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Abstract
CaMKII plays a critical role in long-term potentiation (LTP). The kinase is a major component of
the postsynaptic density (PSD); however, it is also contained in the spine cytoplasm. CaMKII can
now be monitored optically in living neurons, and it is therefore important to understand the
contribution of the PSD and cytoplasmic pools to optical signals. Here, we estimate the size of
these pools under basal conditions. From EM immunolabeling data, we calculate that the PSD/
cytoplasmic ratio is ~5%. A second independent estimate is derived from measurements indicating
that the average mushroom spine PSD contains 90 to 240 holoenzymes. A cytoplasmic
concentration of 16 µM (~2590 holoenzymes) in the spine can be estimated from the total
measured CaMKII content of hippocampal tissue, the relative volume of different compartments,
and the spine-dendrite ratio of CaMKII (2:1). These numbers yield a second estimate (6%) of the
PSD/spine ratio in good agreement with the first. The CaMKII bound to the NMDAR is important
because preventing the formation of this complex blocks LTP induction. We estimate that the
percentage of spine CaMKII held active by binding to the NMDAR is ~0.2%. Implications of the
high spine concentration of CaMKII (> 100 micromolar alpha subunits) and the small fraction
within the PSD are discussed. Of particular note, the finding that the CaMKII signal in spines
shows only transient activation (open state) after LTP induction is subject to the qualification that
it does not reflect the small but important pool bound to the NMDAR.
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Introduction
CaMKII is one of the most abundant brain proteins and comprises a major fraction of the
protein in the postsynaptic density (PSD) (Cheng et al., 2006; Erondu and Kennedy, 1985;
Kennedy et al., 1983). CaMKII has been strongly implicated in the induction of LTP, a
cellular correlate of learning and memory. Biochemical studies show that CaMKII is
activated during LTP induction (Fukunaga et al., 1993). Recent work shows that, when LTP
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is induced by two-photon uncaging at single identified spines, CaMKII activation is specific
to the stimulated spine (Lee et al., 2009) and can therefore account for the synapse
specificity of LTP. Consistent with a causal role for CaMKII activation, LTP is blocked if
the activation of CaMKII is prevented by genetic or pharmacological methods (Giese et al.,
1998; Ito et al., 1991; Silva et al., 1992). Moreover, if activated CaMKII subunits or
holoenzymes are introduced into the cytoplasm, synaptic strength is increased and LTP is
occluded (Lledo et al., 1995; Pi et al., 2010). Taken together, these results strongly implicate
CaMKII in LTP induction.

The investigation of CaMKII function is complicated by the fact that there are different
pools of the kinase, even within dendritic spines. CaMKII is a major component of the PSD
(Kennedy et al., 1983), but there is also CaMKII in the spine cytoplasm, some of which is
bound to actin (Lin and Redmond, 2008; Okamoto et al., 2007; Sanabria et al., 2009; Shen et
al., 1998). CaMKII in the PSD can phosphorylate many synaptic proteins (Barria et al.,
1997; Vinade and Dosemeci, 2000; Yoshimura et al., 2000). Notably, the phosphorylation of
GluR1 increases the conductance of these channels (Derkach et al., 1999; Kristensen et al.,
2011) and can contribute to the enhanced transmission during LTP (Benke et al., 1998;
Poncer et al., 2002). Furthermore, phosphorylation of TARPs can enhance the number of
AMPARs within the synapse (Opazo et al., 2010; Tomita et al., 2005). At least part of the
PSD pool of CaMKII is bound to NMDARs (Leonard et al., 1999), an interaction that can
itself lead to activation of the kinase (Bayer et al., 2001). The importance of this pool is
indicated by the fact that overexpression of mutant NMDARs that cannot bind to CaMKII
blocks the induction of LTP (Barria and Malinow, 2005). A recent paper indicates that the
phosphorylation of stargazin is due to the pool of CaMKII bound to the NMDAR (Tsui and
Malenka, 2006). There have been no previous estimates of the relative size of the different
pools of CaMKII. Such estimates would be useful for understanding the role of different
pools and interpreting the optical measurements of CaMKII activation in spines (Lee et al.,
2009; Takao et al., 2005). Here, we combine data from several sources to estimate the size
of the total pool, the cytoplasmic pool, the PSD pool, the pool bound to NMDAR, and the
pool activated by the NMDAR.

Results
PSD/cytoplasmic ratio (R): Method 1 based on immunocytochemistry

Measurements that provide a basis for calculating the relative size of the PSD and
cytoplasmic pools of CaMKII in spines are presented in (Dosemeci et al., 2002). The
CaMKII in spines of hippocampal pyramidal cells in primary culture was labeled by pre-
embedding immunocytochemistry and was measured at the EM level using an antibody for
the predominant alpha isoform. The spine cytoplasm labeling density (C) was 132 gold
particles per square micron. The PSD labeling density (P) was 6.8 gold particles per micron
length of PSD. These numbers have different units and thus do not give direct insight into
the ratio (R) of PSD to cytoplasmic pools. However, R can be estimated from these numbers
by using the geometrical framework shown in Fig.1. The spine head (represented by a
sphere) contains an imaginary cylinder, the right end of which has the diameter (D) of the
PSD. The spine head has the volume (0.27 µm3) of the average CA1 mushroom spine
(Harris et al., 1992). Let R’ be the PSD/cytoplasm ratio in a thin section (black rectangle) of
the cylinder. Then:

eq. 1

where L is the length of the rectangle and equals diameter of the spine (0.8 µm) and D is the
PSD diameter (0.6 micron) (Harris et al., 1992). Because D cancels out in eq.1 and L is
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approximately the same for any section within the cylinder (i.e., above or below the shown
rectangle), the ratio, R’, applies to any section. It follows that R’ applies to the sum of all
sections. Thus:

R’ = P/C*L=6.8(particles/µm)/(132(particles/µm2)*0.8 µm) =0.06

The volume of the spine in Fig.1 spine is 1.2 times the volume of the cylinder. Thus, the
ratio (R) of CaMKII in the PSD to that in the spine is 0.05 (i.e., 5%).

One concern regarding the above estimate is that pre-embedding labeling may underestimate
the PSD CaMKII because the tight structure of the PSD prevents antibody penetration.
However, the following calculations suggest that the underestimate is not large. From the
direct mass measurements of the PSD, Chen et al. (Chen et al., 2005) found 80 holoenzymes
in a 0.1 µm2 PSD. For the same area PSD, Petersen et al. (Petersen et al., 2003), using
antibody labeling of isolated PSDs, found an average of 46 gold particles per PSD. Direct
visualization of CaMKII “towers” showed that 80% of the non-occluded CaMKII “towers”
were labeled. Thus, with 100% labeling efficiency (of accessible holoenzymes), 55 of the 80
holoenzymes of the average PSD would have been labeled. This suggests that only about 25
PSD CaMKII holoenzymes (~30% of the total) are inaccessible to antibody.

Method 2 for calculating R
The estimate of 5% derived above was based on immunolabeling of cells in primary culture.
It would thus be useful to have an independent estimate based on measurements from actual
brain tissue. Our second method is based on biochemical determinations of the number of
CaMKII molecules in isolated PSDs and estimates of the total CaMKII concentration in
spines.

PSDs can be isolated from mature brains. Although anoxia can lead to an enhancement of
CaMKII in the PSD, rapid dissection and homogenization can minimize this and give an
estimate of the CaMKII content of the PSD under basal conditions (Suzuki et al., 1994).
According to experiments that determined the mass of CaMKII in the PSD compared to the
total PSD mass (Chen et al., 2005), a 360 nm diameter PSD (area 0.1 µm2) contains an
average of 80 CaMKII holoenzymes. Measurements by EM tomography (Petersen et al.,
2003) directly visualized labeled CaMKII holoenzymes and yielded a somewhat lower value
of 30–50. In both of these studies, tissue was prepared rapidly to avoid artifactual
accumulation of CaMKII in the PSD. Taking 50 as an estimate for the holoenzyme content
of a 0.1 µm2 PSD, there will be 150 holoenzymes (range 90–240) in the larger PSDs of the
average mushroom spine, which have an area =0.30 µm2 (Harris et al., 1992).

The total number of CaMKII holoenzymes in the average mushroom spine can be estimated
as follows from the measured average concentration of CaMKII in hippocampal tissue (1420
ng CaMKIIα subunit/100 µg protein ≈ 3.4 µM CaMKIIα holoenzymes) (Erondu and
Kennedy, 1985). Considering that, in forebrain, there are three α subunits to every β subunit
(Bennett et al., 1983; McGuinness et al., 1985), the total CaMKII holoenzyme concentration
is 4.5 µM. This total CaMKII is distributed in tissue according to eq.2, which depends on the
relative concentrations in different parts of the cell and the relative volume fraction of
different parts. Let the concentration of CaMKII in spines = X. Based on fluorescence
measurements of GFP-CaMKII (Otmakhov et al., 2004), the concentration in dendrites is
half that in spines, i.e., = 0.5X (Zhang et al., 2008). Because these measurements were done
using overexpressed kinase, there is concern that this value might not reflect that of
endogenous kinase. However, two studies of endogenous CaMKII labeling (Liao et al.,
2001; Merrill et al., 2005), though not quantified, show roughly equal fluorescence in large
spines (~1 micron diameter) attached to small dendrites (~2 micron diameter). Given that the
dendrite has a longer path length than spines, this is at least roughly consistent with the 0.5X
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value derived from overexpressed protein. Based on immunolabeling (Tao-Cheng et al.,
2006), the concentration in axons (averaged over terminal and non-terminal regions) is low
(we estimate this to be 0.2X). Interneurons and extracellular space contain very low
concentrations of CaMKII. CaMKII is excluded from the nucleus but is contained in the
soma cytoplasm (~20% of the cell body layer) at a concentration of 0.2X (Tao-Cheng et al.,
2007); thus, the average concentration in the cell body layer (which has a volume fraction of
~0.15) is ~0.04X. Based on 3-D EM reconstruction of the molecular layer, the volume
fraction of spines, dendrites, axons, and other (e.g., extracellular space) is 0.08, 0.30, 0.45,
and 0.17, respectively (Mishchenko et al., 2010).

Thus, the total CaMKIIα concentration in hippocampal tissue:

eq.2

This yields a value of X≈ 16 µM.

This value is in reasonable agreement with an estimate derived from antibody staining and
absolute calibration of GFP fluorescence (personal communication, N. Otmakhov) that gives
a value of 12 µM in spines (see also Lee, 2009). The average mushroom spine (0.27 µm3)
(Harris et al., 1992) will thus contain ~2590 holoenzymes. As calculated above, the PSD of
mushroom spines contains an average of 150 holoenzymes (range 90 to 240), meaning that
the non-PSD pool is 2440. Thus, the PSD/cytoplasmic ratio (R) equals 0.06. Thus, 6% of
spine CaMKII is in the PSD. The nearly exact agreement with Method 1 is probably
fortuitous. It is difficult to quantify the errors of our estimates, but an uncertainty of +-30%
seems likely.

CaMKII bound to NMDAR
The total number of NMDARs in the synapse has been estimated by various types of
measurements (Table 1). A PSD contains 16–25 NMDA receptors, as determined by EM
tomography (Chen et al., 2008). Protein measurement of the PSD (Cheng et al., 2006; Sheng
and Hoogenraad, 2007) yields values of 20. Labeling with NMDAR antibodies by
postembedding EM immunocytochemistry shows that small PSDs have 6–10 NMDARs
(Racca et al., 2000). In the mouse hippocampus, related methods indicate that the average
PSD contains 5–20 NMDA receptors (Shinohara et al., 2008). Computational models based
on electrophysiological measurements estimated that a synapse may contain ~12 active
NMDAR (Santucci and Raghavachari, 2008).

Assuming that there are 15 NMDA channels that contain NR2B and that each can bind to
two CaMKII holoenzymes (through two NR2B subunits), 30 holoenzymes will be bound to
the NMDAR. The CaMKII not bound to NMDAR is presumably bound to other CaMKII-
binding proteins that include actinin, densin (Walikonis et al., 2001), and CaMKII itself
(Khan et al., 2011; Hudmon et al., 2001; Petersen et al., 2003). Thus, of the 2590
holoenzymes in the average mushroom spine, about 150 are in the PSD, and a maximum of
50 of these (2%) will be bound to the NMDARs in the PSD. This estimate is an upper limit
because not all NMDARs have CaMKII bound under basal conditions (see Discussion).

Discussion
We have derived the percentage of CaMKII in the spine that is contained in the PSD. This
has been done using two independent methods. Method 1 is based on relative
immunolabeling (Dosemeci et al., 2002). Method 2 is based on the determination of the
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absolute CaMKII content of isolated PSDs and the comparison of this value to our estimate
of the total spine concentration, as calculated from the measured total concentration of
CaMKII in the hippocampus (Erondu and Kennedy, 1985). These methods give 5% and 6%,
respectively, but this very close agreement is probably fortuitous given that errors of least
30% are expected. We conclude that the fraction of total spine CaMKII that is in the PSD is
small. In Method 1, we utilized results of immunolabeling of isolated cultured hippocampal
neurons, whereas Method 2 depends on cells in intact tissue. The fact that these methods
agree suggests that the state of CaMKII in isolated cells is a reasonable reflection of the
intact system.

Fraction of tightly bound CaMKII, as measured by FRAP or photoactivation
Our conclusion that only a small fraction of spine CaMKII is in the PSD is consistent with
estimates of the pool of very tightly bound CaMKII in spines. These estimates were obtained
by using FRAP and photoactivation methods to determine the kinetics of unbinding of
different CaMKII pools in the spine. FRAP measurements show several time constants of
exchange for spine CaMKII, the fastest component being on the order of minutes. The
slowest component shows no exchange in 30 minutes and is ~15% of the total (Sharma et
al., 2006). Another study (Sturgill et al., 2009) used photoactivation methods and found that,
at 30 minutes, ~15 % of the CaMKII still remained in the spine. It is clear that CaMKII in
the PSD is tightly bound, as indicated by the fact that purified PSDs are tight-packed with
CaMKII (Petersen et al., 2003) despite the fact that they have spent several hours in dilute
solution during the procedures used to purify PSDs. From this, it can be concluded that the
unbinding rate of CaMKII from the PSD structure must certainly be slower than 1 hour.
Thus, the most tightly bound pools determined by FRAP and photoactivation place an upper
limit on the size of the PSD pool of ~15%.

The FRAP and photoactivation studies show that the fastest component of CaMKII exit
from spines has a time constant of <1 minute (Lee et al., 2009), ~3 minutes (Sharma et al.,
2006), or <5 minutes (Sturgill et al., 2009). This fast component describes a relatively large
fraction of the total CaMKII (~82% (Sharma et al., 2006); ~80% (Sturgill et al., 2009)). GFP
has been found to leave with a much faster time constant of 1.2 seconds (Sharma et al.,
2006) or 169 msec (Bloodgood and Sabatini, 2005). The difference between these latter two
studies may be due to different spine neck size or spine size. Diffusion of CaMKII would be
expected to be slower than for GFP. Given that the diffusion coefficient depends on the cube
root of molecular weight, the expected diffusion of CaMKII out of the spine would be 500
msec or 3 sec (based on the different values of GFP diffusion above and given that the
molecular weight of CaMKII is 25 times that of GFP). Because the observed fast component
for CaMKII is much slower, we conclude that the fastest component of CaMKII exit from
spines is rate-limited by an unbinding reaction rather than simple diffusion. Similar
conclusions are nicely developed in (Byrne et al., 2010). Thus, the bulk of cytoplasmic
CaMKII in spines is bound, albeit weakly. Beta CaMKII binds directly to actin (Sanabria et
al., 2009; Shen et al., 1998), and since beta can be incorporated into holoenzymes that
contain primarily alpha (Shen et al., 1998), beta-mediated binding to actin can affect alpha
diffusion. In addition, binding of CaMKII to actin may be indirect via the binding of alpha
CaMKII to alpha-actinin (Robison et al., 2005; Walikonis et al., 2001) and the binding of
alpha-actinin to actin (Shirao and Sekino, 2001). The measured exit times for CaMKII are
similar to the treadmilling rates of actin filaments in spines (Frost et al., 2010), raising the
possibility that actin dynamics set the unbinding of CaMKII.

We calculated that the maximum of 2% of total spine CaMKII is bound to NMDARs.
Coimmunoprecipitation studies show that there is basal CaMKII/NR2B and that the amount
of complex is increased by about 2 fold during strong synaptic stimulation (Leonard et al.,
1999). Thus, under basal conditions, 1% of CaMKII would be bound to NR2B, and this
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might double after LTP induction. An important observation is that, once bound to NR2B,
CaMKII subunits are locked into an active state (Bayer et al., 2001). This can occur even
without continued T286 autophosphorylation. However, this activation probably occurs only
for the one of 12 subunits in a holoenzyme that is actually bound to NR2B. Thus, the pool of
CaMKII subunits activated by binding to NR2B would be about ~1/10 of the total, i.e.,
~0.2%.

Implications
These calculations have implications for the question of whether CaMKII is involved in LTP
maintenance. There is general agreement that CaMKII activation plays a critical role in the
induction of LTP (Lisman et al., 2002), but the question of whether the kinase has a role in
LTP maintenance has been controversial (Buard et al., 2010; Lee et al., 2009; Lengyel et al.,
2004; Otmakhov et al., 2004; Sanhueza et al., 2007; Sanhueza et al., 2011). Some studies
based on biochemical assays of enzyme activity indicate that a small fraction (~10%) of
CaMKII is persistently (>30 minutes) activated after LTP induction (Fukunaga et al., 1993;
Lengyel et al., 2004) and thus could have a role in maintenance (Sanhueza et al., 2007).
Moreover, persistently active CaMKII in the PSD can phosphorylate substrates in the PSD
(Dosemeci et al., 2002; Dosemeci and Jaffe, 2010) and in the synaptic membrane (Opazo et
al., 2010). However, a recent study used FRET to monitor the open (active) state of CaMKII
in spines and found that activation caused by glutamate uncaging declined to baseline within
one minute (Lee et al., 2009). This could be taken to imply that CaMKII is not involved in
maintenance. Our results indicate that optical measurements on spines reflect primarily the
cytoplasmic pool of CaMKII and thus may not reflect the important pool bound to
NMDARs. The pool of CaMKII subunits bound to and activated by the NMDAR could be
as low as 0.2%, much too small to be detected by current optical methods. The importance
of this pool is underscored by the fact that mutations in NR2B that block the binding of
CaMKII prevent LTP induction (Barria and Malinow, 2005).

Our results provide the first estimate of the bulk CaMKII concentration in spines and
indicate that the concentration is enormously high; the holoenzyme concentration is ~10
micromolar, and thus the subunit concentration (each subunit is catalytic) is ~100
micromolar. Efficient activation of a high fraction of the enzyme would thus require a
calmodulin concentration in the 100 micromolar range. Estimates of the average calmodulin
concentration in hippocampal pyramidal cells put the level at ~100 µM (Faas et al., 2011).
Moreover, it is possible that the calmodulin-binding protein, neurogranin, may further
concentrate calmodulin in spines (Zhabotinsky et al., 2006).

The very high concentration of CaMKII also has implications for the use of CaMKII
inhibitors. It is often assumed that 50% inhibition should occur if inhibitor concentration
equals the binding affinity of the inhibitor for the enzyme, as determined in vitro. This is
true in dilute solution but is not the case if the total enzyme concentration is much higher
than affinity of the inhibitor. Thus, high-affinity inhibitors used in the10 micromolar range
may not be able to inhibit spine CaMKII simply because there is not enough inhibitor to
bind the 100 micromolar of CaMKII subunits. When binding to CaMKII depletes inhibitor
concentration, concentration may be restored by diffusion from the dendrite. However, such
diffusion will be slowed by the spine neck (Svoboda et al., 1996), so delivery of inhibitor
during short periods cannot be assured. These difficulties of inhibiting the high
concentration of CaMKII may help to explain why KN62 produced only a modest inhibition
of CaMKII activation when this activation was measured in spines (Lee et al., 2009). These
considerations suggest that negative results with CaMKII inhibitors must be interpreted with
caution: there may simply be insufficient inhibitor to bind to the high concentration of
CaMKII present in spines.
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Finally, it is of interest to ask why there is such a large pool of spine CaMKII that is not in
the PSD. To the extent that CaMKII crosslinks actin, the kinase may serve a structural role
to maintain spine size (Okamoto et al., 2007). The CaMKII beta that is activated by
calmodulin is released from actin (Ohta et al., 1986) when Ca2+ is elevated, as occurs during
LTP induction. Furthermore, Ca2+/calmodulin will release CaMKII bound to actinin
(Robison et al., 2005). These reactions may generate the free pool of CaMKII that binds to
the PSD and thereby initiates some of the processes that enhance transmission.

Highlights
CaMKII is contained in both the spine cytoplasm and in the PSD

The fraction of CaMKII in the PSD under basal conditions is less than 10%

Formation of the complex of CaMKII with the NMDAR is necessary for LTP

The fraction of CaMKII activated by binding to the NMDAR is less than 1%

The small fraction of CaMKII activated by binding to the NMDAR is too small to detect
by current methods
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Fig. 1.
Geometric framework used to calculate PSD/cytoplasmic CaMKII ratio by Method 1. Spine
contains cylinder (red), the right side of which is the PSD (pink).
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Table 1

The number of NMDAR in postsynaptic density

Author No. of
NMDAR

Diameter of
PSD (nm)

Animal Tissue

Chen, X 20(16–25) 400 rat hippocampus

Racca, C 8(6–10) 1151 rat hippocampus

Sheng, M 20 360 rat forebrain

Shinohara, Y 5–202 100–4002 mouse hippocampus

Santucci, DM 12 - Computational model that bases on rat data -

1.
Number based on synapse area in Table 2 of (Racca et al., 2000).

2.
Numbers based on Fig. 4 of (Shinohara et al., 2008).
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