In individual spines, immobilized molecules
of potentially active, bound CaMKII were abundant at the syn-
apse but also away from the PSD at other points of the spine. Our
results are consistent with the idea that CaMKII exerts its func-
tion on multiple substrates at different locations within neuronal
spines and dendrites, regulating diverse mechanisms of synaptic
plasticity.

Multiple dynamic subpopulations
The measured diffusion coefficient of CaMKII molecules
spanned several orders of magnitude, even in single spines of
unstimulated cells under basal conditions. For convenience, we
analyzed this as three subpopulations (fast, intermediate, and
immobile), although it is likely that there are more than these, or
indeed a broadly varying diversity. The slowest subpopulation of
molecules (kinetically indistinguishable from chemically fixed
molecules) we take to be bound to essentially immobile sub-
strates. On the other hand, the subpopulation with the highest
diffusion rates likely dominates the “mobile fraction” exchanging
most quickly between the spine and dendrite as observed with
bulk methods of FRAP and photoactivation. A FRAP exchange
time of 
1 min (Sharma et al., 2006; Zhang et al., 2008; Lee et al.,
2009) can be accounted for in rough geometric models by an
average CaMKII D of 
0.17 �m 2/s (Lee and Yasuda, 2009; Lee et

Figure 5. CaMKII is immobilized away from the PSD following NMDAR activation. A, Deff map of mEos2-CaMKII� in the same neuron before (left) and after (right) Glu/Gly stimulation. Scale bar,
2 �m. B, Histograms of Deff of mEos2-CaMKII� (left) or cytosolic mEos2 (right) before and after Glu/Gly stimulation (mEos2-CaMKII�: K-S test, p � 0.001, n � 5 cells; mEos2: K-S test, p � 0.1, n �
5 cells). C, CaMKII mobility map superimposed on deconvolved widefield image of PSD-95-Cerulean3 (black). Scale bar, 500 nm. D, 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). E, 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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al., 2009).This is in good accord with the fast population here
(mean Deff � 0.19 �m 2/s), suggesting that the mobility we ob-
serve may explain single-spine FRAP and photoactivation results.
However, in spines we found that this fraction comprised only
30% of CaMKII molecules, much smaller than the 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 subject to quite diverse reg-
ulatory influences.

Mechanisms regulating basal CaMKII mobility
The high concentration of actin filaments in the spine is thought
to modulate CaMKII mobility, as binding between CaMKII� and
filaments slows the exchange rate of CaMKII into and out of
spines (Shen et al., 1998; Okamoto et al., 2009). In addition,
modeling suggests that obstruction by actin filaments in the spine
neck may reduce the rate of CaMKII exchange (Byrne et al.,
2011). However, how actin filaments control CaMKII motion
within the spine head has not been clear. Here, we show directly
that CaMKII mobility within the spine head is strongly influ-
enced 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 CaMKII� (along with the slowest pop-
ulation) and strongly reduced by latrunculin A treatment. Re-
stricted mobility is likely mediated at least in part by direct
binding of CaMKII oligomers to the sides of actin filaments
(Okamoto et al., 2007). However, filament-bound CaMKII
would most likely display a motion velocity similar to polymer-
ized actin monomers or other filament-binding proteins, which
move within the cell only at extremely slow speeds generated by
polymerization-dependent flow along the filament (�50 nm/s,
Deff � 10�3 �m 2/s) (Danuser and Waterman-Storer, 2006; Frost
et al., 2010). Motion at these rates would be classified in our
current analysis as immobile rather than intermediate.

An intermediate Deff could also arise from transition of ho-
loenzymes between bound and free (or vice versa) during their
tracking. However, the unbinding rate is likely very slow (Khan et
al., 2012), suggesting that these transitions occur rarely during
the brief periods we track individual molecules, and so the effect
may not contribute substantially. Further, even in high or low
CaMKII�:� ratios (expected to minimize the frequency of these
transitions), a substantial population retained the intermediate
mobility. Thus, filament-binding alone does not easily explain
the characteristics of this population.

Several additional mechanisms could underlie actin-sensitive
kinase mobility. Actin filaments in spines are highly branched
and complex (Landis and Reese, 1983; Korobova and Svitkina,
2010; Hotulainen and Hoogenraad, 2010; Burette et al., 2012),
and this dense array could act as a sieve for the bulky CaMKII
holoenzyme (Khan et al., 2011). Even though kinase might still
move freely during periods between interaction with filaments,
its mobility averaged over longer time periods would be re-
duced because it would often encounter impassable obstruc-
tions. In addition, binding to other actin-associated targets,
such as �-actinin2 (Walikonis et al., 2001; Robison et al.,
2005), may reduce diffusion even of holoenzymes that do not
contain CaMKII�. Overall, although the details are still un-
clear, it is likely that multiple actin-related mechanisms re-
duce CaMKII diffusion.

Spatial regulation of CaMKII mobility
We 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 envi-
ronment where it likely interacts with diverse proteins. Overall,
CaMKII mobility was higher in dendrites than spines, in line with
earlier FRAP studies showing faster recovery after targeted pho-
tobleaching in dendrites than spines (Sharma et al., 2006). How-
ever, we expand these findings by demonstrating marked
heterogeneity of mobility across the interior of individual spines
even under basal conditions. This likely arises from various pro-
tein interactions with CaMKII. 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.

Following glutamate receptor stimulation, the fraction of
CaMKII molecules that were immobilized and presumably
bound increased dramatically. A substantial proportion of these
immobile molecules likely maintain at least partial activity be-
cause such brief, global stimulation elevates kinase activity for up
to several minutes (Bayer et al., 2006; Lemieux et al., 2012). Con-
sistent with this, staining of phosphorylated CaMKII increased
dramatically following stimulation, as seen previously (Redondo
et al., 2010; Lemieux et al., 2012), and this distribution within the
cell was similar to immobilized mEos2-CaMKII. Activated im-
mobilization of CaMKII occurred at the PSD, in the spine away
from the PSD, and in the dendrite. Within the dendrite, we cur-
rently cannot define the mechanism of this effect, although sev-
eral influences are likely. Actin filaments in the shaft are far less
dense than in spines (Korobova and Svitkina, 2010; Xu et al.,
2013), but CaMKII� holoenzymes can self-associate to form
macrooligomers (Hudmon et al., 1996, 2005). Although the
chance of CaMKII self-association should be rare under basal
conditions because Ca 2�/CaM binding initiates the process
(Hudmon et al., 2005), larger complexes would be highly sensi-
tive 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, the key CaMKII substrate GluN2B (Strack and
Colbran, 1998; Bayer et al., 2001; Leonard et al., 2002; Dupuis et
al., 2014) is clustered within subdomains of the PSD (MacGil-
lavry 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 CaM-
KII at specific PSD sites (Petersen et al., 2003; Robison et al.,
2005) may provide a means to accentuate or coordinate these
effects.

Outside synapses, activated CaMKII could serve numerous
functions. Autonomous CaMKII can phosphorylate a set of fac-
tors that control the actin regulator Rac1 (Penzes et al., 2008).
Notably, CaMKII interaction with microtubules also increases
synaptic AMPAR via regulating receptor trafficking to spines (Le-
mieux et al., 2012). Prior work has demonstrated the facilitation
of NMDAR traffic by the CaMKII-triggered release of GluN2B-
containing transport vesicles following phosphorylation of the
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kinesin-2 KIF17 (Guillaud et al., 2008). It is tempting to speculate
that CaMKII action perisynaptically or at points further distrib-
uted away from the PSD could represent sites of phosphorylation
controlling traffic of vesicles containing AMPARs or NMDARs.
Defining molecular dynamics through single-molecule analysis
of kinetic subpopulations will provide an important tool for de-
ciphering the multiple CaMKII–substrate interactions that regu-
late synapse function.
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