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Abstract
Synaptic plasticity is the leading candidate for the cellular/molecular basis of
learning and memory. One of the key molecules involved in synaptic plasticity is
Calcium/calmodulin‐dependent Kinase II (CaMKII). Synaptic plasticity can be expressed at a
single dendritic spine independent of its neighboring dendritic spines. Here, we investigated
how long the activity of CaMKII lasts during synaptic plasticity of single dendritic spines.
We found that CaMKII activity lasted ~2 minutes during synaptic plasticity and was
restricted to the dendritic spines undergoing synaptic plasticity while nearby dendritic
spines did not show any change in the level of CaMKII activity. Our experimental data
argue against the persistent activation of CaMKII in dendritic spines undergoing synaptic
plasticity and suggest that the activity of CaMKII is a spine‐specific biochemical signal
necessary for synapse‐specificity of synaptic plasticity. We provide a biophysical
explanation of how spine‐specific CaMKII activation can be achieved during synaptic
plasticity. We also found that CaMKII is activated by highly localized calcium influx in the
proximity of Voltage‐dependent Calcium Channels (VDCCs) and a different set of VDCCs
and their respective Ca2+ nanodomains are responsible for the differential activation of
CaMKII between dendritic spines and dendritic shafts.
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Chapter 1. Introduction

First description of dendritic spines by Ramon J Cajal
With the development of Golgi’s method, Camillo Golgi first observed elaborate
dendritic arbors and axons of neurons. This experience convinced him to support then
prevalent Reticular theory first proposed by Josef von Gerlach suggesting that the nervous
system is essentially a continuous meshwork of cytoplasm. Ramon J Cajal, however,
observed and described small protrusions off dendrites, which are now known as dendritic
spines. This observation led to his Neuron doctrine that neurons are connected to one
another via tight junctions now known as synapses.

Synaptic plasticity as a cellular mechanism for learning and memory
Even at the onset of modern neuroscience, neuroanatomists like Santiago Ramon y
Cajal noticed that the number of neurons did not increase in the adult brain and in some
cases even decreased. Since the number of neurons stayed the same, producing more
neurons could not be a mechanism for memory formation. How could then memories form
in the absence of new neurons? In his 1894 Croonian Lecture, Santiago Ramon y Cajal
proposed that strengthening of synaptic transmission between existing neurons might
explain memory formation. Donald Hebb later expanded on this idea postulating the
following in his book Organization of Behavior: a Neuropsychological Theory (1949):
When an axon of cell A is near enough to excite cell B or repeatedly or
consistently takes part in firing it, some growth or metabolic change takes
place in one or both cells such that A’s efficiency, as one of the cells firing B, is
increased.
1

Since then, neuroscientists have been actively searching for a cellular mechanism that fits the
Hebb’s postulate, which culminated in the discovery of Long‐term Potentiation (LTP) (Bliss
and Lomo, 1973).

LTP
Brief anatomy of the hippocampus
Major synaptic connections between excitatory neurons in the hippocampus are
briefly described here. Input from the Entorhinal Cortex form direct connections with
granule neurons at the Dentate Gyrus and pyramidal neurons in CA3 via the perforant path.
Granule neurons then relay the flow of information onto CA3 neurons via the Mossy Fibers.
CA3 pyramidal neurons send their axons to ipsilateral CA1 neurons and form Schaffer
Collateral synapses close to their cell bodies (<200μm), or to contralateral CA1 neurons via
the Associational Commisural pathway. CA1 neurons also receive direct input from the
Entorhinal cortex via the Perforant Path at the far end of their dendrites (>200μm). CA1
neurons finally send their axons to either pyramidal neurons in the Subiculum or directly to
the Entorhinal cortex, completing a loop.

Discovery of LTP
Hippocampal formation has been known for its involvement in memory formation
from patients experiencing amnesia like Henry Gustav Molaison, but how memory is stored
in the hippocampus or a mechanism of memory storage that can be described as Hebbian
plasticity remained enigmatic until Andersen, Lomo and Bliss discovered LTP in the dentate
gyrus of the hippocampus in rabbits (Bliss and Lomo, 1973). When they placed a recording
2

electrode into the dendate gyrus of the hippocampus and stimulated axons in the perforant
path, the measured field excitatory postsynaptic potential (fEPSP) increased after the
stimulation. This increase in synaptic strength was dependent on the frequency of
stimulation. At frequencies lower than 1Hz, fEPSP would stay the same at all times, but if
they increased the frequency of stimulation to 5Hz or higher, fEPSP would increase and this
increase in fEPSP would remain stable as long as they reliably recorded these neurons. They
also discovered that this long‐lasting potentiation of fEPSP was input‐specific. Placing
stimulating electrodes at two different regions of the perforant path and giving high‐
frequency stimulation from one electrode and low‐frequency stimulation from the other,
LTP was observed in the postsynaptic neurons of dendate gyrus only when evoked by the
stimulating electrode previously used to give the high‐frequency stimulation, but not by the
other electrode. In other words, strong stimulation of one group of axon bundles in the
perforant path would potentiate directly connected synapses of postsynaptic neurons in the
dentate gyrus, but not other synapses on these same neurons. This phenomenon of input‐
specific increase in synaptic strength was initially termed “long‐lasting potentiation”, but
later changed to long‐term potentiation (LTP).

Characteristics of LTP
Since then, the characteristics of LTP have been heavily investigated with great
success. LTP was reliably reproduced in acute hippocampal slices (Andersen et al., 1977), a
widely used preparation for the study of synaptic plasticity still today. Soon it was
discovered that LTP could be induced in many other synapses ‐ so prevalent that some even
hypothesized that LTP may occur at all excitatory synapses in the mammalian brain
3

(Malenka and Bear, 2004) ‐ including mossy fiber and Schaffer Collateral synapses
(Schwartzkroin and Wester, 1975). Different patterns of neural activity could induce LTP as
well. Pairing postsynaptic depolarization with presynaptic stimulation induced LTP.
Applying a presynaptic stimulation immediately (~milliseconds) followed by a postsynaptic
back‐propagating action potential multiple times induced LTP and reversing the order
induced LTD, both of which is now collectively known as spike‐timing dependent plasticity
(Bi and Poo, 1998; Markram et al., 1997). More physiologically relevant stimuli like theta
burst stimulation were established to reliably induce LTP (Douglas and Goddard, 1975). As
for how long LTP actually lasts, the longest record of successfully recording LTP is one year
(Abraham et al., 2002). Surprisingly, LFS induced long‐term depression (LTD) highlighting
the bi‐directionality of synaptic plasticity (Dudek and Bear, 1992, 1993).
From these investigations, several key properties of LTP were recognized. As briefly
mentioned before, LTP is input‐specific. Long‐lasting changes in synaptic strength stays at
stimulated synapses and LTP does not spread onto other neighboring, unstimulated
synapses. Hence, it has been of great interest how this input‐specificity of LTP can be
accomplished. The morphology of dendritic spines consisting of a spherical spine head and
a long, thin spine neck connecting the spine and its parent dendritic shaft has been credited
to play critical roles in compartmentalizing biochemical signals within the dendritic spines
(Svoboda et al., 1996; Yuste and Denk, 1995). Non‐input‐specific or non‐Hebbian forms of
plasticity do exist (Kato et al., 2009; Moore et al., 2009; Urban and Barrionuevo, 1996; Yasuda
et al., 2003b), but these forms of plasticity are induced in a non‐Hebbian manner because
input itself is not specific or more accurately, input is specific to every synapse in a neuron.
Non‐Hebbian plasticity is induced by global changes in the entire neuron, often induced by
4

the repetition of back‐propagating action potentials to open VDCCs everywhere in the
neuron. Metaplasticity was initially regarded as not input‐specific because of a proportional
increase in each miniature EPSC. However, input‐specificity was never really tested mostly
because the bath application of TTX or bicuculline was used to induce metaplasticity at
every synapse. Recent work looking at metaplasticity at the level of single synapses revealed
that even metaplasticity can be induced at a single synapse independent of its neighboring
synapses as long as only that synapse is silenced while others are not (Lee et al., 2010)
strongly suggesting that as long as input is specific, plasticity is also input‐specific. Thus, it
is critical to test input‐specificity of synaptic plasticity by giving input‐specific stimuli to
distinguish between input being specific to every synapse and input being specific to some
synapses while LTP is expressed at every synapse. LTP is also associative. Subthreshold
stimulation can induce LTP if coupled with strong stimulation. For example, when weak
stimuli, which by itself cannot induce LTP, is paired with postsynaptic depolarization, those
synapses activated by weak stimuli will undergo LTP (Auyeung et al., 1987; Kelso et al., 1986;
Sastry et al., 1986). Or, weak stimuli in one pathway combined with strong stimuli in another
pathway will induce LTP (McNaughton et al., 1978). From here on, I primarily focus on
CA3‐CA1 synapses where my research is carried out.

Roles of NMDARs in LTP
Over the years, it became clear that NMDARs play crucial roles in LTP. The bath
application of an NMDAR blocker, APV, completely inhibited LTP (Davies et al., 1981).
NMDARs were blocked by Mg2+ at hyperpolarized voltages passing no current (Mayer et al.,
1984; Nowak et al., 1984). At depolarized voltages, however, Mg2+ was removed allowing
5

NMDARs pass current and the Ca2+‐permeability of NMDARs indicated that some of
current conducted by NMDARs must be Ca2+ current (MacDermott et al., 1986). Consistent
with this, the application of a Ca2+ chelator, abolished LTP (Lynch et al., 1983). These findings
explained many similarities between various protocols used to induce LTP as well as several
key characteristics of LTP. In high‐frequency stimulation, presynaptic input, which is the
release of glutamate carrying synaptic vesicles, occurs with postsynaptic depolarization.
Thus, LTP must be specific to the stimulated pathway, but not to the unstimulated pathway,
since postsynaptic depolarization strong enough to remove Mg2+ from NMDARs does not
occur without high‐frequency stimulation. Other protocols like a pairing protocol require
strong stimuli to depolarize a neuron to remove Mg2+ from NMDARs. This strong stimulus
needs to “associate” with subthreshold, weak presynaptic stimulus so that glutamate
released from presynaptic axons can now bind and open postsynaptic NMDARs for Ca2+
influx. This makes an NMDAR a coincidence detector of pre‐ and postsynaptic activity. In
any protocol, therefore, postsynaptic depolarization is necessary, but not sufficient for LTP,
whether it is provided by back‐propagating action potentials as in spike‐timing dependent
plasticity, the accumulation of EPSPs as in the tetanic stimulation, or rather artificial step
depolarization as in the pairing protocol. A recent study demonstrates that presynaptic
stimulation of the perforant path inputs, which elicit dendritic EPSP, but neither back‐
propagating somatic action potentials nor dendritic spikes, can provide the necessary
postsynaptic depolarization and this depolarization can be paired with presynaptic
stimulation of the Schaffer Collateral axons to induce synaptic plasticity (Dudman et al.,
2007).

6

Pre‐ vs. post‐synaptic expression of LTP
It has been controversial as to at where LTP is expressed, especially at CA3‐CA1
synapses (Malenka and Bear, 2004; Nicoll, 2003). This debate is still ongoing (Lisman, 2009),
but there is growing evidence for both pre‐ and post‐synaptic mechanisms for the expression
of LTP (Kennedy and Ehlers, 2006; Kerchner and Nicoll, 2008; Kessels and Malinow, 2009;
Lisman, 2009). As for presynaptic LTP, a sharp microelectrode injected into CA1 neuron,
which preserves most of intracellular conditions unlike whole cell patch clamp, combined
with presynaptic stimulation showed that changes in release probability of synaptic vesicles
is the primary expression mechanism of LTP at single synapses of rather mature acute slices
(3‐4 weeks old rats) (Enoki et al., 2009). This increase in synaptic efficacy was due to an
increase in release probability only, since postsynaptic EPSP was kept at the same magnitude
before and after LTP. At these synapses, release probability on average is only 0.2, so there is
room for higher release probability. Also, recent evidence shows that activating cyclin‐
dependent kinase 5 makes previously unavailable pool of synaptic vesicles available for
synaptic transmission (Kim and Ryan, 2010). Furthermore, N‐type VDCCs at the perforant
path synapses can be inserted to increase release probability (Ahmed and Siegelbaum, 2009).
On the postsynaptic side of Shaffer Collateral synapses, LTP can be induced even
when presynaptic component is bypassed by direct stimulation of postsynaptic site with
two‐photon glutamate uncaging (Matsuzaki et al., 2004). Spine volume increases during this
process which coincides with the insertion of AMPARs (Makino and Malinow, 2009;
Patterson et al., 2010). Consistent with these studies at single dendritic spines, many studies
have elucidated various mechanisms underlying postsynaptic expression of LTP (Kennedy
and Ehlers, 2006; Kessels and Malinow, 2009). AMPAR insertion was clearly demonstrated
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by using electrophysiologically tagged, inwardly rectifying GluR1 homers (Hayashi et al.,
2000; Shi et al., 1999). These synaptic AMPARs could be supplied by recycling endosomes
(Park et al., 2004) and lateral diffusion of AMPARs from extrasynaptic sites (Triller and
Choquet, 2008). AMPARs are carried from dendrites to spines and maintained by Myosin Va
(Correia et al., 2008), Myosin Vb (Wang et al., 2008b) and PIP3 (Arendt et al., 2010), but there
could still be many unknown mechanisms (Derkach et al., 2007; Kessels and Malinow, 2009).
Blocking Myosin Vb or exocytosis at the postsynaptic site results in the impairment of LTP
(Kennedy et al., 2010; Patterson et al., 2010; Wang et al., 2008b). Single particle tracking
experiments using quantum dots demonstrate that AMPAR trafficking can be largely
modulated by lateral diffusion at stimulated synapses (Triller and Choquet, 2008). The
existence of diverse molecules and regulation mechanisms are consistent with the diverse
forms of synaptic plasticity.

Several issues with brain slices
For experimental accessibility and feasibility, researchers often start with simple,
reduced and controllable preparations and gradually climb up to more complex organisms.
In this dissertation, my experimental data come from cultured HEK293 cells and cultured
hippocampal slices. One might argue how relevant these studies in brain slices are to the
normal workings of the brain in living organisms. In fact, there are several well‐recognized
issues with brain slices besides the inevitable loss of synaptic connections due to the partial
preservation of neuronal circuitry during slicing. While preparing acute slices, slices must be
kept cold resulting in the loss of synapses and when transferred to 37 , these retracted
spines re‐appear while other spines also appear increasing spine density (Bourne et al., 2007;
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Kirov et al., 2004). Furthermore, due to the significant loss of synaptic connections, firing
rates of neurons in acute slices suddenly becomes very silent, a potential cue for the
induction of homeostatic plasticity. Acute slices are also hard to be maintained healthy for a
long‐time. On the other hand, cultured slices often show very high firing rates. For cultured
slices, severed axons often make random connections so that spontaneous firing rate goes up
and at times even become epileptic. Some apply TTX (Matsuzaki et al., 2004), some apply 2‐
chloroadenosine (Hayashi et al., 2000; Lu et al., 2009; Steiner et al., 2008) to block or decrease
spontaneous firing rates. Some re‐cut connections between CA3‐CA1 before the experiments.
Due to overwhelming number of synaptic connections, it is very hard to induce LTP with a
typical tetanic simulation in cultured hippocampal slices (Pi et al., 2010b) and a pairing
protocol is often used instead. Under some preparations, spontaneous activity is strong
enough to induce synaptic plasticity (Barria and Malinow, 2005; Pi et al., 2010b).

In vivo LTP and behavior
Despite these issues, many findings in brain slices have been reproduced in vivo
such as the insertion of AMPARs during synaptic plasticity. Learning has been shown to
induce long‐term potentiation in the hippocampus (Whitlock et al., 2006). Fear learning is
mediated by amygdala where AMPAR trafficking has been shown to play key roles (Rumpel
et al., 2005). Furthermore, overexpressed GluR1 homomers in vivo get inserted by whisker‐
mediated sensory experience and this process is blocked by overexpressing GluR1‐C tails. In
contrast, overexpressed GluR2 homomers are inserted to synapses in an experience‐
independent manner. Thus, findings in vitro (Shi et al., 2001; Zhu et al., 2000) dependably
reflect in vivo mechanisms (Takahashi et al., 2003). Emotional learning in mice induces the
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insertion of AMPARs (Hu et al., 2007) and subunit composition of AMPARs can change
during fear conditioning (Clem and Huganir, 2010). Synaptic plasticity is also known to play
a role in addition (Kauer and Malenka, 2007). In sum, understanding molecular mechanisms
of synaptic plasticity in brain slices can provide experimental framework for in vivo
mechanisms of synaptic plasticity.

Calcium/calmodulin‐dependent Kinase II (CaMKII)
Underlying biochemical signaling in synaptic plasticity has been a major focus of
scientific investigation in neurobiology. At the Schaffer Collateral CA3‐CA1 synapses,
NMDAR‐dependent [Ca2+] is required for the induction of LTP. One of the key molecules
identified in the downstream of Ca2+‐dependent signaling from NMDARs is CaMKII.

CaMKII isoforms, structure and expression
CaMKII is a serine/threonine protein kinase ubiquitously expressed but highly
enriched in the brain (Bayer et al., 1999; Erondu and Kennedy, 1985; Tobimatsu and Fujisawa,
1989; Tombes et al., 2003). CaMKII is encoded by four genes: α, β, γ and δ and each gene can
undergo alternative splicing with a total of 38 splice variants found so far (Brocke et al., 1995;
Hudmon and Schulman, 2002; Tombes et al., 2003). CaMKIIα and CaMKIIβ are expressed at
different levels with CaMKIIα expressed 3‐fold higher than CaMKIIβ in the forebrain while
CaMKIIβ is expressed most abundantly in the cerebellum (Figure 1) (Erondu and Kennedy,
1985; Yamagata et al., 2009). Ubiquitous CaMKIIγ and CaMKIIδ are also expressed
throughout the brain but at much lower level (Figure 1) (Bayer et al., 1999). CaMKII
sequence starts with a catalytic domain followed by autoregulatory/autoinhibitory domain,
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Figure 1. Expression of CaMKII isoforms in the mouse brain
Cb, cerebellum; CP, caudate‐putamen; Cx, cerebral cortex; DG, dentate gyrus; Hi:
hippocampus; MO, medulla oblongata; OB, olfactory bulb; Th: thalamus.
Modified with permission from (Yamagata et al., 2009).

11

Figure 2. Domain organization of CaMKII
The catalytic (kinase), regulatory (Ca/CaM), and association (oligomerization) domains are
labeled. Sites of regulatory autophosphorylation (P) and oxidation (Ox) are indicated. The
boxed alignment shows amino acid sequences of CaMKII isoforms. Note that CaMKIIα is
shifted by one amino acid in the alignment so that T286/T305/T306 is positioned as
T287/T306/T307. AUTOINHIB, autoinhibitory domain; Ce, C. elegans orthologue.
Modified from (Rellos et al., 2010).
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Figure 3. Oligomerization domains of human CaMKIIδ and CaMKIIγ
(A) Comparison between the structures of the dodecameric (CaMKIIγ, upper) and
tetradecameric (CaMKIIδ, lower) arrangements. The rings are viewed looking face‐on (left)
and side‐on (right).
(B) Model of the autoactivation of full‐length CaMKII. For clarity, only one CaMKII dimer
colored in red and green is highlighted. The model was constructed by manual docking of
the kinase domain and the CaMKII/Ca2+/CaM complex to the experimental structure of the
dodecameric oligomerization domain.
Reprinted from (Rellos et al., 2010).
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isoform‐dependent variable inserts at four different sites (Bulleit et al., 1988) and an
association (oligomerization) domain (Figure 2) (Lin et al., 1987) required to form a
holoenzyme comprising of 12 subunits with two hexameric rings stacked on top of each
other (Figure 3) (Rellos et al., 2010; Rosenberg et al., 2006). Holoenzymes can be comprised
of different isoforms (Gaertner et al., 2004) and both CaMKIIα homomers and
CaMKIIα/CaMKIIβ heteromers exist in the brain (Brocke et al., 1999). All isoforms are highly
conserved in amino acid sequences except for the variable regions (Bulleit et al., 1988;
Tombes et al., 2003). Autophosphorylation sites of CaMKII are located at T253, S279, T286,
T305/T306, and S314 (for CaMKIIα only; increased by 1 for CaMKIIβ, γ, δ, Drosophila and
Caenorhabditis elegans CaMKII; for consistency, notations for CaMKIIα will be used from here
on), all of which have been confirmed in vivo (Collins et al., 2005; Hudmon and Schulman,
2002; Jaffe et al., 2004; Migues et al., 2006; Molloy and Kennedy, 1991).

Regulation of CaMKII by Ca2+/CaM binding, autophosphorylations and Protein
Phosphatases
CaMKII as its name indicates is activated by Ca2+/CaM (Schulman and Greengard,
1978). As few as two Ca2+ ions bound to CaM can activate CaMKII (Shifman et al., 2006),
although CaM bound with three Ca2+ ions is believed to be most favored to bind to CaMKII
(Lucic et al., 2008). Ca2+/CaM sensitivity is also isoform‐dependent (Brocke et al., 1999; De
Koninck and Schulman, 1998). Once Ca2+/CaM is bound to CaMKII, its activity known as
Ca2+‐dependent activity or Ca2+/CaM‐stimulated activity increases regardless of any
autophosphorylation by ‐100 to ‐1000 fold depending on experimental conditions and
substrates used for a kinase activity assay (Ishida and Fujisawa, 1995; Miller and Kennedy,
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1986; Waldmann et al., 1990). A constitutively active CaMKII monomer made by removing
its autoinhibitory and association domain maintains the same level of activity in both WT
and T286A mutant that cannot undergo T286 autophosphorylation (Hanson et al., 1989). The
maximal kinase activity achieved by Ca2+/CaM binding alone is a unique feature of CaMKII
since CaMKI and CaMKIV require additional autophosphorylation after Ca2+/CaM binding
to get maximally activated (Hudmon and Schulman, 2002; Wayman et al., 2008). CaMKIII is
a eukaryotic translation elongation factor 2 kinase (Mitsui et al., 1993) and will not be
mentioned again in this dissertation. After Ca2+/CaM binds to CaMKII, the autoinhibitory
domain is detached from the catalytic domain (Figure 3B) exposing ATP binding pocket, a
substrate binding site (S site) and T286 (T site) for autophosphorylation (Hudmon and
Schulman, 2002; Rellos et al., 2010; Thiel et al., 1988). Only when both adjacent subunits are
bound to Ca2+/CaM, the T286 site can be autophosphorylated in intersubunit and intra‐
holoenzyme manner (Hanson et al., 1994; Kuret and Schulman, 1985; Mukherji and
Soderling, 1994). When T286 site is autophosphorylated by a CaM‐bound adjacent subunit,
CaMKII can gain additional kinase activity known as Ca2+‐independent activity, autonomous
activity or “autonomy” (Miller and Kennedy, 1986; Miller et al., 1988; Schworer et al., 1986)
that ranges from ~15% to 70% of the Ca2+/CaM‐stimulated activity depending on
experimental conditions and substrates used for a kinase activity assay (Fong et al., 1989;
Hanson et al., 1989; Ishida and Fujisawa, 1995; Miller and Kennedy, 1986; Miller et al., 1988;
Schworer et al., 1988; Wayman et al., 2008). Furthermore, T286 autophosphorylation
decreases the dissociation rate of bound‐Ca2+/CaM known as CaM trapping to prolong its
activity (Hanson et al., 1994; Meyer et al., 1992). Eventually, a network of Protein
Phosphatases such as PP1 (Schworer et al., 1986; Yoshimura et al., 1999), PP2A (Miller et al.,
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1988; Saitoh et al., 1987) and PP2C (Fukunaga et al., 1993a) can dephosphorylate T286
autophosphorylation (Colbran, 2004). One study suggests that PP1, but not PP2A can
dephosphorylate CaMKII in the PSD while the cytosolic subpopulation of CaMKII can be
dephosphorylated by both PP2A and PP1 (Strack et al., 1997). Also, high ADP to ATP ratio
can induce auto‐dephosphorylation of CaMKII (Kim et al., 2001). Furthermore, natural
Ca2+/CaM‐dependent Kinase II Inhibitor (CaMKIIN) proteins are expressed in neurons,
which bind to CaMKII only in their activated states (Chang et al., 1998, 2001). Ca2+/CaM‐
dependent Kinase II Phosphatase exists as well (Ishida et al., 1998a; Ishida et al., 1998b;
Kitani et al., 1999), but their functions in neurons have not been investigated. In sum, diverse
mechanisms exist to dephosphorylate and inactivate CaMKII.
Another important autophosphorylation sites are T305/T306 (Figure 2), which
interferes with calmodulin‐binding (Patton et al., 1990) and inhibits Ca2+‐dependent activity
(Colbran, 1993; Lou and Schulman, 1989). This site, unlike T286 autophosphorylation, is
autophosphorylated in an intrasubunit manner (Mukherji and Soderling, 1994). There are
two views, purely in my opinion, from literature on how T286 and T305/T306
autophosphorylation

regulate

CaMKII

activity.

One

view

is

that

T305/T306

autophosphorylation at the basal state without Ca2+/CaM does occur (Colbran, 1993; Lou and
Schulman, 1989; Lu et al., 2003), but is regarded as somewhat limited and slow. Thus, the
following scenario in general describes the regulation of CaMKII activity upon Ca2+
application at least in vitro. Ca2+/CaM binds to CaMKII which then undergoes T286
autophosphorylation prolonging the kinase activity at a reduced rate even after [Ca2+] drops.
However, this prolonged activity is then followed by a burst of autophosphorylation at
T305/T306 as Ca2+/CaM dissociates from T286‐autophosphorylated CaMKII. It is
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controversial whether or not T305/T306 autophosphorylation can occur before Ca2+/CaM
dissociates from CaMKII (Jama et al., 2009). T305/T306 autophosphorylation does not
eliminate the autonomous activity of CaMKII conferred by T286 autophosphorylation
(Patton et al., 1990). Instead, re‐binding of Ca2+/CaM is blocked as long as T305/T306
autophosphorylation is present (Colbran, 1993; Hashimoto et al., 1987; Lou and Schulman,
1989; Patton et al., 1990). T305/T306 autophosphorylation is known to occur in a time scale of
several minutes after Ca2+/CaM application (Jama et al., 2009; Lou and Schulman, 1989;
Patton et al., 1990; Takao et al., 2005). The other view is that T305/T306 autophosphorylation
can occur substantially without Ca2+/CaM binding (Colbran, 1993; Robison et al., 2005a).
Consistent with this, CaMKII binding to Camguk, a member of the membrane‐associated
guanylate kinase (MAGUK) family of adaptor proteins and the Drosophila ortholog of CASK,
modulates CaMKII activity by promoting T305/T306 autophosphorylation (Lu et al., 2003).
Interestingly, down‐regulation of Camguk results in an increase in the basal level of T286
autophosphorylation while up‐regulation results in a decrease in the basal level of T286
autophosphorylation in both activity‐dependent and independent manners in Drosophila
Melanogaster while the total expression level of CaMKII remains the same (Hodge et al.,
2006). Camguk does not directly regulate T286 autophosphorylation, but CaMKII bound to
Camguk undergoes T305/T306 autophosphorylation which blocks Ca2+/CaM binding, which
significantly lowers the occurrence of intersubunit T286 autophosphorylation (Hodge et al.,
2006). Thus, the basal level of T286 autophosphorylation is indirectly modulated by down‐
regulating or up‐regulating the expression level of Camguk (Hodge et al., 2006). The
existence of a similar mechanism in mammalian neurons has not been investigated. It is
important to point out that whether or not a single CaMKII subunit in living neurons can
17

undergo the entire cycle of T286/T305/T306 autophosphorylation is currently not known
(Jama et al., 2009). In fact, in Drosophila Melanogaster, T286 autophosphorylation and
T305/T306 autophosphorylation can be regulated independently (Hodge et al., 2006). Given
the high expression level of CaMKII in the brain (Figure 1) (Erondu and Kennedy, 1985;
Sheng and Hoogenraad, 2007), it might not be surprising to see a subpopulation of CaMKII
preferentially

undergoing

T286

autophosphorylation

while

another

subpopulation

preferentially undergoes T305/T306 inhibitory autophosphorylation and that this preference
is possibly regulated by differences in subcellular conditions such as the availability of a
different set of binding partners (Fox, 2003), but this requires further investigation. The
presence of basal CaMKII activity in living neurons reported in several studies while hardly
any detectable basal activity present in vitro further suggests that some fraction of CaMKII
molecules can be maintained active and behave differently (Hodge et al., 2006; Molloy and
Kennedy, 1991; Ocorr and Schulman, 1991). Similar to T286 autophosphorylation, T305/T306
can be dephosphorylated by Protein Phosphatases (Patton et al., 1990). In sum, multiple
mechanisms exist for inhibitory T305/T306 autophosphorylation of CaMKII.
T253 autophosphorylation does not affect the CaMKII activity at all and is increased
by neuronal activity (Migues et al., 2006). T253 and T286 autophosphorylations are regulated
independently with different kinetics (Migues et al., 2006). T253 autophosphorylation
enhances binding to the PSD (Migues et al., 2006) suggesting that the localization and
translocation of CaMKII is carefully regulated.

Localization and translocation of CaMKII in neurons
CaMKII is a cytosolic protein abundant throughout a neuron but interacts with
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many binding partners such as NR2A, NR2B, densin‐180, α‐actinin‐2 and F‐actin (Merrill et
al., 2005; Robison et al., 2005b; Walikonis et al., 2001), which lead to the localization of
CaMKII at specific sites such as the post‐synaptic density (PSD) (Chen et al., 2005; Griffith et
al., 2003; Kennedy et al., 1983; Okamoto et al., 2007; Schulman, 2004; Skelding and Rostas,
2009). Translocation of CaMKII in and out of dendritic spines can be dynamically controlled
by its various binding partners in subunit‐dependent, autophosphorylation‐dependent and
autophosphorylation‐independent manners (Griffith et al., 2003; Merrill et al., 2005;
Schulman, 2004). Under the electron microscopy, CaMKII is visualized as tower‐like
structures stacked from the PSD to the inner cytosolic part of a dendritic spine (Chen et al.,
2008; Petersen et al., 2003). Interestingly, T305/T306 autophosphorylation can bi‐directionally
localize CaMKII in and out of the PSD (Elgersma et al., 2004; Fox, 2003). Under the electron
microscopy, T305V/T306A CaMKII mice where T305/T306 autophosphorylation is prevented
show elevated levels of this CaMKII mutant in the PSD, while T305D mutant mice, which
mimic the phosphorylated state of T305, contain severely reduced level of T305D CaMKIIα
in the PSD (Elgersma et al., 2002).
Consistent with these studies, time‐lapse imaging of various GFP‐tagged CaMKII
mutants expressed in dissociated hippocampal neurons has shown the role of these
phosphorylation sites in the activity‐dependent, reversible translocation of CaMKII (Shen
and Meyer, 1999; Shen et al., 2000). T286A CaMKII mutant shows a similar degree of
translocation to the PSD but dissociates from the PSD faster compared to WT CaMKII (Shen
and Meyer, 1999). This is probably due to the loss of CaM trapping, which requires T286
autophosphorylation. Thus, it was suggested that autophosphorylation of CaMKII may
function as a short‐term biochemical memory by prolonging the localization of activated
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CaMKII at the PSD (Shen and Meyer, 1999). It is important to note that activity‐dependent
translocation of CaMKII is reversible in the time‐scale of several minutes. This process can
be slowed down by blocking T305T306 autophosphorylation in T305VT306A mutant (Shen
et al., 2000). Thus, T305/T306 autophosphorylation accelerates the dissociation of activated
CaMKII from the PSD. Overall, Ca2+/CaM‐binding leads to activity‐dependent translocation
of CaMKII to synaptic sites and T286 autophosphorylation helps trap CaMKII at the
synaptic sites (Shen and Meyer, 1999; Shen et al., 2000), then secondary T305/T306
autophosphorylation occurs, which leads to the dissociation of CaMKII from the synaptic
sites (Shen et al., 2000). Consistent with these in vitro studies, activity‐dependent
translocation of CaMKII into postsynaptic sites was observed in zebra fish and this
translocation was reversed back to the basal state within 5 minutes (Gleason et al., 2003).
To understand molecular mechanisms of translocation and localization of CaMKII,
many molecules have been identified as direct binding partners of CaMKII rather than mere
substrates of CaMKII. CaMKII can bind to NR1 subunit and the C‐tail of NR2B subunit of
NMDAR (Leonard et al., 1999), regardless of T286 autophosphorylation but could be
enhanced by T286 autophosphorylation (Bayer et al., 2001; Leonard et al., 2002; Leonard et
al., 1999). However, some studies claim T286 autophosphorylation is necessary (Robison et
al., 2005a; Strack and Colbran, 1998). NR2B subunit is also a substrate (S1303) for CaMKII
(Omkumar et al., 1996). As for NR2A, however, T286 autophosphorylation is required for
binding (Gardoni et al., 1999). Autophosphorylation‐mimicking T286D CaMKIIα mutant
causes high affinity binding between T286D and NR1 subunit of NMDAR (Leonard et al.,
2002) consistent with T286D accumulation in spines after glutamate stimulation (Shen et al.,
2000). However, given that neurons overexpressing T286D CaMKIIα undergo synaptic
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suppression similar to LTD instead of LTP (Pi et al., 2010b), the persistent binding between
CaMKII and NR1 is probably not a mechanism for LTP (further discussed in Interaction
between CaMKII and NR2B C‐tail in the induction and maintenance of LTP). A study
using dissociated hippocampal neurons cultured from Ca2+‐impermeable NR1N598R‐mutant
subunit knock‐in mice (NR1N598R/‐) has shown that Ca2+ influx via NMDARs is required for
CaMKII translocation to the PSD and that the presence of cytoplasmic tails of NMDAR
subunits alone is not sufficient for translocation of CaMKII (Thalhammer et al., 2006).
It is important to remember, however, that CaMKII is expressed throughout the
cytoplasm in neurons while some fraction is highly enriched in the PSD and spine heads at
the basal state (Petersen et al., 2003; Rostaing et al., 2006). Furthermore, reducing the amount
of CaMKII localized in the PSD as low as 17% of the endogenous level does not demonstrate
any deficit in the induction and maintenance of LTP for at least 2 hours (Miller et al., 2002).
In many studies on the translocation of CaMKII, however, translocation from a dendritic
spine to its PSD was not clearly distinguished from translocation from dendritic shafts to
dendritic spines (Gleason et al., 2003; Shen and Meyer, 1999; Shen et al., 2000). Translocation
of CaMKII within a dendritic spine into its PSD can be completely different from
translocation of CaMKII from dendritic shafts to dendritic spines. Given the abundance of
CaMKII in dendritic spines both inside and outside the PSD outnumbering most of its
binding partners combined (Sheng and Hoogenraad, 2007), the role of CaMKII in the
vicinity of the PSD or Ca2+ source plays might significantly differ from CaMKII outside
dendritic spines diffusing into the spines especially during the induction of LTP. As neurons
mature, CaMKII accumulate to dendritic spines (Ahmed et al., 2006) so activity‐dependent
translocation of CaMKII outside spines to spines could be of minor importance compared to
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the translocation of CaMKII to the PSD from the cytosol of a spine head. In fact, a recent
study on the translocation of PKA provides much more extreme example of molecular
translocation in neurons (Zhong et al., 2009). Type II PKA subunits are almost entirely
excluded from dendritic spines and highly enriched in dendritic shafts. Only upon
stimulation, they translocate to dendritic spines (Zhong et al., 2009). In my opinion,
translocation of a molecule from dendritic shafts to dendritic spines as extreme as PKA
probably plays a significant role under these conditions rather than that of CaMKII, which is
essentially present everywhere in neurons.

Interactions between CaMKII and its binding partners and substrates
Interactions between CaMKII and its binding partners can regulate the activity of
CaMKII, determines the location of CaMKII and localize other proteins if CaMKII acts as a
scaffold (Lucchesi et al., 2010). Furthermore, CaMKII phosphorylates a huge number of
substrates involved in synaptic plasticity (Fink and Meyer, 2002). These lines of work,
especially the functional consequences on the kinase activity of CaMKII by its binding
partners, require much more investigation in the future. Here, I describe some of the well‐
characterized interactions and substrate phosphorylation.
PSD‐95, a major postsynaptic density protein, can be phosphorylated by CaMKII at
Serine 73 and once phosphorylated, NR2A dissociates from PSD‐95 (Gardoni et al., 2006).
Blocking this phosphorylation blocks structural plasticity of dendritic spines (Steiner et al.,
2008).
SAP97 is both a substrate and binding partner of CaMKII. Activated CaMKII binds
to and phosphorylates SAP97, which then leads to the translocation of SAP97 to the PSD
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(Mauceri et al., 2004), dissociates from NR2A (Gardoni et al., 2003) or dissociates from
AKAP79/150 to modulate AMPAR activity (Nikandrova et al., 2010).
SynGAPβ, a neuron‐specific Ras‐GTPase activating protein localized at the PSD, was
originally reported to be inhibited when phosphorylated by CaMKII and that this inhibition
increases Ras activity thereby connecting an increase in CaMKII activity to the initiation of
MAPK pathway (Chen et al., 1998). Later it was found out that this inhibition of SynGAPβ
was caused by direct blocking of Protein Phosphatases by adding ATP and pyrophosphate
in the assay. Instead, CaMKII actually increase synGAPβ activity by phosphorylation at
multiple sites (Oh et al., 2004). However, activated CaMKII can directly phosphorylate Raf‐1
located downstream of Ras and thus can regulate MAPK pathway (Illario et al., 2003).
Furthermore, phosphorylated SynGAPβ and CaMKII form a complex mediated by PDZ‐
domains of MUPP1 where Ca2+/CaM‐binding to CaMKII dissociates SynGAPβ from the
MUPP1 complex and consequently, SynGAPβ gets dephosphorylated resulting in P38
MAPK inactivation (Krapivinsky et al., 2004).
There are subunit‐specific interactions as well. CaMKIIβ bind with F‐actin (Fink et
al., 2003) and CaMKIIβ dissociates with F‐actin upon Ca2+ influx into neurons (Shen et al.,
1998), while CaMKIIα but not CaMKIIβ interacts with Densin‐180 (Robison et al., 2005b;
Walikonis et al., 2001). CaMKII also interacts with α‐actinin 1 and 4, which are actin‐
bundling proteins (Robison et al., 2005b; Walikonis et al., 2001). Interestingly, some
interactions are dependent on the autophosphorylation states of CaMKII and can have
significant impact on the kinase activity of CaMKII. α‐actinin partially inhibits CaMKII
activation by Ca2+/CaM (Robison et al., 2005a). T305/T306 autophosphorylation disrupts the
interaction between CaMKII and α‐actinin while T286 autophosphorylation does not play
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any role (Robison et al., 2005a). The strength of interaction between CaMKII and densin‐180
is independent of CaMKII autophosphorylation at any of T286/T305/T306 sites and the
binding of CaMKII to densin‐180 does not affect its activity (Robison et al., 2005a).
CaMKII also interacts with T‐type VDCCs (Welsby et al., 2003), P/Q‐type VDCCs
(Jiang et al., 2008) and L‐type VDCCs (Hudmon et al., 2005b; Wheeler et al., 2008). CaMKII
can phosphorylate Cavα 1.2, which leads to Ca2+‐dependent facilitation of L‐type VDCCs
(Hudmon et al., 2005b). Localized CaMKII near L‐type VDCCs can couple the frequency of
channel openings to transcription (Wheeler et al., 2008). Interaction of CaMKII with VDCCs
will be further discussed in Chapter 5.

Self‐association of CaMKII holoenzymes into supramolecular assemblies
CaMKII holoenzymes self‐associate each other forming supramolecular assembly of
holoenzymes both in vitro (Hudmon et al., 1996; Hudmon et al., 2001) and in vivo such as
neurons, cardiomyocytes and HEK293 cells (Dosemeci et al., 2000; Hudmon et al., 2005a).
This self‐aggregation of CaMKII holoenzymes was first noted under conditions mimicking
ischemia (Dosemeci et al., 2000) and has been reproduced in vitro under conditions of long
[Ca2+] incubation (~16s) and Ca2+/CaM binding but reduced by T286 autophosphorylation
(Hudmon et al., 2005a; Tao‐Cheng et al., 2001). Consistent with these findings, the self‐
aggregation occurs especially well in vitro when CaMKII is incubated with Ca2+/CaM but low
level of ATP (Hudmon et al., 1996). Once the supramolecular assembly of CaMKII
holoenzymes are formed, its kinase activity is eliminated (Grant et al., 2008), but T286
autophosphorylation can be present in the supramolecular assemblies (Hudmon et al.,
2005a). Even T286D CaMKII mutant can form supramolecular assemblies but slows down
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the rate of formation significantly (Grant et al., 2008). One study proposes that this
clustering could be a possible cellular defense mechanism of down‐regulating excessive
CaMKII activity during pathological and excitotoxic levels of Ca2+ influx and that clustering
is probably favored to reduce its kinase activity over degradation due to the abundance of
CaMKII in neurons (Tao‐Cheng et al., 2005).

Ca2+/CaM‐independent activation of CaMKII
At least in vitro, CaMKII can be directly activated by Zn2+ and gangliosides without
the involvement of Ca2+/CaM (Fukunaga et al., 1990; Lengyel et al., 2000; Weinberger and
Rostas, 1991). It is well known that CaMKII activity increases 2 to 3‐fold in cardiomyocytes
undergoing apoptosis or failing hearts (Hoch et al., 1999; Zhang et al., 2004). Recently,
methionine oxidation (M281/282; Figure 2) on CaMKII was discovered to increase its kinase
activity independent of Ca2+/CaM, which leads to apoptosis in cardiomyocytes (Erickson et
al., 2008).

Dendritic synthesis of CaMKII
3’ Untranslated Region (3’ UTR) of CaMKII plays a role as a transport signal leading
to the localization and translation of CaMKII mRNA in dendrites (Mayford et al., 1996b).
Although synaptic activation causes Arc mRNA to localize selectively near activated
postsynaptic sites, this is not the case for CaMKII mRNA as CaMKII mRNA neither localizes
nor alters its distribution along dendrites upon synaptic activation (Steward et al., 1998).
MAP2 and Zif268 mRNAs also behave similar to CaMKII mRNA (Steward et al., 1998). Thus,
CaMKII mRNA is most likely present in dendrites to maintain a certain level of CaMKII
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expression independent of synaptic activity. Consistent with these observations, in
transgenic mice where 3’ UTR of CaMKIIα was deleted, CaMKIIα proteins were still present
in the PSD, LTP was not blocked at least up to 1 hour when induced by a single tetanic
stimulation and LTP induced by four tetanic stimulations was partially impaired from 3
hours after the induction (Miller et al., 2002).

CaMKII in cerebral ischemia and epilepsy
CaMKII is vulnerable under pathological conditions of the brain especially during
ischemia and epilepsy (Merrill et al., 2005). Many of the mechanisms regulating CaMKII
described so far go extreme during neuronal ischemia and epilepsy.
Interestingly, rapid translocation of CaMKII to the PSD and the plasma membrane
(Aronowski and Grotta, 1996; Domanska‐Janik et al., 1999; Shamloo et al., 2000), but not
much

to

presynaptic

sites

(Domanska‐Janik

et

al.,

1999),

persistent

T286

autophosphorylation of CaMKII (Mengesdorf et al., 2002; Shamloo et al., 2000; Zalewska et
al., 1996), and huge reduction in both Ca2+/CaM‐stimulated and the autonomous activity
(Meng et al., 2003; Mengesdorf et al., 2002; Shamloo et al., 2000; Zalewska et al., 1996) are
consistent findings during cerebral ischemia. Translocation to the PSD happens so fast that
the amount of CaMKII increase over 3 to 5‐fold in several minute following cerebral
ischemia (Domanska‐Janik et al., 1999; Shamloo et al., 2000). Furthermore, NR2B is a target
site for the translocation of CaMKII to the PSD and this is enhanced by T286
autophosphorylation (Meng et al., 2003) consistent with other studies described previously
(Bayer et al., 2001; Leonard et al., 2002; Leonard et al., 1999). The important difference is that
the translocation of CaMKII is irreversible (Mengesdorf et al., 2002) or very slowly reversible
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after days or even weeks of reperfusion (Aronowski and Grotta, 1996; Meng et al., 2003;
Shamloo et al., 2000), and non‐soluble CaMKII aggregates are formed (Mengesdorf et al.,
2002; Zalewska et al., 1996) during cerebral ischemia. On the other hand, mild synaptic
stimulation results in reversible translocation of CaMKII in the order of several minutes
(Gleason et al., 2003; Shen and Meyer, 1999; Shen et al., 2000) except for one study
(Otmakhov et al., 2004).
Chronic inhibition of CaMKII activity has been implicated in epilepsy (Churn et al.,
2000b; McNamara et al., 2006). CaMKIIα homozygous knock‐out mice are highly susceptible
to seizures (Table 1) and exhibit limbic epilepsy in some cases (Butler et al., 1995). Several
mouse models (Singleton et al., 2005; Yamagata et al., 2006) and in vitro models report that
the down‐regulation of CaMKII activity results in epileptogenesis (Blair et al., 2008; Churn et
al., 2000a; Kochan et al., 2000). Interestingly, seizures induce translocation of CaMKII from
the synaptic fraction to the cytosolic fraction (Dong and Rosenberg, 2004; Yamagata et al.,
2006), suggesting that being distant from key substrates of CaMKII located at synapses
might lead to the loss of CaMKII‐mediated signaling at the PSD (McNamara et al., 2006;
Merrill et al., 2005). Somewhat consistent with these observations, in spontaneously firing
vestibular nucleus neurons, persistent increase in the firing rate can be induced by
decreasing rather than increasing CaMKII activity

(Nelson et al., 2005). T253

autophosphorylation is greatly enhanced following both ischemia and epilepsy, but with
different kinetics (Gurd et al., 2008). How the opening of NMDARs involved in inducing
epilepsy ends up down‐regulating the CaMKII activity and T286 autophosphorylation in
neurons and causing translocation of CaMKII away from synapses is not well understood
(McNamara et al., 2006) suggesting the existence of unknown regulation mechanisms.
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In the extensive research on CaMKII summarized so far, different conditions have
been used by different labs. Different stimulations were applied to activate CaMKII in living
neurons. For in vitro studies, concentrations of CaM, Ca2+, ATP, and purified CaMKII differ
between labs as well as the method of purification and the duration of stimulation.
Furthermore, CaMKII has been only recently identified as one of a few serine/threonine
kinases that uses both GTP and ATP as phosphate donors for its substrates and
autophosphorylation (Bostrom et al., 2009). In fact, ADP turned out to be more potent in
inhibiting autophosphorylation and substrate phosphorylation than GDP (Bostrom et al.,
2009) consistent with a previous study showing that increasing ADP:ATP ratio induces auto‐
dephosphorylation of CaMKII (Kim et al., 2001). Nevertheless, the studies mentioned above
have demonstrated numerous and diverse molecular mechanisms underlying the regulation
of CaMKII in both physiological and pathological conditions of the brain. It is important to
note that while in vitro characterization of CaMKII has been held true in vivo, the existence of
many other regulation mechanisms in vivo due to the presence of numerous binding
partners of CaMKII is now well appreciated (Lucchesi et al., 2010; Skelding and Rostas,
2009). Given that CaMKII is a multifunctional protein kinase involved in various cellular
functions (Hudmon and Schulman, 2002), it might not be surprising that CaMKII can be
regulated in various ways. Consistent with this view, even the stoichiometry of CaMKII
undergoing autophosphorylations such as T286, T253, S314, or S279 are vastly different
(Migues et al., 2006; Skelding and Rostas, 2009). Given its abundance (Erondu and Kennedy,
1985), a subpopulation of CaMKII depending on its local subcellular environment might
play a different role (Fox, 2003). Given its numerous binding partners and substrates,
CaMKII activity can be regulated in multiple ways (Lucchesi et al., 2010; Skelding and
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Rostas, 2009). Nevertheless, with numerous regulation mechanisms of CaMKII discovered
both in vitro and in vivo, there has been a great interest in how these regulation mechanisms
of CaMKII play roles in synaptic plasticity especially during LTP. From here on, I will focus
on the involvement of CaMKII in synaptic plasticity.

CaMKII in the induction of LTP
Since the postsynaptic influx of [Ca2+] was discovered to be essential for induction of
LTP at the Schaffer collateral synapses in CA1 (Lynch et al., 1983), protein kinases activated
by [Ca2+] influx were tested for their role in LTP. Among numerous proteins known to play a
role in LTP (Sanes and Lichtman, 1999), CaMKII activity, at least at the Schaffer collateral
synapses, is required and sufficient for the induction of LTP (Lisman et al., 2002). Blocking
CaMKII activity completely inhibited the induction of LTP (Ito et al., 1991; Malenka et al.,
1989; Malinow et al., 1989). Furthermore, injection of constitutively active CaMKIIα
monomer into postsynaptic neurons occluded LTP and increased basal synaptic
transmission (Hayashi et al., 2000; Lledo et al., 1995; Pettit et al., 1994). An increase in
CaMKII activity drives AMPARs to synapses (Hayashi et al., 2000), triggers diffusional
trapping of AMPARs at synapses (Opazo et al., 2010) and phosphorylates AMPARs to
increase their single‐channel conductance (Barria et al., 1997; Derkach et al., 1999).
Consistent with these results, homozygous CaMKIIα knock‐out mice showed reduced LTP
compared to WT (Table 1) (Silva et al., 1992b). The residual, but significant LTP (Hinds et al.,
1998; Silva et al., 1992b) is likely to be due to CaMKIIβ, CaMKIIγ and CaMKIIδ activity
(Lisman et al., 2002), because in T286A CaMKIIα knock‐in mice, LTP was further impaired
leaving only 5~15% of potentiation (Table 1) (Giese et al., 1998). T286A mutation was only on
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CaMKIIα, but given that it forms heteromers with other subunits (Brocke et al., 1999; Shen et
al., 1998), T286A CaMKIIα must have worked as a dominant‐negative to impair intersubunit
and intraholoenzyme autophosphorylation of T286 on CaMKIIβ, CaMKIIγ and CaMKIIδ
(Lisman et al., 2002). The residual LTP seen in T286A knock‐in mice is often assumed to be
due to PKC activation (Lisman et al., 2002; Malinow et al., 1989), but has never been
experimentally tested. Recently, K42R CaMKIIα knock‐in mice were generated to test for the
involvement of CaMKII kinase activity in synaptic plasticity (Yamagata et al., 2009), which
blocks ATP binding to CaMKII thereby eliminating the kinase activity entirely. Consistent
with previous results, LTP was severely impaired in K42R knock‐in mice (Table 1). The
residual LTP again present in these mice was probably due to the presence of PKC (Lisman
et al., 2002; Malinow et al., 1989) since WT CaMKIIβ in these mice presumably cannot
undergo intersubunit T286 autophosphorylation. It is worth noting that the residual CaMKII
kinase activity in CaMKIIα knockout mice and K42R CaMKIIα knock‐in mice is
approximately ~41‐50% of WT mice, while the residual hippocampal LTP seen in these mice
ranges from ~35‐50% of WT mice (Silva et al., 1992b; Yamagata et al., 2009). Given that
CaMKIIα:CaMKIIβ expression level ratio is 3:1 in the hippocampus and the forebrain, the
residual LTP and kinase activity are somewhat greater than expected. Double mutant mice
such as CaMKIIα‐/‐ and CaMKIIβ‐/‐ mice or K42R CaMKIIα and CaMKIIβ knock‐in mice to
disrupt both CaMKIIα and CaMKIIβ activity have never been generated, but these types of
mice will be important to see if the residual LTP seen in CaMKIIα knockout or K42R
CaMKIIα mice is due to the remaining CaMKII activity. Another possibility is that due to the
difficulty in accurately measuring the kinase activity of CaMKII using substrates that can
non‐specifically be phosphorylated by other kinases, the CaMKII activity is somewhat
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overestimated than the actual kinase activity. One study demonstrates that PKA‐mediated
phosphorylation of Inhibitor‐1 during LTP decreases PP1 activity contributing to the T286
autophosphorylation of CaMKII (Blitzer et al., 1998). In sum, a large number of studies using
various approaches have demonstrated that CaMKII is required for the induction of LTP.

Duration of CaMKII activation
As for the duration of CaMKII activation, Molloy and Kennedy reported short‐term
activation of CaMKII in the hippocampus lasting only several minutes (Molloy and Kennedy,
1991). Spontaneously activated synapses by incubating neurons in picrotoxin resulted in
CaMKII activation lasting ~2 minutes in the primary culture of cortical neurons (Murphy et
al., 1994). In vitro studies have shown that T286 autophosphorylation, which endows
CaMKII Ca2+‐independent activity, is quickly (~1‐3 minutes) followed by inhibitory
T305/T306 autophosphorylation, which inactivates CaMKII after Ca2+ sequestration (Jama et
al., 2009; Lou and Schulman, 1989; Patton et al., 1990; Takao et al., 2005). Consistent with
these studies, the role of CaMKII has been proposed as a Ca2+ frequency decoder (De
Koninck and Schulman, 1998; Hanson et al., 1994) ranging from 0.5Hz to 4Hz in vitro. This
was later confirmed in dorsal root ganglion neurons, but at a little lower frequency ranging
from 0.1Hz to 1Hz (Eshete and Fields, 2001).
Measuring the activity of CaMKII and how long it lasts during LTP or other forms of
synaptic plasticity yielded mixed results. Fukunaga et al. first reported an increase in the
autonomous activity of CaMKII measured using syntide‐2 and synapsin‐1 lasting at least 1
hour during LTP induced by TBS (10 bursts at 5Hz, composed each of 4 pulses at 100Hz)
while low frequency stimulation (100 pulses at 10Hz) did not (Fukunaga et al., 1993b). To
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my knowledge, this paper remains the only publication to this date reporting the persistent
increase in the autonomous CaMKII activity in TBS‐induced LTP. This persistent increase in
the autonomous activity comes from T286 autophosphorylation (Fong et al., 1989; Hanson et
al., 1989; Ishida and Fujisawa, 1995; Miller and Kennedy, 1986; Miller et al., 1988; Schworer et
al., 1988; Wayman et al., 2008) and since measuring the activity of CaMKII is rather difficult
and substrate‐dependent, subsequent studies looked at T286 autophosphorylation as an
indicator of the autonomous activity. Persistent T286 phosphorylation has been observed by
two different groups (Barria et al., 1997; Ouyang et al., 1997; Ouyang et al., 1999). In one
study, however, T286 autophosphorylation was not statistically significant at 15 minutes
after LTP while was significant right after LTP and 1 hour after LTP induction (Barria et al.,
1997). In another set of studies by Mary Kennedy’s group, T286 autophosphorylation was
measured using immunostaining after multiple tetanic stimulations (Ouyang et al., 1997;
Ouyang et al., 1999). In these set of experiments, it is important to note that a great deal of
immunofluorescence was detected in thick apical dendrites questioning the importance of
CaMKII in the input‐specificity of synaptic plasticity as well as the importance of activity‐
dependent translocation of CaMKII to stimulated synapses. With immunofluorescence
covering entire neurons, the increase in immunofluorescence was at maximal 15%. Lisman et
al. notes that action potentials generated during LTP induction open VDCCs or even internal
stores throughout the cell inevitably resulting in spatially diffuse T286 autophosphorylation
of CaMKII throughout the neuron (Lisman et al., 2002) and refers to the work of Inagaki et al.
for spine‐specific pattern of CaMKII activity induced by incubating cultured hippocampal
neurons for 30 minutes in Mg2+‐free ACSF containing picrotoxin and TTX (Inagaki et al.,
2000). Lisman et al. therefore implies that there exist at least two different populations of
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CaMKII activated by NMDARs and VDCCs during tetanic stimulation while suggesting at
least implicitly that CaMKII activated by VDCCs might not be involved in synaptic plasticity.
Possibly, one population might have different inactivation kinetics than the other so that the
faster of the two is undetectable. In the study by Inagaki et al., it was not tested whether
their stimuli, spontaneous neural activity induced by incubating neurons in picrotoxin and
TTX, induce any form of synaptic plasticity. Moreover, cultured hippocampal neurons were
fixed after the 30 minute incubation ended meaning that CaMKII activity detected could
have occurred at any time during the 30 minute incubation period. Therefore, although there
may be some stimulus condition that causes persistent autonomous activity (Barria et al.,
1997; Fukunaga et al., 1993b; Ouyang et al., 1997; Ouyang et al., 1999), there has not been any
experimental evidence that this persistent autonomous CaMKII activity is present and
maintained only at the dendritic spines undergoing synaptic plasticity.
Interestingly, no statistically significant increase in the autonomous activity
measured by autocamtide‐2 was detected in tetanically‐induced LTP (six trains of 20 pulses
at 100Hz, intertrain interval 1.5s) 30 minutes, 5 minutes and even 45 seconds after the
tetanus (Lengyel et al., 2004). When 5 minute bath application of TEA was used instead to
induce LTP probably at a larger number of synapses, the autonomous activity of CaMKII
increased transiently lasting 2 minutes while the level of T286 autophosphorylation was
elevated at least for 1 hour (Lengyel et al., 2004) dissociating T286 autophosphorylation from
Ca2+‐independent activity of CaMKII during synaptic plasticity for the first time. To make
sense of the results from this study with numerous in vitro studies on CaMKII
demonstrating

that

the

autonomous

activity

of

CaMKII

comes

from

T286

autophosphorylation (Fong et al., 1989; Hanson et al., 1989; Ishida and Fujisawa, 1995; Miller
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and Kennedy, 1986; Miller et al., 1988; Schworer et al., 1988; Wayman et al., 2008), I speculate
that a subpopulation of CaMKII at synapses undergo transient increase in the autonomous
activity and T286 autophosphorylation lasting ~2 minutes while a majority of population
undergoing

T286

autophosphorylation

assemble

themselves

into

some

sort

of

supramolecular assemblies thereby losing its kinase activity. Consistent with this speculation,
supramolecular

assemblies

of

CaMKII

holoenzymes

are

known

to

be

T286‐

autophosphorylated while their kinase activity is lost (Grant et al., 2008; Hudmon et al., 1996;
Hudmon et al., 2005a). However, this remains to be tested experimentally. Thus, T286
autophosphorylation under some conditions where a large number of synapses are
stimulated strongly such as multiple tetanic stimulations (Ouyang et al., 1997; Ouyang et al.,
1999) might not be correlated with an increase in the kinase activity, but this remains to be
further investigated.
A more specific approach was developed using transgenic mice overexpressing
F89G CaMKIIα mutant which contains an enlarged ATP binding pocket that can be
specifically blocked by an ATP analog, NM‐PP1, to eliminate the kinase activity of F89G
CaMKIIα in a drug‐inducible manner (Wang et al., 2003). In these mice, LTP was first
induced and after some time, the kinase activity of F89G CaMKIIα was blocked by applying
NM‐PP1 (Wang et al., 2008a). It turned out that the application of NM‐PP1 up to 5‐10
minutes after the induction of LTP reduced the magnitude of LTP down to the control levels
while blocking the kinase activity of F89G CaMKIIα after 10 minutes did not affect the
magnitude of LTP at all. Thus, LTP experiments in these mice suggest that CaMKII activity is
required up to first 5‐10 minutes after a single tetanic stimulation.
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CaMKII in the maintenance of LTP
Given that the persistent increase in autonomous activity and/or T286
autophosphorylation of CaMKII is present under some conditions, many studies looked for
evidence indicative of the importance of the persistent autonomous activity in the
maintenance of LTP (Buard et al., 2010; Chen et al., 2001; Hvalby et al., 1994; Malenka et al.,
1989; Malgaroli et al., 1992; Malinow et al., 1989; Yang et al., 2004). However, the bath
application of CaMKII inhibitors after LTP is induced has no effect on the maintenance of
LTP demonstrating that persistent autonomous activity, if there exists any especially at
synapses, is not required for the maintenance of LTP. Unfortunately, most of the drugs used
to block CaMKII activity were non‐specific, especially on other important molecules
involved in synaptic plasticity such as PKC, PKA, CaMKI and CaMKIV. Hence, specific
block of CaMKII activity has been long coveted (Buard et al., 2010; Ishida et al., 1995; Sumi et
al., 1991; Tokumitsu et al., 1990; Vest et al., 2007). In recognition of this issue, a recently
developed CaMKII inhibitor called CaMKIINtide, CaNtide, or CN by different groups
(denoted CN from here on) was used to address this issue (Chang et al., 1998; Illario et al.,
2003; Vest et al., 2007). This peptide is derived from an endogenous CaMKII inhibitor protein
(CaMKIIN) (Chang et al., 1998) and is known as the most specific CaMKII inhibitor (Vest et
al., 2007). When this peptide was tagged with Antennapedia sequence (denoted Ant from
here on ‐ RQIKIWFQNRRMKWKK) to make it cell‐permeable, the maintenance of LTP was
blocked showing the involvement of CaMKII in this process (Sanhueza et al., 2007) for the
first time. Surprisingly, however, it turned out later that this Ant fused to CN generated
unexpected gain of function artifact, which inhibited much of CaM‐mediated signaling
(Buard et al., 2010; Coultrap et al., 2010). When Tat (YGRKKRRQRRR) was fused to CN (Tat‐
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CN) instead of Ant to make it cell‐permeable and remove the unexpected side‐effects
detected with Ant fusion, CaMKII was not involved in the maintenance of LTP at all (Buard
et al., 2010) consistent with the earlier results (Chen et al., 2001; Hvalby et al., 1994; Malenka
et al., 1989; Malgaroli et al., 1992; Malinow et al., 1989; Yang et al., 2004).

Interaction between CaMKII and NR2B C‐tail in the induction and maintenance of LTP
Another possibility of CaMKII in the maintenance of LTP has been postulated to be
persistent binding of CaMKII to NR2B C‐tail (Bayer et al., 2001; Bayer et al., 2006; Otmakhov
and Lisman, 2009; Zhou et al., 2007). Interaction between NR2B C‐tail and CaMKII is known
to play a critical role in the induction of LTP (Barria and Malinow, 2005), but whether the
persistent binding between the two is essential for the maintenance of LTP is unanswered.
Although CaMKII bound to NR2B C‐tail was believed to be locked in an active conformation
(Bayer et al., 2001), later studies found that NR2B C‐tail segment mixed with purified
CaMKII not bound with NR2B C‐tail in the kinase assays works as a CaMKII inhibitor
reducing both Ca2+/CaM‐stimulated and Ca2+‐independent kinase activity (Pradeep et al.,
2009; Robison et al., 2005a). Furthermore, NR2B‐bound CaMKII is prevented from T305/T306
autophosphorylation (Bayer et al., 2001), but T305/T306 autophosphorylated CaMKII can
bind to NR2B C‐tail as well as non‐autophosphorylated CaMKII does (Robison et al., 2005a).
A selective CaMKII inhibitor, Tat‐fused CN, inhibits the binding of CaMKII to NR2B
(Vest et al., 2007), but does not disrupt the binding once it is established at 5μM (Vest et al.,
2010). The application of this drug at this concentration revealed that activity‐dependent
binding of CaMKII to NR2B is not required for the induction of LTP (Buard et al., 2010).
Applying this drug at a higher concentration that can disrupt established interaction
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between CaMKII and NR2B will reveal if CaMKII bound to NR2B prior to the induction of
LTP is required for the induction as well as the maintenance of LTP. Importantly, however,
this result strongly suggests that CaMKII positioned near a Ca2+ source such as NR2B is
likely to play an important role in LTP while minimizes the role of activity‐dependent
translocation of CaMKII and subsequent binding to NR2B. In fact, CaMKII can bind to NR2B
independent of T286 autophosphorylation (Leonard et al., 1999). I205K CaMKII knock‐in
mice would resolve conclusively if T286 autophosphorylation‐independent interaction
between CaMKII and NR2B is required for the induction of LTP.
Transgenic mice expressing drug‐inducible cytosolic carboxy‐terminal of NR2B
fragment reduces LTP while normal LTD is preserved (Zhou et al., 2007). Concomitantly, the
basal

level

of

T286

autophosphorylation

and

cLTP‐induced

increase

in

T286

autophosphorylation are lower in these transgenic mice (Zhou et al., 2007). These results
suggest that CaMKII interaction with NR2B C‐tail in the PSD is important for LTP, but given
that NR2B is a noncompetitive inhibitor of CaMKII (Pradeep et al., 2009; Robison et al.,
2005a), interpreting these results might not be simple as the lower level of T286
autophosphorylation seen in these mice might be due to inhibitory effect of overexpressing
cytosolic NR2B C‐tail. Furthermore, a relatively long NR2B C‐tail (~600 amino acids long
covering a half of NR2B protein sequence) can potentially work as a scaffold to recruit
proteins to synapses and a recent study from Morgan Sheng’s group demonstrates that
NR2B C‐tail positioned near a Ca2+ source is required for the induction of LTP while NR2A
C‐tail blocks LTP (Foster et al., 2010) hence many other proteins that bind specifically to
NR2B unlike CaMKII, which can bind NR1 (Leonard et al., 2002; Leonard et al., 1999), NR2A
(Gardoni et al., 1998; Gardoni et al., 1999) and NR2B (Bayer et al., 2001; Leonard et al., 1999;
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Strack and Colbran, 1998) subunits of NMDARs, could potentially play an important role.

CaMKII in metaplasticity
Although the importance of CaMKII in the induction of LTP was well established
from early on (Malenka et al., 1989; Malinow et al., 1989), subsequent studies showed the
involvement of CaMKII in metaplasticity (Table 1) (Mayford et al., 1995). Overexpression or
direct injection of constitutively active CaMKII fragment made by removing the
autoinhibitory and self‐association domains potentiate synapses and occlude further LTP
(Hayashi et al., 2000; Lledo et al., 1995; Pettit et al., 1994), but LTP is normal in transgenic
mice overexpressing T286D CaMKIIα mutant (Mayford et al., 1995), which keeps the
enzyme in its autonomous state independent of Ca2+/CaM binding (Fong et al., 1989;
Waldmann et al., 1990). On the other hand, metaplasticity occurrs shifting frequency‐
response function of plasticity towards LTD at hippocampal synapses where normally LTP
inducing 1‐10Hz stimulation induces LTD instead in these mice (Mayford et al., 1995).
Interestingly, T305/T306 autophosphorylation is involved in metaplasticity as well (Elgersma
et al., 2002; Zhang et al., 2005) where LTD is favored at conditions normally induce LTP.
Moreover,

at

the

perforant

path‐dentate

granule

cell

synapses,

T305/T306

autophosphorylation is required for metaplasticity (Zhang et al., 2005). A recent study from
John Lisman’s group demonstrates that overexpression of T286D/T305D/T306D induces LTD
just like T286D mutant does while overexpression of T286D/T305A/T306A induces LTP
showing that T305/T306 autophosphorylation site works as a control point for metaplascity
(Pi et al., 2010b). Interestingly, T286D CaMKII mutant is able to cause LTP in an NMDAR‐
independent manner when NMDARs are blocked by APV added in the culture medium (Pi
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et al., 2010b). Thus, the autonomous form of CaMKII can cause LTP in activity‐independent
manner and occludes further LTP casting doubts on the persistent activation of CaMKII
being important for LTP. On the other hand, the overexpression of T286D mutant without
blocking spontaneous synaptic activity causes LTD and occludes further LTD (Pi et al.,
2010b). Thus, if CaMKII activation persists, then subsequent synaptic activity is likely to
cause LTD again arguing against the idea that CaMKII activity is persistently maintained
after LTP. However, extensive investigation is needed to understand how the autonomous
form of CaMKII can bi‐directionally induce LTP or LTD. It is worth noting that the role of
T286D might be not so much of Ca2+/CaM‐independent activity, but rather is interactions
with its binding partners since the overexpression of a CaMKII fragment does not cause LTD
like

overexpressed

T286D

does.

Unlike

CaMKI

and

CaMKIV,

which

require

autophosphorylation to reach their maximal activities, CaMKII acquires its maximal activity
just by Ca2+/CaM binding (Wayman et al., 2008). The autonomous activity of T286D mutant
is about ~20% of the maximal Ca2+/CaM‐stimulated activity and T286D mutant can also
reach the maximal activity upon Ca2+/CaM stimulation (Fong et al., 1989; Mayford et al., 1995;
Waldmann et al., 1990). The induction of LTD by T286D mutant requires some form of
activity hence I speculate that T286D CaMKII is positioned with a different class of binding
partners most likely away from the PSD that upon further activation, Ca2+/CaM‐stimulated
T286D mutant phosphorylates its different set of substrates than ones usually get
phosphorylated at the PSD that ultimately induce LTD and over‐rides LTP induced by
CaMKII and its substrates in the PSD. Surprisingly, in vitro biochemical characterization or
binding

assays

of

triple

CaMKII

mutants

such

as

T286DT305DT306D, to my knowledge, are yet to be performed.
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T286DT305AT306A

and

CaMKII in learning and memory
Genetic manipulation of CaMKII in mice demonstrated the importance of CaMKII
in learning and memory with experimental evidence mainly based on spatial representation
and its stability by place cells in the hippocampus, spatial memory evaluated by water maze
tasks, contextual fear conditioning and cued fear conditioning (Table 1) (Elgersma et al., 2004;
Irvine et al., 2006). CaMKIIα homozygous knockout mice are severely impaired in spatial
learning (Silva et al., 1992a, 1993), but these mice are jumpy, susceptible to seizures (Butler et
al., 1995) and have high threshold for pain making unsuitable to do fear conditioning tasks
to demonstrate learning and memory deficits. K42R CaMKIIα knock‐in mice in which the
total CaMKII activity including CaMKIIα, CaMKIIβ, CaMKIIγ and CaMKIIδ is reduced by
~40% in the forebrain show impairment in a single‐trial inhibitory avoidance task where
mice are given a mild foot shock in a dark chamber and later test if the mice refrain
themselves from going into the dark chamber (Yamagata et al., 2009).
Misregulation of Ca2+‐independent activity of CaMKII in either direction leads to
some form of impairment in learning and memory. Transgenic mice overexpressing T286D
CaMKIIα, a mutant with Ca2+‐independent activity, do not form stable place cells in the
hippocampus (Rotenberg et al., 1996) and show impairment of spatial memory (Bach et al.,
1995). Interestingly, T286A CaMKIIα knock‐in mice, a mutant that is completely devoid of
Ca2+‐independent activity, also do not form stable place cells in the hippocampus (Cho et al.,
1998) and are impaired in spatial learning (Giese et al., 1998) signifying the importance of
the tight regulation of Ca2+‐independent activity of CaMKII (Table 1). Even environmental
enrichment and better postnatal handling do not rescue the spatial learning deficits seen in
T286A CaMKIIα knock‐in mice (Need and Giese, 2003), which are considered the most
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Table 1. Overview of CaMKII mutants and their phenotypes
Mutant
CaMKIIα (‐/‐)

Synaptic plasticity
HC‐LTP reduced
NC‐LTP reduced in adult animals
NC‐LTP normal in young animals
Normal I/O

CaMKIIα (‐/+)

HC‐LTP normal
NC‐LTP reduced

T286A
CaMKIIα

HC‐LTP and NC‐LTP impaired
Normal I/O

T286D
CaMKIIαa

Favors LTD
Normal LTP

T305VT306A
CaMKIIα

Favors LTP
Normal LTD and I/O

T305D
CaMKIIα

Favors LTD
No LTP
Normal LTD and I/O
HC‐LTP reduced
Normal I/O

K42R
CaMKIIα

Behavioral phenotypes
Hippocampus‐dependent learning
severely impaired but learning in
some animals is observed after
extended training
Increased seizure susceptibility
Normal learning or reduced
hippocampus‐dependent learning
Severely impaired remote memory
Decreased fear and increased
aggressive behavior
Severely impaired learning in water
maze
Unstable place cells
Impaired learning in Barnes maze
and water maze
Normal cued and contextual
conditioning
Unstable place cells
Impaired water maze learning
Impaired context discrimination
Old mice get seizures
Severely impaired in water maze
and cued conditioning
Impaired learning in inhibitory
avoidance task

HC, hippocampus; NC, neocortex; I/O, input/output of synaptic transmission.
transgenic mice overexpressing T286D CaMKIIα (10% of endogenous CaMKIIα); all other
mice are knock‐in mice unless otherwise specified.

a

Refer to the text for citations.
Modified with permission from (Elgersma et al., 2004).
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severe spatial learning deficits found to date (Lucchesi et al., 2010).
Misregulation of inhibitory autophosphorylation of CaMKII in either direction also
leads

to

impaired

learning

(Table

1).

Either

blocking

inhibitory

T305/T306

autophosphorylation by T305V/T306A CaMKIIα knock‐in mice or mimicking inhibitory
autophosphorylation by T305D CaMKIIα knock‐in mice result in impaired learning in both
groups of knock‐in mice (Elgersma et al., 2002).
Somewhat consistent with the importance of CaMKII only in the induction but not
the maintenance of LTP, several behavioral studies indicate that CaMKII activity is only
required for memory formation but not memory storage. In a hippocampus‐dependent
contextual fear conditioning task, pre‐injection of Tat‐CN before receiving a mild foot‐shock
in a conditioning chamber results in less freezing behavior after 24 hours compared to
control littermates indicating reduced learning (Buard et al., 2010). On the other hand, post‐
injection of Tat‐CN after the training session has no effect on the freezing behavior of mice
suggesting that blocking CaMKII activity does not affect memory once it is learned (Buard et
al., 2010).
Another study shows that T286 autophosphorylation is not required for memory
storage and simply increasing the number of training sessions in T286A knock‐in mice can
lead to memory storage seen in WT mice in both contextual fear conditioning and cued fear
conditioning

tasks

(Figure

4)

(Irvine

et

al.,

2005;

Irvine

et

al.,

2006).

T286

autophosphorylation was previously thought to be required for memory formation and
storage because T286A knock‐in mice showed no improvement in finding a platform to rest
in the Morris water maze task (Giese et al., 1998; Irvine et al., 2006; Need and Giese, 2003),
but in this task, due to the inability of these mice to learn the task, memory storage could not
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be tested. All these data suggest the importance of CaMKII especially T286
autophosphorylation in rapid learning and memory formation, but not in memory storage.
Hence, one corresponding underlying molecular mechanism can be where CaMKII is
activated initially and activate downstream signaling cascades while CaMKII returns to the
basal state to be ready for next learning experience. In this hypothesis, then, blocking
CaMKII after memory is formed does not block already stored memories, but can only block
memory formation. Another study using a hippocampus‐dependent trace eyeblink
conditioning task (Takehara et al., 2002) is consistent with these results that T286 is not
required for memory storage (Ohno et al., 2005). In this task, a tone is presented briefly and
after a silent interval, airpuff is given onto the cornea of mice (Irvine et al., 2006). WT mice
learn by making an association between the tone and the airpuff so that they blink their eyes
in response to the tone at the expected time of airpuff. T286A mice learn this task as well as
WT mice do indicating that T286 autophosphorylation is not required for memory storage of
the association between the tone and the airpuff (Ohno et al., 2005).
Interestingly, a growing number of studies provide experimental evidence that
CaMKII is involved in memory consolidation and retrieval rather than memory formation.
Although heterozygous CaMKIIα knockout mice show no apparent phenotypes in
hippocampal‐dependent tasks and hippocampal LTP (Elgersma et al., 2002; Silva et al., 1996),
cortical LTP induced by TBS and long‐term memory storage are severely impaired
(Frankland et al., 2001). These mice perform in a hippocampus‐dependent contextual fear
conditioning task and the Morris Water Maze task as well as WT mice both in learning and
memory for the first 3 days, but show gradual loss of memory in these tasks from 10 days
after the initial training (Frankland et al., 2001). Therefore, the consolidation of memory at
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Figure 4. CaMKIIα T286 autophosphorylation contributes to rapid formation of long‐term
memory after a single training trial but is not necessary for long‐term memory storage
after massed training
The mice were trained using a conditioning protocol consisting of one, three or five tone‐
shock pairings.
(A) Percentage of time spent freezing when tested for contextual long‐term fear memory
after training. The T286A CaMKIIα mutant mice are impaired compared with WT mice after
training with one or three tone‐shock pairings. However, when tested after training with five
tone‐shock pairings, both genotypes show similar freezing, indicating that the mutants
formed a contextual fear long‐term memory after more intense training. ***P<0.001
compared with WT mice.
(B) Percentage of time spent freezing before (grey bars) and during (green bars) tone
presentation. When tested 48 hours after conditioning, the T286A CaMKIIα mutant mice
trained using one tone‐shock pairing are impaired in cued fear long‐term memory formation.
However, the mutants tested after three and five tone‐shock pairings show a significant
increase in freezing during tone presentation similar to the WT mice indicating that the
mutant mice can form a cued fear long‐term memory after more intensive training.
***P<0.001 compared with freezing before tone presentation.
Reprinted with permission from (Irvine et al., 2006).
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longer days, which is believed to occur in the cortex, is impaired coincident with impaired
cortical LTP. Following up on this study, heterozygous CaMKIIα knockout mice show
several impairments in the expression of zif268 and c‐fos genes in cortical areas including
anterior cingulated cortex, medial prefrontal cortex and temporal cortex during the
formation of long‐term fear memory indicating that CaMKII somehow regulates the
expression of these activity‐dependent genes during memory consolidation in the cortex
(Frankland et al., 2004).
Another study shows that CaMKII is also involved in the retrieval of memory and
excessive CaMKII activity in the forebrain only at the time of recall leads to selective erasure
of previously stored memory (Cao et al., 2008). A similar phenotype was observed when
drug‐inducible T286D CaMKIIα transgene was activated after learning where memory recall
was impaired (Mayford et al., 1996a).

Structural and functional plasticity of dendritic spines
Structural features of dendritic spines
Dendritic spines are small protrusions (~0.1 femtoliter) off dendritic shafts
connected by narrow spine necks forming the sites of most excitatory synapses on
pyramidal neurons. Each pyramidal neuron has ~10,000 dendritic spines and each spine
houses several hundreds of signaling proteins and receptors (Kennedy et al., 2005; Sheng
and Hoogenraad, 2007). Dendritic spines are diverse in their size and shape ranging from
filopodia, stubby spines to mushroom spines (Fiala et al., 1998; Harris, 1999). Narrow spine
necks connecting spine heads to their parent dendrites act as diffusional barriers (Bloodgood
and Sabatini, 2005; Grunditz et al., 2008; Svoboda et al., 1996), which is believed to be critical
45

for the isolation of biochemical signals for the spine‐specificity of synaptic plasticity (Alvarez
and Sabatini, 2007; Nimchinsky et al., 2002). Also, electrical compartmentalization at spine
heads due to spine neck resistance has long been proposed as an important mechanism for
dendritic computation (Araya et al., 2006a; Araya et al., 2006b; Bloodgood and Sabatini, 2005;
Grunditz et al., 2008; Tsay and Yuste, 2004). Although spines are believed to mature from
filopodia‐like ones to mushroom‐shaped ones, several recent studies argue that spine
morphology cannot be used as a criterion to distinguish the maturity of dendritic spines
(Busetto et al., 2008; Ward et al., 2006).

Definitions of structural and functional plasticity of dendritic spines
Synaptic plasticity is now divided into two types of synaptic plasticity – functional
and structural plasticity. Synaptic plasticity as its name indicates occurs at synapses. 90% of
excitatory synapses are located on dendritic spines hence structural and functional changes
of dendritic spines have been the focus of intense scientific investigation. Functional
plasticity refers to change in a number of ion channels in a synapse resulting in either an
increase or decrease in synaptic strength. It is now known that at some synapses such as a
mossy fiber synapse, NMDARs themselves can be inserted (Kwon and Castillo, 2008; Rebola
et al., 2008). Even at Schaffer Collateral synapses of CA1 neurons, muscarinic acetylcholine
receptor stimulation induces LTD of NMDAR EPSC by the internalization of NMDARs (Jo et
al., 2010). However, in this dissertation, I restrict the scope of functional plasticity to changes
in AMPAR‐mediated EPSC. Structural plasticity refers to a change in the volume of a
dendritic spine. Traditionally, structural plasticity and functional plasticity have been
studied separately ‐ the former by imaging and the latter by electrophysiology ‐ due to
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technical difficulties to visualize and identify synapses that are being recorded
electrophysiologically.

Structural plasticity of dendritic spines
Dendritic spines are diverse and dynamic in their size and shape (Bhatt et al., 2009;
Holtmaat and Svoboda, 2009). Spines can change their morphology in both activity‐
dependent and activity‐independent manners (Yasumatsu et al., 2008; Zuo et al., 2005). They
can also appear and disappear on a wide range of temporal scales ranging from minutes
(Yasumatsu et al., 2008; Zito et al., 2009) to days (De Roo et al., 2008) in culture. With the
advent of two‐photon laser scanning fluorescence microscopy (Denk et al., 1990; Holtmaat
and Svoboda, 2009), structural plasticity of spines have been extensively observed (Bhatt et
al., 2009; Holtmaat and Svoboda, 2009) under various conditions such as motor learning (Xu
et al., 2009), song learning (Roberts et al., 2010), whisker trimming (Trachtenberg et al., 2002)
and visual sensory deprivation (Majewska and Sur, 2003). In sum, structural plasticity of
spines is a strong structural correlate of experience‐dependent modifications in the brain.

Functional plasticity of dendritic spines
Spine volume is well correlated with synaptic current evoked by glutamate
uncaging (Matsuzaki et al., 2004). EM studies have shown that PSD size is correlated with
spine volume (Harris et al., 1992; Harris and Stevens, 1989) and the length of PSD is
correlated with the number of AMPARs (Kharazia and Weinberg, 1999; Nusser et al., 1998;
Takumi et al., 1999). Thus, the number of AMPARs, an indicator of synaptic strength, is
strongly correlated with the spine volume.
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Given that basal spine volume is strongly correlated with synaptic strength, it is not
surprising that structural plasticity of spines is also well correlated with functional plasticity
of spines. Spine enlargement is coincident with an increase in synaptic strength measured by
AMPAR‐EPSC (Harvey and Svoboda, 2007; Harvey et al., 2008; Matsuzaki et al., 2004;
Steiner et al., 2008). LTP‐associated spine expansion induced by two‐photon glutamate
uncaging (Matsuzaki et al., 2004) and chemically‐induced LTP (Kopec et al., 2006) have been
observed. Moreover, tetanic stimulation induces spinogenesis (Engert and Bonhoeffer, 1999;
Maletic‐Savatic et al., 1999) or spine enlargement (Matsuzaki et al., 2004; Okamoto et al.,
2004; Yamagata et al., 2009) while low frequency stimulation induces spine shrinkage
(Nagerl et al., 2004; Zhou et al., 2004). One study demonstrates that during cLTP‐induced
structural and functional changes of dendritic spines, GluR1 C‐tail is required for structural
plasticity (Kopec et al., 2007) indicating that GluR1 is required for AMPAR insertion as well
as an increase in spine size. In cerebellar Purkinje cells, however, weakening of synaptic
strength can be observed without spine shrinkage (Sdrulla and Linden, 2007) showing that
structural plasticity and functional plasticity under some conditions can be dissociated.

Spine abnormalities in brain disorders
Consistent with the importance of dendritic spines in structural and functional
plasticity, aberrant morphology and abnormal density of dendritic spines have been
observed in post‐mortem brain tissues from patients of mental disorder such as Down
Syndrome and schizophrenia (Ferrer and Gullotta, 1990; Fiala et al., 2002; Garey et al., 1998;
Suetsugu and Mehraein, 1980). Furthermore, abnormal morphology, dysregulation and
retraction of dendritic spines are observed in the early stages of neurodegenerative diseases
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such as Alzheimer’s disease (Lacor et al., 2007; Shankar et al., 2007). Moreover, synaptic
plasticity is known to be attenuated by the accumulation of amyloid‐beta oligomers (Hsieh
et al., 2006; Walsh et al., 2002), which then bind to the cellular prion protein (Lauren et al.,
2009).
Recently, time‐lapse imaging of dendritic spines during brain disorders revealed
spine abnormalities. In mouse models for Alzheimer’s disease, neurons near fibrillar
amyloid or amyloid plaques undergo net spine loss (Spires et al., 2005; Tsai et al., 2004). In
mice infected with prion, selective loss of stable, persistent spines was observed while
transient spines remain unaffected (Fuhrmann et al., 2007). Interestingly, when stroke was
focally induced, affected neurons underwent exceptional high rate of spine turnover
concomitant with cortical remapping in the affected area (Brown et al., 2009). In sum,
understanding signaling mechanism underlying structural and functional plasticity of
dendritic spines will be of great importance to develop therapeutic agents against spine
abnormalities observed in brain disorders.

Synaptic plasticity at the level of single dendritic spines
Focal release of glutamate by two‐photon glutamate uncaging allows simultaneous
imaging and electrophysiological recording of single dendritic spines (Matsuzaki et al., 2001).
Furthermore, both structural and functional plasticity can be induced at single dendritic
spines by repetitive glutamate uncaging (Matsuzaki et al., 2004). Consistent with the
existence of many forms of synaptic plasticity (Malenka and Bear, 2004), single dendritic
spines also demonstrate several distinct types of synaptic plasticity. Low frequency
stimulation of uncaging pulses to ER‐containing spines induces NMDAR‐independent
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synaptic depression while no change is observed in synapses lacking ER (Holbro et al., 2009).
Repetitive uncaging (15‐60 pulses between 0.5Hz‐1Hz) in Mg2+ free ACSF or pairing of
presynaptic stimulation by uncaging and postsynaptic depolarization in Mg2+ containing
ACSF result in both structural and functional plasticity only at the stimulated spine in
cultured hippocampal slices with rapid spine volume increase (30‐300%) in the first 5‐10
minutes followed by a long plateau of persistent spine volume increase (30‐100%) (Table 2)
(Harvey and Svoboda, 2007; Harvey et al., 2008; Lee et al., 2010; Makino and Malinow, 2009;
Matsuzaki et al., 2004; Patterson et al., 2010; Steiner et al., 2008; Zhang et al., 2008). This
structural plasticity is not dependent on protein synthesis as structural plasticity is
maintained with anisomycin added in the ACSF (Tanaka et al., 2008) and persists at least up
to 6 hours (Steiner et al., 2008). Two‐photon glutamate uncaging accompanied by Brain‐
derived neurotrophic factor (BDNF) application or postsynaptic spikes affects the time‐
course of spine volume growth where spine volume slowly increases up to 2‐fold
throughout imaging at least up to 1 hour and this form of structural plasticity is protein
synthesis dependent (Tanaka et al., 2008). Synaptic plasticity at single dendritic spines
discussed so far in this section is restricted to stimulated spines and neighboring spines do
not show any changes in spine volume or uncaging‐evoked EPSC consistent with the input‐
specificity of synaptic plasticity. This demonstrates that a single spine contains necessary
proteins for the induction of synaptic plasticity and indicates that there must be a spine‐
specific biochemical signal.
Interestingly, threshold for both structural and functional plasticity can be lowered
briefly (~5 minutes) in unstimulated spines adjacent to a stimulated spine (Harvey and
Svoboda, 2007). For this facilitation of plasticity, a spine is first stimulated with an usual
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train of uncaging pulses that induces synaptic plasticity (suprathreshold stimuli). Then
within 5 minutes after the first stimulation, weak stimulation which does not produce
plasticity by itself (subthreshold stimuli) is applied to a neighboring dendritic spine less
than 10μm away from the originally stimulated spine. Surprisingly, this subthrehold stimuli
is now sufficient to induce long‐lasting synaptic plasticity in time‐ (within 5 min after the
initial suprathreshold stimulation) and location‐dependent manner (within 10μm from the
originally stimulated spine) indicating that stimulation of a single dendritic spine can send
out intracellular signals affecting its neighboring dendritic spines. Therefore, it is clear from
these findings that single dendritic spines are capable of undergoing various forms of
synaptic plasticity and can be influenced by nearby dendritic spines under some conditions.
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Table 2. Structural plasticity of dendritic spines induced by two‐photon uncaging of
MNI‐glutamate from literature (4mM Ca2+, 0mM Mg2+, 1μM TTX)
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60

Pulse
length
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0.6

Tanakab

40

0.6

1

12k

50

50

Steinerc

40

0.5

0.667

2.5

30

30

Harveyd

30

4

0.5

2.5
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80
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30
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0.5
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0.5

2.5
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15‐30
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0.5

2.5

260

120
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0.5
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100

# pulses

Pattersong
Leeh,i

1
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(mM)
12k

Transient
Volumej
(%Δ)
300

Sustained
Volume
(%Δ)
100

Frequency
(Hz)

(Matsuzaki et al., 2004); b(Tanaka et al., 2008); c(Steiner et al., 2008); d(Harvey and Svoboda,
2007); e(Harvey et al., 2008); f(Makino and Malinow, 2009); g(Patterson et al., 2010); h(Lee et al.,
2009)
iFigure 15D
j Transient volume is defined as absolute transient volume subtracted by sustained volume
k applied locally via a glass pipette; bath‐application of MNI‐glutamate in all other studies
a
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Experimental rationale and specific aims
Rationale for studying structural and functional plasticity at the level of single dendritic
spines
Many molecules and signaling mechanisms underlying LTP and other forms of
synaptic plasticity have been identified and elucidated (Kerchner and Nicoll, 2008; Kessels
and Malinow, 2009; Lisman and Raghavachari, 2006; Malenka and Bear, 2004)
acknowledging complicated signaling networks consisting of hundreds of molecules
interacting with one another to mediate and modulate synaptic plasticity (Cheng et al., 2006;
Dosemeci et al., 2006; Feng and Zhang, 2009; Kennedy et al., 2005; Sanes and Lichtman, 1999;
Sheng and Hoogenraad, 2007; Sheng and Kim, 2002). Although these studies identified
many players involved in synaptic plasticity, studying spatiotemporal dynamics of signaling,
which can be dynamically controlled via a multiple mechanisms such as protein
phosphorylation (Soderling and Derkach, 2000), has been much more difficult especially at
the level of single dendritic spines.
Despite immense work done so far to study molecular mechanisms underlying LTP,
most data have been heavily relied on biochemistry, electrophysiology and pharmacology.
These studies have greatly broadened our understanding but, in my opinion, there are four
main advantages that studying single synapses with two‐photon glutamate uncaging offers.
Firstly, biochemical purification of tissue samples inevitably changes the cellular
environments these proteins reside in. For example, it is well known that CaMKII is very
sensitive to cellular environments and can translocate in and out of PSD under different
conditions and form supramolecular assemblies. Also, local calcium, calmodulin
concentrations might not be necessarily the same as global concentrations and the
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proportion of free and buffered concentrations in cells are largely unknown. Furthermore,
different calcium duration and frequency are known to affect CaMKII activity to different
degrees, but has not been addressed in dendritic spines of living neurons. Studying single
synapses with two‐photon glutamate uncaging allows to study at known [Ca2+], which is
often missing information in [Ca2+]‐dependent signaling studies. [Ca2+] can activate many
things and concentrations could differ at specific subcellular localizations. Knowing kinetics
of [Ca2+] under given signaling is studied will greatly aid to understand signaling networks.
Secondly, most stimulation paradigms involve direct stimulation of a large number
of synapses, which might cause unknowingly either synergistic or antagonistic effects.
Stimulating a single synapse is free from these effects and provides insights on what a single
synapse can and cannot do. Being able to stimulate and follow single synapses has greatly
broadened our understanding of how biochemical signaling is regulated at the level of
single dendritic spines. For example, location‐dependent (~10μm) and time‐dependent (~5
minutes) lowering of threshold for synaptic plasticity in spines adjacent to a spine
undergoing synaptic plasticity mentioned above would have been nearly impossible to
discover without the availability of two‐photon glutamate uncaging (Harvey and Svoboda,
2007). Dendritic branch‐specific potentiation of neurons would have been difficult to study
without the ability to stimulate a number of spines in a well‐controlled manner by two‐
photon glutamate uncaging (Losonczy et al., 2008). Even metaplasticity has been discovered
to occur at single glutamatergic synapses (Lee et al., 2010). In sum, these findings clearly
demonstrate the existence of different scales of signaling regulation in neurons ranging from
a synapse, a short stretch of dendrite, an entire dendritic branch to a neuron. Furthermore,
comparing studies based on single synapses and cell bodies will yield a great deal about
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spatiotemporal scales of biochemical signaling in neurons and input‐output relationship in a
single neuron. How many synapses are required to initiate gene transcription? How many
synapses are required to reliably generate an action potential and up to which frequency?
What mechanism underlies for synaptic tagging? To what extent do dendritic spines
compete or share resources with neighboring dendritic spines? These questions largely
remain unexplored or are just beginning to be answered and will only be answered by
studying single synapses. In typical electrophysiological studies, a minimal stimulation
paradigm is adopted where stimulation strength is adjusted to around 100pA. It is
important to remember however, minimal stimulation studies are inherently biased towards
synapses with either high release probability or high receptor content (Steiner et al., 2008).
With stimulating a single synapse by two‐photon glutamate uncaging just relying on the
morphology, an experimenter is probably least biased. However, spines with relatively short
necks often described as “stubby” spines are in general avoided to avoid mixing of spine
fluorescence with dendrite fluorescence from fluorophores like GFP (Busetto et al., 2008;
Harvey and Svoboda, 2007; Zhong et al., 2009). Also, very thin filopodia might be missed out
by conventional two‐photon microscopy (Ding et al., 2009). These issues will be hopefully
resolved as imaging techniques advance.
Thirdly, dynamics of biochemical signals within seconds or a few minutes is
extremely difficult to study with biochemistry. Especially for Ca2+ dynamics, fast data
acquisition is essential. Imaging can aid greatly to understand such rapid biological
processes. Even antibodies do not bind to their epitopes instantaneously (Verveer et al., 2000)
and can bind non‐specifically. Readout of biochemical signaling in fine spatiotemporal
resolution is much easily done with imaging.
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Lastly, two‐photon glutamate uncaging is a great way to stimulate a single dendritic
spine and avoid diluting of a signal by averaging data from multiple spines and refrain from
stimulating more than necessary to induce structural plasticity. Considering a single spine as
a minimal functional unit at which synaptic plasticity can be induced and maintained,
minimum requirements to induce and maintain synaptic plasticity can be differentiated
from mere by‐products of plasticity‐inducing stimulus. For example, persistent T286
autophosphorylation up to at least 1 hour was visualized but signal came from everywhere
including thick dendrites while CaMKII at the upstream of signaling is believed to be
important for input‐specificity of synaptic plasticity. This paradox was noted previously
(Lisman et al., 2002; Soderling et al., 2001) and the presence of “hot spots” of CaMKII activity
following spontaneous stimulation validated the existence of localized CaMKII activation
presumably at synapses undergoing some form of synaptic plasticity. However, temporal
resolution was poor and no evidence whether these synapses were undergoing LTP or
whether synapses with highly localized synapses are in fact undergoing LTP (Inagaki et al.,
2000). We do not know if highly activated CaMKII in dendritic shafts is merely a by‐product
due to the opening of VDCCs purely due to the stimulation protocol used. This might be
true given that 100Hz tetanic stimulation is known to not require VDCCs and is dependent
on NMDARs. Furthermore, some studies show that firing is not required for the induction
of synaptic plasticity (Dudman et al., 2007; Tanaka et al., 2008). Studying single synapses
thus can provide definitive answers on some of the things mentioned above, which were not
possible previously.
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Specific Aim 1 ‐ Imaging CaMKII activity during synaptic plasticity
In K42R CaMKIIα knock‐in mice, reduced CaMKII kinase activity decreased the
sustained spine volume increase during structural plasticity whereas transient volume was
not affected (Yamagata et al., 2009). The duration of CaMKII activation, the degree of
localized activation of CaMKII during synaptic plasticity have remained controversial with
data supporting both transient and persistent activation of CaMKII (discussed previously in
the duration of CaMKII activation). Most of these data come from either a large number of
synapses or a synapse that is assumed to have undergone synaptic plasticity. In my opinion,
experimental evidences available so far are largely corroborative rather than direct
visualization of downstream events that actually happened at where synaptic plasticity is
expressed. Here, we will first characterize a newly FRET‐based CaMKII sensor for FLIM,
which we named Green‐Camuiα (Chapter 3). Second, using this sensor, we will combine
FLIM with two‐photon glutamate uncaging to image fluorescence lifetime changes of Green‐
Camuiα while a single dendritic spine in a CA1 pyramidal neuron undergoes synaptic
plasticity (Chapter 4). Given its importance in LTP, one of its characteristics being input‐
specificity, and synapse‐specific synaptic plasticity induced by two‐photon glutamate
uncaging (Matsuzaki et al., 2004), we expect to see if the activation of CaMKII only in the
stimulated spine demonstrating that the activation of CaMKII provides spine‐specific signal
of synaptic plasticity induced by two‐photon glutamate uncaging. We will measure how
long CaMKII remain active in single dendritic spines undergoing synaptic plasticity. The
induction of maintenance of synaptic plasticity of single dendritic spines will be verified as
an increase in spine volume for structural plasticity and an increase in AMPAR‐EPSC for
functional plasticity.
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Specific Aim 2 ‐ Biophysical explanation for spine‐specific activation of CaMKII
Here, we will measure two parameters that we think are important to achieve spine‐
specific biochemical signaling during synaptic plasticity. Although many Ca2+ imaging
studies have shown that Ca2+ influx via NMDARs are largely restricted to single dendritic
spines (Augustine et al., 2003), there has not been any study showing spine‐specific
biochemical signal, which is necessary to achieve synapse‐specificity of synaptic plasticity
induced by two‐photon glutamate uncaging (Matsuzaki et al., 2004). Our results in Specific
Aim 1 demonstrate that CaMKII activation is spine‐specific during synaptic plasticity. In
Chapter 4, we will measure inactivation kinetics of activated CaMKII during synaptic
plasticity and spine‐dendrite coupling of activated CaMKII to show that activated CaMKII
gets inactivated before it diffuses out of a dendritic spine during synaptic plasticity
explaining why CaMKII activation is restricted to the dendritic spines undergoing synaptic
plasticity.

Specific Aim 3 ‐ Compartmentalized activation of CaMKII
In Chapter 4, we found that during postsynaptic depolarization to remove Mg2+
from NMDARs, CaMKII was activated greatly in both spines and dendrites. Interestingly,
CaMKII was activated greater in dendritic shafts than in dendritic spines. In Chapter 5, we
will perform several experiments how this differential activation of CaMKII is induced by
postsynaptic depolarization. We will show that [Ca2+] elevations during postsynaptic
depolarization are almost identical in dendritic spines and dendritic shafts. Our results will
demonstrate CaMKII activation by nanodomain [Ca2+] in dendritic spines and dendritic
shafts in the proximity of VDCCs.
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Specific Aim 4 ‐ Regulation of CaMKII by autophosphorylation in single dendritic spines
Our results in Chapter 4 demonstrate transient activation of CaMKII during
synaptic plasticity of single dendritic spines. CaMKII activity lasts only ~2 minutes which
raises questions regarding how effective autophosphorylation of CaMKII are in this
relatively short time window. Our results are consistent with previous studies that have
failed to show the involvement of persistent CaMKII activity in the maintenance of LTP, but
if this is so, manipulating CaMKII activity during ~2 minute period of the induction of
synaptic plasticity should be able to lead to different long‐term changes in the maintenance
phase of LTP. Here, we determine how effective autophosphorylation sites are in regulating
CaMKII activity in single dendritic spines and whether modifying or mutating these sites
leads to different activation dynamics of CaMKII.

Specific Aim 5 ‐ Development of other Ca2+/CaM‐dependent kinase FRET sensors
Based on our success with Green‐Camuiα, we will develop FRET‐based sensors for
other Ca2+/CaM‐dependent kinases. We will present our FRET sensors for CaMKI, CaMKIV
and CaMKIIβ and demonstrate that these sensors report changes in fluorescence lifetime
upon activation in living neurons.
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Chapter 2. Materials and Methods

Introduction
In this chapter, I describe in detail all materials and methods I utilized to generate
experimental data in the following chapters. Data are presented as mean ± standard error of
the mean (s.e.m.) unless otherwise specified.

Constructs and reagents
Camuiα (YFP‐CaMKIIα‐CFP) and shRNA against CaMKIIα were gifts from Dr.
Yasunori Hayashi (Riken). Photoactivatable GFP was a gift from Dr. Jennifer Lippincott‐
Schwartz (National Institutes of Health). Green‐Camuiα was made by exchanging YFP with
REACh (VenusA206K,T145W)(Ganesan et al., 2006) and CFP with mEGFP(EGFPA206K). The
plasmid map of Green‐Camuiα is available at AddGene.

Hippocampal slice culture preparation and gene‐gun transfection
Hippocampal slice cultures were prepared from postnatal day 6 or 7 rats (Stoppini
et al., 1991), in accordance with the animal care and use guidelines of the Duke University
Medical Center. Pups were anesthetized using isofluorane, waited until became irresponsive
to pinching, decapitated, and quickly transferred to chilled dissection media containing
1mM CaCl2, 5mM MgCl2, 10mM glucose 4mM KCl, 26mM NaHCO3, 248mM sucrose. Then,
their hippocampuses were removed, transferred to a tissue chopper and sliced every 350μm.
The slices were then placed on a Millipore membrane (3~5 slices per membrane, 0.2μm pore
60

size filter) and left to incubate in tissue media containing 0.0084g/ml Hepes base MEM, 20%
horse serum, 1mM L‐glutamine, 1mM CaCl2, 2mM MgSO4, 12.9mM D‐glucose, 5.2mM
NaHCO3, 30mM HEPES, 0.075% Ascorbic acid, and 1μg/ml insulin at 32 . After 1‐2 weeks
in the incubator, the slices were transfected biolistically (McAllister, 2000) using a gene‐gun
(Biorad) containing gold particles (1.2μm diameter, 9‐11mg) coated with plasmids
containing cDNA of Green‐Camuiα or its mutants (35μg), and mCherry (16μg). After 2‐5
days of transfection, slices containing transfected CA1 neurons located between 15 to 50μm
deep from the surface were used for imaging at room temperature (25~27 ).

Two‐photon fluorescence intensity imaging
A custom‐built two‐photon microscope with two Ti:sapphire lasers (MaiTai; Spectra‐
physics) was used for imaging. Imaging laser was tuned to 920nm to excite mEGFP‐tagged
constructs and mCherry. Uncaging laser was tuned to 720nm (see two‐photon glutamate
uncaging below). Intensity of each laser was controlled independently using electro‐optical
modulators (Pockels cells; Conoptics). Two laser beams were combined using a beam‐
splitting cube and passed through the same set of galvano‐scanning mirrors and objective
(60X, 0.9 NA; Olympus). Emitted fluorescence from mEGFP‐tagged constructs and mCherry
was divided using a dichroic mirror (565nm; Chroma) and detected by wide aperture
photomultiplier tubes (R3896; Hamamatsu) for both red and green fluorescence after
wavelength filters (HQ510/70‐2p for green and HQ620/90‐2p for red; Chroma). For
fluorescence intensity imaging, ScanImage (Pologruto et al., 2003) was used to control
mirrors and to acquire fluorescence signals. ScanImage uses a data acquisition board (PCI‐
6110; National Instruments).
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Two‐photon fluorescence lifetime imaging
For fluorescence lifetime imaging, a photomultiplier tube with low transfer time
spread (H7422‐40; Hamamatsu) to improve the accuracy of fluorescence lifetime
measurements was placed after a wavelength filter (HQ510/70‐2p; Chroma). Fluorescence
lifetime images were produced on a time‐correlated single photon counting board (SPC‐730;
Becker‐Hickl) controlled with custom software (Yasuda et al., 2006) written using MATLAB
7.0 (Mathworks). An additional data acquisition board (PCI‐6713; National Instruments) was
used to generate frame and line clocks to synchronize the ScanImage and the SPC‐730 board.
The fluorescence lifetime decay curve was measured by comparing the time of imaging laser
pulses at 80MHz (Spectra Physics) detected by a photodiode (FDS010; Thorlabs) and photon
pulses from the photomultiplier tube (H7422‐40).

Two‐photon glutamate uncaging
MNI‐glutamate (2mM; Tocris) was added in standard artificial cerebral spinal fluid
(ACSF) containing 130mM NaCl, 2.5mM KCl, 2mM NaHCO3, 1.25mM NaH2PO4 and 25mM
glucose aerated with 95% O2 and 5% CO2. The uncaging laser spot was steered to the tip of a
spine head and 4‐6ms pulses were delivered to stimulate glutamate receptors on the spine.
Spines well separated from their parent dendrites and adjacent spines were chosen for the
experiments. The resolution of two‐photon glutamate uncaging was ~1μm (Figure 5). Two‐
photon glutamate uncaging was performed to induce structural plasticity (Figures 15, 16, 18,
20) in ACSF containing 4mM Ca2+, 0mM Mg2+, 1μM TTX. To induce functional plasticity with
the pairing protocol (Figures 19, 21), 1mM Mg2+ was added to the above solution.
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Figure 5. Dependency of AMPAR‐uEPSC on the position of uncaging laser spot
(A, B) Location of uncaging spots (A) and corresponding AMPAR‐uEPSC (B) recorded at the
soma voltage‐clamped at ‐65mV. The white circle on (A) corresponds to the current in black
color on (B). The spine was stimulated by four uncaging pulses (4ms) at 0.2Hz and filtered
with 2ms windows.
(C) Peak AMPAR‐uEPSC (average of 6ms around the peak) normalized to the AMPAR‐
uEPSC at zero distance from the spine (the white circle on (A)). 4 spines from 4 neurons.
Reprinted from (Lee et al., 2009).
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Photoactivation and photobleaching
For photobleaching experiments (Figure 12), spine fluorescence was photobleached
by directing the imaging laser beam at a spine of interest for 1‐8s. For photoactivation
experiments (Figure 11), a second laser (tuned at 800nm) was positioned at a spine of
interest for 20ms.

In vitro fluorescence lifetime assay
HEK‐293 cells were transfected with Green‐Camuiα using Lipofectamine 2000
following the manufacturer’s instructions (Invitrogen). Two days after transfection, cells
were lysed with a solution containing 40mM HEPES (pH 8.0), 0.1mM EGTA, 5mM
Magnesium Acetate, 0.01% Tween 20 (Takao et al., 2005), and concentrated using a
centrifugal filter (Millipore) to remove CaM and ATP while collecting Green‐Camuiα. The
lysates was then diluted 15 times in 136.5mM potassium gluconate, 17.5mM KCl, 9mM NaCl,
1mM MgCl2, 0.2mM EGTA, 10mM HEPES‐KOH (pH 7.2). Green‐Camuiα was activated in
vitro by applying 0.5mM CaCl2, and inactivated by applying 2mM EGTA (Figure 7).

Fluorescence lifetime analysis
In time‐domain lifetime measurements, a fluorescence lifetime decay curve, which is
essentially a histogram of the collection of single photons generated by a time‐correlated
single photon counting board (SPC‐730; Becker‐Hickl), is distorted by inherent noise in
electronics and instruments such as the transit time spread of a PMT. Thus, the fluorescence
lifetime decay curve, F(t), is fitted with a single exponential function convolved with the
Gaussian pulse response function of a microscope as follows (Yasuda et al., 2006):
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where t is photon arrival time for each collected photon by the PMT, t0 is the offset time
between the start of a laser pulse and the start of photon arrival,
lifetime of the free donor (2.6ns),
response function (0.12ns – 0.16ns), and

is the fluorescence

is the standard deviation of the Gaussian pulse
is the peak fluorescence. To improve the stability

of this fitting, all pixels in an image was summed and fitted with Eq. (1).

and

are

obtained by fitting.
The mean fluorescence lifetime,

, of a fluorescence lifetime decay curve is then

measured from the mean photon arrival time

as follows (Yasuda et al., 2006):
·
·

Eq. (2)

Here F(t) is not fitted with Eq. (1), but is raw experimental data represented by a histogram
of single photons collected by the time‐correlated single photon counting board.

Immunostaining and immunofluorescence imaging
To measure overexpression level, Green‐Camuiα or mEGFP‐CaMKIIα was co‐
transfected with an empty vector, substituting mCherry. shRNA against CaMKIIα and
mEGFP were co‐transfected to ensure the specificity of CaMKII antibody. Slices were fixed in
4% paraformaldehyde with 4% sucrose (in 0.1M phosphate buffer) for 15 minutes followed
by incubation in 30% sucrose for 15 minutes at room temperature. Slices were re‐sectioned
using a vibratome at every 25μm. The re‐sectioned slices were permeabilized and blocked
overnight at 4

in 1% Triton‐X100 with 5% goat serum, followed by 30 minutes blocking in

10% goat serum. Immunostaining was performed for 24 hours at 4
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using mouse anti‐

CaMKIIα (GeneTex) as a primary antibody diluted 400 times in 5% goat serum in PBS‐T
(phosphate buffer saline with 0.1% Triton‐X100). After 3 washings in PBS‐T, the slices were
incubated with a Texas‐red conjugated goat anti‐mouse secondary antibody (Invitrogen)
diluted 400 times in goat serum in PBS‐T. Each sectioned slice was then transferred and
glued to a cover glass using a tissue adhesive and sealed from the top with a cover slip for
imaging.

Immunofluorescence

was

quantified

using

two‐photon microscopy

and

immunofluorescence from cell body excluding nucleus was used for quantification.
Background was estimated from the dark noise of photomultiplier (Figure 10).

Ca2+ imaging
Whole‐cell voltage clamp was performed with a pipette containing Ca2+‐sensitive
green dye (500μM Fluo‐4FF; Invitrogen) and Ca2+‐insensitive red dye (300μM Alexa‐594;
Invitrogen) in Cs+ internal solution (Figures 19, 24). Ca2+ imaging started after the red
fluorescence intensity reached a steady state (~15 minutes) and both dyes were excited at
920nm. Frame scans were acquired every 32ms (Figure 19) or 256ms (Figure 24). The change
in [Ca2+] was measured as follows (Yasuda et al., 2004):
∆
∆

where

·

Eq. (3)

is the ratio of green fluorescence intensity to red fluorescence

intensity at saturating [Ca2+] (10mM) measured in a pipette and
(Invitrogen).
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is 10.4μM for Fluo‐4FF

Electrophysiology
Whole‐cell patch clamp was performed with patch pipettes (4‐9MΩ) back‐filled with
either Cs+ or K+ internal solution (1‐2μℓ). Cs+ internal solution contained 130mM CsMeSO3,
10mM Na‐phosphocreatine, 4mM MgCl2, 4mM Na2‐ATP, 0.4mM Na2‐GTP and 10mM Cs‐
HEPES at pH 7.3. 130mM CsMeSO3 in Cs+ internal solution was replaced by KMeSO3 for K+
internal solution. Recordings were made using a Multiclamp 700B amplifier (Axon
Instruments), filtered at 2 kHz for voltage‐clamp recordings. Neurons were initially voltage‐
clamped at ‐65mV and series resistance lower than 25MΩ were used for experiments. Input
and series resistance were continuously monitored and if they change more than 20%, the
measurements were discarded. To induce functional plasticity (Figures 19, 21), neurons were
loaded with Cs+ internal solution in a voltage‐clamp mode in ACSF containing 4mM Ca2+,
1mM Mg2+ and 1μM TTX. To measure uncaging‐evoked AMPAR EPSC, a 4ms pulse at
720nm was applied four times at 0.2Hz and measured every 10 minutes. Before each session,
the uncaging spot was relocated at the tip of a spine head due to drift. To induce
postsynaptic depolarization (Figures 24, 25, 26), neurons were loaded with Cs+ internal
solution in a voltage‐clamp mode in ACSF containing 4mM Ca2+, 4mM Mg2+, 1μM TTX,
100μM APV and 10μM NBQX to prevent any opening of ion channels except for VDCCs
since the objective of these experiments was to measure CaMKII activated only by VDCCs.
For experiments using BAPTA and EGTA (Figure 26), fluorescence lifetime imaging started
15 minutes after the break‐in to allow BAPTA or EGTA to diffuse throughout neurons. 1, 5,
and 20mM EGTA or BAPTA containing internal solutions were prepared by mixing 100mM
K‐EGTA or K‐BAPTA with either Cs+ (Figure 26) at ratios of 1:99, 1:19, or 1:4, respectively.
Then, pH and osmolarity were re‐adjusted to pH 7.3 and osm 290‐300, respectively.
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Fluorescence correlation spectroscopy
Green‐Camuiα, mEGFP‐CaMKIIα and non‐labeled CaMKIIα at various ratios were
transfected, lysed and collected as described in In vitro fluorescence lifetime assay. The
lysates then were diluted 10‐100 times to ensure sufficient signal‐to‐noise ratio as well as
reasonable data acquisition time in a solution containing 10mM Na‐HEPES (pH 7.4), 150mM
NaCl and 0.1mM EGTA (Table 3).

Immunoprecipitation
HEK‐293 cells were transfected with Green‐Camuiα and/or non‐labeled CaMKIIα
using Lipofectamine 2000 according to the manufacturer’s instructions. 2 days after
transfection, cells were lysed in a buffer containing 20mM Tris‐HCl, 137mM NaCl, 25mM β‐
glycerophosphate, 1mM sodium orthovanadate, 2mM sodium pyrophosphate, 2mM EDTA,
1mM sodium fluoride, 0.5mM dithiothreitol, EDTA‐free protease inhibitor cocktail (Roche)
at pH 7.4 and incubated for 30min at 4 . The supernatants were collected after a 30min
microfugal centrifugation at 14,000g at 4 . After precleaning with protein A‐Sepharose
(Sigma), samples were incubated with 5μg per sample of mouse monoclonal anti‐GFP
antibody (MBL) or mouse non‐immune IgG (Jackson Laboratories) at 4

overnight. The

immunocomplexes were precipitated with protein G‐Sepharose beads (Sigma) for 1hour at
4

and analyzed by western blotting (Figure 9)
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Chapter 3. Design, Development and Characterization of a
CaMKII Sensor for FLIM – Green‐Camuiα
Introduction
Designing a FRET‐based CaMKII sensor ‐ why Green‐Camuiα over Camuiα?
Visualizing CaMKII activation in dendritic spines during synaptic plasticity requires
a biosensor that can detect inactive and active states of CaMKII. A previous study using a
FRET‐based sensor, Camuiα (YFP‐CaMKIIα‐CFP), in dissociated cultured neurons
demonstrated that this sensor works in these neurons. Biochemical properties of Camuiα
were tested (Figure 6) (Takao et al., 2005) to ensure that Camuiα and endogenous CaMKII
show 1) similar affinities towards ATP and calmodulin (Figure 6G), 2) similar time course of
T286, T305/T306 autophosphorylation and radiolabeled P32 incorporation upon activation by
Ca2+/CaM (Figures 6D, 6F) and 3) kinase activity using syntide‐2 as a substrate (Figure 6E).
Furthermore, ratiometric FRET imaging was employed to demonstrate that change in FRET
occurs upon Ca2+/CaM activation and this activation reflects Ca2+/CaM binding to CaMKII
and/or T286 autophosphorylation (Takao et al., 2005). However, in cultured hippocampal
slices, data interpretation from intensity‐based ratiometric imaging is complicated due to the
wavelength‐dependent light scattering property of the tissue. For the ratiometric FRET
imaging, the donor and the acceptor are excited at different wavelengths to measure
intensities separately. However, the thickness of the tissue and wavelength‐dependent light
scattering can produce false‐positive FRET signal. Furthermore, the spectral bleedthrough
from CFP to YFP needs be corrected, which requires excitation at a different wavelength.
This requires either an additional laser, which is expensive or a high rate of wavelength
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Figure 6. Biochemical characterization of Camuiα (YFP‐CaMKIIα‐CFP)
(A) A schematic of Camuiα. Assoc, Association domain; P, major autophosphorylation sites.
For Green‐Camuiα, YFP is replaced by REACh and CFP is replaced by mEGFP.
(B) Western blotting of Camuiα with an anti‐GFP antibody in the absence and presence of
1mM Ca2+.
(C) Estimation of the size of the holoenzyme of Camuiα by gel filtration. An anti‐GFP
immunoblot of fractions is shown at the top. YFP fluorescence of each fraction is plotted at
the bottom.
(D) Kinase activity of Camuiα expressed and partially purified from Sf21 cells with syntide‐
2 as substrate. Preinc, preincubation with Ca2+ before addition of EGTA and syntide‐2. Inset,
Silver staining of representative preparation. The asterisk corresponds to the molecular mass
of Camuiα.
(E) Inhibition of kinase activity by 5μM KN‐93 but not by the inactive analog KN‐92. 0.1μM
calmodulin was used.
(F) Time course of autophosphorylation of Camuiα and CaMKIIα. EGTA was added 5 min
after Ca2+ application, and the reaction was further proceeded for 2 min. Total
autophosphorylation was detected using an autoradiogram of 32P‐incorporated proteins.
Site‐specific phosphorylation was detected with antibodies specific for phosphorylated T286
or T305/T306. Total amounts of Camuiα and CaMKIIα detected by anti‐CaMKII antibody are
also shown. A single asterisk indicates the original molecular mass; double asterisks indicate
the gel‐shifted population.
(G) Concentration requirement of ATP and calmodulin of Camuiα and CaMKIIα for
activation detected by an antibody against phosphorylated T286.
Modified with permission from (Takao et al., 2005).
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modulation of the excitation laser, which is usually not possible. Therefore, for technical
issues, FLIM is ideal in detecting FRET signals from dendritic spines in a thick, light‐
scattering tissue using only one excitation laser to measure the donor fluorescence lifetime
not worrying about the acceptor fluorescence lifetime at all thus making it independent of
donor/acceptor ratio (Yasuda, 2006).
However, the original CaMKII sensor, Camuiα, is not suitable for FLIM due to the
spectral properties of CFP and YFP. Thus, a new CaMKII sensor suitable for FLIM was
desired. For FLIM, which measures the fluorescence lifetime of the donor, spectral
properties needed are mono‐exponential decay of its lifetime, good brightness and high
quantum efficiency. Also, high folding efficiency of a fluorescent protein maximizes signal‐
to‐noise ratio. For these reasons, mEGFP makes it the most suitable donor and the spectral
characteristics of REACh (Ganesan et al., 2006), a variant of YFP, make it an ideal acceptor to
pair with mEGFP for high FRET efficiency (Murakoshi et al., 2008) due to its high folding
efficiency and spectral overlap of its excitation spectrum with the emission spectrum of
mEGFP.

Results
In vitro characterization of Green‐Camuiα using FLIM
To confirm that similar FRET responses observed from Camuiα can be obtained
from our modified CaMKII sensor, Green‐Camuiα, using FLIM, we expressed Green‐
Camuiα in HEK293 cells. From lysates of the transfected HEK293 cells after removing ATP
and CaM as much as possible, we measured fluorescence lifetime of Green‐Camuiα at
various concentrations of CaM and ATP in response to the incubation of the lysates with
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Figure 7. In vitro fluorescence lifetime characterization of Green‐Camuiα (REACh‐
CaMKIIα‐mEGFP)
(A) In vitro fluorescence lifetime curves of Green‐Camuiα before and after Ca2+ application
(0.5mM).
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Figure 7 (Continued). In vitro fluorescence lifetime characterization of Green‐Camuiα
(REACh‐CaMKIIα‐mEGFP)
(B) Fluorescence lifetime of WT Green‐Camuiα or T286A Green‐Camuiα in response to
0.5mM Ca2+ and subsequent 2mM EGTA application under various concentrations of CaM
and ATP at times indicated by the black arrows. Average of 3 measurements from 3 different
preparations. CaM and ATP concentrations are in micromolar.
(C) In vitro fluorescence lifetime changes of Green‐Camuiα 3.5 min after Ca2+ application.
(D) In vitro fluorescence lifetime changes of Green‐Camuiα 15.5 min after EGTA application
on previously Ca2+‐activated Green‐Camuiα.
Modified from (Lee et al., 2009).
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0.5mM Ca2+ for 5 minutes and the subsequent removal of [Ca2+] by 2mM EGTA (Figure 7).
Upon Ca2+ application, the donor fluorescence lifetime curve from the lysates pre‐
incubated with 1μM CaM and 500μM ATP extended towards longer lifetime (lifetime
change = 0.423±0.027ns) indicating the loss of FRET (Figures 7A, 7B, 14). This change was
reduced but sustained after the removal of Ca2+ by EGTA (0.254±0.023ns). When lysates were
not pre‐incubated with both CaM and ATP, there was almost no change in the mean
fluorescence lifetime after application of Ca2+ (0.009±0.003ns). However, the baseline
fluorescence lifetime was lower than that from the lysates pre‐incubated with 1μM and
500μM ATP (1.606±0.010ns and 1.670±0.022ns respectively) suggesting that either or both
ATP and CaM were not completely removed when lysates were prepared by a centrifugal
filter. This difference in lifetime (0.064ns) was, however, much smaller than the sustained
lifetime change after the removal of Ca2+ by EGTA (0.254±0.023ns). Furthermore, pre‐
incubation with 1μM CaM, but 0μM ATP did not change the baseline lifetime (1.625±0.015ns)
while pre‐incubation with 500μM ATP, but 0μM CaM increased the baseline fluorescence
lifetime (1.659±0.014ns) to the same baseline fluorescence lifetime seen from the sample pre‐
incubated with 1μM CaM 500μM ATP (1.670±0.022ns) indicating that the lysates contained
unremoved CaM, but not ATP. When Ca2+ was applied to a sample pre‐incubated with
0.2μM CaM 500μM ATP, the fluorescence lifetime change (0.416±0.020ns) was as large as that
detected from the sample pre‐incubated with 1μM CaM 500μM ATP (0.423±0.027ns)
indicating that 0.2μM CaM was enough to obtain maximal fluorescence lifetime change in
our preparation. Surprisingly, however, 10μM KN93, a general CaMK blocker, blocked the
fluorescence lifetime change at 0.2μM CaM 500μM ATP (83% block), but only 14% at 1μM
CaM 500μM ATP. Since KN93 is a competitive inhibitor of CaMKII, one needs to caution
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about the concentration of CaM to ensure the complete block of CaMKII by KN93. Already
at 1μM CaM, our data indicate that 10μM KN93 does not block CaMKII well at least in vitro.
KN93 inactive analog, KN92, did not block the fluorescence lifetime change at all (Figure 7B).
To ensure that Green‐Camuiα can detect conformational change induced by both
calmodulin‐binding and T286 autophosphorylation, T286 site of Green‐Camuiα was
mutated to alanine to block T286 autophosphorylation. T286A Green‐Camuiα pre‐incubated
with 1μM CaM 500μM ATP showed smaller activation by Ca2+ application (0.239±0.003ns)
than Wild Type Green‐Camuiα (0.423±0.027ns) due to T286 autophosphorylation in WT
Green‐Camuiα. When [Ca2+] was chelated by EGTA, sustained fluorescence lifetime change
in T286A was very small (0.050±0.006ns) indicating that the fluorescence lifetime nearly
returned to the baseline fluorescence lifetime and Green‐Camuiα indeed detects T286
autophosphorylation even after the removal of Ca2+ (0.254±0.023ns). About 0.050±0.006ns
difference was detected between the baseline fluorescence lifetime and the sustained
fluorescence lifetime of T286A Green‐Camuiα. This small difference in the fluorescence
lifetime was exhibited under all conditions tested except when ATP was not included. Thus,
there is long‐term, slow increase in the fluorescence lifetime change of Green‐Camuiα by an
unknown

ATP‐dependent

process

or

most

likely

due

to

slow

T305/T306

autophosphorylation (Colbran, 1993). Overall, in vitro characterization of Green‐Camuiα
confirms the previous work on the original version of CaMKII sensor, Camuiα, and shows
similar patterns of FRET responses (Takao et al., 2005). Hence, Green‐Camuiα can detect
Ca2+/CaM binding to CaMKII as well as T286 autophosphorylation.
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Characterization of Green‐Camuiα in CA1 pyramidal neurons
Successful characterization of Green‐Camuiα in vitro does not guarantee that the
sensor will also work in neurons because free intracellular CaM and ATP concentrations
might differ from the concentrations chosen in the in vitro characterization. There is evidence
that calmodulin might be at highly buffered state, that is bound to its many targets, leaving
relatively small free [CaM] (Sanabria et al., 2008). Furthermore, subcellular conditions where
CaMKII is located might differ from those from in vitro. Thus, we sought to measure the
maximal fluorescence lifetime change in neurons by stimulating neurons with bath
application of NMDA (Figure 8). Bath application of 25μM NMDA for 5 minutes in 4mM
Ca2+, 0mM Mg2+ increased the fluorescence lifetime by 0.141±0.017ns (Figure 8B). After 5
minutes of NMDA application, 100μM APV was added to prevent the opening of NMDARs
thus Ca2+ influx into neurons, and the fluorescence lifetime decayed slowly for another 25
minutes before reaching the baseline fluorescence lifetime (Figure 8B). This decay was faster
with T286A Green‐Camuiα returning to the baseline in less than 10 minutes after the
application of APV (Figure 8B). Importantly, when neurons were pre‐incubated with 1μM
Okadaic acid and 40μM FK‐506 for two hours prior to the stimulation, the fluorescence
lifetime change induced by the NMDA application persisted even after the addition of APV
and showed no signs of decay indicating that the decay in the fluorescence lifetime seen
without Okadaic acid and FK‐506 reflects the de‐phosphorylation of CaMKII by Protein
Phosphatases (Figure 8B). For a negative control, pre‐incubation of neurons with 100μM
APV maintained the baseline fluorescence lifetime after NMDA application and showed no
sign of drift of the fluorescence lifetime for the entire duration of imaging (35 minutes)
(Figure 8B).
76

A

B

Figure 8. Characterization of Green‐Camuiα in neurons
Fluorescence lifetime changes of Green‐Camuiα in dendrites of CA1 pyramidal neurons in
cultured slices by 5 min NMDA bath application (25μM). NMDA stimulation was stopped
by adding APV (50μM)
(A) Fluorescence lifetime images of a dendrite expressing WT Green‐Camuiα. Lifetime
decreases upon NMDA application indicating the activation of Green‐Camuiα.
(B) Fluorescence lifetime changes of WT Green‐Camuiα (WT; 10 neurons) and T286A Green‐
Camuiα (T286A; 8 neurons) by NMDA bath application. Application of APV before NMDA
stimulation did not activate Green‐Camuiα (APV; 6 neurons). Pre‐incubation of neurons in
Protein Phosphatase inhibitors (1μM Okadaic acid and 40μM FK‐506) for 2 hours prior the
NMDA bath application resulted in sustained fluorescence lifetime change lasting at least
for 30 min (WT OA+FK; 5 neurons).
Reprinted from (Lee et al., 2009).
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Incorporation of Green‐Camuiα into CaMKII holoenzymes
The dodecameric structure of CaMKII is mediated by its association domain at the
C‐terminus. To detect FRET, donor and accept fluorophores are attached at both C‐ and N‐
terminus of CaMKIIα sequence and this raises a concern that a fluorophore attached at the
C‐terminus might disrupt the formation of a dodecamer (Figure 3). However, several lines of
evidence show that tagging a fluorescent protein neither disrupts a holoenzyme formation
nor co‐assembling with non‐labeled CaMKIIα. First, undenatured Camuiα (YFP‐CaMKIIα‐
CFP) was run on gel filtration which eluted at a single peak with a molecular mass of
>1000kDa indicating oligomer formation of Camuiα (Figure 6C) (Takao et al., 2005).
Second, timer‐resolved FRET anisotropy was employed to measure homo FRET
(energy migration FRET) between CaMKIIα tagged with Venus at the C‐terminus (Thaler et
al., 2009). Since the dodecameric structure of a CaMKII holoenzyme consists of two stacks of
six CaMKII subunits, the C‐termini of six CaMKII subunits at each stack are positioned in
the center of the holoenzyme. If a fluorescent protein is tagged at the C‐terminus and a
dodecameric structure is maintained, then its anisotropy decay curve caused by homo FRET
(Venus‐to‐Venus FRET) will resemble the anisotropy decay curve of a hexameric Venus
concatamer (six Venus molecules in tandem). Indeed, the anisotropy decay curves of
CaMKIIα‐Venus and a hexameric Venus concatamer in dissociated cultured neurons closely
resembled each other providing strong evidence that tagging of Venus to the N‐terminus of
CaMKII does not disrupt the dodecameric structure of a holoenzyme.
Third, we demonstrated that Green‐Camuiα and non‐labeled CaMKIIα can co‐
assemble into a holoenzyme by performing anti‐GFP immunoprecipitation of Green‐
Camuiα, which co‐immunoprecipitated with non‐labeld CaMKIIα in lysates of HEK‐293
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Figure 9. Incorporation of Green‐Camuiα in CaMKII holoenzymes
Immunoblot analysis of anti‐GFP immunoprecipitates using anti‐CaMKII antibody in HEK‐
293 cells expressing Green‐Camuiα and non‐labeled CaMKIIα at 1:1 ratio. Lanes 1‐4 are the
inputs (10%) for lanes 5‐8. Lane 8 is anti‐non‐immune IgG immunoprecipitates as a negative
control.
Reprinted from (Lee et al., 2009).

79

cells transfected with Green‐Camuiα and non‐labeled CaMKIIα (Figure 9).
Fourth, we performed fluorescence correlation spectroscopy to measure the
diffusion coefficient of Green‐Camuiα and compare it with that of CaMKIIα tagged with
mEGFP at the N‐terminus (Table 3), which is known to form a dodecamer (Shen and Meyer,
1998). Both mEGFP‐CaMKIIα and Green‐Camuiα showed similar diffusion coefficients
(13.1±0.3μm2/s and 15.0±0.3μm2/s respectively) but slower than previous measurement of the
diffusion coefficient of non‐labeled, purified CaMKII holoenzyme (25.3±0.3μm2/s) using
dynamic light scattering (Gaertner et al., 2004). This difference is most likely due to the
addition of fluorescent proteins to CaMKIIα, as well as the differences in purification
methods and techniques employed for the measurements. However, when non‐labeled
CaMKIIα was co‐transfected with mEGFP‐CaMKIIα or Green‐Camuiα to form holoenzymes
composed of both tagged and non‐tagged CaMKIIα, the diffusion coefficient of these
holoenzymes closely approached that of non‐tagged CaMKIIα holoenzyme (Table 3)
demonstrating that co‐assembling of tagged‐CaMKIIα and non‐tagged CaMKIIα into
CaMKIIα

homomers.

Overexpression

level

of

Green‐Camuiα

measured

by

immunofluorescence was only 20% of the endogenous expression level in neurons (Figure
10) and at this level, the diffusion coefficient of holoenzyme composed of Green‐Camuiα
and non‐labeled CaMKIIα was close to the diffusion coefficient of holoenzyme only
consisting of non‐labeled CaMKIIα (Table 3). Our measurement of overexpression level of
mEGFP‐CaMKIIα (Figure 10) was very similar to previously reported values (Zhang et al.,
2008).
Fifth, to show that Green‐Camuiα can become a part of a CaMKII holoenzyme in
neurons, we switched the mEGFP sequence in both Green‐Camuiα and mEGFP‐CaMKIIα
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Table 3. In vitro diffusion coefficients of non‐labeled CaMKIIα co‐expressed with either
Green‐Camuiα or mEGFP‐CaMKIIα at various ratios measured by fluorescence
correlation spectroscopy
Fluorescent CaMKIIαa

mEGFP‐CaMKIIα

Green‐Camuiα

/ Total CaMKIIαb

(μm2/s)

(μm2/s)

1

13.1 ± 0.3

15.0 ± 0.3

0.8

13.8 ± 0.2

15.7 ± 0.5

0.5

16.8 ± 0.4

17.7 ± 0.3

0.2

18.3 ± 0.4

19.3 ± 0.6

0.1

20.0 ± 1.3

22.4 ± 1.1

Fluorescent CaMKIIα is either mEGFP‐CaMKIIα (N = 6) or Green‐Camuiα (N = 6).
Total CaMKIIα is either mEGFP‐CaMKIIα and non‐labeled CaMKIIα combined or Green‐
Camuiα and non‐labeled CaMKIIα combined.

a

b

Modified from (Lee et al., 2009).
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Figure 10. Immunofluorescence of CaMKIIα in cultured hippocampal slices
(A) Representative images of CaMKIIα immunofluorescence from neurons transfected with
mEGFP and shRNA against CaMKIIα, Green‐Camuiα or mEGFP‐CaMKIIα.
(B) Quantification of immunofluorescence in transfected neurons normalized to the
averaged immunofluorescence of 2‐3 nearby, non‐transfected neurons. Immunofluorescence
from cell bodies (not including nucleus) was used for quantification. (shRNA against
CaMKIIα + mEGFP, 21 neurons; Green‐Camuiα, 18 neurons; mEGFP‐CaMKIIα, 12 neurons).
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Figure 10 (Continued). Immunofluorescence of CaMKIIα in cultured hippocampal slices
(C) Cumulative frequency graphs of normalized CaMKIIα expression level from the same
data set in (B).
Modified from (Lee et al., 2009).

83

with photoactivatable‐GFP (paGFP) which gives off green‐fluorescence upon activation by
light (Bloodgood and Sabatini, 2005; Patterson and Lippincott‐Schwartz, 2002). With these
constructs, we measured the spine‐dendrite coupling of REACh‐CaMKIIα‐paGFP and
paGFP‐CaMKIIα after photoactivation of paGFP in single dendritic spines (Figure 11). The
fluorescence

decay

in

photoactivated

spines

of

REACh‐CaMKIIα‐paGFP (double

exponential time constants of 1.3 min and 17.0 min) was similar to that of paGFP‐CaMKIIα
(double exponential time constants of 1.0min and 20.7 min) (Figure 11B) and our
measurements are consistent with other reported values (Sturgill et al., 2009).
To test if the incorporation of Green‐Camuiα into CaMKII holoenzymes might affect
our measurements of mobility and the CaMKII activation, we changed the number of Green‐
Camuiα incorporated into a holoenzyme by co‐expressing Green‐Camuiα with non‐labeled
CaMKIIα and non‐labeled CaMKIIβ at 2:1:1 cDNA ratio (Figure 12), so that the
overexpression of both tagged and non‐tagged CaMKIIα and CaMKIIβ matches the
endogenous level of expression, which is 3:1 (CaMKIIα:CaMKIIβ) in the hippocampus.
Consistent with the low expression of Green‐Camuiα (~20%), the kinetics, magnitude and
decay of CaMKII activation measured by fluorescence lifetime were similar when Green‐
Camuiα alone was expressed (Figure 12A). Furthermore, the mobility of the holoenzyme
presumably composed of less number of Green‐Camuiα subunits by co‐expressing non‐
labeled CaMKIIα and CaMKIIβ was also similar to that with Green‐Camuiα expressed alone
(Figure 12C). Thus, these data suggest that our measurements are likely to be similar to
those of endogenous CaMKII holoenzymes.
Lastly, as will be shown later, the overexpression of T286A Green‐Camuiα partially
blocked the structural plasticity of dendritic spines (Figures 15D, 15E, 15F) induced by
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Figure 11. Activity‐independent spine‐dendrite coupling of REACh‐CaMKII‐paGFP and
paGFP‐CaMKIIα following photoactivation
(A) Time lapse images of REACh‐CaMKIIα‐paGFP upon photoactivation of paGFP. (Green‐
paGFP, Red‐mCherry). Scale bar, 1μm.
(B) Time course of averaged green/red fluorescence intensity ratio normalized to the peak
fluorescence intensity ratio. The decay time constants following photoactivation were 1.3
min (48%) and 17.0 min (52%) for REACh‐CaMKIIα‐paGFP (solid cyan curve; N = 15), and
1.0 min (53%) and 20.7 min (47%) for paGFP‐CaMKIIα (dashed cyan curve; N = 22).
Reprinted from (Lee et al., 2009).
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Figure 12. Comparison of activation kinetics, inactivation kinetics and mobility between
neurons expressing Green‐Camuiα alone and neurons expressing Green‐Camuiα, non‐
labeled CaMKIIα and non‐labeled CaMKIIβ at cDNA ratio of 2:1:1
(A) Averaged fluorescence lifetime changes of Green‐Camuiα by brief (~16s) two‐photon
glutamate uncaging in single spines. 8 uncaging pulses each lasting 4ms were applied at
0.5Hz in 4mM Ca2+, 0mM Mg2+, 1μM TTX, 2mM MNI‐glutamate. NL, non‐labeled. Time
constants for double exponential functions were 4.7s (61%), and 136.6s (39%) for Green‐
Camuiα only (solid red curve; N = 16) and 4.8s (70%) and 154s (30%) for Green‐Camuiα
+NL‐CaMKIIα + NL‐CaMKIIβ (2:1:1) (dashed red curve, N = 16).
(B) Time‐lapse images of Green‐Camuiα fluorescence during fluorescence recovery after
photobleaching. The spine indicated by the white arrowhead was photobleached at time
zero.
(C) Time course of averaged fluorescence recovery after photobleaching in spines expressing
Green‐Camuiα (N = 19) or Green‐Camuiα + NL‐CaMKIIα + NL‐CaMKIIβ (cDNA ratio =
2:1:1; N = 19).
Modified from (Lee et al., 2009).

86

repetitive uncaging suggesting that a mutation of Green‐Camuiα and its incorporation into a
holoenzyme can affect the function of the holoenzyme consistent with the dominant‐
negative effect of T286A transgenic mice on LTP (Giese et al., 1998).

General strategy for designing FRET sensors for Ca2+/CaM‐dependent kinases
Most kinases undergo a conformational change when activated and this is especially
true for Ca2+/CaM‐dependent kinases. Camuiα and Green‐Camuiα take an advantage of
such a conformational change and shows robust FRET signal (Figures 6A, 14). Thus, tagging
both N‐ and C‐ terminus of a kinase with a FRET pair and measuring FRET between the pair
might be a general strategy for developing a FRET sensor especially for Ca2+/CaM‐
dependent kinases where 81 genes have been found in a human genome. With this strategy,
we designed Ca2+/calmodulin‐dependent kinase IIβ (CaMKIIβ), Ca2+/calmodulin‐dependent
Kinase I (CaMKI) and Ca2+/calmodulin‐dependent Kinase IV (CaMKIV) sensors (Figure 13).
All sensors successfully showed fluorescence lifetime changes (0.105±0.009ns for CaMKIIβ,
0.041±0.015ns for CaMKI, 0.032±0.001ns for CaMKIV) upon NMDA bath application (Figures
13B, 13C), but the magnitude of change was smaller compared to that of Green‐Camuiα
(0.141±0.017ns) (Figures 8B, 13C). This might be improved by changing the length of a linker
sequence between tagged fluorophores and CaMKI/IV sequences. Neurons overexpressing
our CaMKIIβ sensor, REACh‐CaMKIIβ‐mEGFP, showed noticeable increases in their spine
numbers consistent with a known overexpression phenotype of CaMKIIβ, but not CaMKIIα,
attributed to CaMKIIβ‐specific actin binding domain (Okamoto et al., 2007). Thus, CaMKIIβ
with both ends tagged with fluorescent proteins can be equally functional as endogenous
CaMKIIβ.
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NMDA APV

Figure 13. Activation of FRET‐based CaMKI and CaMKIV sensors in CA1 pyramidal
neurons by NMDA bath application
(A) Fluorescence lifetime images of CaMKI before and after NMDA bath application.
(B) Fluorescence lifetime images of CaMKIV before and after NMDA bath application.
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Figure 13 (Continued). Activation of FRET‐based CaMKI and CaMKIV sensors in CA1
pyramidal neurons by NMDA bath application
(C) Fluorescence lifetime changes of CaMKI (N = 3) and CaMKIV (N = 3) by 5 min NMDA
(25μM for CaMKI and 15μM for CaMKIV) bath application, which was stopped by 50μM
APV (indicated by the black arrowheads).
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Discussion
In this chapter, I discussed several key underlying concepts in designing a
successful FRET sensor for FLIM and characterized Green‐Camuiα. Green‐Camuiα detects
Ca2+/CaM binding as well as T286 autophosphorylation with or without free [Ca2+]. Green‐
Camuiα can co‐assemble with non‐labeled CaMKIIα subunits. Also, Green‐Camuiα closely
mimics GFP‐CaMKIIα in terms of mobility in neurons. Based on the success with Green‐
Camuiα, I also developed CaMKIIβ, CaMKI and CaMKIV sensors, all of which showed
changes in respective fluorescence lifetimes upon NMDA application. It is important to
realize that a FRET sensor requires a large number of control experiments to validate that
the tagging of fluorophores to a protein of interest does not disrupt or interfere with known
properties of the protein of interest.
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Chapter 4. Spatiotemporal Dynamics of CaMKII Activity
during Structural and Functional Plasticity of Single
Dendritic Spines
Introduction
With the successful development and validation of Green‐Camuiα, required tools to
visualize spatiotemporal dynamics of CaMKII activation in single dendritic spines during
synaptic plasticity are now in our hands. Structural plasticity and functional plasticity
induced by two‐photon glutamate uncaging are known to be spine‐specific (Matsuzaki et al.,
2004), thus there must be a spine‐specific biochemical signal for dendritic spines undergoing
synaptic plasticity. CaMKII is a great candidate molecule for this role given its importance in
LTP (discussed previously in CaMKII in the induction of LTP). Here, we utilize the
aforementioned techniques and test whether or not 1) CaMKII activation is spine‐specific
during synaptic plasticity induced by two‐photon glutamate uncaging and 2) its activation
persists for a long‐term after [Ca2+] influx is extruded out of a stimulated dendritic spine.

Results
CaMKII activation during structural plasticity of dendritic spines
To image CaMKII activation during spine‐specific structural plasticity, a train of
two‐photon glutamate uncaging pulses (45 pulses at 0.5 Hz, 4ms each) was applied to a
spine whose fluorescence is well separated from its parent dendrite fluorescence (Figures 14,
15A) in ACSF containing 4mM Ca2+, 0mM Mg2+, 1μM TTX and 2mM MNI‐glutamate
(Harvey and Svoboda, 2007; Matsuzaki et al., 2004; Steiner et al., 2008). We observed a rapid,
transient increase in spine volume measured as a percentage change of the initial spine
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Figure 14. A schematic of single dendritic spine stimulation by two‐photon glutamate
uncaging
2mM MNI‐glutamate is added in ACSF containing 4mM Ca2+, 0mM Mg2+, and 1μM
TTX. Uncaging laser beam at 720nm is focused on the tip of a spine head. Upon stimulation,
MNI‐glutamate is uncaged, becomes physiological L‐glutamate and binds to NMDARs
located on the surface of the spine head. The NMDARs open, Ca2+ flows in and activate
Green‐Camuiα. This then causes a conformational change of CaMKIIα, which changes the
distance between the two attached fluorescent proteins resulting in an increase in the donor
lifetime.
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Figure 15. Activation of Green‐Camuiα during structural plasticity of single dendritic
spines induced by two‐photon glutamate uncaging
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Figure 15 (Continued). Activation of Green‐Camuiα during structural plasticity of single
dendritic spines induced by two‐photon glutamate uncaging
(A) Fluorescence lifetime images of Green‐Camuiα during the induction of spine‐specific
structural plasticity by two‐photon glutamate uncaging (4mM Ca2+, 0mM Mg2+, 1μM TTX).
The white arrowhead indicates the location of uncaging laser spot.
(B) Averaged time course of fluorescence lifetime change of Green‐Camuiα in stimulated
spines (Stim) and adjacent spines (Adj). Adjacent spines were located within 5μm of
stimulated spines. 100μM APV (100uM) was applied 15 min before imaging started. 10μM
KN62 was applied 1 hour before imaging started. The number of samples for Ctrl (Stim) = 35,
Ctrl (Adj) = 29, APV = 5, KN62 = 7, T286A = 18.
(C) Fluorescence lifetime change of Green‐Camuiα during 2‐photon glutamate uncaging.
Zoomed‐in view on the first two minutes from (B).
(D) Time course of averaged spine volume change during structural plasticity in stimulated
spines and adjacent spines.
(E) Averaged spine volume change during 2‐photon glutamate uncaging. Zoomed‐in view
on the first two minutes from (D).
(F) Green‐Camuiα activation averaged over 0‐40s (first five points starting from time zero).
Asterisks denote statistical significance between control and others (p < 0.05, ANOVA).
(G) Transient spine volume changes. Average spine volume change over 1.5‐2 min
subtracted by that averaged over 25‐30min. Note that this is how transient spine volume is
often defined (Matsuzaki et al., 2004).
(H) Sustained spine volume changes. Average spine volume change over 25‐30 min.
Modified from (Lee et al., 2009).
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volume up to 376±68% and sustained at 104±21% for more than 30 minutes (Figure 15, Table
2). This increase in the spine volume was closely accompanied by the translocation of Green‐
Camuiα into the stimulated spines (Figure 16B). Both translocation of Green‐Camuiα and
mEGFP‐CaMKIIα showed similar time‐course during this structural plasticity and the
accumulation of tagged‐CaMKIIα was roughly proportional to the spine volume change
(Figure 16). The time courses of CaMKII accumulation was consistent with a study where
structural plasticity was induced optically at single spines by combining two‐photon
glutamate uncaging and channelrhodopsin‐mediated postsynaptic depolarization (Zhang et
al., 2008) and the time course of spine volume changes during structural plasticity was
consistent with previous studies (Table 2). Again, our FRET‐based CaMKII sensor, Green‐
Camuiα, closely mimics that of mEGFP‐CaMKIIα at least in terms of translocation during
structural plasticity (Figure 16). This further validates Green‐Camuiα given that mEGFP‐
CaMKIIα overexpressing neurons have been heavily studied with respect to its translocation
and roles in synaptic plasticity (Opazo et al., 2010; Pi et al., 2010a; Pi et al., 2010b; Shen and
Meyer, 1999; Shen et al., 2000; Shen et al., 1998). This structural plasticity was completely
blocked by 100μM APV (Δtransient volume, 5±7%; Δsustained volume, 10±14%; both P<0.05)
showing that it is NMDAR‐dependent (Figure 15). Also, there was no change in spine
volume in adjacent dendritic spines (Δtransient volume, ‐1±8%; Δsustained volume, ‐8±5%;
both P<0.05) as expected for spine‐specific structural plasticity (Figures 15). A CaMKII
inhibitor (10μM KN62) partially blocked the sustained structural plasticity (Δsustained
volume, 33±9%; P<0.05), but not the transient phase (Δtransient volume, 170±40%) (Figure
15D, 15G, 15H). There was approximately 60% block in structural plasticity (Figure 15H),
consistent with other studies (Harvey et al., 2008; Patterson et al., 2010; Steiner et al., 2008).
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A

Figure 16. Structural plasticity of single dendritic spines in neurons expressing Green‐
Camuiα and mEGFP‐CaMKIIα
2‐photon fluorescence intensities measured in neurons transfected with either mEGFP‐
CaMKIIα (A) or Green‐Camuiα (B). mCherry was co‐expressed in both conditions and was
used as a spine volume marker. The black bars indicate the duration of two‐photon
glutamate uncaging. Green and red fluorescence intensities were simultaneously measured.
Note that both mEGFP‐CaMKIIα (N = 8) and Green‐Camuiα (N = 35) translocate to the
stimulated spines undergoing structural plasticity with similar dynamics.
Modified from (Lee et al., 2009).
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Overexpression of T286A Green‐Camuiα which unables T286 autophosphorylation resulted
in smaller sustained spine volume change (Δsustained volume, 40±12%; P<0.05) (Figure 15H)
suggesting that this mutant form of Green‐Camuiα works as a dominant negative.
Consistent with this result, the greater attenuation observed in LTP from T286A knock‐in
mice (Giese et al., 1998; Yasuda et al., 2003a) than homozygous CaMKIIα knockout mice
(Hinds et al., 1998; Silva et al., 1992b) despite the same level of expression and kinase activity
of CaMKIIβ was explained by a dominant‐negative action of T286A mutant (Elgersma et al.,
2004; Lisman et al., 2002) (discussed previously in CaMKII in the induction of LTP). During
this spine‐specific structural plasticity induced by two‐photon glutamate uncaging,
activation dynamics of CaMKII was imaged by measuring the fluorescence lifetime changes
of Green‐Camuiα (Figure 15A). CaMKII rapidly activated (0.113±0.010ns) as a train of
uncaging pulses was applied and rapidly (within 2 minutes) returned to the basal state soon
after uncaging was stopped (Figure 15B). CaMKII activated only in the stimulated spines
(0.097±0.008ns) and did not spread to adjacent spines (0.001±0.004ns; within 5μm of the
stimulated spines, P<0.05 compared to the stimulated spines) (Figure 15B). Interestingly,
activation of CaMKII preceded the enlargement of the stimulated spines and lasted ~2
minutes strongly suggesting that CaMKII initiates signaling pathways for the persistent
spine growth (Figures 15, 23A), consistent with the impairment of structural plasticity
observed in K42R knock‐in mice (Yamagata et al., 2009). APV blocked CaMKII activation
completely (‐0.007±0.005ns, P<0.05) indicating Ca2+ influx via NMDARs is responsible for
CaMKII activation (Figures 15B, 15F). T286A Green‐Camuiα showed significantly reduced
fluorescence lifetime changes compared to that of WT control (0.021±0.005ns and
0.097±0.008ns respectively, P<0.05) (Figures 15B, 15F) indicating that calmodulin binding and
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T286 autophosphorylation is required for the full activation of CaMKII during structural
plasticity, respectively. KN62 also decreased the fluorescence lifetime change by ~40%
compared to that of WT control (0.057±0.015ns and 0.097±0.008ns respectively, P<0.05)
(Figures 15B, 15F), suggesting that free [CaM] available to bind CaMKII in living neurons
might be high enough to overcome competitive inhibition by KN62 to some degree.

Biophysical basis for synapse‐specific CaMKII activation during structural plasticity
CaMKII activation during structural plasticity was restricted to the stimulated
spines conferring synapse‐specificity of structural plasticity (Figure 15). We next sought to
understand how CaMKII activation is spine‐specific by measuring the time constants of
factors that determine the degree of compartmentalization of signaling (Harvey et al., 2008;
Sabatini et al., 2002), which are the inactivation kinetics of activated CaMKII and the
mobility of activated CaMKII. If the mobility or diffusion of activated CaMKII from the
stimulated spine is greater than the inactivation kinetics of activated CaMKII, then activated
CaMKII will move out of the stimulated spines into the dendritic shafts before it gets
inactivated resulting in the spread of activated CaMKII along the dendritic shaft and in
nearby, unstimulated dendritic spines (Figure 23C). On the other hand, if the inactivation
kinetics of activated CaMKII is greater than the mobility of activated CaMKII from the
stimulated spine, then activated CaMKII will get inactivated before it diffuses out of the
stimulated spines (Figures 23B). In order to measure the inactivation kinetics of activated
CaMKII, we applied a train of 2‐photon glutamate uncaging pulses with a varying number
of pulses (1, 8, 45 pulses) to activate CaMKII to varying degrees and measured the decay
kinetics of the fluorescence lifetime changes after uncaging was stopped (Figure 17). The
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Figure 17. Inactivation kinetics of Green‐Camuiα activated by two‐photon glutamate
uncaging in single dendritic spines
Inactivation kinetics of activated Green‐Camuiα after different number of uncaging pulses (1,
8, 45 pulses at 0.5Hz) were applied to single dendritic spines. Note that 45 pulses at 0.5Hz is
the same uncaging protocol used to induce spine‐specific structural plasticity. Data were
fitted with double exponential functions (cyan curves). The time constants were 9.3s (71%)
and > 100s (29%) for 1 pulse (N = 28), 4.7s (62%) and 136.6s (39%) for 8 pulses (N = 16), and
4.5s (61%) and 102s (39%) for 45 pulses (N = 13).
Reprinted from (Lee et al., 2009).
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inactivation kinetics of activated CaMKII was similar under all conditions tested (Double
exponential time constants of 9.3s (71%) and >100s (29%) for 1 pulse, 4.7s (61%) and 136.6s
(39%) for 8 pulses, 4.5s (61%) and 102s (39%) for 45 pulses). This suggests that the decay time
constants of CaMKII do not depend much on the level of CaMKII activation. To measure the
mobility of activated CaMKII, we replaced mEGFP in Green‐Camuiα with paGFP generating
a construct encoding REACh‐CaMKIIα‐paGFP. At the basal state, the photoactivation of
paGFP gives off huge green fluorescence, which decayed in the photoactivated spine due to
the diffusion of CaMKII out of the spine (Figure 11). Our measurements of CaMKII mobility
at single dendritic spines (Double exponential time constants of 1.3min (48%) and 17.0min
(52%)) were consistent with those from other studies (Okamoto et al., 2004; Okamoto et al.,
2007; Sturgill et al., 2009; Zhang et al., 2008). The mobility of activated CaMKII was also
measured by simultaneous photoactivation and glutamate uncaging (Figure 18). From these
measurements, it was clear that the inactivation of activated CaMKII is faster than the
diffusion of activated CaMKII from the stimulated spines to the dendritic shafts. Due to the
substantial fraction of CaMKII with slow mobility in single dendritic spines (Figure 11B), it
is obvious that single exponential time constants will be much bigger for the mobility of
CaMKII compared to the inactivation kinetics of CaMKII. In fact, comparing single
exponential time constants actually biases and overlooks the fraction of rapidly diffusing
fraction of CaMKII in single dendritic spines. Thus, we decided to enforce more stringent
criteria to compare the rapidly moving fraction of CaMKII and rapidly inactivating fraction
of CaMKII. In our measurements, the slowest inactivation time constant of activated CaMKII
was 9.3s while the fastest CaMKII spine‐dendrite coupling time constant, which is just
another name for the mobility of CaMKII to be consistent with literature, was 60s (Figure 11).
100

Figure 18. Activity‐dependent spine‐dendrite coupling of activated Green‐Camuiα during
structural plasticity
(A) Time‐lapse images of Green‐Camuiα (REACh‐CaMKIIα‐paGFP) fluorescence (Green
fluorescence) during spine‐specific structural plasticity and photoactivation. mCherry (Red
fluorescence) as a cell fill.
(B) Time course of averaged fluorescence intensity normalized to basal fluorescence
intensity (before uncaging and photoactivation) to measure spine‐dendrite coupling of
Green‐Camuiα (REACh‐CaMKIIα‐paGFP) during structural plasticity. During two‐photon
glutamate uncaging (720nm, 45 pulses (6ms each) at 0.5Hz in 4mM Ca2+, 0mM Mg2+, 1μM
TTX), REACh‐CaMKIIα‐paGFP was photoactivated while structural plasticity was induced
indicated by an increase in the red fluorescence intensity (mCherry). The decay time
constants (cyan curve) were obtained as 1.6 min (82%) and 15.3 min (18%). N = 10 spines
from 7 neurons.
Modified from (Lee et al., 2009).
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Thus, our measurements of the two determinants of the compartmentalization of CaMKII
activation support the spine‐specific CaMKII activation in the stimulated spines undergoing
structural plasticity (Figures 15A, 23B).

[Ca2+] dynamics during functional plasticity of dendritic spines
It is difficult to quantify [Ca2+] dynamics during the entire duration of plasticity‐
inducing protocols. [Ca2+] dynamics during frequently used LTP‐stimulation protocols such
as 100Hz, 200Hz and TBS are largely unknown. Let alone whether these stimulation
protocols are actual physiological neuronal activity that induces LTP (Kandel, 2009). Some
argue that spike‐timing dependent plasticity is more of natural neuronal activity that
induces LTP (Dan and Poo, 2004; Markram et al., 1997). Some synaptic plasticity inducing
protocols do not even require somatic action potentials (Dudman et al., 2007). As for
imaging [Ca2+] dynamics, the problem and difficulty associated with identifying spines has
been of a great challenge except for visually‐guided two‐photon glutamate uncaging.
Furthermore, most measurements of [Ca2+] dynamics have been on a short time scale evoked
by several synaptic stimulations or one to three back‐propagating action potentials
(Bloodgood and Sabatini, 2007b; Nimchinsky et al., 2004). Therefore, we set forth to fully
characterize [Ca2+] dynamics for the entire duration while functional plasticity was being
induced in our pairing protocol. Neurons were loaded with a low‐affinity Ca2+‐sensitive dye
(0.5mM Fluo‐4FF) and Ca2+‐insensitive red‐dye (0.3mM Alexa‐594) as a morphology marker.
In our typical pairing protocol shared by many laboratories (Harvey and Svoboda, 2007;
Makino and Malinow, 2009; Matsuzaki et al., 2004; Zhang et al., 2008), postsynaptic
depolarization precedes a train of uncaging pulses (30 pulses at 0.5Hz) to remove Mg2+ from
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NMDARs and to separate [Ca2+] elevation between VDCCs and NMDARs.
Postsynaptic depolarization from ‐65mV to 0mV increased [Ca2+] equally in both
spines (2.6±0.5μM) and dendritic shafts (2.6±0.5μM) and decayed within ~3 seconds (Figure
19). The postsynaptic depolarization lasted 16 seconds before a train of uncaging pulses
began to minimize any residual [Ca2+] from the depolarization and there was small residual
[Ca2+] (0.21±0.07μM) that remained till the cells were re‐polarized to ‐65mV presumably
from L‐type VDCCs (Figure 19B). While the neurons were still depolarized to 0mV, a train of
uncaging pulses (30 pulses at 0.5Hz, 4ms) was given to a dendritic spine, which evoked
additional [Ca2+] responses largely restricted to the stimulated spine head ranging between
1.8±0.3μM (evoked by the first uncaging pulse) and 0.8±0.2μM (evoked by the 30th uncaging
pulse) on top of the small residual [Ca2+] by depolarization (0.21±0.07μM) (Figures 19B, 19C).
This gradual decrease in [Ca2+] transients over the course of uncaging pulses is probably due
to Ca2+‐dependent depression of NMDARs (Figure 19B) (Sobczyk and Svoboda, 2007). There
was a very small leak [Ca2+] elevation in dendritic shafts adjacent to the stimulated spine
while uncaging pulses were applied, which is consistently observed in all other studies
(Harvey and Svoboda, 2007; Sobczyk and Svoboda, 2007). This is often not considered as
physiological [Ca2+] elevation, but attributed to the enhanced mobility of Ca2+‐bound
synthetic dyes (Sabatini et al., 2001). It is regarded as an artifact, because the mobility of Ca2+
is enhanced by binding to freely‐diffusing synthetic Ca2+‐sensitive dyes while under
physiological conditions, Ca2+ ions bind to immobile, physiological buffers in cells thus
reducing its mobility greatly (Allbritton et al., 1992). Inevitably, these dyes were loaded
through a patch pipette and waited (~15 minutes) until the red fluorescence stabilized to
ensure equal concentration of Ca2+ dye throughout a neuron (Figure 19A) even though the
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Figure 19. Intracellular [Ca2+] dynamics during functional plasticity of dendritic spines
induced by 2‐photon glutamate uncaging paired with postsynaptic depolarization
(A) Images of a neuron loaded with a Ca2+‐insensitive red dye (0.3mM Alexa 594) and a
synthetic Ca2+‐sensitive green dye (0.5mM Fluo‐4FF) during the pairing protocol
(postsynaptic depolarization from ‐65mV to 0mV with two‐photon glutamate uncaging
consisting of 30 pulses, 4ms each, at 0.5Hz in 4mM Ca2+, 1mM Mg2+, and 1μM TTX. Images
were acquired every 32 ms. Red and green fluorescence intensity images are the average of
30 and 3 frames (32x32 pixels per frame, 1ms per line), respectively and further filtered every
6x6 pixels. The numbers indicate the time elapsed from depolarization in seconds.
(B) [Ca2+] transients in the stimulated spines and the parent dendrites during spine‐specific
functional plasticity. Green and red fluorescence intensities were quantified from raw
images without any filtering. N = 13 spines from 7 neurons.
(C) Zoomed‐in view on [Ca2+] dynamics during depolarization (first 1 second) and 1st, 2nd,
29th, and 30th uncaging.
Modified from (Lee et al., 2009).
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Figure 20. Effect of whole‐cell patch on CaMKII activation by two‐photon glutamate
uncaging
Fluorescence lifetime changes of Green‐Camuiα in single dendritic spines in response to
two‐photon glutamate uncaging (4ms, 45 pulses at 0.5 Hz) before (N=13 spines) and after
(>15minutes; N=13 spines) break‐in to establish whole‐cell patch clamp (4mM Ca2+, 0mM
Mg2+, 1μM TTX) in the same neurons (N = 4 neurons).
Reprinted from (Lee et al., 2009).
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fluorescence lifetime imaging of CaMKII activation during functional plasticity was induced
immediately after the break‐in of the cell membrane (Figure 21) to minimize any possible
effects of washout. In a separate experiment, uncaging‐induced CaMKII activation before
the whole‐cell patch and after the patch (>15 minutes) was compared and the effect of
whole‐cell patch on CaMKII activation was largely ignorable (Figure 20). Therefore, [Ca2+]
responses seen by Ca2+ imaging during the pairing protocol (Figure 19) are likely to be
similar to that immediately after the break‐in (Figure 21).

CaMKII activation during functional plasticity of dendritic spines
Structural plasticity was induced in the absence of extracellular Mg2+ since it is
experimentally less demanding than other plasticity‐inducing protocols. However, to
actually measure AMPAR EPSC under more physiological condition, an increase or a
decrease in which corresponds to the induction of functional plasticity, 1mM Mg2+ was
added to the ACSF. Functional plasticity was induced by the same pairing protocol used for
the Ca2+ imaging experiment (Figure 19) consisting of two‐photon glutamate uncaging (30
pulses at 0.5Hz) and postsynaptic depolarization (‐65mV to 0mV) to remove Mg2+ block of
NMDARs (Harvey and Svoboda, 2007; Matsuzaki et al., 2004). In this pairing protocol, we
performed whole‐cell patch clamp to measure uncaging‐evoked EPSC (uEPSC) at ‐65mV
thereby measuring AMPAR EPSC. Functional plasticity was induced and maintained for
more than 1 hour indicated by an increase in uEPSC (ΔuEPSC=152±51%) (Figures 21D, 21E).
This form of functional plasticity was restricted to the stimulated spines since adjacent
spines did not show any change in uEPSC (ΔuEPSC=12±20%) (Figures 21D, 21E). Once again,
our results are consistent with a previous study where functional plasticity was induced
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Figure 21. Activation of Green‐Camuiα during functional plasticity of dendritic spines
induced by two‐photon glutamate uncaging paired with postsynaptic depolarization
(A) Fluorescence lifetime images of Green‐Camuiα during the induction of functional
plasticity by two‐photon glutamate uncaging paired with postsynaptic depolarization. The
white arrowhead indicates the location of uncaging laser spot.
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Figure 21 (Continued). Activation of Green‐Camuiα during functional plasticity of
dendritic spines induced by two‐photon glutamate uncaging paired with postsynaptic
depolarization
(B) Time course of averaged fluorescence lifetime changes of Green‐Camuiα in stimulated
spines (N = 8), adjacent spines (N = 13) and dendritic shafts (N = 8) close to the stimulated
spines.
(C) Zoomed‐in view on fluorescence lifetime changes during the pairing protocol on the first
2 minutes from (B). Same color scheme as in (B).
(D) Time course of averaged spine volume change or averaged uncaging‐evoked EPSC
(uEPSC) in stimulated spines (Stim) and adjacent spines (Adj).
(E) Representative traces of uEPSC at single spines (stimulated and adjacent spines) before
and 60 minutes after the induction of functional plasticity.
Reprinted from (Lee et al., 2009).
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(ΔEPSC~=150%) more physiologically at single synapses by pairing action potentials evoked
by current injection into a patch‐clamped CA3 pyramidal cell paired with postsynaptic back‐
propagating action potentials generated by a channelrhodopsin‐expressing CA1 pyramidal
neuron (Zhang et al., 2008). Spine volume during functional plasticity also increased in the
stimulated spines by ~100% consistent with previous studies (Harvey and Svoboda, 2007;
Matsuzaki et al., 2004; Zhang et al., 2008) where structural and functional plasticity
accompany each other (Figure 21D). Interestingly, CaMKII activation measured by the
fluorescence lifetime change of Green‐Camuiα was caused by both postsynaptic
depolarization and glutamate uncaging (Figure 21). In our pairing protocol, postsynaptic
depolarization produced CaMKII activation in dendritic shafts (0.079±0.018ns) and less so in
dendritic spines (0.028±0.010ns) presumably by the opening of VDCCs (Figures 21B, 21C).
CaMKII activation by the postsynaptic depolarization decayed within 2 minutes in both
dendritic shafts and unstimulated, adjacent spines while subsequent glutamate uncaging
produced additional CaMKII activation in the stimulated spines (0.097±0.014ns). The
unexpected CaMKII activation by postsynaptic depolarization and the large difference in the
degree of CaMKII activation between dendritic spines and dendritic shafts was puzzling
since [Ca2+] transients were almost identical in spines (2.6±0.5μM) and dendrites (2.6±0.5μM)
during depolarization (Figure 19) and demanded additional experiments to understand the
underlying mechanisms. This will be the focus of Chapter 5 and will not be further
discussed in this chapter. However, as for the CaMKII activation induced by two‐photon
glutamate uncaging during the pairing protocol (Figures 21B, 21C), it closely resembled that
seen from structural plasticity‐inducing protocol (Figures 15B, 15C). Functional plasticity
was induced only in the stimulated spines (Figure 21D) corresponding with restricted [Ca2+]
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elevation and CaMKII activation in the stimulated spines by two‐photon glutamate
uncaging (Figures 19, 21B). Thus, CaMKII activation is restricted and transient in both
structural and functional plasticity showing that without any persistent activation of
CaMKII, structural and functional plasticity can be induced and maintained for a long‐term
(at least up to 1 hour in the present study). As for [Ca2+], it is also NMDAR‐mediated [Ca2+]
that is important for spine‐specific activation of CaMKII. Also, based on such similarities in
CaMKII activation in the stimulated spines in structural and functional plasticity (Figures 15,
21), it is likely that a similar mechanism mediated by the mobility and inactivation of
activated CaMKII measured during structural plasticity is responsible for the synapse‐
specificity of functional plasticity as well.

Discussion
Duration of CaMKII activation
Our imaging data showing transient CaMKII activation (~2 minutes) during
synaptic plasticity does not support a theory in which CaMKII works as a molecular switch
where its activity persists once LTP is induced (Lisman et al., 2002; Miller et al., 2005). In this
study, we stimulated probably the smallest unit, a single dendritic spine, at which synaptic
plasticity can be induced and maintained. Our measurements of spine volume change and
an increase in AMPAR‐EPSC induced at the level of single dendritic spines are very similar
to that reported previously by many groups (Table 2) (Harvey and Svoboda, 2007; Matsuzaki
et al., 2004; Zhang et al., 2008). Translocation of Green‐Camuiα or mEGFP‐CaMKIIα was
also very similar to another study where spine‐specific synaptic plasticity was induced in
neurons overexpressing mEGFP‐CaMKIIα (Zhang et al., 2008). The present study was, to my
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knowledge, the first attempt to measure the activity of CaMKII at single dendritic spines of
living neurons with fine spatiotemporal resolution (every 8s, ~0.5μm resolution in 350μm
thick tissue) while all other previous studies measured the activity of CaMKII in a larger
number of synapses and lower spatiotemporal resolution than ours. Thus, our study
demonstrates the minimal duration of CaMKII activity (~2 minutes) involved in inducing
structural and functional plasticity of single dendritic spines, which lasts at least 1 hour, and
a similar two‐photon glutamate uncaging protocol as ours has been reported to induce
structural plasticity over 5 hours (Steiner et al., 2008). In our study, we utilized two‐photon
glutamate uncaging to induce structural plasticity, which could be different from traditional
method of directly stimulating presynaptic axons by a stimulating electrode to induce
synaptic plasticity. It has been demonstrated, however, that low‐frequency presynaptic
stimulation by an electrode (120 synaptic stimuli at 2Hz in 4mM Ca2+ and 0mM Mg2+), rather
similar to our uncaging protocol, induces spine‐specific structural plasticity of dendritic
spines with the time course of spine volume change resembling that by our two‐photon
glutamate uncaging protocol (Harvey and Svoboda, 2007). As discussed above, our pairing
protocol used to induce functional plasticity of dendritic spines yielded similar results (~150%
increase in ΔAMPAR‐EPSC) compared to that induced by more physiological method
(Zhang et al., 2008). Thus, we claim that at single dendritic spines of living neurons, ~2
minute long CaMKII activation is sufficient for the induction and maintenance of spine‐
specific synaptic plasticity. Furthermore, we argue that downstream signaling molecules or
networks starting from CaMKII activation play a critical role in the maintenance of synaptic
plasticity rather than high, persistent CaMKII activity being a requirement for this process.
Importantly, although our measurement of the duration of CaMKII activation is
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fittingly described as “transient” compared to some of the previous studies, it is no way
“transient” with respect to [Ca2+] dynamics observed during our pairing protocol. In fact,
CaMKII activity reported here accumulates its activity (Figure 21C) even after [Ca2+]
extrudes out of stimulated spines (Figure 19B) strongly suggesting that CaMKII can function
as a Ca2+‐frequency decoder even at the level of single dendritic spines consistent with a
previous in vitro studies (De Koninck and Schulman, 1998; Eshete and Fields, 2001). This will
be the focus of Chapter 6.

CaMKII vs Ras activity during synaptic plasticity at single dendritic spines
CaMKII activity as shown above is restricted to the stimulated spines. One caveat in
our experimental data is that a comparison was made between inactivation kinetics of
activated CaMKII (Figure 17) and the spine‐dendrite coupling of CaMKII at the basal state
(Figure 11), while more appropriate comparison should have been made between
inactivation kinetics of activated CaMKII (Figure 17) and the spine‐dendrite coupling of
activated CaMKII. Although we did measure the spine‐dendrite coupling of activated
CaMKII by simultaneously inducing both spine‐specific structural plasticity and
photoactivation (Figure 18) and obtained consistent results (Time constant of 1.6min with
uncaging compared to 1.3min without uncaging), the results from this experiment (Figure 18)
have several issues to consider.
First of all, spine volume was increasing very rapidly during structural plasticity
induced by two‐photon glutamate uncaging undergoing rapid structural change as big as 3‐
fold increase in its size. Thus, the measured green fluorescence (Figure 18B) was not
contributed solely by the photoactivation of REACh‐CaMKIIα‐paGFP in single dendritic
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spines since non‐photoactivated REACh‐CaMKIIα‐paGFP, but still emitting detectable level
of green fluorescence, also diffused into the rapidly enlarging spines during uncaging. Thus,
in order to correct for this unavoidable spine volume effect, we had to assume that REACh‐
CaMKIIα‐paGFP and mCherry essentially behave with the same diffusion kinetics during
structural plasticity. We know that they behave similarly but not exactly the same (Figure 16).
In fact, translocation of mCherry into spines undergoing structural plasticity is faster that
that of Green‐Camuiα or mEGFP‐CaMKIIα (Figure 16).
Second, photoactivation occurred every time uncaging pulses were applied meaning
that we photoactivated REACh‐CaMKIIα‐paGFP or paGFP‐CaMKIIα 45 times during
structural plasticity. An ideal experiment would have been applying different number of
uncaging pulses and give a brief photoactivation pulse similar to what we did to measure
the inactivation kinetics of activated CaMKII (Figure 17). For the photoactivation experiment,
however, this requires three two‐photon lasers: one for imaging, one for 2‐photon glutamate
uncaging and one for photoactivation each at different wavelength. Unfortunately, our setup
did not allow for this kind of experiment. Thus, our activity‐dependent spine‐dendrite
coupling of CaMKII (Figure 18) probably is an overestimation of actual activity‐dependent
spine‐dendrite coupling of CaMKII. Considering that activated CaMKII translocate to the
PSD and stay there for at least several minutes (Figure 16) (Merrill et al., 2005; Shen et al.,
2000), and given that our measurements indicate that CaMKII activation is spine‐specific
even at the basal state without the help of activity‐dependent translocation, we argue that
our proposed biophysical basis of spine‐specific CaMKII activation during structural
plasticity is in good standing with the experimental data.
Recently, spatiotemporal dynamics of Ras activity has been investigated at the level
113

of single synapses using the same set of techniques we used to image CaMKII activity
(Harvey et al., 2008; Yasuda et al., 2006). Ras has been well‐documented for its role in LTP
such as AMPAR exocytosis (Patterson et al., 2010; Qin et al., 2005; Zhu et al., 2002). A FRET‐
based Ras sensor was developed consisting of mEGFP‐Ras and a short sequence of Ras
binding domain from Raf tagged at both ends with mCherry (Yasuda et al., 2006).
Interestingly, the spatiotemporal dynamics of Ras is in contrast with that of CaMKII during
synaptic plasticity. Ras activity reaches its peak in 1 minute and lasts 10 minutes after the
uncaging stimulation and subsequently diffuses into unstimulated, neighboring spines
within 10μm of the stimulated spines (Harvey et al., 2008). Therefore, a biochemical signal
triggered by NMDAR‐mediated Ca2+ influx, which is mostly restricted to the stimulated
dendritic spines (Bloodgood and Sabatini, 2007a; Nimchinsky et al., 2004; Noguchi et al.,
2005), can diffuse out of the stimulated spines and into unstimulated, nearby spines.
Interestingly, the length scale of diffusive Ras signaling (10μm) is well matched with the
facilitation of synaptic plasticity (10μm) (Harvey and Svoboda, 2007) discussed previously
where a plasticity‐inducing stimulus can mediate the threshold of synaptic plasticity in
unstimulated, nearby spines (discussed in Synaptic plasticity at the level of single
dendritic spines) and subsequent experiments using an inhibitor of downstream signaling
of Ras (U0126) showed that downstream signaling of Ras is involved in the facilitation of
synaptic plasticity (Harvey et al., 2008). Therefore, visualization of spatiotemporal dynamics
of Ras and CaMKII activation at the level of single dendritic spines has provided
experimental evidence that biochemical signaling starting from a single dendritic spine can
be regulated in different spatiotemporal scales (Figure 23).
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Spatiotemporal regulation of signaling in and out of dendritic spines during synaptic
plasticity
CaMKII activation lasts ~2 minutes and restricted to a stimulated dendritic spine
(Figure 15) while Ras activation lasts longer (~10 minutes) and spreads over ~10μm along the
dendrite and nearby spines (Harvey et al., 2008). To understand the diffusivity of
biochemical signals in and out of single spines, we need to focus on spine‐dendrite diffusion
coupling time constant (τcoupling) and inactivation time constant (τinactivation) of a biochemical
signal, which determines the degree of compartmentalization of signaling (Harvey et al.,
2008; Sabatini et al., 2002). When τcoupling exceeds τinactivation, a protein of interest activated only
in a given dendritic spine is inactivated before it diffuses out of the spine resulting in the
restricted activation in the stimulated spine. On the contrary, when τinactivation exceeds τcoupling,
a molecule is inactivated after it diffuses out of the spine, and thus its activity spreads into
dendrites and possibly into nearby spines. This explanation successfully describes the
synapse‐specific lifecycle of Ca2+ ions in dendritic spines where τcoupling is measured as ~0.1s
and τinactivation (extrusion in case of Ca2+) as 15ms (Sabatini et al., 2002). τcoupling of Ca2+ is
relatively long in dendritic spines most likely due to the large presence of endogenous,
immobile calcium binding proteins (Allbritton et al., 1992). Therefore, Ca2+ is extruded out
before it diffuses out of the spine, making it compartmentalized within spines (Table 4)
(Nimchinsky et al., 2004; Noguchi et al., 2005; Sabatini et al., 2002; Sobczyk et al., 2005).
For proteins, τcoupling can be measured by either photoactivating a paGFP‐tagged
protein of interest followed by an exponential fitting of the decay of paGFP fluorescence or
photobleaching a fluorescent protein‐tagged protein of interest followed by an exponential
fitting of the fluorescence recovery (Figures 11, 18, 22). Both measurements are commonly
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Table 4. Spatiotemporal characteristics of Ca2+, CaMKII and Ras in dendritic spinesa

a

Ca2+

CaMKII

Ras

τcoupling

0.1s

60s

5s

τinactivation

0.015s

6s

240s

Deff

100μm2/s

0.17μm2/s

0.6μm2/s

Length constant

1μm

1μm

12μm

Spine‐specific

Yes

Yes

No

Modified from (Lee and Yasuda, 2009).
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used, but photobleaching requires stronger imaging laser power (Figure 12) than
photoactivation (Figure 11) does due to the inherent properties of these fluorescent proteins
(Patterson and Lippincott‐Schwartz, 2002). Thus, photoactivation should be a method of
choice because the longer time it takes to photobleach, the more highly mobile molecules
will preferentially diffuse out while photobleaching is still going on leaving relatively
immobile fraction behind, which results in the overestimation of τcoupling. Experimental values
of τcoupling are now available for many proteins (Figure 22B). For cytosolic proteins such as
paGFP, τcoupling ~0.5 s (Bloodgood and Sabatini, 2005; Harvey et al., 2008), and for membrane
targeted proteins like H‐Ras and MARCKS, τcoupling ~5 s (Harvey et al., 2008). CaMKII
interacts with many proteins in the postsynaptic density (PSD) and actin cytoskeleton,
increasing τcoupling to ~ 1 min (Okamoto et al., 2004; Okamoto et al., 2007; Sturgill et al., 2009).
In comparison to these values, τinactivation were measured to be ~4 min for Ras (Harvey et al.,
2008; Yasuda et al., 2006) and ~6 s for CaMKII.

Thus, the balance of the time constants is

τinactivation >> τcoupling for Ras, and τinactivation << τcoupling for CaMKII. This explains why Ras
signaling is diffusive and CaMKII activation is compartmentalized (Figure 23).
Besides determining whether a particular biochemical signal is spine‐specific or not,
τcoupling and τinactivation provide interesting information about how far signaling can spread.
Although this information is not of much value for molecules with spine‐specific signaling
like CaMKII, but for signaling that spans over longer distance such as Ras, this information
will reveal how many spines are expected to share signals from stimulating a single
dendritic spine. In fact, Ras signaling on average influences about ~10 spines while
dendiritic branch‐specific potentiation has been reported in CA1 pyramidal neurons
(Losonczy et al., 2008) strongly suggesting that a biochemical scale covering an entire
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Figure 22. Spine‐dendrite coupling of Ca2+, paGFP, MARCKs, Ras, CaMKIIα and Green‐
Camuiα
(A) Representative images of Ca2+, Ras and CaMKII diffusion dynamics observed by Ca2+‐
sensitive dye, Fluo‐4FF, upon 2‐photon glutamate uncaging or photoactivation of tagged‐
paGFP in single spines. Note the differences in the time scales (milliseconds for Ca2+, seconds
for Ras, and minutes for CaMKII).
(B) Time constants of spine‐dendrite coupling measured by the decay of photoactivated
tagged‐paGFP fluorescence intensity in single dendritic spines fitted with exponential
functions.
Modified from (Lee and Yasuda, 2009).
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Figure 23. Two different spatiotemporal scales of signaling from single dendritic spines
(A) Comparison of CaMKII, and Ras activation dynamics with spine volume change during
structural plasticity induced by two‐photon glutamate uncaging. Note that CaMKII
activation occurs prior to the induction of structural plasticity while Ras activation closely
follows spine volume change during structural plasticity.
(B) Spatial profile of spine‐specific signaling from a single dendritic spine.
(C) Spatial profile of diffusive signaling from a single dendritic spine.
Modified from (Lee and Yasuda, 2009).
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dendrite must exist. Assuming one‐dimensional diffusion, the ultimate variable we would
like to derive is the length constant of an active molecule of interest, L. The length constant
of signaling activity – that is the mean distance activated molecule travels before being
inactivated – tells us about how far signaling can spread from a point source, in this case, a
stimulated spine. The following equation can be used to calculate L:
·

Eq. (4)

where Deff is effective diffusion coefficient of the signaling molecule and τinactivation is the time
constant of inactivation (Harvey et al., 2008). In other words, the length constant is balanced
by diffusion and inactivation of the protein. For cytosolic proteins, Deff can be calculated
from τcoupling as (Byrne et al., 2010; Majewska et al., 2000; Svoboda et al., 1996):
·
·

Eq. (5)

where VH ~0.1μm3 is the volume of the spine head, and l ~0.8μm is the spine neck length, s
~0.008μm2 is the cross‐section area of the spine neck. For membrane proteins, VH ~1μm2 is
the surface area of the spine head and s ~0.3μm is the circumference of the spine neck
(Bloodgood and Sabatini, 2005; Svoboda et al., 1996). Deff and L calculated for Ca2+, Ras, and
CaMKII are in Table 4. The length constant (L) of Ca2+ and CaMKII are calculated to be ~1μm
(Table 4), suggesting that they should be confined within the stimulated spines, consistent
with previous experiments (Noguchi et al., 2005; Okamoto et al., 2007; Sabatini et al., 2002;
Sobczyk et al., 2005). In contrast with these molecules, the length constant of Ras is much
longer (~10μm; Table 4). This length is consistent with the observed width of the activity
spreading of Ras during synaptic plasticity (Harvey et al., 2008).
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Role of spine morphology in compartmentalizing biochemical signaling
These results suggest that spine morphology by itself cannot compartmentalize
biochemical signaling. By spine morphology, I only mean the shape and size of spine heads
and their thin necks, but not including at all any of molecular organizations such as the PSD.
Photobleaching of fluorophores and measuring the subsequent fluorescence recovery
indicates that spine necks indeed work as diffusion barriers between spines and dendritic
shafts slowing down the fluorescence recovery 10–100 times than that by free diffusion alone
(Majewska et al., 2000; Muller and Connor, 1991; Svoboda et al., 1996). Furthermore, strong
experimental evidence support that the diffusional coupling between spines and dendritic
shafts can be regulated by activity (Bloodgood and Sabatini, 2005; Grunditz et al., 2008;
Majewska et al., 2000). However, recent experimental data suggest that although spine necks
indeed slow down molecular exchange between spines and dendrites, this is not enough to
achieve spine‐specific signaling. In essence, a hypothetical membrane‐bound protein with
no interactions with any other molecules will diffuse out of a spine within a few seconds,
even faster for cytosolic ones (Harvey et al., 2008; Patterson et al.). Thus, τcoupling is on the
scale of seconds whereas a typical timescale for biochemical signals especially for the
maintenance of synaptic plasticity ranges from minutes to hours. In fact, previous
measurements of diffusional coupling was done with non‐interacting fluorescence proteins
and their extremely fast diffusional coupling renders them more sensitive to small changes
in diffusional barrier posed by spine necks in time scale of seconds (Bloodgood and Sabatini,
2005; Grunditz et al., 2008; Majewska et al., 2000), but for most highly interacting proteins,
such diffusional barrier is most likely to be of minor significance (Sturgill et al., 2009).
Almost similar degree of Ras activation between a stimulated spine and its parent dendrite
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highlights the ineffectiveness of spine structure in restricting Ras activity in the stimulated
spine (Harvey et al., 2008). The Stokes Radius, RH, allows estimating τcoupling from given mass
of a molecule as follows:
·

Eq. (6)

6

Where T is temperature in Kelvin, kB is Boltzmann’s constant, η is the viscosity of solution in
which the molecule is present. Assuming that molecules are close to perfect spheres, thus we
can assume that RH = rsphere, and that the density of molecules, d, are relatively consistent
regardless of their size, we can derive the following equations.
4
3

·

4
3

·

·

·

6
1

Eq. (7)

Eq. (8)

√

Given that the diffusion coefficient of a molecule is proportional to the inverse cubic root of
its mass or molecular weight, a hypothetical 1,000kDa cytosolic protein with no molecular
interactions will have τcoupling of ~1.2s1. One might suspect that paGFP might have unknown
interactions inside cells, but even if so, this will slow down its τcoupling and support the
argument above. Furthermore, τcoupling of much smaller synthetic fluorophores such as Alexa
dyes show similar values as that of τcoupling (Pologruto et al., 2004; Svoboda et al., 1996)
strongly arguing against any presence of unknown molecular interactions for paGFP in cells.

1

Deff of paGFP (27kDa) is estimated as 27μm2/s in the cytoplasm. Thus, for a hypothetical

1000kDa protein, its Deff and τcoupling are calculated as follows using Eq. (8) and Eq. (5),
respectively:
27

/

27

1000
0.8
0.008

8.1
0.1
8.1
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/

/
1.2

In order to produce spine‐specific signaling, therefore, molecular interactions
especially with relatively stable structures are required (Augustine et al., 2003). For Ca2+ ions,
the dominant factors for its compartmentalization in spines are the presence of immobile
buffers and extremely fast extrusion rate due to ATPase Ca2+ pumps in the ER and the
plasma membrane (Allbritton et al., 1992; Augustine et al., 2003; Sabatini et al., 2002). In fact,
several studies have demonstrated that [Ca2+] can be compartmentalized even in non‐spiny
neurons (Goldberg et al., 2003; Soler‐Llavina and Sabatini, 2006) minimizing the importance
of spine morphology. Unlike Ca2+ ions, IP3 clearly diffuses between spines and dendrites in
cerebellar Purkinje cells (Augustine et al., 2003). Photorelease of caged‐IP3 in dendritic shafts
release Ca2+ in nearby dendritic spines (Finch and Augustine, 1998) and the photorelease of
caged IP3 in dendritic spines not containing IP3‐sensitive internal stores ends up increasing
[Ca2+] in dendritic shafts (Miyata et al., 2000). Thus, spine morphology is rather important
for regulating NMDAR‐mediated [Ca2+] in spines (Nimchinsky et al., 2004). The number of
NMDARs is relatively independent of the spine volume, thus smaller spines experience
higher NMDAR‐mediated [Ca2+] elevation than larger spines, which might play a role in
modeling [Ca2+] threshold for synaptic plasticity (Nimchinsky et al., 2004; Noguchi et al.,
2005; Sobczyk et al., 2005). Consistent with this idea, relatively large spines (>0.1μm3) are
known to withstand a train of uncaging pulses that induces structural plasticity in smaller
spines (Matsuzaki et al., 2004; Noguchi et al., 2005), albeit controversial (Steiner et al., 2008).
As for CaMKII, it is the mobility of CaMKII determined by molecular interactions with other
molecules in PSD and actin cytoskeleton that allows spine‐specific activation (Okamoto et al.,
2004; Okamoto et al., 2007; Sturgill et al., 2009; Zhang et al., 2008). The mobility of CaMKII in
dendritic spines is nearly ~150 fold slower than that in vitro. These results signify the role of
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a postsynaptic density and scaffolds in compartmentalizing spine signaling and might offer
reasons as to why a post‐synaptic density is a highly ordered structure (Blanpied et al., 2008;
Chen et al., 2008). Photoactivation of a fraction of PSD95 molecules in one sub‐region of the
PSD was achieved in dissociated hippocampal neurons by confocal microscopy (Blanpied et
al., 2008). Surprisingly, these photoactivated PSD95 molecules in one region of the PSD did
not diffuse into other regions of the PSD at the same synapses where photoactivation did not
occur. Instead, they diffused into the dendrites suggesting that mixing of molecules in the
PSD is highly limited preserving the topology of the PSD. One interesting hypothesis is that
the topology of the PSD consisting of evenly‐spaced, stable nano‐architectures in a matrix
could be advantageous to guarantee sufficient and necessary interactions to keep molecules
in anywhere at any time in the PSD, while random positioning of molecules in the PSD will
generate regions of insufficient molecular interactions or binding partners at times thereby
less efficient at keeping molecules in the PSD (Blanpied et al., 2008). Consistent with our
claim that molecular interactions are required to achieve spine‐specific CaMKII activation, a
theoretical modeling study on the diffusion of CaMKII also concludes that high‐affinity
binding entities in spine heads are required to retain CaMKII in dendritic spines (Byrne et al.,
2010).
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Chapter 5. Compartmentalized, Channel‐specific and
Nanodomain Activation of CaMKII by Postsynaptic
Depolarization
Introduction
In our pairing protocol to induce functional plasticity, postsynaptic depolarization
produced CaMKII activation in both dendritic shafts and spines with greater activation in
dendritic shafts (Figure 21). This means that [Ca2+] via VDCCs activates CaMKII both in
spines and dendritic shafts. We found that NMDARs and L‐type VDCCs are the major Ca2+
sources for activating CaMKII in dendritic spines (Figures 21, 24). Our results are consistent
with previous studies that have also identified NMDARs and L‐type VDCCs as major Ca2+
sources of CaMKII activation (Fu et al., 2004; Guo et al., 2004; Hao et al., 2005). In fact,
neurons express many types of VDCCs and CaMKII is known to interact with or tethered to
L‐type VDCCs (Hudmon et al., 2005b; Wheeler et al., 2008), T‐type VDCCs (Welsby et al.,
2003) and P/Q‐type VDCCs (Jiang et al., 2008). Also, it is widely known that [Ca2+] through
VDCCs is required for 200Hz HFS (Grover and Teyler, 1990). However, the large differential
in CaMKII activation between dendritic spines and dendrites, which was not observed with
Ras activated by postsynaptic depolarization or back‐propagating action potentials (Harvey
et al., 2008; Yasuda et al., 2006), was puzzling since VDCCs are expressed in spines as well as
dendrites. Furthermore, [Ca2+] elevations by back‐propagating action potentials (Sabatini et
al., 2002) or postsynaptic depolarization (Figure 19) are similar in dendritic spines and
dendritic shafts indicating that global [Ca2+] averaged over an entire dendritic spine
measured by Ca2+‐sensitive dyes cannot explain the differential activation of CaMKII.
In presynaptic axon terminals, [Ca2+] via VDCCs is essential for the release of
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synaptic vesicles (Augustine et al., 1987). Elegant experiments in squid giant axon terminals
using different Ca2+ binding properties of BAPTA and EGTA revealed that this process is
mediated by local [Ca2+] hotspots in the vicinity of VDCCs (Adler et al., 1991), which are
now described as Ca2+ nanodomains (Augustine et al., 2003). In fact, highly localized Ca2+
signaling must be somehow implemented in neurons to account for a plethora of Ca2+‐
dependent signaling that cannot be explained by the average [Ca2+] concentration or
frequency alone (Augustine et al., 2003; Blackstone and Sheng, 2002). Therefore, we set forth
to understand differential activation of CaMKII by VDCCs using a similar experimental
approach.

Results
[Ca2+] kinetics during depolarization revisited
Although we showed previously that [Ca2+] kinetics in dendritic spines and
dendritic shafts are similar during depolarization (Figure 19C), we repeated this experiment
to make sure that VDCCs are the primary Ca2+ source during step depolarization from ‐
65mV to 0mV for 16 seconds in CA1 pyramidal neurons. We obtained almost identical
results (Figure 24A) as previously (Figure 19C) in neurons incubated with 100μM APV,
10μM NBQX, 1μM TTX, 4mM Mg2+ and 4mM Ca2+. Thus, we confirmed again that [Ca2+]
measured by a Ca2+ dye cannot explain the differential activation of CaMKII by
depolarization between dendritic spines and dendritic shafts.

Compartmentalized and channel‐specific activation of CaMKII by depolarization
We performed the fluorescence lifetime imaging of Green‐Camuiα during
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A

B

Figure 24. Intracellular [Ca2+] dynamics during depolarization in the presence or absence
of Nimodipine
(A) Intracellular [Ca2+] dynamics in response to cell depolarization (‐65mV to 0mV for 16s
indicated by the black bar) in single spines (N = 5) in the absence (closed circles) or presence
(open circles) of Nimodipine (20μM).
(B) Intracellular [Ca2+] dynamics in response to cell depolarization (‐65mV to 0mV for 16s
indicated by the black bar) in dendrites (N = 5) in the absence (closed circles) or presence
(open circles) of Nimodipine (20μM).
Modified from (Lee et al., 2009).
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depolarization at higher temporal resolution (2 seconds) since we thought that our previous
temporal resolution (8 seconds) was inadequate in revealing full dynamics and providing
enough data points for reliable curve fitting. In response to postsynaptic depolarization
without two‐photon glutamate uncaging, CaMKII activity increased in both dendritic spines
and dendritic shafts (Figure 25A). Again, CaMKII activity in dendritic spines (0.034±0.004ns)
was significantly smaller than that in dendritic shafts (0.076±0.007ns) (Figure 25A). In our
measurements of [Ca2+] dynamics during depolarization, most of [Ca2+] (~2μM) was
concentrated in the first two seconds immediately after depolarization and after two seconds,
residual [Ca2+] (~0.2μM) was maintained as long as depolarization is on (Figures 19C, 24A).
Interestingly, CaMKII activity was sustained for the entire duration of depolarization (~16
seconds) and rapidly decayed after repolarization in both spines and dendrites (Figure 25A).
Thus, CaMKII activity prolongs that of [Ca2+] since merely 0.2μM residual Ca2+ can sustain
CaMKII activity once generated by high [Ca2+] (~2μM in 2 seconds) for another 14 seconds.
To substantiate our finding, we also measured the fluorescence lifetime changes of T286A
Green‐Camuiα during depolarization. As expected, the inability to undergo T286
autophosphorylation greatly attenuated the duration of CaMKII activity in this mutant
beyond that of [Ca2+] dynamics (Figure 25B). Most of the fluorescence lifetime changes of
T286A Green‐Camuiα were concentrated in the first two seconds immediately after
depolarization and the time course of fluorescence lifetime changes was similar to that of
[Ca2+] dynamics during depolarization (Figure 25B) clearly demonstrating that T286
autophosphorylation is needed to prolong CaMKII activation.
Since VDCCs were the primary source of Ca2+ during depolarization (Figure 24A)
and the evidence of CaMKII interacting with L‐type VDCCs is well‐documented
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Figure 25. Differential activation of Green‐Camuiα in spines and dendrites by
depolarization
(A) Time course of averaged fluorescence lifetime changes of WT Green‐Camuiα in spines
(N = 53) and dendrites (N = 30) in response to cell depolarization (‐65mV to 0mV for 16s
indicated by the black bar). Images were acquired every 2s. Solid cyan curves are double
exponential fits of Green‐Camuiα inactivation. Time constants are 11.3s (84%) and >300s
(16%) for spines, and 6.8s (60%) and 43.7s (40%) for dendrites.
(B) Time course of averaged fluorescence lifetime changes of T286A Green‐Camuiα in spines
(N = 19) and dendrites (N = 14) in response to cell depolarization (same as in (A)).
(C) Time course of averaged fluorescence lifetime changes of Green‐Camuiα in spines (N =
22) and dendrites (N = 15) in response to cell depolarization (same as in (A)) in the presence
of L‐type VDCC inhibitor, Nimodipine (20μM).
Modified from (Lee et al., 2009).
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(Hudmon et al., 2005b; Wheeler et al., 2008), we applied 20μM Nimodipine, which blocks L‐
type VDCCs (Bloodgood and Sabatini, 2007b), to see if how much of CaMKII activity
induced by depolarization was contributed by L‐type VDCCs. Surprisingly, CaMKII
activation in dendritic spines during the depolarization was completely blocked while the
inhibition in dendritic shafts was significant but smaller (Figure 25C). This strongly
suggested that CaMKII activation in spines come from [Ca2+] via L‐type VDCCs while other
VDCCs contribute to CaMKII activation in dendritic shafts. We further characterized [Ca2+]
responses during depolarization by 20μM Nimodipine. When 20μM Nimodipine was
applied, there was no inhibition in [Ca2+] elevations at all during depolarization both in
dendritic spines and dendritic shafts (Figure 24). This indicated that the effect of CaMKII
activation by depolarization must have come from very local [Ca2+] near the mouth of L‐type
VDCCs and that global [Ca2+], which at its peak reaches ~2μM (Figure 24A), cannot activate
CaMKII in dendritic spines (Figure 25C). Putting this in a different perspective, [Ca2+] ‐
measured using the same Ca2+ dye ‐ also reached ~2μM by two‐photon glutamate uncaging
(Figure 19), and we reliably detected a fluorescence lifetime change as big as ~0.1ns (Figure
21C). It was also surprising that, while there was no change in [Ca2+] dynamics during
depolarization in dendritic shafts with or without Nimodipine (Figure 24B), the reduction in
the fluorescence lifetime changes in dendritic shafts by Nimodipine during depolarization
was overwhelming ~46% (Figure 25C). Thus, highly local [Ca2+] must be responsible for
channel‐specific activation of CaMKII by depolarization and that different VDCCs are
responsible for the differential activation of CaMKII between spines and dendrites.
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Nanodomain activation of CaMKII
To provide experimental evidence and determine how local depolarization‐induced
CaMKII activation is, we performed experiments using Ca2+ chelators ‐ EGTA and BAPTA ‐
to test the hypothesis in which nanodomain Ca2+ at the inner mouth of VSCCs is responsible
for CaMKII activation (Figure 26). Although BAPTA and EGTA have similar dissociation
constants (kD = ~100nM) to Ca2+, BAPTA is one hundred times faster at chelating Ca2+ ions
than EGTA (kON = 6x108 M‐1s‐1 and 1.5x106 M‐1s‐1, respectively) (Neher, 1998). Therefore,
BAPTA can capture Ca2+ ions right away once they flow in through ion channels (less than
nanometers from the mouth of channels) while Ca2+ ions can travel much longer distance
(more than nanometers) before being chelated by EGTA (Augustine et al., 2003; Neher, 1998).
Thus, BAPTA inhibits Ca2+ elevation even at nanodomains, whereas EGTA inhibits global
Ca2+ elevation without affecting nanodomain Ca2+ much. Thus, a Ca2+‐dependent reaction
blocked by BAPTA but not EGTA indicates the presence of Ca2+ nanodomains while similar
efficacy in blocking Ca2+‐dependent response by EGTA and BAPTA implies the existence of
Ca2+ microdomains or more spatially diffuse Ca2+ signals (Augustine et al., 2003). This
experimental approach was taken to successfully show that presynaptic vesicle release
mediated by VDCCs occurs in microdomains of VDCCs in squid giant axons (Adler et al.,
1991).
When neurons transfected with Green‐Camuiα were patch‐clamped with a pipette
containing either 5mM BAPTA or 5mM EGTA, CaMKII activation in response to
depolarization was partially blocked by 5mM BAPTA compared to that by 5mM EGTA in
both spines and dendritic shafts (Figures 26A, 26C). With 20mM BAPTA (Figures 26B, 26D),
CaMKII activation in response to depolarization was completely inhibited in both dendritic
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spines and dendritic shafts. However, the same concentration of EGTA only slightly blocked
CaMKII activation (Figures 26B, 26D). At 20mM BAPTA and EGTA, the effects of these
chelators on CaMKII activation by depolarization are strikingly different (Figures 26B, 26D)
strongly suggesting that nanodomain Ca2+ via VDCCs are primarily responsible for CaMKII
activation by depolarization.

Discussion
Significance of channel‐specific CaMKII activation
Our results of nanodomain activation of CaMKII by VDCCs in CA1 pyramidal
neurons are, in my opinion, not surprising at all considering numerous previous studies
especially in the field of cardiology where the modulation of VDCCs by CaMKII by direct
binding has been extensively documented (Dai et al., 2009). The α1 subunit of Cav2.1 P/Q‐
type VDCC constitutively binds with CaMKII (Jiang et al., 2008). Association of CaMKII
with Cav1.2 L‐type VDCCs is well established where CaMKII forms complexes with β1 or β2
subunits (Grueter et al., 2008; Koval et al., 2010; Xu et al., 2010) and regulate Ca2+ current via
phosphorylation (Abiria and Colbran, 2010; Blaich et al., 2010; Grueter et al., 2006). CaMKII
directly interacts with α subunit of Cav3.2 T‐type VDCCs at its II‐III loop and
phosphorylation of S1198 within the loop increases Ca2+ current (Welsby et al., 2003; Yao et
al., 2006). Thus, our results showing that depolarization‐induced CaMKII activation is
mediated by Ca2+ nanodomains (Figure 26) are probably due to the molecular interactions
between CaMKII and various VDCCs in neurons. The modulation of VDCCs by CaMKII has
consistently been reported to result in increasing VDCC‐dependent Ca2+ current, also known
as Ca2+‐dependent facilitation. Although speculative at this point, our results could explain
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why huge and sustained [Ca2+] induced by depolarization is not sufficient to induce synaptic
plasticity (Conti and Lisman, 2002; Lisman and Spruston, 2005). Simply put, huge [Ca2+]
elevation by depolarization is insufficient to activate CaMKII outside the nanodomains of
VDCCs and only localized CaMKII near VDCCs can get activated by depolarization
experiencing extremely high [Ca2+] probably in the range of hundred micromolar (Augustine
et al., 2003). Recently, non‐Hebbian form of synaptic plasticity was discovered, which was
induced by repetitive postsynaptic depolarizations or back‐propagating action potentials
(Kato et al., 2009). This form of synaptic plasticity was partially dependent on CaMKII (Kato
et al., 2009) and I speculate that repetitive depolarizations or back‐propagating action
potentials resulted in large channel openings at some dendritic spines stochastically and
consequent CaMKII activation large enough to induce synaptic plasticity. By inducing non‐
Hebbian synaptic plasticity by repetitive depolarizations and measure AMPAR‐EPSC using
two‐photon glutamate uncaging, I expect to see strong correlation between CaMKII activity
and potentiation at single synapses.
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Chapter 6. Frequency‐dependent Activation of CaMKII in
Single Dendritic Spines
Introduction
So far in the present study, we have shown that CaMKII activity lasts transiently (~2
minutes) during structural plasticity induced and maintained at single dendritic spines
(Figure 15). Also, we and others have shown that CaMKII activity is required for persistent
spine volume change, but not transient spine volume change during structural plasticity of
single dendritic spines (Figure 15) (Harvey et al., 2008; Matsuzaki et al., 2004; Patterson et al.,
2010; Steiner et al., 2008; Yamagata et al., 2009). These findings suggest that CaMKII activity
despite lasting only ~2 minutes can initiate downstream biochemical signaling important for
persistent spine volume change during structural plasticity. Hence, we set forth to
investigate if CaMKII activity can be regulated in this relatively short time window of 2
minutes and whether down‐regulating or up‐regulating CaMKII activity in this period can
lead to different outcome in persistent spine volume increase during structural plasticity.
Although the importance of autophosphorylation at T286/T305/T306 have been
extensively investigated using biochemistry (discussed previously in Regulation of CaMKII
by Ca2+/CaM‐binding, autophosphorylations and Protein Phosphatases), the time scale,
especially that of [Ca2+] in these studies are much slower than the conditions used to induce
synaptic plasticity in single dendritic spines. Furthermore, both the magnitude and
frequency of [Ca2+] are involved in Ca2+‐dependent signaling (Blackstone and Sheng, 2002),
but the [Ca2+] frequency‐dependent response function of CaMKII activity has been very
difficult to study in vitro. Thus, it remains unexplored whether or not these
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autophosphorylation sites play significant roles in shaping activation dynamics of CaMKII
in single dendritic spines of living neurons during structural plasticity in a relatively short
period of ~2 minutes of repetitive hundred milliseconds long [Ca2+] pulses. Now with new
imaging tools in our hands, we set forth to image CaMKII activity at the unprecedented
temporal resolution (250ms) in single dendritic spines of living neurons to investigate the
role of autophosphorylation in regulating CaMKII.

Results
Negative control
Since imaging rate is now very fast at 4Hz (250ms), it is worrisome that
photobleaching or photodamage might occur due to the fast imaging rate. Furthermore,
magnification has to be bigger than previously, thus smaller imaging area, to collect enough
photons. Thus, adjacent spines used as an internal control previously were often out of the
imaging window. To make sure uncaging pulses as well as imaging does not cause any
potential artifact, we performed the fluorescent lifetime imaging of Green‐Camuiα at 4Hz
with 16 uncaging pulses without MNI‐glutamate, the harshest condition in our experiments,
at the beginning of some imaging sessions. There was no change in the morphology of the
spines or in the fluorescence lifetime for the entire duration of imaging (Figure 29).

WT vs T286A
T286 autophosphorylation and consequent Ca2+‐independent autonomous activity
are known to play essential roles in LTP induction (discussed previously in Regulation of
CaMKII by Ca2+/CaM‐binding, autophosphorylations and Protein Phosphatases) as well
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as in learning and memory (discussed previously in CaMKII in learning and memory). At
the molecular level, T286 autophosphorylation increases the affinity of CaMKII to
calmodulin thereby prolonging the activity of CaMKII (Meyer et al., 1992) and can
phosphorylate substrates with homologous sequences to the autoinhibitory domain of
CaMKII via intersubunit autophosphorylation (Jama et al., 2009).
In Chapter 4, we showed that spine‐specific activation of CaMKII lasting ~2 minutes
during synaptic plasticity (Figures 15, 21). In neurons expressing T286A mutant form of
Green‐Camuiα, the same plasticity inducing stimulus resulted in reduced activation of
CaMKII (Figure 15C) with smaller persistent spine growth (Figure 15H). However, it is not
clear how T286 autophosphorylation affects dynamics of CaMKII during structural plasticity
since our measurements of the fluorescence lifetime changes were averaged over a period of
four uncaging pulses (Figure 15). It could have been that T286A activated less per uncaging
pulse or that the inactivation of activated CaMKII is faster for T286A Green‐Camuiα than
that of WT Green‐Camuiα.
To dissect how T286 autophosphorylation affects the activation dynamics of CaMKII,
we established an imaging protocol to image CaMKII activation at a frame rate of
approximately 4Hz (256ms) for the total duration of 16384ms (64 images). Imaging longer
than this was not possible due to the limited memory size of our time‐correlated single
photon counting hardware (SPC‐730; Becker‐Hickl). This allowed four successive glutamate
uncaging to activate a single spine at 0.5Hz or sixteen successive glutamate uncaging at 2Hz
(4mM Ca2+, 0mM Mg2+, 1μM TTX).
With this imaging protocol, we measured the fluorescence lifetime changes of WT
Green‐Camuiα (Figure 27). During imaging, CaMKII activity at 0.5Hz never reached a
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Figure 27. Frequency‐dependent activation dynamics of WT and T286A Green‐Camuiα by
two‐photon glutamate uncaging
(A) Time course of averaged fluorescence lifetime changes of WT Green‐Camuiα by 2‐
photon glutamate uncaging consisting of 16 pulses at 2Hz (N = 28) or 4 pulses at 0.5Hz (N =
99).
(B) Time course of averaged fluorescence lifetime changes of WT Green‐Camuiα (N = 99) or
T286A Green‐Camuiα (N = 54) by 4 uncaging pulses at 0.5Hz.
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Figure 27 (Continued). Frequency‐dependent activation dynamics of WT and T286A
Green‐Camuiα by two‐photon glutamate uncaging
(C) Time course of averaged fluorescence lifetime changes of T286A Green‐Camuiα by 2‐
photon glutamate uncaging consisting of 16 pulses at 2Hz (N = 60) or 4 pulses at 0.5Hz (N =
54).
(D) Time course of averaged fluorescence lifetime changes of WT Green‐Camuiα (N = 28) or
T286A Green‐Camuiα (N = 60) by 16 uncaging pulses at 2Hz.
(E) Time course of averaged fluorescence lifetime changes of WT Green‐Camuiα (4 pulses at
0.5Hz, N = 99) or T286A Green‐Camuiα (16 pulses at 2Hz, N = 60).
Individual uncaging pulses are indicated by the color bars.
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plateau indicating that the inactivation kinetics of activated CaMKII was in competition with
the activation of CaMKII by two‐photon glutamate uncaging (Figure 27A). At 2Hz, however,
CaMKII activity reached a plateau after four uncaging pulses and was maintained as long as
uncaging pulses were applied (14 pulses total) (Figure 27A). On the other hand, T286A
Green‐Camuiα mutant showed rapid inactivation of activated CaMKII by uncaging pulses at
0.5Hz (Figure 27B). The inactivation kinetics of T286A was faster than that of WT CaMKIIα
by eightfold thereby not allowing accumulation of CaMKII activity (Time constants: T286A,
0.7s; WT, 5.4s). Since CaMKII activity fell back to the basal level after about 1.8s in T286A
Green‐Camuiα expressing spines, we wondered if the activity of CaMKII can be
accumulated even in these neurons as long as the frequency of plasticity inducing stimulus
is greater than 0.5Hz. As expected, when a train of two‐photon glutamate uncaging pulses
was applied at 2Hz, T286A mutant successfully accumulated CaMKII activity (Figure 27C),
but reached the plateau at a lower level than that of WT Green‐Camuiα (Figure 27D). The
difference between the maximal activity of WT and T286A mutant during 2Hz stimulation
presumably reflects the additional activity of CaMKII by T286 autophosphorylation (Figure
27D). In this condition, the fast inactivation kinetics of T286A Green‐Camuiα was non‐
significant while uncaging pulses were applied. Hence, this shows that at different
frequencies of plasticity inducing stimulus, T286 autophosphorylation can differently
contribute to activate CaMKII. At 0.5Hz stimulus, calmodulin trapping by T286
autophosphorylation prolongs the inactivation kinetics to accumulate CaMKII activity while
at 2Hz stimulus, the contribution of inactivation kinetics is presumably minimal, but
inherent defect in T286 autophosphorylation leaves CaMKII with its Ca2+‐dependent activity
only (Figure 27C).
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Interestingly, the activity of CaMKII in dendritic spines expressing T286A mutant
Green‐Camuiα during 2Hz glutamate uncaging was comparable to that of WT Green‐
Camuiα during 0.5Hz glutamate uncaging except for the additional activity in WT Green‐
Camuiα due to the differences in the decay kinetics (Figure 27E). We wonder if previously
reported impairment in persistent spine growth (20~30min after PS) by the overexpression
of T286A Green‐Camuiα (Figure 15) can be restored by applying the same number of
glutamate uncaging pulses, but at higher frequency. Although making direct correlation
between the patterns of the fluorescence lifetime changes observed here with behavioral
deficits observed in T286A CaMKIIα knock‐in mice (Table 1), the recovery of long‐term fear
memory in these mice by simply increasing a number of training trials (Figure 4) (Irvine et
al., 2006) indicates that the activity of WT CaMKII can be substituted by that of T286A
CaMKII even though it cannot undergo T286 autophosphorylation.

WT vs T305AT306A / T286AT305AT306A
It is known that T305T306 phosphorylation blocks calmodulin binding to CaMKII
and induces translocation of CaMKII outside the PSD (Merrill et al., 2005) while
T305AT306A CaMKII mutant becomes highly enriched in the PSD (Elgersma et al., 2002).
Thus, we expect that CaMKII activation of T305AT306A Green‐Camuiα measured by
fluorescence lifetime changes will be bigger than that of WT Green‐Camuiα due to its
localization near Ca2+ sources, in this case, NMDARs. Consistent with this logic, CaMKII
activation induced by each uncaging pulse was bigger than that of WT Green‐Camuiα
(Figure 28A). As discussed previously, T286 and T305/T306 autophosphorylation sites have
been studied extensively but independently. We wondered if both mutations can exert its
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Figure 28. Frequency‐dependent activation dynamics of WT, T305AT306A, and
T286AT305AT306A Green‐Camuiα by two‐photon glutamate uncaging
(A) Time course of averaged fluorescence lifetime changes of WT Green‐Camuiα (N = 99) or
T305AT306A Green‐Camuiα (N = 23) by 4 uncaging pulses at 0.5Hz.
(B) Time course of averaged fluorescence lifetime changes of WT Green‐Camuiα (N = 99),
T286A Green‐Camuiα (N = 54), or T286AT305AT306A Green‐Camuiα (N = 26) by 4 uncaging
pulses at 0.5Hz.
(C) Time course of averaged fluorescence lifetime changes of WT Green‐Camuiα (N = 28),
T286A Green‐Camuiα (N = 60), or T286AT305AT306A Green‐Camuiα (N = 22) by 16
uncaging pulses at 2Hz.
Individual uncaging pulses are indicated by the color bars.
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respective phenotype on the dynamics of CaMKII activity since in the case of T305DT306D,
it completely renders CaMKII inactive (Figure 29) (Lou and Schulman, 1989). Furthermore,
given that the primary role of T305AT306A is to bring CaMKII close to its Ca2+ source and
that of T286A is directly affecting the decay kinetics of its activity, then these two mutations
should independently regulate CaMKII activity. Recent findings on structural plasticity of
dendritic spines and metaplasticity induced by CaMKII triple mutants (Pi et al., 2010a; Pi et
al., 2010b) also motivated us in studying not yet biochemically characterized
T286AT305AT306A mutant. As expected, T286AT305AT306A Green‐Camuiα contained both
characteristics of T286A and T305AT306A mutations when stimulated at 0.5Hz (Figure 28B).
The fluorescence lifetime changes accumulated upon successive uncaging despite the fast
inactivation kinetics similar to that of T286A Green‐Camuiα due to the bigger fluorescence
lifetime change per uncaging pulse (Figure 28B).

WT vs T305DT306D / T286DT305DT306D / T286AT305DT306D
Green‐Camuiα mutants containing T305DT306D did not show any fluorescence
lifetime changes by two‐photon glutamate uncaging of 16 pulses at 2Hz. Thus, consistent
with previous biochemical studies, autophosphorylation of T305T306 is dominant over other
autophosphorylation sites and blocks calmodulin binding and shuts down CaMKII
activation completely (Figure 29).

Discussion
In this chapter, we investigated the dynamics of CaMKII activity at the
unprecedented temporal resolution (250ms) in single dendritic spines of living neurons. We
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Figure 29. T305DT306D, T286DT305DT306D, and T286DT305DT306D Green‐Camuiα
activation by two‐photon glutamate uncaging and a negative control
16 uncaging pulses at 2Hz were applied to single dendritic spines (4mM Ca2+, 0mM Mg2+,
1μM TTX and 2mM MNI‐glutamate) for neurons expressing T305DT306D (N = 7),
T286DT305DT306D (N = 5), or T286AT305DT306D (N =11) Green‐Camuiα. As a negative
control (N = 31), MNI‐glutamate was removed and the same number of uncaging pulses (16
pulses) were applied at the same frequency (2Hz). Individual uncaging pulses are indicated
by the color bars.
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found that T286 autophosphorylation plays an important role in defining frequency‐
dependent activation of CaMKII. Our results are consistent with previous studies where
CaMKII activity by T286 autophosphorylation is frequency‐dependent in the range of
0.1Hz~1Hz (De Koninck and Schulman, 1998; Eshete and Fields, 2001). Thus, CaMKII can
function as a Ca2+‐frequency decoder in single dendritic spines. However, the relatively
narrow range of CaMKII where it works as a Ca2+‐frequency decoder raises skepticism how
important or relevant the Ca2+‐frequency decoder function of CaMKII would be with respect
to learning and memory. Interestingly though, our results are at large in agreement with
findings that T286 autophosphorylation is only required for rapid learning and the
behavioral deficits in fear memory of T286A CaMKIIα knock‐in mice can be restored by
simply repeating the number of training trials (Figure 5) (Irvine et al., 2006).
Given that we have characterized activation dynamics of CaMKII in detail, we can
now directly test how activation dynamics of CaMKII affects structural plasticity of
dendritic spines. Ideally, this experiment should be done with already available T286A
knock‐in mice (Giese et al., 1998). I expect to see structural plasticity of dendritic spines
similar to that of WT mice when two‐photon glutamate uncaging pulses are applied at 2Hz
while impaired at 0.5Hz. This would then provide direct evidence that transient CaMKII
activity lasting ~2 minutes can induce persistent change in spine volume.
One interesting experiment will be to see if fluorescence lifetime changes of
T305AT306A Green‐Camuiα by postsynaptic depolarization are different from that of WT
Green‐Camuiα. To my knowledge, there has been no report on the role of T305T306
autophosphorylation on the localization of CaMKII near VDCCs. Thus, we expect that the
fluorescence lifetime changes by postsynaptic depolarization will be similar between the
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Chapter 7. Discussion and Future Directions

In the present study, we visualized the spatiotemporal dynamics of CaMKII activity
in single dendritic spines of CA1 pyramidal neurons. Our experiments relied on a newly
developed sensor specialized for FLIM, Green‐Camuiα, which had to be overexpressed in
neurons. Although the overexpression level of this sensor was low, it was still highly
variable (Figure 10). A FRET‐based sensor for Ras was over‐expressed at much higher level
and turned out that the spreading of the fluorescence lifetime signal of Ras was dependent
on the overexpression level (Harvey et al., 2008). Thus, potential effects simply due to
overexpression must be considered. Although many control experiments were performed by
us and others (Kwok et al., 2008; Takao et al., 2005; Thaler et al., 2009) to validate these
FRET‐based sensors, the most convincing experiment would be to generate knock‐in mice
containing these sensors. Hopefully, more efficient, cheaper and less time‐consuming
methods of generating knock‐in mice lines will be available to recapitulate the results
presented in this dissertation.
To stimulate single dendritic spines, we used MNI‐glutamate which was at the time
the only commercially available caged compound for two‐photon glutamate uncaging.
Unfortunately, MNI‐glutamate binds to GABA receptors and inhibits GABA current, thus
MNI‐glutamate application in ACSF induces a surge of neural activity (Fino et al., 2009). For
this reason, TTX was added in the ACSF during our experiments. Newly developed caged
compounds such as CDNI‐glutamate and RUBI‐glutamate will enable to perform two‐
photon glutamate uncaging experiments under more physiological conditions without the
use of TTX (Ellis‐Davies et al., 2007; Fino et al., 2009).
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We found that VDCCs locally activate CaMKII in a channel‐specific manner.
Nanodomain Ca2+ near L‐type VDCCs activated CaMKII in dendritic spines while other
VDCCs presumably took part in activating CaMKII in dendritic shafts besides L‐type
VDCCs. Although our measurements of CaMKII activity was performed at the
unprecedented spatiotemporal resolution, this still falls short considering the fine structure
and organization of single synapses. Furthermore, the abundance of CaMKII and various
mechanisms regulating CaMKII highly suggest that a subpopulation of CaMKII can respond
differently than another subpopulation to the same stimulus depending on its current
subcellular location. Our results support that different pools of CaMKII are activated locally.
As imaging techniques advance in the future, single‐molecule imaging of CaMKII activity
might answer whether or not subcellular‐specific function of CaMKII actually exists. Some
CaMKII molecules in the vicinity of VDCCs will get activated by depolarization while some
away from the VDCCs will remain inactive. In fact, we still do not know whether all of the
autophosphorylations come into play for a single CaMKII subunit in living neurons. Rather
recent finding of a new in vivo autophosphorylation site (T253) raises the same old question
on how all these autophosphorylation sites are coordinated in living neurons (Skelding and
Rostas, 2009).
Although we stimulated one dendritic spine at a time, our interpretations of the
results were based on the average of many single dendritic spines. Due to technical
limitations, we unfortunately ignored that dendritic spines are highly diverse biological
entities (Nimchinsky et al., 2002). Single‐molecule imaging at superresolution (Betzig et al.,
2006; Dani et al., 2010; Willig et al., 2006) to reveal morphology of a dendritic spine in much
fine detail will broaden our understanding of structure‐to‐function relationship of dendritic
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spines (Kasai et al., 2003). Given that the morphology of dendritic spines become noticeably
awry in brain disorders (Fiala et al., 2002), better understanding the structure‐to‐function
relationship of dendritic spines is crucial. Dynamic superresolution imaging of single
molecules at chemical synapses of brain slices is becoming more available (Dani et al., 2010),
but measuring activity of a single molecule with high temporal resolution has not been
achieved.
In the present study, to my knowledge, we demonstrated the very first spine‐specific
biochemical signal during synaptic plasticity. How downstream of CaMKII‐mediated
signaling can affect and collectively induce and maintain synaptic plasticity of single
dendritic spines requires further investigation. What molecules come into play to propagate
transient CaMKII signal into longer time scale lasting during the maintenance phase of
synaptic plasticity still remains elusive. On the other hand, despite the popular belief that
there must be a biochemical signal lasting as long as LTP is maintained, I cautiously voice
my opinion that such a signal might not exist. Instead, I think the morphology of dendritic
spines including spine head volume, spine neck length and spine neck diameter can be the
deterministic parameters of LTP to substitute for a still elusive biochemical signal, which is
believed to last as long as LTP is maintained. Just as more water can be filled up in a bigger
cup, more molecules including AMPARs diffuse into and remain longer inside dendritic
spines with bigger volume, shorter spine neck length and longer spine neck diameter. Thus,
I speculate that transient biochemical changes substantially and rapidly change spine
morphology and once this happens, a larger number of molecules diffuse in to maintain
newly enlarged spine without the need of any long‐lasting biochemical signal. My
speculation can be criticized given that some mushroom spines in young slices do not
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contain any AMPARs (Busetto et al., 2008). For these functionally silent mushroom spines, I
again speculate that information on presynaptic axonal terminals could reveal and reinforce
my idea that the number of synaptic molecules determined by the morphology of
postsynaptic dendritic spine and presynaptic axonal terminal determines synaptic strength.
Presynaptic axonal terminals and varicosities are also known to undergo morphological
changes (De Paola et al., 2006) even during synaptic plasticity (Becker et al., 2008). I
speculate that appropriate matching of postsynaptic structural plasticity coincident with the
enlargement of axonal varicosity consequently results in a more stable trans‐synaptic
molecular organization, which then allows more non‐trans‐synaptic, diffusing molecules to
assemble onto, which eventually determines synaptic strength. For now, however, this idea
cannot be tested easily since imaging techniques to visualize both pre‐ and post‐synaptic
components of single synapses at superresolution as well as a technique to reliably record
synaptic strength needs be developed.
Unfortunately, CaMKIIN and Ca2+/CaM‐dependent Kinase II Phosphatase proteins
have been largely ignored in the regulation of CaMKII activity despite their discoveries
more than 10 years ago (Chang et al., 1998; Ishida et al., 1998a) and I believe they deserve
better attention. Only recently, CaMKIIN has gained considerable interest (Lucchesi et al.,
2010), and experimental evidence so far suggest that this protein also plays an important
role in learning and memory. Expression level of CaMKIIN is up‐regulated during the
consolidation and formation of fear memory (Lepicard et al., 2006; Radwanska et al., 2010). I
look forward seeing more studies on CaMKIIN and Ca2+/CaM‐dependent Kinase II
Phosphatase.
Furthermore, too much focus has been on the T286 autophosphorylation of CaMKII
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on learning and memory. We now know that T286 autophosphorylation is not required for
the storage and formation of fear memories. CaMKII is a kinase, and phosphorylation of its
substrates should gain its well deserved share of attention. Recent work investigating
phosphorylation of CaMKII substrates and how they play roles in synaptic plasticity is, I
believe, more productive, constructive approach in broadening our understanding of
underlying CaMKII‐mediated signaling mechanisms involved in synaptic plasticity
(Gardoni et al., 2006; Steiner et al., 2008). CaMKII has numerous binding partners and we are
only beginning to understand how the interactions between CaMKII and its binding
partners regulate CaMKII and its activity (Lucchesi et al., 2010; Robison et al., 2005b), which
might reveal many surprises in the future.
In the present study, we demonstrated transient activation of CaMKII during
synaptic plasticity of single dendritic spines. We demonstrated both spine‐specific activation
of CaMKII and an increase in AMPAR‐EPSC measured using two‐photon glutamate
uncaging. Numerous studies on CaMKII often claim that their findings have implications in
synaptic plasticity and stop short of showing that they actually matter for synaptic plasticity.
In fact, many regulation mechanisms found so far such as translocation, formation of
supramolecular assemblies could also have implications in cerebral ischemia and epilepsy.
CaMKII is highly misregulated during cerebral ischemia and epilepsy. These phenomena are
very similar, but just more extreme with what other studies have claimed to occur during
synaptic plasticity. It will be of great importance to understand how these physiological
phenotypes go extreme during brain pathology to develop potential treatments for epilepsy
and ischemia.
We also showed that our strategy of designing a FRET‐based biosensor can be
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implemented for other Ca2+/CaM‐dependent kinases. CaMKI is another important molecule
for synaptic plasticity (Wayman et al., 2008) and our CaMKI sensor can be used to probe the
activity dynamics of CaMKI similar to what we did for CaMKII. CaMKIV is known to play a
role in gene‐transcription, so our CaMKIV sensor could be used to detect changes at the
neuronal level.
One of the goals in neurobiology has been identifying engrams or memory traces to
understand where, how and in what form, memories are stored and read (Hubener and
Bonhoeffer, 2010). Development of FRET‐based sensors involved in synaptic plasticity might
help in our search for engrams. FRET‐based sensors with good signal‐to‐noise ratio
expressed in vivo could be used as a marker to identify putative learning pathways or
circuits after behavioral tasks and these neurons then could be inhibited with halorhodopsin
to test which circuits are involved in learning and memory. Recent in vivo two‐photon
imaging studies (Bhatt et al., 2009; Holtmaat and Svoboda, 2009) have demonstrated
dendritic spines as structural correlates of memory and FRET‐based sensors might identify a
group of dendritic spines where memories are presumably stored. Performing laser ablation
on these spines to see if memory gets removed will tell if memories are indeed stored in
dendritic spines (Hubener and Bonhoeffer, 2010). However, the feasibility of the experiments
mentioned here should be considered carefully.
Our sensors can be used in other cell types as well. For example, CaMKIIγ and
CaMKIIδ are highly expressed in the heart and dysregulation of CaMKII activity during
heart failure is known to contribute to cardiomyocyte apoptosis and arrhythmias (Grueter et
al., 2007; Zhang and Brown, 2004). Our sensors could help providing new insights on the
pathogenesis of heart failure.
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