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Abstract 

The late phase of long-term synaptic potentiation (LTP) at glutamatergic 

synapses, which is thought to underlie the long lasting memory (at least hours), requires 

gene transcription in the nucleus. However, it remains elusive how signaling initiated at 

synapses during induction of LTP is transmitted into the nucleus to commence 

transcription. Using a combination of two-photon glutamate uncaging and a genetically 

encoded FRET sensor, I found that induction of synapse-specific LTP at only a few (3-7) 

dendritic spines leads to pronounced activation of extracellular signal-regulated kinase 

(ERK) in the nucleus and downstream phosphorylation of transcription factors, cAMP-

response element-binding protein (CREB) and E26-like protein-1 (Elk-1). The underlying 

molecular mechanism of this nuclear ERK activation was investigated: it seems to 

require activation of NMDA receptors, metabotrophic glutamate receptors, and the 

classical Ras pathway. I also found that the spatial pattern of synaptic stimulation is 

critical: spatially dispersed stimulation over multiple dendritic branches activated 

nuclear ERK much more efficiently than clustered stimulation within a single dendritic 

branch. In sum, these results suggest that biochemical signals could be transmitted from 

individual spines to the nucleus following LTP induction and that such synapse-to-

nucleus signaling requires integration across multiple dendritic branches. 
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Chapter 1. Introduction  

 

1.1 Long-term synaptic plasticity in the hippocampus 

1.1.1 LTP-discovery, characteristics, relationship to learning and memory 

Long-term synaptic potentiation (LTP), referring to a long lasting enhancement 

in the efficacy of excitatory synaptic transmission, was first documented by Bliss and 

Lømo (Bliss and Lømo, 1973). LTP, as the leading experimental model for learning and 

memory, has been one of the most extensively investigated areas in neuroscience for the 

last 30 years (Martin et al., 2000). It is now clear that LTP is a general class of cellular 

phenomena rather than a unitary event: various forms of LTP have different properties 

and underlying mechanisms, depending on which synapses are involved, the 

developmental stage of animal, as well as how they are triggered. 

LTP has several characteristics. First, it is input-specific. Potentiation in synaptic 

efficacy induced at one set of synapses by repetitive stimulation is not arbitrarily spread 

to other synapses in the same cell. The input-specificity allows each individual neuron to 

store an enormous amount of information with great specificity. However, there is 

growing evidence that input specificity breaks down under certain conditions, such as in 

aging brain or within short distances (Engert and Bonhoeffer, 1997). Second, LTP is 

associative. Strong stimulation of one pathway will facilitate LTP at another pathway 

that is stimulated by a weak stimulation within finite time window. Third, LTP is 
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persistent, lasting from several minutes to many months (Bliss and Collingridge, 1993). 

All these characteristics have led scientists to consider LTP as the cellular mechanism 

underlying long-term memory formation. 

Despite the fact that LTP has been the most extensively studied model for 

memory for more than three decades, whether LTP is required for memory has been the 

subject of active debate. Seminal research by Morris and colleagues provided some of 

the first evidence that LTP was required for the formation of memories in vivo (Morris et 

al., 1986). Chronic intraventricular infusion of APV, which blocks NMDA receptors 

(NMDARs) and LTP in vivo, caused a selective impairment in spatial learning as shown 

by Morris water maze test. Later studies showed that perturbation of LTP by selective 

knockdown of NMDARs or expression of mutant calcium/calmodulin-dependent 

protein kinase II (CaMKII) in the hippocampus prevented learning while sparing basal 

synaptic transmission, suggesting hippocampal LTP is required for spatial learning 

(McHugh et al., 1996; Rotenberg et al., 1996; Silva et al., 1992b; Tsien et al., 1996). 

However, a more recent study has provided counterevidence: blockade of hippocampal 

LTP with APV has no effect on spatial learning if animals are pretrained in a different 

water maze before drug application (Bannerman et al., 1995). Thus, although required 

for some components of spatial learning, NMDAR-dependent LTP may not be required 

for encoding the spatial representation of a specific environment. Despite the 

controversy, LTP (together with LTD) and memory have several parallels. First, they 
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both can persist for varying periods of time (Squire, 1992). Second, LTP and memory are 

both consolidated by repeated but spaced induction/learning sessions (Bjork and Allen, 

1970; Huang and Kandel, 1994). Third, they are both dependent on de novo protein 

synthesis (Gold, 2008; Krug et al., 1984) and gene transcription (Bourtchuladze et al., 

1994; Jones et al., 2001).  Furthermore, LTP, just like memory, is a ubiquitous 

phenomenon throughout the brain.  Therefore, LTP is still considered one of the key 

neural mechanisms underlying learning and memory.  

 

1.1.2  Hippocampus  

This dissertation is primarily focused on the LTP occurring at hippocampal CA3-CA1 

synapses, the most extensively studied form of long-term synaptic plasticity. 

 

1.1.2.1 Anatomy of hippocampus 

The hippocampus is a paired brain structure located inside the medial temporal 

lobe (Figure 1.1). Unlike regions of the neocortex which are connected largely by 

reciprocal pathways, the hippocampus has a unique set of unidirectional excitatory 

pathways (Andersen, 2007). The entorhinal cortex (EC), reciprocally connected with 

many regions of neocortex, is the start of hippocampal circuit. Large stellate pyramidal 

neurons in layer II of the EC project to dentate gyrus (DG) and less densely, to Cornu 

Ammonis 3 (CA3) region. Granule cells in the DG project unidirectionally to pyramidal 

neurons in CA3 via axons called mossy fibers. The CA3 neurons, in turn send 

unreciprocated projections to the CA1 field via the Schaffer collateral axons. The CA1 
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neurons then form connections with the subiculum. Both CA1 and subiculum project to 

the deeper layers of the EC, completing the loop. From here on, I will focus on rat CA1 

pyramidal neurons which is the cell model employed in this dissertation. 

 

Figure 1.1 Anatomical structure of the hippocampus viewed in the sagittal plane.  

EC, entorhinal cortex; DG, dentate gyrus; CA3, Cornu Ammonis 3; CA1, Cornu Ammonis 

1; Sub, subiculum. Adapted from (Kerchner and Nicoll, 2008). 
 

1.1.2.2 Morphology of CA1 pyramidal neurons 

A CA1 pyramidal neuron has a triangular shaped soma and two dendritic trees 

extending from the soma in opposite directions (Figure 1.2). The smaller dendritic tree 

occupying the stratum oriens consists of basal dendrites, contributing to ~36% of the 

entire length of a CA1 pyramidal neuron. The larger dendritic tree transverses two 

functionally and anatomically distinct regions: the proximal apical dendrites occupy the 

stratum radiatum and the distal apical dendrites resides in the stratum lacunosum-

moleculare (Figure 1.2) (Bannister and Larkman, 1995a; Ishizuka et al., 1995). The apical 

dendrites in stratum radiatum receive input from CA3 pyramidal neurons whereas 

http://www.oxfordscholarship.com.proxy.lib.duke.edu/view/10.1093/acprof:oso/9780195100273.001.0001/acprof-9780195100273-chapter-5#acprof-9780195100273-bibItem-541
http://www.oxfordscholarship.com.proxy.lib.duke.edu/view/10.1093/acprof:oso/9780195100273.001.0001/acprof-9780195100273-chapter-5#acprof-9780195100273-bibItem-714
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those in stratum lacunosum-moleculare receive direct input via perforant path from 

entorhinal cortex (Dudman et al., 2007). Dendrites of CA1 neurons are densely studded 

with dendritic spines, where most excitatory synaptic transmission takes place (Ramon y 

Cajal, 1904; Bannister and Larkman, 1995b; Megias et al., 2001). 

 

Figure 1.2 Morphology of a hippocampal CA1 neuron.  

Adapted from (Spruston, 2008) 
 

1.1.3 Hippocampal CA3-CA1 LTP 

When a high-frequency train of tetanization is applied to the presynaptic 

Schaffer collateral fibers, LTP is generated at the CA3-CA1 synapses as evidenced by a 

sustained increase in the fEPSP amplitude in CA1. Despite that LTP has been the hot 

spot of neuroscience research for several decades and the subject of thousands of 

publications, its molecular underpinnings remain unclear. One contributing factor for 

this ambiguity is that LTP can be induced by multiple intracellular cascades. The 

importance of an intracellular cascade may vary depending on the LTP induction 

http://www.oxfordscholarship.com.proxy.lib.duke.edu/view/10.1093/acprof:oso/9780195100273.001.0001/acprof-9780195100273-chapter-5#acprof-9780195100273-bibItem-876
http://www.oxfordscholarship.com.proxy.lib.duke.edu/view/10.1093/acprof:oso/9780195100273.001.0001/acprof-9780195100273-chapter-5#acprof-9780195100273-bibItem-542
http://www.oxfordscholarship.com.proxy.lib.duke.edu/view/10.1093/acprof:oso/9780195100273.001.0001/acprof-9780195100273-chapter-5#acprof-9780195100273-bibItem-825
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protocol, developmental stage, and even the type of hippocampal preparation 

employed. Given these caveats, we will focus our review to widely accepted molecular 

mechanisms of CA3-CA1 LTP.  

 

1.1.3.1 How is CA3-CA1 LTP induced? 

In a simplified model, high-frequency stimulation (HFS) to Schaffer collaterals 

causes presynaptic glutamate release and postsynaptic summation of EPSPs. The latter 

leads to a depolarization of the postsynaptic CA1 neuron and subsequent release of Mg2+ 

block of NMDA receptors. Together with glutamate binding, NMDA receptors open and 

allows entry of Ca2+. The resultant elevation in intracellular Ca2+ concentration, amplified 

in some cases by voltage-gated calcium channels (VGCCs) and internal stores, is the 

ultimate trigger for inducing LTP. The critical role of Ca2+ has been proved beyond 

doubt. When Ca2+ elevation was prevented by injection of Ca2+ chelators in CA1 neurons, 

high-frequency stimulation failed to induce LTP (Lynch et al., 1983; Malenka et al., 

1988). Whereas moderate depolarization paired with EPSP reliably induces LTP, strong 

depolarization (+20 mV) which suppresses NMDAR-mediated Ca2+ influx prevents LTP 

(Malenka et al., 1988). Numerous studies confirmed that Ca2+ is not only required for 

LTP, but sufficient for LTP. Elevation of postsynaptic intracellular Ca2+ concentration, by 

photolysis of a caged Ca2+ chelator, alone was sufficient to potentiate EPSP (Malenka et 

al., 1988). Furthermore, imaging studies have clearly demonstrated that the intracellular 

Ca2+ concentration increased within the vicinity of stimulated spines following tetanic 
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stimulation (Alford et al., 1993; Malinow et al., 1994; Muller and Connor, 1991; Regehr 

and Tank, 1990). However, the exact magnitude and microdomain location of the Ca2+ 

signal required to produce LTP is less well understood, and may vary depending on 

forms and persistence of LTP (i.e. early-, intermediate-, or late-LTP) (Raymond and 

Redman, 2002, 2006). 

 

1.1.3.2 How is CA3-CA1 LTP expressed? 

Once inside the cytosol, Ca2+ induces LTP by initiating complicated signal 

transduction cascades that include protein kinases. The most prominent kinase sensor 

for Ca2+ is CaMKII. Ca2+ binds to calmodulin to form a complex that activates CaMKII. 

Once bound by Ca2+/calmodulin, CaMKII can undergo autophosphorylation at T286, 

resulting in an active form that persists even after intracellular Ca2+ drops back to 

baseline. Mounting evidence suggests that CaMKII is a critical mediator of LTP 

induction. (Lisman et al., 2002; Lisman et al., 2012). Pharmacological inhibition or genetic 

deletion of CaMKII prevented LTP induction (Malinow et al., 1989; Silva et al., 1992a). 

On the other hand, postsynaptic expression of the constitutively active form of CaMKII 

(ca-CaMKII) enhanced synaptic efficacy and occluded further LTP induction (Pettit et 

al., 1994). Activated CaMKII translocates to the postsynaptic densities (PSD) and 

complexes with NMDARs (Gardoni et al., 1998; Otmakhov et al., 2004; Strack and 

Colbran, 1998). This CaMKII-NMDAR complex plays an important role in LTP 

induction, as pharmacological interference of complex formation reversed LTP 
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(Sanhueza et al., 2011). Activated CaMKII phosphorylates a plethora of substrates, 

including α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptors (AMPARs). 

AMPAR phosphorylation is thought to lead to their insertion into the postsynaptic 

membrane (Hayashi et al., 2000; Rongo and Kaplan, 1999) and their increased channel 

conductance (Derkach et al., 1999), both of which potentiate synaptic efficacy. Other 

protein kinases have also been heavily implicated in LTP. For example, in neonatal 

hippocampus, LTP depends on protein kinase A (or cAMP−dependent protein kinase, 

PKA) but not CaMKII (Yasuda et al., 2003). Protein kinase C (PKC), yet another kinase 

that phosphorylates AMPARs, is also critical to LTP expression. Acute phosphorylation 

by PKC or phosphomimetic mutation drives AMPAR into synaptic membrane whereas 

blocking PKC-mediated phosphorylation impaires LTP (Boehm et al., 2006). The 

tyrosine kinase Src also plays an important role in LTP induction (Lu et al., 1998), 

presumably through upregulation of NMDAR (Yu et al., 1997). Phosphoinositide 3-

kinase (PI3K), activated by calmodulin during LTP, is required for LTP expression but 

not LTP induction (Joyal et al., 1997; Man et al., 2003; Sanna et al., 2002). Therefore, 

multiple signaling cascades seem to be activated simultaneously during LTP and 

converge on posttranslational modifications of AMPARs. Their relative importance and 

crosstalk, however, are poorly understood. 

The early phase of LTP (E-LTP) depends on posttranslational modifications of 

preexisting proteins that result in increased number of AMPARs at postsynaptic 
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membrane and increased AMPAR channel conductance. This E-LTP, however, does not 

last and decays back to baseline level with 4 hours after induction if not consolidated. 

 

1.1.3.3 How is LTP maintained? 

A hallmark for long-term memory in mammalian brain is that it has different 

phases, with the maintenance phases depending on protein synthesis and gene 

transcription (Matthies, 1974, 1989). This is also the case for LTP. LTP can be divided to 

at least three phases: 1) E-LTP (or LTP1 in some literature) which does not require 

protein synthesis or gene transcription, 2) LTP2 which requires new protein synthesis 

but not gene transcription, and 3) LTP3 which is sensitive to inhibition of gene 

transcription (Bliss and Collingridge, 1993; Frey et al., 1988; Krug et al., 1984; Matthies et 

al., 1990; Otani et al., 1989). LTP1 is also referred as E-LTP whereas LTP2 and 3 are often 

collectively referred as late-LTP (L-LTP). The role of protein synthesis in LTP 

maintenance has been corroborated by many studies. In the presence of protein 

synthesis inhibitors, synaptic potentiation declines 3-4 hours after tetanization (Frey et 

al., 1988; Mochida et al., 2001; Otani et al., 1989). The existence of a translation-

dependent and transcription-independent phase (i.e. LTP2) was demonstrated by 

comparing the effects of transcription and translation inhibitors on LTP. Following four 

trains of tetanic stimulation, the initial 60-90 min of potentiation was impaired by 

translation inhibitor anisomycin but not by transcription inhibitor actinomycin D 

(Kelleher et al., 2004a).  Interestingly, severing CA1 dendrites from their soma did not 
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affect LTP until 3 hr post-induction whereas anisomycin impaired LTP had a more 

immediate impairment on LTP, implying a role of dendritic translation in LTP (Frey et 

al., 1988). More recent studies confirmed that long-term synaptic plasticity requires 

protein synthesis that occurs both locally in dendrites and globally in the soma of 

postsynaptic neurons (Cracco et al., 2005; Steward and Schuman, 2001; Vickers et al., 

2005). 

Several lines of evidence suggest that LTP also requires gene transcription. First, 

in the presence of transcription inhibitors LTP was impaired 3-8 hours after tetanization, 

although the time frame seems to vary among studies (Frey et al., 1996; Nguyen and 

Kandel, 1997; Otani et al., 1989; Vickers et al., 2005). Second, the transcription factor 

cAMP-response element binding protein (CREB) has been implicated in LTP and 

memory. In a knockout mouse with global ablation of α and β isoforms of CREB, long-

term memory was impaired and LTP in CA1 region decayed to baseline within 2 hr 

(Bourtchuladze et al., 1994). However, the levels of other CREB isoforms increased in 

these CREB knockout mice as a result of compensatory mechanisms, making it difficult 

to establish a direct link between CREB and long-term memory based on this study 

(Blendy et al., 1996). Third, induction of immediate early genes such as zif268 and 

Arc/Arg3.1 is not only associated with but also essential to late-LTP in the dentate gyrus 

(Cole et al., 1989; Guzowski et al., 2000; Jones et al., 2001; Link et al., 1995; Messaoudi et 

al., 2007). Last but not least, studies on synaptic tagging and capture (STC) suggest that 
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some macromolecules critical for maintaining LTP are synthesized globally before being 

captured and utilized by tagged synapses (Redondo and Morris, 2011). Given the pivotal 

role of transcription in the maintenance of LTP, a key question arises: which signaling 

cascades are involved in triggering new gene transcription in the nucleus during LTP?  

 

1.1.3.4 Signaling cascades for LTP maintenance 

How do activated synapses signal to the nucleus to trigger the transcriptional 

events critical for persistent LTP? One candidate for such synapse-to-nucleus signaling 

is calcium itself. Calcium may signal to the nucleus through one or more of following 

ways. First, calcium waves may be generated and propagated to the nucleus (Larkum et 

al., 2003). Second, calcium-calmodulin complexes may travel from activated synapses to 

the nucleus (Wu et al., 2001b). Third, somatic and nuclear calcium levels may be directly 

elevated by opening of VGCCs on the somatic plasma membrane and nuclear 

membrane (Hardingham et al., 2001). The primary effector of calcium in the nucleus is 

CaMKIV which phosphorylates and activates transcription factors such as CREB (Sun et 

al., 1996). Transgenic mice with expression of a dominant-negative form of CaMKIV 

(dnCaMKIV) in postnatal forebrain showed impairment in CREB phosphorylation and 

L-LTP, suggesting an important role of CaMKIV in the maintenance of LTP (Kang et al., 

2001).   

Yet another well-described pathway is through PKA. The role of PKA in L-LTP is 

evidenced by the facts that PKA inhibitors specifically block L-LTP without affecting the 
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E-LTP (Matthies and Reymann, 1993), and that application of a PKA agonist alone 

simulates L-LTP (Frey et al., 1993; Pockett et al., 1993). Moreover, transgenic mice with 

reduced PKA activity were generated by expressing an inhibitory form of the regulatory 

subunit of PKA. In these transgenic mice, long-term memory and L-LTP were both 

impaired whereas basal synaptic transmission and the early phase of LTP were 

unaffected (Abel et al., 1997). PKA can activate transcription through phosphorylation of 

transcription factors, resulting in synthesis of new AMPARs required for maintenance of 

LTP (Nayak et al., 1998). Additional pathways such as postsynaptic CaMKIV, PKC and 

MAPK act in parallel or in series with PKA to initiate new gene transcription in the 

neuronal nucleus (Impey et al., 1998; Kang et al., 2001; Roberson et al., 1999). 

In addition to transcription-activating pathways, transcription-independent 

mechanism has been reported to maintain LTP over a period of hours. PKMζ, an 

autonomously active isoform of PKC (Sacktor et al., 1993), was thought to maintain LTP 

through directly facilitating synaptic incorporation of AMPARs (Yao et al., 2008). PKMζ, 

synthesized locally in the dendrites upon LTP induction (Hernandez et al., 2003; Kelly et 

al., 2007; Muslimov et al., 2004), was considered both necessary and sufficient to 

maintain LTP for hours (Ling et al., 2002; Sajikumar et al., 2005; Serrano et al., 2005). 

Nevertheless, a recent study has showed that transgenic mice lacking PKCζ and PKMζ 

exhibited normal LTP and hippocampal-dependent spatial memory. Therefore, PKMζ 

might be dispensable to LTP and its apparent importance in LTP in previous reports 
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might result from some non-specific effects of the widely used PKMζ inhibitor ZIP (Volk 

et al., 2013). 

 

1.2 Extracellular signal-regulated kinase (ERK) 

1.2.1 ERK belongs to MAPK familily 

Extracellular signal-regulated kinase (ERK1/2, or p44/p42 MAPK) is an essential 

component of the signal transduction mechanisms subserving a host of cellular 

functions, such as cell division, differentiation and survival (Kolch, 2005). ERK, a 

member of the mitogen-activated protein kinase (MAPK) superfamily, was originally 

termed based on its ability to respond to growth factors. Other members of the MAPK 

superfamily include c-Jun N-terminal kinases (JNKs) and the p38 MAPKs (Sweatt, 2001).  

 

1.2.2 Signaling pathways upstream of ERK 

 

Figure 1.3 Signaling pathways upstream of ERK 

Adapted from (Sweatt, 2001). 
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As a prototype of the MAPK signaling cascades, the ERK pathway comprises 

three serially connected protein kinases that are activated by sequential 

phosphorylation: the MAP kinase kinase kinase (Raf-1 and B-raf in case of the ERK 

pathway) phosphorylates and thereby activates the MAP kinase kinase (MEKs in the 

ERK pathway), which in turn activates MAPK (ERK1/2) by dual-phosphorylation 

(Canagarajah et al., 1997; Kolch, 2005)(Figure 1.3). In the so-called canonical ERK 

pathway, Raf-1 is activated by Ras, a small GTPase. Ras switches between active (or 

GTP-bound) and inactive (or GDP-bound) states as a result of the balance between 

guanine nucleotide exchange factors (GEFs) and GTPase-activating proteins (GAPs). 

Ras-GEFs, exemplified by Sos, stimulate release of GDP to allow for GTP binding. On 

the contrary, Ras-GAPs catalyze the hydrolysis of GTP into GDP by Ras, switching Ras 

signaling off (Thomas and Huganir, 2004). The Ras/Raf-1 pathway is regulated by 

crosstalk with other signaling systems. For example, PKC can directly phosphorylate 

and activate both Ras (Downward et al., 1990) and Raf-1 (Kolch et al., 1993). In addition, 

cAMP inhibits Raf-1 through PKA-mediated phosphorylation events (Sevetson et al., 

1993; Wu et al., 1993). Interesting, Ras guanine nucleotide-releasing protein (Ras-GRP), a 

family of Ras-GEFs, is expressed in neurons and contains diacylglycerol (DAG)- and 

Ca2+-binding motifs. Its ability to activate Ras is markedly enhanced by binding of DAG 

or Ca2+ (Ebinu et al., 1998; Farnsworth et al., 1995). Therefore, Ras might also be directly 

activated by second messengers. In the alternative ERK pathway, B-Raf (a counterpart of 
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Raf-1) is activated by Rap1, a small GTPase analogous to Ras. Rap1 is stimulated by 

elevated intracellular cAMP, either through a family of cAMP-binding GEFs (de Rooij et 

al., 1998; Kawasaki et al., 1998), or through activation of PKA (Vossler et al., 1997) 

(Figure 1.3). In the developing brain, Rap1 is also stimulated by Src-family kinases, 

presumably through tyrosine phosphorylation of a Rap1-GEF, C3G (Ballif et al., 2004; 

Sekine et al., 2012). 

 

1.2.3 Regulation of ERK signaling by scaffolding proteins 

As discussed above, ERK signaling pathway can be activated by a variety of 

upstream triggers. How are the upstream activators specifically coupled to ERK 

pathway?  Several recent studies suggest that this might be achieved by 

compartmentalization of ERK by scaffolding proteins. Krapivinsky et al. demonstrated 

that NR2B, but not NR2A or NR1 subunits of NMDAR interacts with RasGRF1, a Ras 

GEF (Krapivinsky et al., 2003). More importantly, disruption of this interaction 

markedly inhibited NMDAR-dependent ERK activation, without altering NMDAR 

currents. These results strongly suggest that physical association between RasGRF1 and 

the NR2B subunit is crucial to ERK activation. Thus, RasGRF1 serves as an NMDAR-

dependent regulator of the ERK kinase pathway. Similarly, the postsynaptic scaffold 

protein PSD-95 has been found to interact with SynGAP, a Ras GAP, in the NMDA 

receptor complex (Pulido et al., 1998). This association is important for maintaining a 
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low basal ERK activity (Komiyama et al., 2002). In striatal neurons, dissociation of 

mGluR5 and the scaffolding protein Homer1b/c significantly inhibited mGluR-mediated 

ERK activation (Mao et al., 2005b), suggesting that different receptors might employ 

different scaffolding proteins in coupling to ERK activation. 

 

 1.2.4 Overview of functions of ERK in neurons 

Considering its significant role in controlling cell cycle progression, people were 

at first puzzled by the observation that ERK was abundantly expressed in mature 

neurons which do not divide nor further differentiate (Thomas and Huganir, 2004). 

Now, it is clear that neuronal ERK plays a critical role in long-term synaptic plasticity as 

well as in learning and memory. In addition, ERK is also implicated in neuronal 

apoptosis and neurodegeneration, which is beyond the scope of our discussion and has 

been thoroughly reviewed elsewhere (Cheung and Slack, 2004). 

 

1.2.5 ERK in long-term synaptic potentation (LTP) 

The earliest evidence that ERK is involved in long-term synaptic plasticity was 

from studies of NMDAR-dependent LTP in hippocampal CA1 neurons. As early as 

1996-1997, English and Sweatt discovered that not only is ERK activated during LTP but 

also necessary for LTP.  ERK2, but not ERK1, is activated by high-frequency stimulation 

that induces LTP in hippocampal CA1 region in a NMDAR-dependent manner (English 
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and Sweatt, 1996). Preincubation of slices with the MEK inhibitor PD98059 significantly 

attenuated LTP induction after high-frequency stimulation (English and Sweatt, 1997). 

This major discovery has later been confirmed by other studies (Atkins et al., 1998; 

Impey et al., 1998; Winder et al., 1999; Wu et al., 1999). However, the role of ERK is not 

limited to the “classical” LTP in CA1 neurons. Later studies have demonstrated that 

ERK is also required for many other forms of synaptic plasticity, including hippocampal 

NMDAR-independent LTP, hippocampal mGluR-dependent LTD, dentate gyrus LTP, 

amygdala LTP, cortical LTP, and cerebellar LTD [comprehensively reviewed by (Sweatt, 

2001)]. Consistent with these studies, ERK was also found to be necessary for the 

development of several forms of memory, including contextual fear conditioning, spatial 

memory, and conditioned taste aversion (Sweatt, 2001). Here, I will focus my literature 

review mainly on the functions of ERK in NMDAR-dependent hippocampal CA3-CA1 

LTP. 

How does ERK contribute to hippocampal LTP? Given that ERK is ubiquitously 

expressed in neurons and has numerous potential cellular targets, it is not surprising 

that ERK has a pluripotent role in hippocampal LTP, contributing to the establishment 

of LTP at different spatial and temporal scales.  
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1.2.5.1 ERK and AMPAR trafficking  

As mentioned earlier, AMPAR number at synaptic sites is increased during LTP 

expression, causing a potentiated postsynaptic response. This process, first 

demonstrated by Malinow and colleagues, is regulated by Ras-ERK signaling cascade 

(Zhu et al., 2002). The authors found that hyperactivity of Ras, produced by expression 

of a constitutively active form of Ras (ca-Ras), potentiated AMPAR-mediated basal 

transmission by ~80% and this effect was prevented by MEK inhibitor PD98059. 

Furthermore, increased AMPAR transmission induced by an active form of CaMKII was 

also blocked by PD98059. These results suggest that CaMKII and Ras, through ERK 

activation, increase AMPAR transmission for LTP expression. As I discussed earlier 

(Section 1.1.3.2), CaMKII is crucial to the expression of hippocampal LTP. Hence, 

Malinow and colleagues provided us with a model: activation of CaMKII is relayed, at 

least partly, to Ras-ERK pathway for increased AMPAR insertion during LTP. Also 

reported by Malinow and colleagues, pairing-induced LTP in hippocampal CA1 

neurons was abolished by expression of dominant-negative Ras (dnRas) or treatment 

with the MEK inhibitor PD98059, and occluded by expression of ca-Ras, consolidating a 

crucial role for proper Ras-ERK signaling in hippocampal LTP (Zhu et al., 2002). The role 

of ERK in regulating AMPAR trafficking was corroborated by a recent study that 

monitored AMPAR exocytosis in single spines using two-photon imaging of 

fluorescently labeled surface AMPARs (Patterson et al., 2010). Upon induction of spine-
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specific LTP by glutamate uncaging in single synapses, the rate of AMPAR exocytosis 

was increased by ~5 fold, as measured in the stimulated spine and nearby dendritic shaft 

(within ~3 µm of stimulated spine). Blockade of Ras-ERK signaling pathway by 

application of the MEK inhibitor U0126 or expression of dnRas impaired the increase in 

exocytosis rate, indicating that LTP-specific AMPAR exocytosis was dependent on Ras-

ERK signaling. 

 

1.2.5.2 Regulation of potassium channels  

As discussed in Section 1.1.3.1, LTP induction requires Ca2+ influx through 

NMDARs which open upon simultaneous glutamate release and postsynaptic 

depolarization. Therefore, modulators of postsynaptic electrical responses play a crucial 

role in LTP induction. Kv4.2, the pore-forming subunit of A-type potassium channels, is 

densely expressed in the dendrites of CA1 pyramidal neurons and contains many 

potential phosphorylation sites. Thus, Kv4.2 is an ideal candidate for modulating 

postsynaptic electrical responses. Johnston and colleagues found that blocking Kv4.2 

channels increased dendritic action potential amplitude dramatically and facilitated 

back propagation of action potentials into dendrites (Hoffman et al., 1997), implying 

these channels as crucial modulators of dendritic excitability and LTP induction. PKA 

and PKC activators such as forskolin and PDA are shown to down-regulate channel 

activation of Kv4.2 and these effects are blocked by the MEK inhibitors U0126 and 
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PD98059, suggesting that PKA and PKC converge onto ERK in regulating Kv4.2 

channels (Hoffman and Johnston, 1998; Yuan et al., 2002). Consistent with these results, 

several potential phosphorylation sites for ERK has been mapped out within Kv4.2 

sequence and ERK-mediated phosphorylation of this channel has been confirmed in 

vitro as well as in hippocampal slices (Adams et al., 2000; Schrader et al., 2006; Varga et 

al., 2000). In another study, Kandel and colleagues provided more direct evidence for 

ERK-dependent Kv4.2 inactivation in LTP induction (Morozov et al., 2003). The authors 

generated transgenic mice with a dominant interfering Rap1 mutant (iRap1).  They 

found that in control slices, LTP stimulation increases phosphorylation of both ERK and 

Kv4.2. However, in slices with iRap1 mutant, phosphorylation of Kv4.2 channels were 

markedly reduced at basal condition and there was no increase after LTP stimulation. 

Taken together, ERK might contribute to LTP induction through inactivating Kv4.2 

channels and thereby increasing postsynaptic excitability. 

 

1.2.5.4 Regulation of protein synthesis  

Maintenance of long-lasting synaptic plasticity requires synthesis of 

macromolecules. Early evidence of the requirement for protein synthesis in LTP was 

based on studies with pharmacological inhibition of translation (Behnisch et al., 2004; 

Deadwyler et al., 1987; Frey et al., 1996; Frey et al., 1988; Mochida et al., 2001; Stanton 

and Sarvey, 1984). More recently, synthesis of reporter proteins was directly visualized 
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following LTP-inducing stimuli (Behnisch et al., 2004; Kelleher et al., 2004a; Tsokas et al., 

2005). How is synaptic activity coupled to activation of the translation machinery?  In 

non-neuronal cells, ERK pathway is known to control multiple translation factors and 

activate protein synthesis in response to mitogen stimulation (Wang and Proud, 2002). 

The same mechanism seems to be employed by neurons in the context of long-term 

synaptic plasticity (Kelleher et al., 2004b). In a study by Kelleher and colleagues, ERK 

signaling pathway has been demonstrated to be essential for activation of translational 

machinery and protein synthesis during LTP (Kelleher et al., 2004a). The authors 

generated transgenic mice that conditionally express dominant-negative MEK1 

(dnMEK1) and therefore have impaired ERK signaling. In these dnMEK1 mice, 

inhibition of L-LTP by the translation inhibitor anisomycin is completely occluded. 

Moreover, upregulation of protein synthesis and phosphorylation of translation factors 

that are induced by either neuronal activity (e.g. bicuculline) or LTP-inducing 

tetanization are significantly blocked by MEK inhibition. In a more physiologically 

relevant scenario, phosphorylation of translation factors in the hippocampus induced by 

contextual fear conditioning was markedly diminished in dnMEK1 mouse. Together, 

these lines of evidence suggest a critical role for ERK in controlling translation during 

long-term synaptic plasticity and memory. In the current model, general translation is 

primarily regulated at the step of translation initiation (Figure 1.4) (Kelleher et al., 

2004b). In response to synaptic activity and synaptic plasticity, activated ERK leads to 
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phosphorylation of several translation factors including initiation factor eIF4E, its 

inhibitory regulator eIF4E-binding protein 1 (4E-BP1), and S6 ribosomal subunit. This 

causes release of eIF4E from sequestration by 4E-BP1 and allows for mRNA 5’ cap 

recognition and subsequent recruitment of S40 ribosomal subunit. Activity-dependent 

protein synthesis can then be initiated. As one specific example, ERK has been shown to 

mediate synthesis of CaMKII after induction of LTP using theta-pulse stimulation paired 

with beta-adrenergic receptor activation (Giovannini et al., 2001). 

Figure 1.4 Regulation of general translation by ERK pathway.  

UTR, untranslated region; PABP, poly(A) binding protein, 40S, 40S ribosomal subunit. 

Adapted from (Kelleher et al., 2004a)  
 

1.2.5.5 Regulation of gene transcription via phosphorylation of transcription factors 

ERK has been believed for decades to regulate gene transcription which is 

required for the maintenance of LTP and memory (Thomas and Huganir, 2004). The 

most prevalent mechanism for ERK-mediated transcriptional regulation is through 

activation of transcription factors, via direct or indirect phosphorylation. Probably the 

most extensively studied transcription factor in relation to ERK’s role in regulation of 

gene expression is CREB. CREB is phosphorylated by ribosomal S6 kinase 2 (RSK2) 

which in turn is a substrate of ERK. Phosphorylation of Ser133 confers CREB its 
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transcriptional activity. Once activated, CREB recruits the CREB binding protein (CBP) 

to the initiator complex and thereby drives transcription of a wide range of genes 

(Sweatt, 2001). The role of ERK as a critical regulator of CREB has been most directly 

demonstrated in CA1 neurons (Impey et al., 1998) and also documented in dentate gyrus 

granule cells and striatal neurons (Perkinton et al., 1999; Vanhoutte et al., 1999).  

Another prominent example of ERK-activated transcription factor is the ternary 

complex factor Elk-1 which can be phosphorylated directly by ERK at multiple sites 

(Besnard et al., 2011). Phosphorylation at Ser 383 is crucial to its transcriptional activity 

as mutation of this residue completely blocked gene induction by Elk-1 (Gille et al., 

1995a). Activated Elk-1 cooperates with serum response factor (SRF) to drive expression 

of serum response element (SRE)-controlled genes, such as c-fos. The strongest evidence 

for a requirement for ERK-mediated Elk-1 activation in LTP comes from a study in 

dentate gyrus granule neurons. It was shown that ERK and Elk-1 were activated in a 

coordinated manner after induction of LTP in vivo. Inhibition of ERK phosphorylation 

by MEK inhibitors prevented Elk-1 phosphorylation and transcriptional upregulation of 

the immediate early gene Zif268 (Davis et al., 2000). The Zif268 gene, containing an SRE 

site in its promoter sequence, has been shown to be required for the consolidation of 

cognitive memory (Jones et al., 2001). Therefore, ERK may contribute to LTP by 

activating transcription factors and upregulating gene expression necessary for 

maintaining LTP and memory. 
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1.2.5.5 Regulation of gene transcription through epigenetic mechanisms 

Classically, epigenetics refers to heritable alterations in chromatin structure, 

which in turn regulate gene expression, and is associated with developmental processes 

such as cell differentiation (Borrelli et al., 2008). In neurobiology, however, epigenetic 

modifications more typically refer to DNA methylation and histone modifications 

(including histone acetylation, phosphorylation, methylation and ubiquitylation) 

occurring in neurons, which are non-dividing, terminally differentiated cells. In recent 

years, increasing evidence have suggested that epigenetic mechanisms might be utilized 

to maintain long-term synaptic plasticity and memory by effecting stable, coordinated 

changes in gene transcription pattern (Levenson and Sweatt, 2006). Acetylation and 

phosphorylation of histone H3, modifications that favor transcriptional initiation, are 

markedly upregulated in hippocampal CA1 neurons after contextual fear conditioning 

(Chwang et al., 2006a; Levenson et al., 2004b). Moreover, strengthening histone 

acetylation with histone deacetylase (HDAC) inhibitors enhances CA3-CA1 LTP as well 

as long-term fear memory in vivo (Levenson et al., 2004b). On the other hand, genetic 

disruption of a histone acetyltransferase CBP impairs late-LTP as well as long-term fear 

memory (Alarcón et al., 2004; Korzus et al., 2004; Wood et al., 2005). 

ERK has been implicated in the epigenetic regulation during long-term synaptic 

plasticity and memory formation. First of all, inhibition of ERK by injecting animals with 

MEK inhibitor SL327 prevents both histone acetylation and phosphorylation induced by 
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contextual fear conditioning (Chwang et al., 2006a; Levenson et al., 2004b; Levenson and 

Sweatt, 2006). Moreover, activation of ERK in vitro by PKC or PKA activators 

significantly increased histone acetylation and phosphorylation in CA1 neurons 

(Chwang et al., 2006a; Levenson et al., 2004b). However, ERK might not directly execute 

these modifications, but rather act through its downstream nuclear substrates. Mice 

lacking mitogen- and stress-activated protein kinase-1 (MSK1) show impaired 

contextual fear memory as well as deficient histone acetylation and phosphorylation 

after training. Slices from MSK1 knockout mice exhibit a deficiency in both histone 

acetylation and phosphorylation after activation of ERK in vitro (Chwang et al., 2007). In 

sum, ERK plays a crucial role in regulating epigenetic modifications during synaptic 

plasticity and memory, probably through phosphorylating its nuclear targets. 

 

1.2.5.6 Regulation of structural plasticity  

Long-term synaptic plasticity and memory are accompanied by persistent 

morphological changes such as new synapse formation, enlarged spines and 

postsynaptic density [reviewed by (Patterson and Yasuda, 2011)]. Earlier studies 

revealed the importance of ERK in synaptic growth during 5-HT-induced long-term 

facilitation (Bailey et al., 1997). Time-lapse imaging studies showed that spaced 

repetition of depolarization, but not a single or massed depolarization, induces 

sustained activation of ERK that lasts over 60 min. Interestingly, formation of new 
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filopodia and spines is induced by repeated stimulation, but not by a single or massed 

stimulation, revealing a correlation between ERK activity and dendritic morphological 

changes. More importantly, this formation of new spines and filopodia is completely 

abolished by MEK inhibitor U0126, indicating an essential role of ERK in structural 

plasticity (Wu et al., 2001a). Mirroring this finding is another report showing that 

NMDAR activation induces ERK activation and new spine formation, which were both 

prevented by MEK inhibitors (Goldin and Segal, 2003). As I will discuss in greater detail 

later, structural LTP that is induced by repetitive glutamate uncaging at single spines, 

requires Ras-ERK signaling: the sustained spine enlargement following uncaging was 

blocked by either MEK inhibitor U0126 or overexpression of dominant-negative Ras 

(Harvey et al., 2008b). However, the precise mechanism by which ERK mediates 

structural plasticity remains unclear. It is likely, though, that ERK regulates 

morphological changes by phosphorylating cytoskeletal proteins, by activating 

translation of dendritic mRNAs, by inducing transcription of genes related to synaptic 

remodeling, or by a combination of these processes (Grewal et al., 1999; Thomas and 

Huganir, 2004). 

 

1.2.6 Implications in human neurological diseases / human memory 

Genetic mutations that disrupt the ERK cascades have been linked to cognitive 

and memory deficits in humans. Neurofibromatosis type I (NF-1) is an autosomal 
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dominant genetic disease caused by loss-of-function mutations in the Nf1 gene 

(McClatchey, 2007). The Nf1 gene encodes for neurofibromin protein which is a Ras GAP 

(Silva et al., 1997). Mutations in the Nf1 gene cause prolonged activation of ERK 

signaling pathway (Costa et al., 2002). The disease primarily affects tissues that are 

derived from the neural crest and leads to scoliosis, learning difficulties, eye problems, 

and epilepsy (McClatchey, 2007). A series of seminal studies by Silva and his coworkers 

successfully established the link between ERK dysregulation and mental retardation, 

suggesting that tightly regulated Ras-ERK signaling is essential for human cognitive 

functions (Costa et al., 2002). Fragile X syndrome (FXS), the most common form of 

inherited mental retardation, is also associated with dysregulated ERK signaling (Bagni 

et al., 2012). FXS is caused by expansion of CGG repeats (> 200) in the FMR1 gene and 

the resultant loss of fragile X mental retardation protein (FMRP). Although it has been 

controversial whether the basal level of pERK is elevated in Fmr1 knockout mice 

[compare (Hou et al., 2006) with (Hu et al., 2008)],  examination of human brain tissue 

shows that basal levels of activated MEK and ERK are higher in FXS patients compared 

to age-matched controls (Wang et al., 2012), suggesting that the ERK pathway might be 

important for the pathophysiology of FXS. Another example of ERK-related neurological 

disease is Coffin-Lowery syndrome (CLS), a disease caused by mutations in RSK2 gene 

(Schneider et al., 2011). This syndrome is associated with impaired motor learning and 

cognitive function. Finally, an additional example is tuberous sclerosis (TS) which is 
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caused by mutations in tuberin or hamartin genes. TS is associated with reduced B-Raf 

and ERK activities (Chévere-Torres et al., 2012). Common symptoms of TS include 

mental retardation, autism and seizures. To summarize, the activity of the ERK signaling 

cascade must be tightly balanced for proper cognitive functions in human (Blum and 

Dash, 2009). 

 

1.3 Structural plasticity 

1.3.1 Structural features of dendritic spines 

Dendritic spines are tiny membranous protrusions from the plasma membrane of 

neurons, each consisting of a spine head (volume 0.001–1 µm3) and a spine neck 

(Nimchinsky et al., 2002). Dendritic spines are the sites for more than 90% of excitatory 

synaptic transmission (Gray, 1959; Harris and Kater, 1994; Nikonenko et al., 2008). Each 

pyramidal neuron hosts ~ 10,000 dendritic spines (Sheng and Hoogenraad, 2007) which 

are diverse in their size and shape. Spines are believed to mature from long, thin 

structures toward enlarged, bulbous ones (Yuste and Bonhoeffer, 2004), and the 

morphology of a spine is highly correlated with its functional strength [see (Matsuzaki 

et al., 2001; Smith et al., 2003) but also see (Busetto et al., 2008)]. Irrespective of its size 

and shape, a dendritic spine contains postsynaptic density (PSD) and some structures. 

Half of the spines in a hippocampal pyramidal neuron contains smooth endoplasmic 

reticulum (sER) which is the cellular locale of Ca2+ release and uptake (Spacek and 
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Harris, 1997). Spines provide both electrical and biochemical compartmentalizations. 

Combining patch-clamp recording and glutamate-uncaging, Araya et al. have found that 

potentials from uncaging at spines are summed linearly whereas potentials from 

uncaging at shafts cancel each other (Araya et al., 2006a). Moreover, somatic potentials 

evoked by spine uncaging are inversely correlated with spine neck length (Araya et al., 

2006b). These studies strongly suggest that spines serve as electrical isolators in the 

transmission of membrane potentials. In a more recent study, Magee and colleagues 

estimated the amount of electrical compartmentalization produced by the spine (Harnett 

et al., 2012). They show that the spine neck resistance (Rneck) is large enough to 

substantially amplify the spine head depolarization associated with unitary synaptic 

inputs by ~1.5-45 fold. As a result, the mean unitary dendritic EPSP amplitude of ~0.5 

mV under physiological condition (Magee and Cook, 2000) is correspondent to a 

depolarization of up to ~25 mV within the spine head. This augmented spine head 

depolarization effectively recruits local active voltage-dependent conductances (such as 

NMDARs), thereby enhancing electrical interactions among multiple coactive inputs 

(input cooperativity) (Harnett et al., 2012). Because of their peculiar morphologies, 

dendritic spines are inherently diffusional barriers, allowing biochemical isolation 

between inputs and synaptic plasticity at the level of a single spine (Bloodgood and 

Sabatini, 2005; Lee et al., 2009; Murakoshi et al., 2011; Svoboda et al., 1996).  
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1.3.2 LTP-associated structural remodeling in neurons 

It was proposed more than a century ago that memory formation involved 

emergence of new synaptic connections and remodeling of existing ones. Since then, a 

number of studies have reported on the association of new memory formation and 

morphological changes in the synapses [Reviewed by (Bailey and Kandel, 1993)]. For 

example, long-term sensitization of the gill withdrawal reflex in Aplysia is found to 

markedly enrich presynaptic varicosities per sensory neuron (Bailey and Chen, 1988). In 

adult rats, spatial training increases postsynaptic spine volume and density in the basal 

dendrites of CA1 pyramidal cells (Moser et al., 1997). Most early studies observed no 

change in the overall synapse density after LTP [reviewed by (Nimchinsky et al., 2002)]. 

Instead, they found that LTP was associated with selective enrichment of certain spine 

types, partly due to remodeling of existing spines through increasing spine volume  and 

widening spine neck (Chang and Greenough, 1984; Fifkova and Anderson, 1981; 

Geinisman et al., 1991; Lee et al., 1980; Sorra and Harris, 1998; Van Harreveld and 

Fifkova, 1975). The development of two-photon microscopy allows for observation of 

LTP-associated morphological changes in real time. Using this technique, two studies 

have clearly demonstrated that LTP in CA1 neurons is associated with new spine 

formation that only occurs at the activated part of the dendrite (Engert and Bonhoeffer, 

1999; Maletic-Savatic et al., 1999). 
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1.3.3 Synaptic plasticity at the level of a single dendritic spine 

Structural plasticity can be induced at single dendritic spines (Matsuzaki et al., 

2004). Repeated uncaging of caged-glutamate (15-60 pulses between 0.5Hz-1Hz) in Mg2+ 

free ACSF results in enlargement of the stimulated spine (i.e. structural LTP or sLTP). 

The volume of the stimulated spine rapidly increases (100-300% increase) in the first 5-10 

minutes and then decays to a sustained plateau (30-100% increase)(Harvey and 

Svoboda, 2007; Harvey et al., 2008b; Lee et al., 2009; Matsuzaki et al., 2004; Murakoshi et 

al., 2011; Patterson et al., 2010; Tanaka et al., 2008). This structural plasticity, at least for 

the first hour, is independent of protein synthesis (Tanaka et al., 2008). When paired 

with postsynaptic spikes, glutamate uncaging induces a larger increase in spine volume 

which is followed by little decay. This form of synaptic plasticity is dependent on 

protein synthesis as well as on BDNF (Tanaka et al., 2008).  Protein synthesis-dependent 

structural plasticity can also be induced by pairing of glutamate uncaging with PKA 

agonist forskolin (Govindarajan et al., 2011). Structural LTP, often correlated with a 

potentiation in synaptic efficacy (measured as an increase in EPSC), is closely related to 

functional LTP regarding pharmacology, amplitude, and time course (Govindarajan et 

al., 2011; Lee et al., 2009; Matsuzaki et al., 2004; Tanaka et al., 2008). Interestingly, 

structural LTD (i.e. long-lasting spine shrinkage) can be induced by pairing low-

frequency glutamate uncaging with depolarization. The resultant shrinkage of 

stimulated spines is associated with functional weakening of the synaptic strength and is 
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dependent on NMDAR and mGluR (Oh et al., 2013). Taken together, these studies 

demonstrate a dendritic spine is the basic unit of  bidirectional synaptic plasticity. 

 

1.4 Experimental Rationale and Specific Aims 

It is widely accepted that ERK is activated by protocols that induce LTP (Davis et 

al., 2000; English and Sweatt, 1996, 1997; Impey et al., 1998; Winder et al., 1999). 

Activated ERK seems to appear throughout the entire neuron, both in the soma and 

dendrites (Giovannini et al., 2001). However, the LTP protocols used in previous studies 

usually involve either delivery of strong electrical stimuli or bath application of 

chemicals, which excite an unknown number of synapses on the postsynaptic neuron. In 

addition to this complication, synchronized synaptic stimulation typically evokes 

dendritic spikes and dendritic action potentials that could propagate to the soma 

(Gasparini et al., 2004; Schiller et al., 2000). The resultant somatic depolarization of a 

CA1 neuron leads to large Ca2+ influx through VGCCs at the somatic and dendritic 

plasma membrane and subsequent widespread activation of ERK (Dudek and Fields, 

2002). Therefore, it is difficult, using typical LTP-inducing protocols, to examine the 

spatiotemporal pattern of ERK activity. 

In fact, LTP is known to be input-specific: it can be induced at a single dendritic 

spine by repetitive uncaging of glutamate (Matsuzaki et al., 2004). Calcium influx 

through NMDARs is transient (τdecay ∼20 ms) and highly compartmentalized in the 
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uncaged spine (Muller and Connor, 1991; Sabatini et al., 2002; Yuste and Denk, 1995). Its 

downstream effector Ras, however, is activated for ~5 min and active Ras spreads over a 

distance of ~10 µm along the dendritic shaft (Harvey et al., 2008b). The spatiotemporal 

dynamics of ERK, which is downstream of Ras, in response to synapse-specific LTP is 

largely unknown. Furthermore, it remains unclear whether and how the neuronal 

nucleus senses and integrates biochemical inputs from individual synapses and 

dendrites. To address these questions, fine control of synaptic inputs is needed, 

preferably at single-spine spatial resolution. This can be achieved by using two-photon 

glutamate uncaging, which was ideal for the purposes of this dissertation. My specific 

aims are discussed below. 

 

Aim 1: To probe the spatiotemporal profile of ERK activity upon induction of 

synapse-specific LTP  

Traditional methods used to measure ERK activity, such as Western blot and 

immunostaining, fail to provide information with single-spine spatial resolution in a 

real-time fashion. Therefore, this study employed a genetically encoded, Förster 

resonance energy transfer (FRET)-based sensor of ERK activity (ERK activity reporter, or 

EKAR), which selectively and reversibly reports ERK activity with high spatiotemporal 

resolution (Harvey et al., 2008a). Combining EKAR with two-photon glutamate 

uncaging, I set out to investigate the spatiotemporal profile of ERK activity during 
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synapse-specific LTP in CA1 neurons. Particularly, I asked whether nuclear ERK is 

activated by inducing structural LTP at a few spines, in the absence of action potentials. 

The EKAR imaging result would be corroborated by immunohistochemistry using 

antibodies against the active form of ERK. Positive results would support a role for ERK 

pathway in synapse-to nucleus communication. 

 

Aim 2: To define the molecular mechanisms underlying the nuclear ERK activation 

caused by inducing structural plasticity at a few dendritic spines 

The results in Chapter 3 demonstrate that ERK activity is gradually and 

persistently increased in neuronal nuclei following induction of sLTP at as few as 7 

spines without a global calcium rise. However, the underlying molecular mechanism 

was unclear. To determine which of several possible postsynaptic Ca2+ sources and 

biochemical signaling pathways are required, I assessed the effects of different inhibitors 

on nuclear ERK activation and structural plasticity. In addition, the contribution of 

various Ca2+ sources to uncaging-induced Ca2+ transients was directly determined by 

imaging Ca2+ with genetically encoded Ca2+ indicator GCaMP3 in the presence or 

absence of different Ca2+ channel inhibitors. 
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Aim 3: To define the spatiotemporal integration required for nuclear ERK activation 

It is widely appreciated that long-term synaptic plasticity engages signaling from 

activated spines to the neuronal nucleus, but how biochemical signals triggered at 

different spines are integrated over space and time is not well understood. I pursued this 

important question, focusing on ERK. The activity of ERK is increased both in the 

dendrites and nucleus following LTP induction. More importantly, ERK exerts 

important yet distinct functions both centrally in the nucleus and peripherally at 

synaptic contacts (Thomas and Huganir, 2004). It is still unknown how synaptic activity 

at individual synapses is integrated biochemically and translated into nuclear ERK 

activation. Two-photon glutamate uncaging allows activation of individual synapses 

with precise spatial and temporal control and so is ideal for investigating ERK 

integration across different dendritic locations and over time.  

First, I asked what spatial pattern of synaptic activation was required for nuclear 

ERK activation. To determine the minimum number of spines needed for nuclear ERK 

activation, I monitored ERK activity in the nucleus by EKAR imaging while inducing 

sLTP at varied numbers of spines at a fixed density. To determine which of sparse and 

clustered stimulations is more effective in triggering nuclear ERK activation, I compared 

nuclear EKAR signals produced by sLTP induction at 7 spines that are located on 7 

different branches or on the same branch.  
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Second, I set out to determine whether nuclear ERK and synaptic ERK represent 

spatially distinct pools of ERK, or propagation of ERK activity from the activated 

dendrites to the nucleus underlies nuclear ERK activation. To distinguish the two 

possibilities, I determined whether cytoplasmic overexpression of EKAR, which is an 

intrinsic ERK buffer, impairs nuclear EKAR signal in response to sLTP induction at 7 

spines. Moreover, to determine the continuity of ERK activity, ERK activity was 

monitored along the path from stimulated synapses to the nucleus by EKAR imaging. 

Third, I asked whether ERK activation could be integrated over time. 

Specifically, I tested whether temporally spaced stimuli, each alone subthreshold, can 

still trigger nuclear ERK activation.  

 

Aim 4: To define the biological significance of nuclear ERK activation triggered by 

sLTP induction at a few spines 

Consolidation of long-term synaptic plasticity and long lasting memory depends 

on new gene transcription in the neuronal nucleus (Adams and Dudek, 2005). The best-

known function of ERK in the nucleus is to phosphorylate transcription factors, either 

directly or through intermediate kinases, and these phosphorylation events are essential 

for subsequent transcriptional activation (Thomas and Huganir, 2004). The results from 

Chapter 3 demonstrate that ERK is activated in the nucleus following induction of 

structural LTP at a few dendritic spines in the absence of action potentials. This 
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observation, together with the well-known nuclear function of ERK, leads to the 

hypothesis that transcription factors are phosphorylated in response to sLTP induction 

at 7 spines in an ERK-dependent manner. To test this hypothesis, I first asked whether 

transcription factors are phosphorylated following sLTP induction at a few spines. 

Specifically, I measured the levels of phosphorylated transcription factors CREB and 

Elk-1 by immunohistochemistry following repetitive glutamate uncaging (sLTP 

protocol) at 7 spines. Next, I asked whether this phosphorylation of transcription factors 

was mediated by ERK. Toward this end, I determined whether ERK inhibitor prevented 

elevations in pCREB and pElk-1 levels in response to 7-spine stimulation. Answers to 

these questions would shed light on the functional relevance of ERK-mediated synapse-

to-nucleus communication. 
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Chapter 2. Materials and Methods 

2.1 DNA constructs, antibodies, and reagents 

DNA constructs 

Plasmids pCI-EKARnuc, pCI-EKARcyto, pCI-dnRas (Ras S17N), EGFP-ERK2, 

monomeric red fluorescent protein (mRFP)-MEK1 were generously given by Dr. Karel 

Svoboda. Plasmid pmEGFP-C1 is available at Clontech. GCaMP3 was a gift from Dr. 

Guoping Feng. 

Antibodies 

Primary antibodies used in this study were anti-phospho-ERK1/2 

(Thr202/Tyr204) rabbit monoclonal antibody (Cell Signaling, #4370), anti-phospho-CREB 

(Ser133) rabbit monoclonal antibody (Cell Signaling, #9198), and anti-phospho-Elk-1 

(Ser383) rabbit polyclonal antibody (Cell Signaling, #9181). The secondary antibody used 

is Alexa Fluor® 568 F(ab')2 fragment of goat anti-rabbit IgG (Invitrogen, A-21069). 

Reagents 

Pharmacological compounds used in this study include the following: 

tetrodotoxin (TTX, ENZO), the ERK inhibitor FR180204 (Calbiochem), an NMDA 

receptor antagonist D-AP5 (Tocris), CdCl2 (Sigma), mGluR antagonists (S)-MCPG 

(Tocris) and NPS 2390 (Tocris), the MEK inhibitor U0126 (Tocris), and U0124 

(Calbiochem).  
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2.2 Dissociated Culture, Transfection and BDNF stimulation 

For validation of sensors, dissociated cultures of cortical neurons were prepared 

from postnatal day 0 Sprague Dawley rats and grown on 35-mm dishes coated with 

poly-D-lysine as previously described (Habas et al., 2006). Briefly, the culture medium 

consists of Basal Medium Eagle (BME) supplemented with 10% heat-inactivated fetal 

bovine serum, 35 mM glucose, 1 mM L-glutamine, 100 U/ml of penicillin and 0.1 mg/ml 

streptomycin. Cells were seeded at a density of 2 x106 per 35-mm plate and maintained 

at 37ºC with 95% O2 and 5% CO2. Cultures were treated with cytosine arabinoside (2.5 

μM) on the second day after seeding (DIV 2) to inhibit proliferation of non-neuronal 

cells. Additional glucose (4.5 mM) was added on DIV 2 and then on DIV 4. The cortical 

neuron cultures were kindly prepared by Dr. Erzsebet Szatmari. 

Cortical neurons were transfected with EKARnuc or EKARcyto on DIV 4 using 

the Lipofectamine 2000 reagent (Invitrogen) as described previously (Hetman et al., 

2002). Cells were used for experiments on DIV 6 or DIV 7. Imaging was performed in the 

growth medium. Brain-derived neurotrophic factor (BDNF; Millipore, #GF029) was pre-

diluted with BME and added to the neurons at a final concentration of 100 ng/ml. 

 

2.3 Hippocampal slice culture and gene-gun transfection 

Hippocampal slice cultures were prepared from postnatal day 6 or 7 Sprague 

Dawley rats, as described previously (Stoppini et al., 1991). All animal handling in this 
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study was conducted in accordance with the animal care and use guidelines of the Duke 

University Medical Center. Rat pups were anesthetized with isofluorane, decapitated, 

and the brains quickly placed in ice-cold dissection medium containing: 1 mM CaCl2, 5 

mM MgCl2, 10 mM glucose, 4 mM KCl, 26 mM NaHCO3 and 248 mM sucrose. The 

hippocampi were then dissected out and cut into slices of 350 μm thickness by a 

McIlwain tissue chopper (Campden). Individual slices were then placed onto 

membranes (PICM0RG50, Millipore) interfacing tissue medium (pH 7.4 and mOsm 300) 

containing: 0.0084 g/ml HEPES base MEM, 20% horse serum, 1 mM L-glutamine, 1 mM 

CaCl2, 2 mM MgSO4, 12.9 mM D-glucose, 5.2 mM NaHCO3, 30 mM HEPES, 0.075% 

ascorbic acid, and 1 μg/ml insulin. Cultured slices were incubated at 35 ºC, with 97% O2 

and 3% CO2.  The culture medium was changed every 2-3 days. 

After 8-14 days in vitro, biolistic transfection of slices was performed using a 

Helius gene gun (Bio-Rad) loaded with bullets (McAllister, 2000; O'Brien and Lummis, 

2006). Bullets were prepared using 9-11 mg gold particles (1.0 um diameter) coated with 

a total of 50 μg of cDNA. After 1-3 days of transfection, positive CA1 pyramidal neurons 

at a depth of 15-50 μm from the tissue surface were used for experiments. 

 

2.4 Two-photon fluorescence lifetime imaging  

Fluorescence resonance energy transfer (FRET) imaging was performed using a 

custom-built 2-photon fluorescence lifetime imaging microscope (2pFLIM) (Murakoshi 
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et al., 2008; Yasuda et al., 2006). EKAR sensor was excited with a Ti:Sapphire laser 

(Maitai; Spectra-Physics, Fremont, CA) tuned to a wavelength of 920 nm. The laser 

intensity was controlled using an electro-optical modulator (Pockels cells, Conoptics). 

Emitted fluorescence from mEGFP- and mRFP-tagged sensors was collected by an 

objective (60x, numerical aperture 0.9, Olympus), divided by a dichroic mirror (565 nm; 

Chroma) and detected by two separated photoelectron multiplier tubes (PMTs) placed 

after wavelength filters (HQ510/70-2p for green and HQ620/90-2p for red, Chroma). For 

fluorescence lifetime imaging in the green channel, PMT with low transfer time spread 

(H7422-40p; Hamamatsu) was used. Fluorescence lifetime images were obtained using a 

time-correlated single photon counting board (SPC-140; Becker & Hickl) controlled with 

custom MATLAB-based program ScanImage (Pologruto et al., 2003; Yasuda et al., 2006).   

Unless otherwise specified, all experiments were performed at room temperature 

(25-27 ºC) and the bathing solution was Mg2+- free artificial cerebral spinal fluid (ACSF) 

containing the following: 4.0 mM CaCl2, 1 μM TTX and 2.0 mM 4-methoxy-7-

nitroindolinyl (MNI)-caged-L-glutamate (Tocris), which was continuously aerated with 

95% O2 and 5% CO2. To maintain the osmotic pressure (~310 mosmol kg−1) of the 

bathing solution for a long experiment (> 1 hr), distilled water was slowly added (1-2 μl 

min−1 into 7 ml at room temperature, or 10 μl min−1 into 10 ml at 34 ºC). CA1 pyramidal 

neurons were identified based on their morphology and location within the 

hippocampal slice (Andersen, 2007). 
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2.5 2pFLIM data analyses 

The mean fluorescence lifetime averaged over multiple populations τm was 

measured from the mean photon arrival time <t> as follows (Yasuda et al., 2006): 
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  (Eq. S1) 

where F(t) is the fluorescence decay curve after a short laser pulse, t is time, and 

t0 is the time offset. The offset t0 was estimated before each experiment by fitting 

fluorescence decay curve with double exponential function and comparing  <t>  with the 

fluorescence lifetime averaged over two populations as follows: 
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where P1 and P2 are the fraction and τ1 and τ2 are fluorescence lifetime of EKAR 

in open and closed conformations obtained by fitting.  Change in fluorescence lifetime is 

independent of t0, thereby independent of model and curve fitting.  

Basal τm and P2 of EKARnuc were 2.35 ± 0.04 ns and 21.6 ± 5% (mean ± SD), 

respectively. Neurons with high basal EKARnuc FRET (τm < 2.29 or P2 > 30 % ) were 

discarded from further analyses due to the saturation of FRET signal.   
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2.6 Two-photon glutamate uncaging and spine enlargement 

A second Ti:Sapphire laser tuned at a wavelength of 720 nm was used to uncage 

MNI-caged glutamate at the tip of the spine of interest (see Figure 3.1). Uncaging 

experiments were performed in artificial cerebral spinal fluid (ACSF) containing: 127 

mM NaCl, 2.5 mM KCl, 4 mM CaCl2, 25 mM NaHCO3, 1.25 mM NaH2PO4 and 25 mM 

glucose) containing zero Mg2+, 1 µM TTX and 2 mM MNI-caged L-glutamate aerated 

with 95% O2 and 5% CO2 at 25-27 °C. The uncaging protocol applied to induce structural 

plasticity consisted of 60 uncaging pulses (720 nm, 6 mW) with 4-6 ms duration at 1Hz. 

Spine volume was estimated by quantifying the fluorescence intensity of mEGFP 

from EKAR sensor, GFP-ERK2, or individually expressed mEGFP protein. The changes 

in spine volume upon uncaging were represented by the fractional change in 

fluorescence light intensity ([F-F0]/F0). The transient volume change was calculated as 

the difference between the peak volume at 1-2 min after uncaging and the baseline 

volume, normalized to the baseline. The sustained volume change was estimated as the 

spine volume at a later time (25-30 min for immunostaining experiments and 60-70 min 

in EKAR imaging) minus the baseline volume, normalized to the baseline.  

 

2.7 GCaMP imaging and analysis 

Hippocampal organotypic slices were transfected with GCaMP3 with biolistic 

gene transfer as described above. 36-48 hr after transfection, imaging and uncaging were 
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performed at the same setup used for 2pFLIM. Images were acquired at the frame-scan 

mode (128 x 128 pixels, 1ms/line). Time series were reported as ΔF/F = (F-F0)/F0 where F 

is the raw fluorescence and F0 is the mean fluorescence in a baseline period of 32 frames 

(about 4 s) prior to uncaging stimuli. Image analysis was performed with ImageJ (NIH). 

 

2.8 Immunohistochemistry and confocal immunofluorescence imaging 

Neurons in organotypic hippocampal slice culture were transfected with 

monomeric enhanced green fluorescent protein (mEGFP) using biolistic gene transfer 

(McAllister, 2000). Slices with at least two mEGFP-expressing CA1 neurons were 

subjected to experiments, and at least one mEGFP CA1 neuron in the slice was not 

stimulated and used as control. Following stimulation, the slices were incubated in 

imaging solution for an additional 45-90 min and then fixed in 4% paraformaldehyde in 

phosphate buffered saline (PBS) at 4ºC for >16 hours. The slices were next permeabilized 

and blocked at 4ºC for 1 hr in PBS containing 5% normal goat serum and 0.2% Triton-

X100 (NGS/PBST). Primary antibody staining was performed for 16 hr at 4ºC using 

rabbit anti-phospho-ERK, anti-phospho-CREB, or anti-phospho-Elk-1 antibodies (Cell 

Signaling) diluted in NGS/PBST (1:100, v/v). After 6 washes (5 min each) in NGS/PBST, 

the slices were incubated with Alexa Fluor 568-conjugated anti-rabbit goat secondary 

antibody (Invitrogen). Both NGS/PBST and PBS were supplemented with phosphatase 

inhibitors NaF (5 mM) and Na3VO4 (1 mM). To label the nucleus, slices were incubated 
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with 4',6-diamidino-2-phenylindole (DAPI, 1 µM; Invitrogen) diluted in PBS for 5 min. 

Slices were mounted between a coverslip and a glass slide with VectaShield mounting 

medium (Vector Laboratories, #H-1000).  

Confocal images of fixed tissues were acquired by a Leica TCS SP5 laser scanning 

confocal microscope with a 40x 1.25 N.A. oil objective. DAPI, mEGFP and Alexa Fluor 

568 were excited by a 405 nm Diode laser, a 488 laser line of an Argon laser, and a 561 

nm diode laser, respectively. An acousto-optical beam splitter (AOBS) served as tunable 

dichroic for all lasers. PMTs were adjusted to allow sufficient separation between 

different channels. Images were acquired with averaging 6 lines at a resolution of 

1024x1024 pixels.  

Confocal images were analyzed using ImageJ. Briefly, the nucleus region 

(marked by DAPI fluorescence) of a neuron was manually delineated as an ROI in the 

blue channel. The mean intensity of each ROI in the red channel (Alexa Fluor 568) was 

then measured. The result of each target neuron (identified by mEGFP signal in the 

green channel) was normalized to the average of five random surrounding 

untransfected neurons. 

 

2.9 Live imaging of mEGFP-ERK2 

CA1 pyramidal neurons in organotypic hippocampal slices were co-transfected 

with mEGFP-ERK2 and mRFP-MEK1 at DNA amount ratio of 1:3 using biolistic gene 
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transfer. Time-lapse imaging of mEGFP-ERK2 was performed 1-3 days after transfection 

with the same two-photon imaging system used for 2pFLIM. Analysis of fluorescence 

intensity in different cellular compartments was performed by ScanImage (Pologruto et 

al., 2003). Neurons with nuclear/somatic ratio of mEGFP-ERK2 intensity > 0.3 under 

basal condition were regarded as basally activated and therefore excluded from analysis. 

 

2.10 Statistical Analysis 

Unless otherwise stated, error bars represent standard errors of the means (SEM). 

Statistical analyses were performed by one-way ANOVA followed by post-hoc using the 

least significance difference. 
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Chapter 3. ERK activation in the nucleus elicited by LTP induction 

at individual dendritic spines 

 

3.1 Introduction 

It is widely accepted that ERK is activated following LTP induction (Davis et al., 

2000; English and Sweatt, 1996, 1997; Impey et al., 1998; Winder et al., 1999). Activated 

ERK seems to appear throughout the whole cell, both in the soma and dendrites 

(Giovannini et al., 2001). However, the LTP protocols used in previous studies usually 

involve delivery of electrical stimuli or bath application of chemicals that excite an 

unknown number of synapses on the postsynaptic CA1 neuron. In addition to this 

complication, synchronized synaptic stimulation typically evokes dendritic spikes and 

dendritic action potentials that could propagate to soma (Gasparini et al., 2004; Schiller 

et al., 2000). The resultant somatic depolarization of the CA1 neuron leads to large Ca2+ 

influx through voltage-gated calcium channels (VGCCs) at the somatic and dendritic 

plasma membrane and subsequent widespread activation of ERK (Dudek and Fields, 

2002). Therefore, using conventional LTP protocols, it is difficult, if ever possible, to 

determine the ERK activity pattern in response to defined synaptic activity. 

LTP is known to be input-specific: it can be induced at a single dendritic spine by 

repetitive uncaging of glutamate (Matsuzaki et al., 2004). Calcium influx through 

NMDARs is transient (τdecay ∼20 ms) and highly compartmentalized in the uncaged spine 

(Muller and Connor, 1991; Sabatini et al., 2002; Yuste and Denk, 1995). A downstream 
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effector of calcium, Ras, is activated for ~5 min and active Ras spreads over a distance of 

~10 µm along the dendritic shaft (Harvey et al., 2008b). The spatiotemporal dynamics of 

ERK, which is downstream of Ras, in response to synapse-specific LTP is largely 

unknown. To address this question, I needed fine control of synaptic inputs, preferably 

at single-spine spatial resolution. This was enabled by two-photon glutamate uncaging 

(Figure 3.1) (Matsuzaki and Kasai, 2011).  

 

Figure 3.1 Two-photon glutamate uncaging  

(A) Simultaneous absorption of two infrared photons cleaves off the chemical cage on 

glutamate, generating the bioactive neurotransmitter.  

(B) Photolysis of caged glutamate occurs with single-spine precision. Adapted from 

(Judkewitz et al., 2006). 
 

Traditionally, ERK activity is detected by Western blotting or immunostaining 

for phosphorylated, active ERK. However, these methods fail to provide information 

with fine spatial resolution in a real-time fashion. Therefore, this study employed a 

genetically encoded, FRET-based sensor of ERK activity (ERK activity reporter, or 

EKAR) (Harvey et al., 2008a). As illustrated in Figure 3.2A, EKAR consists of a FRET 

pair (EGFP and mRFP) flanking a phospho-binding WW domain, a substrate peptide 
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and an ERK docking domain. Upon ERK activity increase, the substrate peptide 

becomes phosphorylated by ERK and binds to the phospho-binding domain, leading to 

a conformational change in the sensor protein. As a result, the EGFP and mRFP are 

brought into proximity, causing an increase in FRET. This increase in FRET can be 

detected by 2pFLIM as a decrease in the lifetime (or τ) of EGFP (Figure 3.2B, also see 

Materials and Methods). Epidermal growth factor (EGF)-induced decrease in EKAR 

lifetime is completely reversed by the MEK inhibitor U0126, indicating the selectivity 

and reversibility of this sensor (Harvey et al., 2008a). I used two forms of EKAR: 1) 

EKARnuc, which is mainly localized in the nucleus due to the presence of a putative 

nuclear localization signal (NLS) in its phospho-binding domain; and 2) EKARcyto, 

which is exclusively expressed in the cytosol due to inclusion of a nuclear-export signal 

(NES) in its sequence (Harvey et al., 2008a). 

 
Figure 3.2 Fluorescence lifetime of EKAR as the major readout of ERK activity 

(A) Design of EKAR. FRET is increased upon phosphorylation of substrate peptide by 

ERK [Adapted from (Harvey et al., 2008a)]  

(B) An increase in FRET is measured as a decrease in the fluorescence lifetime of the 

donor [Adapted from (Yasuda, 2006)]. 
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With these tools, I set out to investigate the spatiotemporal profile of ERK during 

in synapse-specific LTP. Specifically, I asked whether ERK in the nucleus could be 

activated by inducing LTP at individual synapses, without eliciting a somatic 

depolarization. In this Chapter, I present experimental results supporting the hypothesis 

that Ras-ERK signaling pathway subserves a synapse-to-nucleus messenger in response 

to LTP. 

 

3.2 Results 

3.2.1 Validation of EKAR in dissociated neuronal culture 

To determine the maximum possible signal of EKAR in neurons, BDNF was used 

to strongly activate ERK in neuronal cultures. Dissociated cortical neurons were 

transfected with EKARnuc or EKARcyto. As shown in Figure 3.3 A, EKARnuc is highly 

concentrated in the nucleus whereas EKARcyto is excluded from the nucleus, consistent 

with previously reported subcellular distribution of these sensors (Harvey et al., 2008a). 

Bath application of BDNF (100 ng/ml) immediately decreased the fluorescence lifetime (-

0.033 ± 0.007 ns for EKARnuc, n = 8; -0.030 ± 0.003 ns for EKARcyto, n = 6; averaged over 

40-60 min), whereas vehicle application had no effect on EKAR lifetime (0.0011 ± 0.005 

ns for EKARnuc, n = 8; -0.0061 ± 0.004 ns for EKARcyto, n = 4; averaged over 40-60 min, 

Figure 3.3). This result suggests that both forms of EKAR reliably report ERK activity in 

a real-time manner. It also informed us the near-maximum lifetime change of EKAR, 

which would serve as a reference in interpreting later results. 
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Figure 3.3 Decrease in fluorescence lifetime of EKAR caused by BDNF stimulation in 

dissociated culture of cortical neurons  

(A) Fluorescence lifetime images of the soma region of EKARnuc- or EKARcyto-

expressing cortical neurons. Decreases in EKAR lifetime upon BDNF application 

indicate ERK activation. Scale bar = 5 µm. 

(B) Time course of EKAR fluorescence lifetime. The arrow indicates bath application of 

BDNF (100 ng/ml) or vehicle.  
 

3.2.2 ERK activity during structural plasticity of a single dendritic spine 

Firstly, I examined the kinetics of ERK activity during structural plasticity of a 

single dendritic spine. CA1 pyramidal neurons in organotypic hippocampal slices were 

sparsely transfected with EKAR using ballistic gene transfer, and imaged using 2pFLIM. 

In order to obtain a strong fluorescence signal and avoid photobleaching from using 

high imaging laser power, imaging of the dendritic segments was performed in 

EKARcyto-expressing neurons whereas imaging of neuronal nuclei in EKARnuc-

expressing neurons. A train of two-photon uncaging laser pulses (60 pulses at 1 Hz, 4-6 
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ms each, 4-6 mW) was applied to a spine separated from neighboring spines in ACSF 

containing 4 mM Ca2+, 0 mM Mg2+, 1 μM TTX and 2 mM MNI-glutamate (Lee et al., 2009; 

Matsuzaki et al., 2004; Murakoshi et al., 2011). This repetitive glutamate uncaging 

caused a transient phase of dramatic spine enlargement followed by a sustained phase 

of moderate enlargement for at least an hour (Figure 3.4 A), indicating that structural 

LTP (sLTP) was induced at the stimulated spine. However, there was no change in 

EKAR fluorescence lifetime at the stimulated spine, ~10-15 µm dendritic segment 

bearing the stimulated spine, or the nucleus (Figure 3.4 B-E). Since ERK is thought to be 

required for the sustained phase of sLTP (Harvey et al., 2008b), this negative result 

suggests at least three possibilities: 1) ERK activation during sLTP induced at a single 

spine was below the detection threshold of EKAR; 2) ERK was activated in regions that 

were not captured in this imaging experiment; or 3) sLTP required the baseline levels of 

ERK activity but did not produce further ERK activation. 
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Figure 3.4 EKAR fluorescence lifetime was not altered by inducing structural 

plasticity at a single dendritic spine 
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(A) Stimulation of a single spine (indicated by arrowhead) by repetitive two-photon 

glutamate uncaging (1Hz, 60s) induced structural plasticity (sLTP) that persisted for 

more than 1 hr.  

(B) Fluorescence lifetime images of an EKARcyto-expressing dendrite during 

induction of sLTP at a single spine (arrowhead). Scale bar = 3 µm. 

(C) Fluorescence lifetime images of an EKARnuc-expressing nucleus during 

induction of sLTP at a single dendritic spine. Scale bar = 10 µm. 

(D) Time course of EKAR fluorescence lifetime in the stimulated spine (red dots) and 

nearby dendritic shaft (~10-15 µm, black diamonds). The black arrow indicates induction 

of sLTP at a single spine. n = 5. 

(E) Time course of EKAR fluorescence lifetime changes in the nucleus of a CA1 

neuron that was stimulated by inducing sLTP at a single spine (black square). The black 

arrow indicates sLTP induction. n = 7. 
 

3.2.3 Activation of ERK in the nucleus by inducing sLTP at a few dendritic 

spines 

As detected by EKAR, nuclear ERK is activated by a global LTP protocol--theta 

burst stimulation (Harvey et al., 2008a), but not by inducing sLTP locally at a single 

dendritic spine (shown above, Figure 3.4). It is unknown whether nuclear ERK can be 

activated by inducing sLTP in a few dendritic spines. To address this question, the 

nucleus of an EKARnuc-expressing CA1 neuron was imaged by 2pFLIM. sLTP was 

induced successively at 7 spines that were distributed over the proximal dendritic 

region (1-2 spines per dendritic branch, > 10 µm in between, all within 200 µm to the 

soma, Figure 3.5 A-B). Structural plasticity was also monitored by imaging weak 

EKARnuc fluorescence in the cytosol.  As shown in Figure 3.5 C & E, sLTP was induced 

at the stimulated spines in EKARnuc neurons to a degree similar to that in mEGFP 

neurons (transient volume change: 275 ± 18% in EKARnuc neurons and 293 ± 41% in 
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mEGFP neurons; sustained volume change: 61 ± 4% in EKARnuc neurons and 64 ± 11% 

in mEGFP neurons), confirming that expression of the sensor did not disrupt structural 

plasticity.  The magnitude of structural plasticity observed here was also consistent with 

previous studies (Harvey et al., 2008b; Lee et al., 2009; Matsuzaki et al., 2004; Murakoshi 

et al., 2011). Following this 7-spine stimulation, the fluorescence lifetime of EKARnuc in 

the nucleus gradually declined (-0.022±0.002 ns from binning of 40-70 min, n = 7; Figure 

3.5 F, G: Ctrl), indicating that a slow and sustained elevation of ERK activity in the 

nucleus was produced by sLTP induction at 7 spines. This decrease in EKARnuc lifetime 

was completely blocked by the ERK inhibitor FR180204 (-0.00053 ± 0.00042 ns from 

binning of 40-70 min, n = 7; Figure 3.5 F, G: FR), confirming that lifetime change of 

EKARnuc specifically reports the activity of ERK. Notably, the finding that nuclear ERK 

was activated by 7 spines, but not at a single spine, was successfully reproduced at ~34 

°C (Figure 3.6), implying a physiological relevance of this finding. 
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Figure 3.5 Nuclear ERK is activated by inducing sLTP at a few dendritic spines 
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(A) Schematic for 7-spine stimulation. 

(B) Image of a neuron expressing EKARnuc. The white arrowheads indicate the 

locations of 7 stimulated spines. Scale bar, 20 µm. 

(C) Images of spine structural long-term potentiation (sLTP) induced by two-photon 

glutamate uncaging in the neuron shown in (B). Scale bar, 5 µm. 

(D) Fluorescence lifetime images of EKARnuc before and after (20, 40 and 60 min) 7-

spine stimulation in the same neuron as in (B) and (C).  Scale bar, 10 µm. 

(E) Quantification of the transient (1-2 min) and sustained (30~70 min) phases of sLTP 

following 7-spine stimulation in EKARnuc neurons and mEGFP neurons (n = 38 for 

EKARnuc neurons and n = 16 for mEGFP neurons).  

(F) Time course of EKARnuc fluorescence lifetime following 7-spine stimulation (Ctrl; 

solid squares). EKAR lifetime in the paired experiments with ERK inhibitor FR180204 

(50 μM) is also shown (open hexagons). n = 7 for both conditions. Error bars are SEM.  

(G) Changes in EKARnuc fluorescence lifetime averaged over 40-70 min from the results 

shown in (F). 
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Figure 3.6 EKAR lifetime change in response to sLTP induction at near physiological 

temperature 

(A) Time course of EKAR fluorescence lifetime change in the nucleus at near 

physiological temperature (~34°C). EKAR-expressing CA1 neurons were stimulated by 

repetitive uncaging pulses (sLTP protocol) delivered to a single spine (“1-spine at 34 

°C”), 7 spines (“7-spine at 34 °C”), or 7 spines in the absence of caged glutamate (“w/o 

caged glut at 34 °C”). N = 5 for all groups.  

(B) Quantification of EKAR fluorescence lifetime change at 34 °C (red) compared 

with that at room temperature (black, data same as in Figure 5.1). Data were binned over 

40-70 min following 7-spine stimulation and 30-60 min following 1-spine stimulation. 

Numbers of samples are indicated next to the data points. Data are means ± SEM. ***P < 

0.01, ANOVA followed by post-hoc test using the least significant difference. 
 

3.2.4 Increase in phospho-ERK level in the nucleus following LTP induction 

at a few dendritic spines 

The results shown above suggest that nuclear ERK could be activated by 

inducing sLTP at as few as 7 spines. To confirm this intriguing finding, I measured 

nuclear ERK activation by an alternative method: immunostaining for ERK 

phosphorylated at the sites essential for ERK activation (Thr-202 and Tyr-204 for ERK1 

and Thr185 and Tyr187 for ERK2) (Canagarajah et al., 1997). Firstly, organotypic slices 
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were transfected with monomeric enhanced green fluorescent protein (mEGFP). Next, 

mEGFP-expressing CA1 neurons were stimulated by uncaging at 7 spines and the slices 

fixed and subjected to immunostaining with anti-phospho-ERK antibody. The level of 

phosphorylated ERK in the nucleus was then quantified by measuring the 

immunofluorescence in the nucleus of the transfected neuron normalized to the average 

fluorescence in nuclei of 5 surrounding untransfected neurons. As shown in Figure 3.7, 

the level of nuclear phospho-ERK was significantly higher at 45 min and 75 min after 7-

spine stimulation compared to unstimulated mEGFP-expressing neurons in the same 

slices (P < 0.05, one-way ANOVA followed by post-hoc test using the LSD). Thus, 

consistent with EKARnuc imaging results shown in Figure 3.5, the immunostaining data 

indicate that activation of 7 spines induced a slow and sustained activation of ERK in the 

nucleus. 
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Figure 3.7 Increase in phospho-ERK in the nucleus following stimulation of 7 spines 

(A) Immunofluorescence images of phospho-ERK (red) in neurons expressing mEGFP 

(green). Shown are an unstimulated neuron (“Unstim”; left) and neurons fixed 45 min 

(middle) or 75 min (right) after 7-spine stimulation. Nuclei were stained with nucleus 

dye DAPI (blue).  All three neurons shown were from the same slice. Filled arrowheads, 

mEGFP-expressing neurons (either unstimulated or uncaged); open arrowheads, 

examples of surrounding neurons.  Scale bar, 20 µm. 

(B) Quantification of the immunofluorescence of phospho-ERK in the nuclei. The 

immunofluorescence in the nucleus (identified with DAPI staining) of an mEGFP-

expressing neuron was normalized to the averaged immunofluorescence in the nuclei of 

5 surrounding untransfected neurons. Stimulated neurons were always paired with 

unstimulated neurons in the same slices (see Materials and Methods). The numbers of 

samples are indicated at the bottom the graph. Data are means ± SEM. *P < 0.05, ***P < 

0.001, ANOVA followed by post-hoc test using the least significance difference. 
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3.2.5 Nuclear translocation of ERK2 after inducing sLTP at a few dendritic 

spines 

At basal state, ERK is mainly localized in the cytoplasm (Ortiz et al., 1995). Since 

its upstream kinase MEK is primarily localized in the cytoplasm due to an NES in its 

sequence (Fukuda et al., 1996), ERK is presumably activated in the cytoplasm. To exert 

its role in regulating gene transcription, ERK must translocate to the nucleus. Indeed, 

previous studies have shown that during LTP, activation of nuclear ERK is associated 

with translocation of active ERK2 into the nucleus (Impey et al., 1998). To determine if 

nuclear ERK translocation also occurs in response to synapse-specific LTP induction in a 

few spines, I performed live imaging of mEGFP-tagged ERK2. CA1 neurons in 

organotypic slices were co-transfected with mEGFP-ERK2 and mRFP-MEK1. Co-

expression of MEK1 is required for retaining overexpressed ERK2 in extra-nuclear 

region under basal condition, probably due to one-to-one stoichiometry of the mEGFP-

ERK2 interaction with mRFP-MEK1 (Burack and Shaw, 2005; Fukuda et al., 1997; 

Horgan and Stork, 2003; Wiegert et al., 2007). Before stimulation, mEGFP-ERK2 was 

localized predominantly to the cytoplasm (Figure 3.8 A). Following 7-spine stimulation, 

mEGFP-ERK2 slowly accumulated in the nucleus and reached a plateau after ~60 min 

(normalized nuc/soma ratio: 140 ± 4%, averaged over 60-70 min, n = 9, Figure 3.8). The 

time course was consistent with that of the nuclear ERK activity increase measured with 

EKARnuc (Figure 3.5) and immunostaining for phospho-ERK (Figure 3.7). This result 

suggests that nuclear translocation is responsible, at least in part, for increased ERK 
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activity in the nucleus. Without caged glutamate in the bath solution, the same 

stimulation protocol failed to induce any increase in the nuclear fraction of mEGFP-

ERK2 (nuc/soma ratio: 96 ± 7%, averaged over 60-70 min, n = 7; Figure 3.8), indicating 

that the observed nuclear accumulation of ERK2 is not an artifact resulting from 

photodamage by uncaging and imaging lasers or long period of chamber incubation. 
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Figure 3.8 Nuclear translocation of ERK2 was induced by 7-spine stimulation 

CA1 pyramidal neurons expressing mEGFP-ERK2 and mRFP-MEK1 were identified and 

stimulated by glutamate uncaging at 7 spines on proximal apical dendrites, same 

protocol used in Figures 3.5 - 3.7. 

(A) Two-photon imaging of mEGFP-ERK2 in hippocampal neurons with 7 spines 

stimulated with uncaging laser pulses in the presence (“7-spine stimulation”) or absence 

of caged glutamate (“w/o caged glut”), respectively. Representative images of mEGFP-

ERK2 are shown for time points prior to uncaging (Before), at 40 and 70 min after 

uncaging (40 min, 70 min). Scale bar: 10 µm. 

(B) Time course of nuclear translocation of mEGFP-ERK2 in response to 7-spine 

stimulation in the presence (n = 9) or absence (n = 7) of caged glutamate. The fraction of 

mEGFP-ERK2 in the nucleus (i.e. nuclear/somatic ratio) was normalized to the baseline 

(-20 min ~ 0min). Data are means ± SEM.  
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3.3 Discussion 

ERK has long been implicated in LTP and it is activated by many different LTP-

inducing protocols, such as high-frequency stimulation (Dudek and Fields, 2001; English 

and Sweatt, 1996), theta burst stimulation (Dudek and Fields, 2001; Harvey et al., 2008a; 

Schmitt et al., 2005), BDNF (Wiegert et al., 2007), and forskolin application (Selcher et al., 

2003). ERK is also considered to be activated during structural plasticity (sLTP) in a 

single dendritic spine−the smallest unit of LTP, since blocking Ras-ERK signaling 

pathway impairs sLTP (Harvey et al., 2008b; Patterson et al., 2010). But what is the 

spatiotemporal kinetics of ERK when a single synapse is undergoing synaptic plasticity? 

Particularly, is ERK activity in the nucleus elevated by inducing sLTP locally at 

individual synapses? To address these questions, I monitored ERK activity primarily 

using FRET-based sensor EKAR while inducing sLTP at individual dendritic spines with 

repetitive glutamate uncaging. I have demonstrated that inducing sLTP sequentially at 7 

spines by glutamate uncaging caused a sustained decrease in the fluorescence lifetime of 

EKAR (Figures 3.5-3.6) and an increase in phospho-ERK immunoreactivity in the 

nucleus (Figure 3.7). This sustained increase in nuclear ERK activity was accompanied 

by translocation of ERK2 from the cytoplasm to the nucleus (Figure 3.8). These results 

suggest that ERK is activated in the nucleus for at least 1 hr following 7-spine 

stimulation. As each CA1 pyramidal neurons have roughly 10,000 synapses, our results 

indicate that activation of only a tiny fraction (< 0.1%) of synapses can activate nuclear 
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signaling. More importantly, as action potentials were blocked by TTX in the imaging 

solution, these results suggest that information is transmitted from activated synapses 

into the nucleus through biochemical signals and that Ras-ERK signaling cascade might 

play a role in such synapse-to-nucleus communication. 

The absolute change in EKAR lifetime elicited by 7-spine stimulation (i.e. -

0.022ns) was smaller than a typical signal from CaMKII sensor or Ras sensor (Harvey et 

al., 2008b; Lee et al., 2009). However, several lines of evidence suggest that it might have 

profound significance. First, the EKAR lifetime change induced by 7-spine stimulation is 

~67% of that induced by BDNF application, a near-maximum response (Figure 3.3). 

Second, the decrease in EKAR lifetime induced by 7-spine stimulation (Figure 3.5) is 

similar to that induced by electrical theta-burst stimulation [~ -0.02 ns, (Harvey et al., 

2008a)]. Third, the same 7-spine stimulation produced a 1.5-fold increase in phospho-

ERK level in the nucleus (Figure 3.7), a change comparable to the that produced by 

BDNF or KCl treatment shown by previous studies (Impey et al., 1998; Schmitt et al., 

2005; Wiegert et al., 2007). Fourth, the same 7-spine stimulation produced an ~40% 

increase in the nuc/soma ratio of ERK2 (Figure 3.8), which is half of amount induced by 

action potential bursting (Wiegert et al., 2007).  Taken together, inducing sLTP 

successively at 7 spines leads to a marked increase of ERK activity in the nucleus that 

might have physiological relevance.  
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My results also showed that inducing sLTP at one spine did not affect the 

lifetime of EKAR in the stimulated spine or dendritic segment (Figure 3.4). This is 

surprising because ERK was believed to be activated in or near the stimulated spine 

during sLTP based on the previous findings that: (1) Ras is activated in the stimulated 

spine during sLTP and invades ~10 μm of the dendrite shaft; and (2) blocking the Ras-

ERK pathway abolishes sLTP (Harvey et al., 2008b; Patterson et al., 2010). This 

contradiction could be explained by any of the three possible scenarios. First, the basal 

level of ERK activity in the dendrites is adequately high, thus preventing any further 

increase by inducing sLTP at a single spine. Indeed, as shown by 

immunohistochemistry, the basal level of phospho-ERK in the cytoplasm was much 

higher than that in the nucleus (Figure 3.7). Nevertheless, a certain degree of ERK 

activity is necessary to structural plasticity, since complete blockade of ERK kinase 

signaling impaired the sLTP (Harvey et al., 2008b; Patterson et al., 2010). A second 

possible scenario is that ERK is activated at the stimulated spine but the signal is too 

small to be detected by EKAR. A newly improved version of EKAR (Komatsu et al., 

2011), which has a signal that is 2-3 times higher than the original EKAR, might be used 

in the future to probe dendritic ERK activity during sLTP in a single spine. Becaue ERK 

is evidently activated in the nucleus by inducing sLTP at 7 spines (Figures 3.5 - 3.7), it is 

of great interest to understand how signals from different synapses are integrated and 

possibly amplified. Finally, a third possibility is that ERK is activated in regions that 
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were not captured by the EKAR experiment, such as in the primary dendritic trunk. This 

possibility was tested in Chapter 5 where the spatiotemporal dynamics of ERK activity 

was addressed in a more detailed and systematic way. 
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Chapter 4. Molecular mechanisms underlying the nuclear ERK 

activity increase caused by inducing structural plasticity at a few 

dendritic spines 

 

4.1 Introduction 

As shown in the previous chapter, ERK activity in the nucleus is elevated after 

inducing sLTP at as few as 7 dendritic spines while action potentials are inhibited. This 

nuclear ERK activity increase was attributable, at least in part, to translocation of the 

phosphorylated kinase molecule from the cytoplasm into the nucleus. However, it is 

unknown how synaptic stimulation, in the form of glutamate uncaging, is translated 

into ERK phosphorylation. In this Chapter, I present experimental results that have 

identified the molecular pathway(s) making this connection. 

ERK is activated ultimately by an increase in intracellular Ca2+ concentration in 

response to synaptic excitation (Thomas and Huganir, 2004). The Ca2+ rise could result 

from Ca2+ entry via NMDARs (Bading et al., 1995), VGCCs (Bading et al., 1993), Ca2+-

permeable AMPARs (Jonas et al., 1994), or from Ca2+ release from intracellular calcium 

stores (Hagenston et al., 2008; Watanabe et al., 2006). It is unknown which calcium 

sources are required for nuclear ERK activation triggered by inducing sLTP at a few 

spines. 

As described in Chapter 1 (Section 1.2.2), ERK is activated through two small 

GTPase pathways. In the classical pathway, small GTPase Ras is activated as a result of 
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Ca2+-dependent inactivation of Ras GAPs and activation of Ras GEFs, activation of 

receptor tyrosine kinases, or PKC activation. Ras then activates Raf-1. In the novel 

pathway, PKA activates small GTPase Rap-1, which then activates B-Raf. Both Raf-1 and 

B-Raf converge on MEK, the kinase that directly phosphorylates and activates ERK 

(Sweatt, 2001; Sweatt, 2004). The Ras and Rap pathways might serve different roles: Ras 

mediates AMPAR synaptic delivery during LTP while Rap is thought to mediate 

AMPAR removal during LTD (Zhu et al., 2002). Ras appears indispensable for structural 

plasticity, as expression of dominant-negative Ras (dnRas) prevents sustained 

enlargement of stimulated spines (Harvey et al., 2008b). Here, I hypothesize that the 

Ras-ERK signaling pathway is required for nuclear ERK activation induced by 

glutamate uncaging at 7 spines. 

 

4.2 Results 

4.2.1 (Differential) molecular mechanisms underlying nuclear ERK 

activation and sLTP 

To address the question of which calcium sources are involved, I determined the 

effects of different pharmacological inhibitors on the lifetime change of EKARnuc. 

Inhibition of N-methyl-D-aspartate-type glutamate receptors (NMDARs) with 2-amino-

5-phosphonopentanoic acid (APV, 50 μM) completely prevented nuclear ERK activation 

(P < 0.001, Figure 4.1, A and G) as well as sLTP (P < 0.001, Figure 4.2) (Matsuzaki et al., 

2004). In contrast, blockade of VGCCs with CdCl2 (200 μM) did not prevent nuclear ERK 
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activation (P = 0.87, Figure 4.1 A and G), although it partially inhibited the sustained 

phase of sLTP (P < 0.05, Figure 4.2). Inhibition of type I metabotropic glutamate 

receptors (mGluRs) with α-methyl-4-carboxyphenylglycine (MCPG, 1 mM) or NPS 2390 

(20 μM) attenuated the nuclear ERK activation (both P < 0.05; Figure 4.1, B, C and G). 

Nuclear ERK activation was also partially inhibited when the intracellular Ca2+ stores 

were depleted by preincubating slices with cyclopiazonic acid (CPA, 20 μM), an 

inhibitor of sarco/endoplasmic reticulum Ca2+-ATPase (SERCA) for more than 40 min 

prior to the experiments (P < 0.05; Figure 4.1, D and G).  Inhibition of neither mGluRs 

nor intracellular Ca2+ stores affected sLTP (Figure 4.2) (Harvey et al., 2008b; Matsuzaki et 

al., 2004). These results suggest that nuclear ERK activation requires Ca2+ influx through 

NMDARs but not VGCCs. Activation of mGluRs is also required, possibly in an Ca2+ 

release-dependent manner. Noticeably, although essential for nuclear ERK activation, 

mGluRs are dispensable for spine enlargement (Matsuzaki et al., 2004). Therefore, 

compared to local structural plasticity in the stimulated spines, nuclear ERK activation 

seems to require additional calcium source and signaling cascades. 

Next, I tested the hypothesis that the classical Ras-MEK pathway is required for 

ERK activation in the nucleus. Expression of a dominant-negative form of Ras (dnRas, 

Ras S17N) completely abolished nuclear ERK activation whereas expression of an empty 

vector did not (P < 0.001; Figure 4.1, E and G). Also, the MEK inhibitor U0126 (40 μM), 

but not its non-functional analog U0124 (40 μM), markedly reduced nuclear ERK 
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activation (P < 0.05; Figure 4.1, F and G). DnRas and U0126 inhibited the sustained phase 

of sLTP (P < 0.05 for dnRas and P < 0.001 for U0126; Figure 4.2), consistent with previous 

studies (Harvey et al., 2008b; Patterson et al., 2010). Taken together, these results indicate 

that both nuclear ERK activation and sLTP are mediated by Ras-MEK signaling 

pathway. 
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Figure 4.1 Pharmacological analysis of nuclear ERK activity increase in response to 7-

spine stimulation 

(A to F) Effects of pharmacological agents and genetic manipulation on the time course 

of EKARnuc lifetime change following 7-spine stimulation. The paired control 

experiments (black filled symbols) were performed with no vehicle in (A) and (B), 0.05% 

dimethyl sulfoxide (DMSO) as vehicle control in (C) and (D), or non-functional analog 

U0124 in (F). For (E), EKARnuc together with dnRas or empty vector pCI was delivered 

biolistically to neurons. n = 14 for Ctrl and 7 for APV and CdCl2 in (A), 6 for Ctrl and 

MCPG in (B), 6 for Vehicle and NPS 2390 in (C), 6 for Vehicle and CPA in (D), 7 for pCI 

and 8 for dnRas in (E), and 7 for U0124 and U0126 in (F).  

(G) Sustained fluorescence lifetime change of EKARnuc averaged over 40-70 min (The 

data are from the same neurons as in A-F and Figure 3.5 G). Data are means ± SEM. 

Asterisks denote statistical significance (*P < 0.05, ANOVA followed by post-hoc test 

using the least significant difference). 
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Figure 4.2 Effects of pharmacological agents and genetic manipulation on spine 

structural LTP (sLTP).  

Quantification of the transient (1-2 min; A) and sustained (~70 min; B) phases of sLTP 

following 2-p glutamate uncaging. The data are from the same neurons as in Figure 4.1 

G. Data are means ± SEM. n.s., no statistical significance; *P < 0.05; ANOVA followed by 

post-hoc test using the least significance difference. 
 

4.2.2 GCaMP imaging reveals the spread and source of Ca2+ evoked by 

glutamate uncaging 

To study the synaptic Ca2+ transient evoked by sLTP protocol, I performed Ca2+ 

imaging using the genetically encoded calcium indicator GCaMP3 (Tian et al., 2009). In 

organotypic hippocampal slices, GCaMP3 was delivered by biolistic transfection (see 

Chapter 2 Materials and Methods). Due to the improved fluorescence intensity of 

GCaMP3 compared to previous versions of GCaMP, dendritic structures including 

dendritic spines could be visualized under baseline conditions. Spines of GCaMP3-

expressing neurons were stimulated by repetitive glutamate uncaging (1 Hz for 60 s) to 
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induce sLTP. Secondary dendritic segments bearing the stimulated spines were imaged 

at a speed of 128ms/frame. In a few experiments (n = 6 spines), the branching point on 

primary dendritic trunk was close to the stimulated spine and therefore imaged for later 

analysis. As shown in Figure 4.3 A, repetitive glutamate uncaging produced strong 

elevations in GCaMP3 fluorescence intensity (ΔF/F) in the stimulated spines (red trace). 

The fluorescence elevation was much less pronounced, if at all, in adjacent regions 

(black, blue, grey and green traces). Due to the slow kinetics of the GCaMP3 

fluorescence response (rise t1/2 = 83 ± 2 ms, decay t1/2 = 610 ± 32 ms)(Tian et al., 2009), 

GCaMP3 fluorescence intensity usually peaked at the second acquisition (i.e. 256 ms) 

following the onset of an uncaging pulse (see the enlarged area of Figure 4.3 A). The 

baseline of spine GCaMP3 fluorescence was gradually increased during sLTP protocol 

and did not return to the initial baseline after the uncaging protocol ceased (Figure 4.3 

A). This was mostly likely due to induction of structural plasticity in the stimulated 

spine (Figure 4.3 B). To avoid this complication caused by spine enlargement, the first 

peak (256 ms) was used in later analysis. 

Brightness of region of interests (ROIs) at various locations relative to the 

stimulated spine was analyzed to reveal the spread of uncaging-evoked Ca2+ transient 

(Figure 4.3 C). The peak ΔF/F of GCaMP3 was 290 ± 21 %, 161 ± 23 %, 140 ± 20 %, 52 ± 10 

%, 9 ± 3 %, 0 ± 2 %, 83 ± 21 %, 2 ± 3 % for the stimulated spine, spine base (0 μm), 0-2 μm, 

2-4 μm, 4-6, μm, 6-8 μm on the dendritic shaft, adjacent spine, and primary trunk branch 
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point, respectively. These results suggest that uncaging-evoked Ca2+, although highly 

concentrated in the stimulated spine, spills over to as far as 3-4 μm away from the 

stimulated spine. This spread of Ca2+ along the axis of a dendritic shaft was consistent 

with that measured with a low affinity Ca2+ indicator OGB-5N (length constant  = 1.6 – 

2.4 μm) (Noguchi et al., 2005). Noticeably, the response in adjacent spines was similar to 

that in the dendritic shaft at the same distance from the stimulated spine, indicating that 

adjacent spines were not excited directly by glutamate uncaging.  

To study the contributions of various Ca2+ sources to uncaging-evoked Ca2+ 

transient, GCaMP3 imaging was carried out in the presence of different pharmacological 

inhibitors (Figure 4.3 D). APV completely abolished the GCaMP3 signal triggered by 

glutamate uncaging, suggesting that NMDAR is the predominant, if not exclusive, Ca2+ 

source evoked by the sLTP protocol evident in spines. None of CdCl2, CPA or MCPG 

affected GCaMP3 signal, suggesting that VGCC and intracellular Ca2+ stores do not 

contribute to the spine-specific Ca2+ transient triggered by sLTP protocol. 
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Figure 4.3 GCaMP3 imaging reveals spread and sources of Ca2+ transient evoked by 

glutamtate uncaging 

(A) GCaMP3 fluorescence signal (ΔF/F) in response to sLTP protocol (glutamate 

uncaging at 1 Hz for 60 s). Error bars represent SEMs. 

(B) Quantification of the transient (1-2 min) and sustained (~30 min) phases of 

structural plasticity in GCaMP3 neurons in comparison to GFP neurons. GCaMP3, due 

to its inherent calmodulin-containing structure, may compete with endogenous 

calmodulin for Ca2+ and therefore tends to reduce structural plasticity. This effect is not 

statistically significant (P > 0.05 for both phases in the stimulated neuron). 

(C) Quantification of GCaMP3 fluorescence intensity (at 256 ms) elicited by 

glutamate uncaging in the stimulated spine [Stim. spine, n (spine/neuron) = 42/6], 

adjacent spine [Adj. spine, 2.1 ± 0.9 μm (mean ± SD) away from the stimulated spine, n 

(spine/neuron) = 41/6], branching point on the primary dendrite [branch point, 7.8 ± 3.3 

μm (mean ± S.D.) away from the stimulated spine, n (spine/neuron) = 6/4], and dendritic 
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shaft at various distances to the stimulated spine [n (spine/neuron) = 42/6 for 0-2 μm, 2-4 

μm, and 4-6 μm; n (spine/neuron) = 23/6 for 6-8 μm]. 

(D) Effects of pharmacological inhibitors on the GCaMP3 fluorescence intensity 

across different ROIs. Spine numbers are 48, 32, 35, 26, 35 for Ctrl, APV, CdCl2, CPA and 

MCPG, respectively). These pharmacology GCaMP3 data were obtained by Eugene 

Park. 

 

4.3 Discussion  

4.3.1 NMDAR-dependence and VGCC-independence of nuclear ERK 

activation 

Calcium signaling has been extensively studied using calcium imaging 

techniques (Sabatini et al., 2001). Global calcium signal results from opening of VGCCs 

by back-propagating action potentials or suprathreshold synaptic stimulation, and can 

be detected in the dendrites and spines (Koester and Sakmann, 1998; Yuste and Denk, 

1995).  On the other hand, synapse-specific calcium signals arises mostly from 

NMDARs, since spine Ca2+ is substantially blocked by NMDAR antagonists and has the 

voltage-dependence characteristic of NMDARs (Emptage et al., 1999; Koester and 

Sakmann, 1998; Kovalchuk et al., 2000; Regehr and Tank, 1990; Schiller et al., 1998; Yuste 

and Denk, 1995; Yuste et al., 1999). 

Both NMDARs and VGCCs are required in LTP induced by high frequency 

stimulation (HFS) (Cavus and Teyler, 1996), although the relative contribution of each 

calcium source to the long-lasting LTP seems species-dependent [compare (Impey et al., 

1996) with (Reymann et al., 1989)]. Moreover, both types of channels contribute to 

somatic ERK activation in response to high-frequency stimulation, as evidenced by the 
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finding that both APV and nifedipine (L-type channel blocker) reduce phospho-ERK 

(Dudek and Fields, 2001; Zhao et al., 2005). However, NMDAR-mediated portion of ERK 

activation could be fully substituted by eliciting sufficient action potentials (Dudek and 

Fields, 2002; Zhao et al., 2005). These studies suggest that NMDARs contribute indirectly 

to ERK phosphorylation in HFS-LTP, through facilitating action potentials and opening 

of VGCCs, and that VGCCs alone are sufficient to induce ERK activation in the soma. 

However, the possibility of ERK activation induced by NMDAR-mediated Ca2+ influx 

was not excluded. Indeed, it has been shown that ERK is activated by a Ca2+ 

microdomain near the mouth of NMDAR, in the absence of a global calcium increase 

(Hardingham et al., 2001).  

Structural plasticity induced by 2-p glutamate uncaging at single spines is 

NMDAR-dependent, since the NMDAR antagonist APV completely abolishes both the 

transient and sustained phases of structural plasticity (Harvey et al., 2008b; Matsuzaki et 

al., 2004; Murakoshi et al., 2011). In line with these previous reports, the present study 

showed that APV completely blocked structural plasticity at all 7 spines stimulated by 

repetitive glutamate uncaging (Figure 4.2). Furthermore, GCaMP imaging in this study 

(Figure 4.3 D) suggests that NMDAR is the predominant source for the Ca2+ signal 

evoked by glutamate uncaging, consistent with a previous study (Noguchi et al., 2005).  

Taken together, my results strongly suggest that NMDAR is a Ca2+ source essential for 

uncaging-induced spine structural plasticity and nuclear ERK activation. 
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A novel Ca2+-independent mechanism of ERK activation by NMDAR and 

mGluR5 has been found in striatal neurons (Yang et al., 2004). Remarkably, ERK 

phosphorylation induced by NMDA and mGluR agonists is significantly attenuated by 

disrupting the interaction between NMDAR and PSD95, but not by the NMDAR 

channel blocker MK-801. To my knowledge, such a Ca2+-independent mechanism has 

not been reported in hippocampal neurons. The possibility of a Ca2+-independent 

NMDAR action in the present study can be easily determined by comparing the effects 

of APV and MK801 on EKAR time course. If nuclear ERK activation is still triggered in 

the presence of MK801 (which blocks Ca2+ flow through NMDAR), a Ca2+-independent 

NMDAR function is involved. 

It has been shown that glutamate uncaging elicits Ca2+ influx through both 

NMDARs and VGCCs (Bloodgood et al., 2009). However, the significance of VGCCs in 

structural plasticity has not been reported previously. This study showed that Cd2+ did 

not affect the transient phase of sLTP but partially inhibited the sustained phase (Figure 

4.2), suggesting a role for VGCCs in structural plasticity. In contrast, uncaging-induced 

nuclear ERK activation was independent of VGCCs, as the non-selective VGCC blocker 

Cd2+ did not affect EKAR lifetime change (Figure 4.1 A). These results suggest that 

VGCCs may play a role in maintaining structural plasticity, but does not contribute to 

ERK activation in the absence of action potentials.  
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GCaMP imaging in this study showed that uncaging-evoked Ca2+ transient was 

unaffected by Cd2+ (Figure 4.3), indicating that the spine Ca2+ influx mediated by VGCCs 

is negligible compared to that mediated by NMDARs under our condition (i.e. zero 

Mg2+). In the present study, TTX in the imaging solution inhibits generation of action 

potentials, excluding the possibility of a VGCC-induced global calcium signal. It should 

be noted that Cd2+, although widely used, is not a selective VGCC blocker. It has been 

recently documented that prolonged Cd2+ treatment opens permeability transition pores 

on mitochondria, induces Ca2+ elevation, and activates CaMKII (Chen et al., 2011; Li et 

al., 2003). In addition, Cd2+ has been reported to partially antagonize NMDAR’s channel 

function (Legendre and Westbrook, 1990; Mayer et al., 1989), although our GCaMP 

imaging showed no such effect (Figure 4.3).  In the future, the role of VGCC in structural 

plasticity and in nuclear ERK activation will need to be confirmed with more selective 

VGCC blockade, such as a cocktail of VGCC antagonists (nimodipine, ω-conotoxin-

MVIIC, SNX-482, mibefradil, and nickel) (Bloodgood et al., 2009).  

 

4.3.2 Role of intracellular Ca2+ release in nuclear ERK activation 

Unlike NMDAR and VGCC, the role of intracellular Ca2+ release in conventional 

LTP/LTD is less well defined. Early studies using pharmacological inhibitors have 

proposed that Ca2+ release is required for some forms of LTP, because inhibition of 

ryanodine- or IP3-sensitive calcium stores abolishes LTP induced by weak stimuli but 
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not does not affect LTP induced by strong tetanization (e.g. 8X TBS) (Behnisch and 

Reymann, 1995; Raymond and Redman, 2002). This simple model was complicated by 

later studies using transgenic mice. Mice mutants lacking some isoforms of ryanodine 

receptors or IP3 receptors exhibit facilitated LTP and impaired LTD (Fujii et al., 2000; 

Futatsugi et al., 1999; Nishiyama et al., 2000). Taken together, fine control of Ca2+ release 

from intracellular stores is crucial for bidirectional synaptic plasticity.  

Intracellular Ca2+ release is another major source of Ca2+ transients in neurons. 

Repetitive synaptic stimulation leads to Ca2+ release from intracellular stores in CA1 

pyramidal neurons, through activation of mGluR and IP3 receptors (Nakamura et al., 

1999; Watanabe et al., 2006). The resultant Ca2+ waves spread over large regions of apical 

dendritic trunk, but barely invade oblique secondary branches or spines (Nakamura et 

al., 2002). This is probably because of concentrated distribution of IP3Rs and RyRs in the 

primary dendritic trunk (Jacob et al., 2005). However, the contribution of intracellular 

Ca2+ release to synapse-specific Ca2+ signal is more controversial. Synaptically evoked 

spine Ca2+ transients has been attributed to calcium release from ryanodine-sensitive 

stores induced by NMDAR activation (i.e. calcium-induced calcium release, or CICR) in 

cultured hippocampal slices (Emptage et al., 1999), but such CICR in spines has not been 

found by other groups (Kovalchuk et al., 2000; Nakamura et al., 1999; Yuste et al., 1999). 

This discrepancy may be due to differences in tissue preparation and stimulation 

protocols (Sabatini et al., 2001). In line with the majority of previous evidence, the 
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present study indicated that intracellular Ca2+ release did not contribute to local Ca2+ 

transients evoked by glutamate uncaging (Figure 4.3 D). Moreover, intracellular Ca2+ 

release was also dispensable for structural plasticity (Figure 4.2), in good agreement 

with previous finding that blocking Ca2+ influx with low extracellular Ca2+ completely 

abolishes structural plasticity and Ras activation (Harvey et al., 2008b). Interestingly, 

intracellular Ca2+ release seems to be required for nuclear ERK activation induced by 7-

spine stimulation (Figure 4.1B), suggesting that nuclear ERK activation requires 

additional Ca2+ sources compared to structural plasticity. It would be interesting to test 

whether localized IP3 uncaging, alone or coupled to sLTP induction at a single spine, is 

sufficient to induce nuclear ERK activation. 

Although EKAR imaging with CPA treatment implies that intracellular Ca2+ 

release was evoked by induction of sLTP at a series of 7 spines, the release site should be 

spatially separated from the stimulated spine. GCaMP imaging failed to detect a CPA-

sensitive component of Ca2+ signal in the vicinity of the stimulated spines, even in the 

primary trunk near the stimulated spines (~11 µm away; Figure 4.3). Intracellular Ca2+ 

release evoked by induction of sLTP at a few spines might occur in the “hot spots” along 

the primary dendrite where IP3 receptors are clustered (Fitzpatrick et al., 2009; Power 

and Sah, 2002). 

An alternative explanation should be ruled out before accepting this conclusion. 

CPA, as an inhibitor of sarcoendoplasmic reticulum Ca2+-ATPase (SERCA), depletes 
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intracellular Ca2+ store by inhibiting the intake of Ca2+ into internal stores. Therefore, it 

could elevate Ca2+ and activate ERK by itself (Chao et al., 1992; Chung et al., 2001). 

Therefore, the failure of nuclear ERK activation in the presence of CPA (Figure 4.1 D) 

could merely be resulted from saturation of ERK or EKAR prior to glutamate uncaging. 

In the future, Ca2+ imaging covering the dendritic tree and soma should be performed 

simultaneously with 7-spine stimulation, in order to study whether and where 

intracellular Ca2+ release is evoked. Any possible acute effect of CPA application on 

EKAR lifetime should also be examined. 

 

4.3.3 Role of mGluR in nuclear ERK activation 

Type I metabotropic glutamate receptors (mGluR1 and mGluR5) are implicated 

in bidirectional synaptic plasticity and memory formation (Bortolotto et al., 1999; 

Kotecha et al., 2003). In particular, HFS-LTP at CA1 synapses and spatial learning are 

impaired by pharmacological inhibitors or genetic knockout of type I mGluRs (Balschun 

et al., 1999; Neyman and Manahan-Vaughan, 2008). Moreover, mGluR activation 

induces long-term synaptic depression at CA3-CA1 synapses in an NMDAR-

independent way (mGluR LTD)(Oliet et al., 1997). It plays diverse functions. For 

example, mGluR activates synthesis of new proteins that help sustain LTP (Raymond et 

al., 2000). Moreover, mGluR activation leads to increased DNA binding activity of NF-

κB, which is crucial to the late phase but not the early phase of mGluR-LTD (O'Riordan 

et al., 2006). However, mGluR is not essential in structural plasticity at a single spine 
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induced by glutamate uncaging, at least for the first hour (Matsuzaki et al., 2004). The 

present study suggests that type I mGluR is required for nuclear ERK activation 

triggered by uncaging at a few spines (Figure 4.1 B, C), while confirming that it is not 

required for sLTP (Figure 4.2). The differential requirements for mGluR indicate that 

compared to local structural plasticity, nuclear ERK activation requires additional 

signaling mechanism.  

Remaining unclear is how mGluR activation contributes to nuclear ERK activity 

increase. There are at least five possible mechanisms. First, mGluR activates PKC 

through phospholipase C (PLC) and diacylglycerol (DAG)(Niswender and Conn, 2010). 

In turn, PKC can activate ERK through activating Ras and/or Raf (Sweatt, 2001). A 

positive feedback loop consisting of ERK and PKC has been found in cerebellar LTD, 

which produces a sustained activation of these kinases (Tanaka and Augustine, 2008; 

Yamamoto et al., 2012). Such a positive feedback mechanism might also operate in CA1 

neurons to produce sustained ERK activity. Second, mGluR activation leads to 

production of IP3 by PLC. IP3 and Ca2+ synergistically activates IP3 receptors (IP3R) which 

are calcium channels on the ER (Niswender and Conn, 2010). The resultant calcium 

release from intracellular stores might lead to an amplified ERK activation. Third, in 

striatal neurons, it has been found that mGluR activation results in inactivation of 

protein phosphatase 2A (PP2A) through tyrosine phosphorylation, which in turn leads 

to strengthened ERK activity (Mao et al., 2005a). Fourth, mGluR is physically associated 
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with Homer scaffold proteins in the postsynaptic complexes in striatal neurons. Selective 

disruption of mGluR5-Homer1b/c interaction leads to significant reduction in mGluR-

mediated ERK activation, suggesting that ERK is activated in a Ca2+-independent 

Homer-dependent pathway following mGluR activation (Mao et al., 2005b). However, 

such phosphatase-dependent and scaffold-dependent mechanisms of mGluR-mediated 

ERK activation have not yet been reported in hippocampal neurons. Fifth, mGluR 

activation has been reported to potentiate NMDAR currents (Fitzjohna et al., 1996), 

potentially leading to a larger NMDAR-mediated Ca2+ influx in response to glutamate 

uncaging. However, this scenario is highly unlikely since my GCaMP imaging did not 

detect any effect of mGluR inhibitor on the APV-sensitive Ca2+ transient (Figure 4.3). The 

first four possible mechanisms can be tested in the future. Given that PKC is required for 

sLTP, the possibility of a PKC-ERK positive feedback loop could be tested by selectively 

disrupting the loop by PLA2 inhibitor or delayed application of PKC inhibitor (Tanaka 

and Augustine, 2008). As discussed above, the potential contribution of an mGluR- and 

IP3R-dependent Ca2+ release need to be studied by integrating individual spine uncaging 

and neuron-wide Ca2+ imaging. The potential roles of PP1A and Homer1/b in mGluR-

mediated ERK activation should first be determined in hippocampal neuron system, and 

then in the present paradigm (i.e. uncaging-induced nuclear ERK activation). 
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4.3.4 Calcium-permeable AMPA receptors 

GluA2-lacking, calcium-permeable AMPA receptors (CP-AMPARs) constitute an 

additional source of spine Ca2+ in some types of neurons. In CA1 pyramidal neurons, its 

basal postsynaptic expression is very low or nonexistent (Adesnik and Nicoll, 2007; 

Plant et al., 2006; Wenthold et al., 1996). Their possible role in conventional LTP has been 

in debate (Adesnik and Nicoll, 2007; Gray et al., 2007; Plant et al., 2006). Given that the 

NMDAR antagonist APV completely abolishes structural plasticity and activation of 

Ras-ERK signaling cascade (Figures 4.1-4.3) (Harvey et al., 2008b; Matsuzaki et al., 2004; 

Murakoshi et al., 2011), the contribution of CP-AMPARs should be negligible in the 

these processes and was not examined in this study. This would need to be confirmed in 

future experiments using CP-AMPAR-specific inhibitors. 
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Chapter 5. Spatiotemporal integration of ERK activity 

 

5.1 Introduction 

A widely appreciated idea is that long-term synaptic plasticity engages synapse-

to-nucleus signaling, but it is not well understood how signaling cascades triggered at 

different spines are integrated over space and time. To explore this important question, I 

focused on the protein kinase ERK. The activity of ERK is increased both in the dendrites 

and nucleus following LTP induction. More importantly, ERK exerts important yet 

distinct functions both centrally in the cell nucleus and peripherally at synaptic contacts 

(Thomas and Huganir, 2004). Remaining unknown is how synaptic activity at individual 

synapses is integrated and translated into nuclear ERK activation.  

Two-photon glutamate uncaging allows activation of individual synapses with 

precise spatial and temporal control and thus is ideal for investigating signal integration 

among different dendritic locations and over time. 

In this part, three directions were pursued. First, I asked what spatial pattern of 

synaptic activation is required for nuclear ERK activation. To this end, I first determined 

the minimum number of spines needed for nuclear ERK activation. I then determined 

which of sparse and clustered stimulations is more effective in triggering nuclear ERK 

activation. Second, I asked whether nuclear ERK and synaptic ERK represent spatially 

distinct pools of ERK, or whether propagation of ERK activity from the activated 
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dendrite to the nucleus underlies nuclear ERK activation. Third, I asked whether ERK 

activation could be integrated over time. Specifically, I tested whether temporally 

spaced stimuli, each alone subthreshold for ERK activation, trigger nuclear ERK 

activation. 

 

5.2 Results 

5.2.1 Relationship between nuclear ERK activation and stimulated spine 

number 

The results shown in Figures 3.5-3.7 indicate that nuclear ERK activity is 

increased by sLTP induction sequentially at a few spines, but not by sLTP at a single 

spine. This leads to the interesting question of how many synapses are required for 

nuclear ERK activation. Therefore, in this section, I determined the relationship between 

nuclear ERK activation and the number of stimulated spines. Organotypic slices were 

transfected with EKARnuc and positive CA1 pyramidal neurons were used for the 

experiments. Repetitive glutamate uncaging, the sLTP protocol, was delivered 

sequentially to different numbers of spines at a fixed density (total 1-7 spines, 1-3 

spines/dendritic branch, separated by more than 10 μm; for 2- and 3-spine stimulation, 

spines from 2 dendritic branches were stimulated). The fluorescence lifetime of 

EKARnuc in the nucleus was recorded by 2-p FLIM. As shown in Figure 5.1, glutamate 

uncaging at a single spine failed to cause any detectable change in nuclear ERK activity 

(-0.00061 ± 0.003 ns), whereas glutamate uncaging at 3 spines led to a significant 
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decrease in EKARnuc lifetime (-0.015 ± 0.003 ns). The amplitude of EKARnuc signal 

induced by 3-spine stimulation was close to that induced by 7-spine stimulation (P = 

0.11, Figures 5.1 and 3.5), or electrical theta-burst stimulation [~-0.02 ns, see (Harvey et 

al., 2008a)]. Glutamate uncaging at 2 spines distributed over 2 branches induced a 

moderate decrease in EKAR lifetime (-0.00806 ± 0.004 ns), although the signal was not 

statistically different from that induced by 1-spine or 3-spine stimulation (P = 0.12 and 

0.16, respectively). These results suggest that activation of as few as 3 spines is sufficient 

to trigger ERK activation in the neuronal nucleus. 

 

Figure 5.1 Relationship between the number of stimulated dendritic spines and 

change in fluorescence lifetime of EKARnuc. 

(A) Time course of fluorescence lifetime change of EKARnuc following sequential 

stimulation of varied numbers of spines at a fixed density (1-3 spines per dendritic 

branch, separated by more than 10 µm). 

(B) Quantification of the sustained fluorescence lifetime change (averaged over 40-70 

min for 7-spine stimulation and 30-60 min for other stimulations). The numbers of 

samples are indicated next to the data points. Data are means ± SEM. *P < 0.05, ***P < 

0.001, ANOVA followed by post-hoc test using the least significant difference. 
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Translocation of ERK from cytoplasm to the nucleus underlies nuclear ERK 

activation in response to neuronal activity, BDNF stimulation (Wiegert et al., 2007), or 

glutamate uncaging at 7 spines (Figure 3.8). In this study, I also determined how many 

synapses are needed for inducing ERK2 nuclear translocation. Similar to that described 

previously (Figure 3.8), CA1 neurons in organotypic slices were transfected with 

mEGFP-ERK2 and mRFP-MEK1 (at a ratio of 1:3).  The nuclear fraction of mEGFP-ERK2 

was monitored while the neuron was stimulated by uncaging at varied numbers of 

spines at a fixed density (Figure 5.2). Inducing sLTP at a single spine failed to cause any 

detectable nuclear accumulation of mEGFP-ERK2 (normalized nuc/soma ratio = 91 ± 

7%), compared to the sham-treated neurons that were radiated by uncaging laser pulses 

without caged glutamate (normalized nuc/soma ratio = 96 ± 7%; Figure 5.2). However, 

stimulation of 3 spines was sufficient to drive a significant increase in the nuclear 

fraction of mEGFP-ERK2 (normalized nuc/soma ratio = 119 ± 9%, P < 0.05; Figure 5.2).  

Stimulation of 7 spines resulted in even more pronounced accumulation of mEGFP-

ERK2 in the nucleus (140 ± 4%, P < 0.001; Figures 3.5 and 5.2).  

The relationship between nuclear ERK activation and number of activated spines 

was further confirmed by immunostaining, an alternative assay for ERK activity. 

Neurons-expressing mEGFP were subject to sLTP induction at 1, 3, or 7 spines, or sham 

treatment (i.e. 7-spine stimulation protocol without caged glutamate). As negative 

control (i.e. 1 fold), some mEGFP neurons in the same slices were not stimulated 
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(stimulated spine number = 0). Slices were fixed at 1 hr after uncaging and 

immunostained using anti-phospho-ERK antibody. Consistent with earlier results 

(Figure 3.7), stimulation of 7 spines led to a profound increase in pERK level in the 

nucleus (2.48 ± 0.22 fold), compared to unstimulated control (P < 0.001; Figure 5.2B). 

Remarkably, stimulation of 3 spines also produced a significant increase in nuclear 

pERK (1.72 ± 0.5 fold, P < 0.05; Figure 5.2 B). In contrast, pERK level in the nucleus was 

unaltered by stimulation of a single spine (1.06 ± 0.2 fold) or uncaging laser pulses alone 

(0.94 ± 0.07 fold) (Figure 5.2 B). Taken together, these results indicate that nuclear ERK 

activity is significantly increased by activating as few as 3 spines. Considering the large 

size difference between spines and the nucleus (> 2000 fold) (Adams and Dudek, 2005) 

and high basal phosphatase activity in neurons, these results suggest that an 

amplification mechanism must be employed in nuclear ERK activation. 
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Figure 5.2 Relationship between ERK2 nuclear translocation or nuclear phospho-ERK 

level and the number of stimulated spines 

(A) Time course of nuclear accumulation of mEGFP-ERK2 in response to stimulation of 

varied numbers of spines. The nuclear accumulation was quantified as nuclear/somatic 

(nuc/soma) ratio of green fluorescence intensity normalized to baseline. The data of 7-

spine stimulation in the presence (“7-spine”) or absence of caged glutamate (“w/o caged 

glut”) are the same as in Figure 3.8. 

(B) Quantification of the EGFP-ERK2 nuclear translocation (black) and phospho-ERK 

level (green) induced by stimulating varied numbers of spines. The nuc/soma ratio was 

averaged over 55-70 min for 1-spine stimulation and 60-75 min for other groups. As a 

sham control, uncaging laser pulses were delivered to 7 spines in the absence of caged 

glutamate (“w/o caged glut”). For pERK immunohistochemistry (green), the 

immunofluorescence in the nucleus of an mEGFP-expressing neuron was normalized to 

the averaged fluorescence in the nuclei of 5 surrounding untransfected neurons. 

Stimulated neurons were always paired with unstimulated neurons in the same slices 

(see Materials and Methods). Data are means ± SEM. The numbers of samples are 

indicated next to the data points.  
 

5.2.2 Relationship between nuclear ERK activation and number of 

stimulated dendrites 

Next, I asked which of clustered or sparse inputs in more effective in triggering 

ERK activation in the nucleus. To address this question, I varied the number of dendritic 
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branches on which the 7 stimulated spines reside. Notably, clustered stimulation of all 7 

spines on a single branch failed to induce any nuclear ERK activity increase (Figure 5.3). 

In contrast, sparse stimulation of 7 spines that were distributed over 7 different branches 

(i.e. one spine per branch) resulted in activation of nuclear ERK (Figure 5.3). I also 

grouped previous data from 7-spine stimulation (Figure 5.1) based on the number of 

dendrites involved. Given the total number of stimulated spines was 7, stimulation of 3, 

4, 5, or 7 dendritic branches resulted in similar magnitudes of nuclear ERK activation 

(Figure 5.3 B). Moreover, stimulation of 3 spines that were distributed on 2 branches led 

to significant nuclear ERK activity increase (Figure 5.1). Taken together, these results 

suggest that signal integration across multiple dendritic branches is required to induce 

nuclear activation of ERK. 
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Figure 5.3 Relationship between the number of stimulated branches and change in 

fluorescence lifetime of EKARnuc  

(A) Time course of fluorescence lifetime change of EKARnuc following stimulation of 7 

spines that reside on the same branch or on 7 different branches.  

(B) Quantification of EKAR fluorescence lifetime change (averaged over 40-70 min) 

following stimulation of varied numbers of dendritic branches. Data are means ± SEM. 

The numbers of samples are indicated next to the data points. Asterisks indicate 

significant difference compared to the “7-spines-on-1-branch” group (*P < 0.01, **P < 

0.001, ANOVA followed by post-hoc test using the least significance difference).  
 

5.2.3 Dendritic ERK activation induced by sLTP induction 

The finding that activation of 3 spines spreading over 2 branches is more 

effective than activation of 7 spines on the same branch in inducing nuclear ERK 

activation was unexpected yet intriguing. One model is that dendritic branches are non-

linear, saturable structure for ERK activity. To test this hypothesis, dendrites, especially 
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the branching areas on the primary dendrite that receives inputs from branches, were 

monitored following stimulation of different numbers of spines from the same dendritic 

branch. Organotypic slices were biolistically transfected with EKARcyto and EKARnuc 

at a ratio of 1:3. Co-expression of EKARnuc was utilized to lower the expression level of 

EKARcyto, thus avoiding the intrinsic buffering effect of EKAR on ERK activity (also see 

Figure 5.6). Three different regions were simultaneously imaged from EKAR-expressing 

CA1 neurons: 1) the branching area where a secondary dendrite extends off, 2) the 

proximal trunk within 40 m from the soma, and 3) the stimulated dendritic branch 

(Figure 5.4 A). Neurons were stimulated by inducing sLTP in 1, 2, or 3 spines on the 

same dendritic branch (a neuron stimulated at 2 spines from the same branch was 

shown in Figure 5.4 A as an illustration). I found that ERK activity in the branching area 

was nearly unaffected by stimulation of a single spine (EKAR lifetime change: -0.0029 ± 

0.004 ns), whereas it was markedly and persistently increased by stimulation of two 

spines from the same branch (EKAR lifetime change: -0.017 ± 0.003 ns, P < 0.05; Figure 

5.4 B-D). Interestingly, inducing sLTP at one additional spine from the same dendrites 

did not further elevate ERK activity in the branching area (EKAR lifetime change: -0.018 

± 0.005 ns; Figure 5.4 D). ERK activity in the proximal trunk and dendritic branch 

exhibited the same trend (Figure 5.4 E-F), although there was no statistical significance 

between the same-branch, 1-spine, and 2-spine stimulations. These results suggest that 

ERK activity of a dendritic branch is saturated by sequentially activating only 2 spines. 
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Figure 5.4 Activation of only two spines from a dendritic branch saturates ERK 

activity contributed by that branch 

(A) Illustration of the experimental design. In a neuron expressing EKARcyto 

together with EKARnuc, FLIM imaging was performed every 10 min at three different 

locations (marked by the yellow squares). Glutamate uncaging was delivered to induce 

sLTP sequentially in two spines (indicated by the white arrowheads) residing on a 

dendrite that branches off at the branching area. 

(B) Examples of FLIM images of the branching areas in response to same-branch 1-

spine or 2-spine stimulation. Scale bar = 2 µm.  

(C) Time course of EKAR lifetime in the branching area in response to same-branch 

1-spine, 2-spine or 3-spine stimulation (n = 6 for each group). 

(D) Amplitude of EKAR lifetime change in the branching area averaged over 55-75 

min. Data were the same as in (C). *P < 0.05; n.s., not significant; ANOVA followed by 

post-hoc test using the least significance difference 

(E) Amplitude of EKAR lifetime change in the proximal dendritic trunk. 

(F) Amplitude of EKAR lifetime change in the stimulated dendritic branch. 
 

5.2.4 Propagating ERK activity as a synapse-to-nucleus signal 

The observation that nuclear ERK activity was elevated by sLTP induction at a 

few spines in the absence of action potentials (Figures 3.5-3.7) suggests that a 

biochemical signal was conveyed from the activated synapse to the nucleus. Also, 

activation of ERK in the primary dendrite was observed following inducing sLTP at 2 

spines. Therefore, it is very likely that 7-spine stimulation triggers cell-wide, not only 

nuclear, ERK activation. To test this possibility, the ERK activity was measured 

simultaneously in one of the stimulated secondary dendrites, the primary dendritic 

trunk and the nucleus following 7-spine stimulation. For this purpose, organotypic slices 

were transfected with both nuclear and cytosolic forms of EKAR (DNA amount of 

EKARnuc/EKARcyto = 1:1). EKAR-expressing CA1 neurons were imaged by FLIM and 

stimulated by inducing sLTP sequentially at 7 spines (i.e. 7-spine stimulation: 60 pulses 
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at 1 Hz, 4-6 ms pulse duration, at a density of 1-3 spines per dendrite for a total of 7 

spines). Interestingly, EKAR responses varied from cell to cell. EKAR signal, especially 

in the nucleus, was negatively correlated with the level of EKARcyto expression (r = -

0.76, P < 0.01; Figure 5.5 A). Therefore, the neurons were grouped based on the level of 

EKARcyto, although the boundary between high and low levels was arbitrarily chosen 

(expression index = 100, Figure 5.5 A). In neurons with high expression level of 

EKARcyto (EKARnuc + high EKARcyto, Figure 5.5 B), EKAR lifetime change was most 

profound in the stimulated secondary dendrite, moderate in the primary dendrite, and 

negligible in the nucleus. On the other hand, EKAR lifetime change was similar in all 

three compartments in neurons with low EKARcyto level (EKARnuc + low EKARcyto, 

Figure 5.5 C). The design of EKAR sensor provides an explanation to this difference in 

EKAR response. With a docking site for ERK, EKAR sensor protein is an intrinsic ERK 

buffer. Therefore, at high concentration EKAR might prevent spreading of ERK from the 

dendrites to the nucleus. The result from low EKARcyto neurons suggests that ERK is 

activated neuron-wide. Taken together, these results suggest that spreading of activated 

ERK from dendrite to nucleus might underlie nuclear ERK activation in response to 7-

spine stimulation. 
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Figure 5.5 High level of EKARcyto expression abolishes nuclear ERK activation. 

(A) Correlation between ERK activation in the nucleus (averaged over 55-75 min) 

and EKARcyto expression level. The dashed line represents an arbitrary criterion for 

defining EKARcyto level. 

(B) Time course of EKAR fluorescence lifetime in response to 7-spine stimulation in 

neurons with a high level of EKARcyto expression. FLIM images were taken every 10 

min in the nucleus (“nuc”), proximal primary dendritic trunk (“priDen”), and secondary 

dendrite (“secDen”). n = 9. 

(C) Time course of EKAR fluorescence lifetime in response to 7-spine uncaging in 

CA1 neurons with a moderate level of EKARcyto expression. n = 5. 
 

To further confirm that dendrite-to-nucleus propagation of ERK underlies 

nuclear ERK activation, I examined nuclear ERK activity in response to stimulating 7 

spines that were located distally (> 200 μm from the nucleus). In support of the ERK 

propagation model, I found that stimulation of 7 distal spines activated nuclear ERK 

with an obvious delay (Figure 5.6 A). But the stabilized activity was similar to that 

induced by the typical 7-spine stimulation in which 7 proximal spines (50-200 m) are 

uncaged (P = 0.27, Figure 5.6 B). 
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Figure 5.6 Distal stimulation activates nuclear ERK with a delay 

(A) Time course of EKARnuc lifetime change in the nucleus following sLTP 

induction at 7 spines that are located distally (> 200 μm, red, n = 7), or proximally (50 - 

200 μm, black, data from Figure 5.1, n = 44 ) 

(B) Quantification of EKAR lifetime change in the nucleus in response to distal or 

proximal stimulation shown in (A) (averaged over 70-75 min for distal and 40-70 min for 

proximal). 
 

5.2.5 Integration of ERK activity over time 

Stimulation of spines distributed over two or more dendrites produces 

significant nuclear ERK activation (Figures 5.1-5.2), whereas stimulation of spines on a 

single dendrite does not (Figure 5.3). However, stimulation of spines (2-3) on a single 

dendrite leads to dendritic ERK activation that persists for over 1 hr (Figure 5.4). 

Therefore, an interesting question is whether ERK signals from different dendrites can 

still effectively integrate when temporally spaced. To answer this question, I monitored 

nuclear ERK activity in response to two temporally spaced stimulations, each consisting 

of sLTP induction at 2 spines from one branch. The second stimulation was applied 30 
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min after the first stimulation, to a different branch (“Different branches”, Figure 5.7 A). 

As a control, the second stimulation was applied to the same branch (“Same branch”, 

Figure 5.7 A). As expected for uncaging at spines in a single dendrite, the first 2-spine 

stimulation did not change EKAR lifetime in the nucleus (Figure 5.7 B). The second 

stimulation, when applied to a different branch, induced a significant decrease in 

nuclear EKAR lifetime (Figure 5.7 B). This result suggests that dendritic ERK can be 

integrated over at least 30 min for inducing nuclear ERK activation. Two temporally 

spaced stimulations, when applied on the same dendrite, failed to activate ERK (Figure 

5.7 B), suggesting that temporal spacing alone cannot integrate subthreshold signals to 

induce nuclear ERK. This result also confirms that ERK input from a branch is saturated 

by activation of two spines (see Figure 5.4). Interestingly, ERK activation produced by 

the second stimulation on a different branch varied among trial to trial. Upon close 

examination, a strong negative correlation between ERK signal and distance between 

branching points was found (r = -0.71; P < 0.01). When grouped based on the distance 

between branching points (30 µm was arbitrarily set as the criterion), the present data 

show that spaced stimulation of two dendrites within 30 µm is much less effective in 

inducing nuclear ERK activity than spaced stimulation of two dendrites separated by 

more than 30 µm (Figure 5.7 C). 
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Figure 5.7 Temporally spaced 2-spine stimulations induce nuclear ERK activity 

increase 

(A) Cartoon illustration of temporally spaced 2-spine stimulations. Each 2-spine 

stimulation, represented by a black arrow, consists of sLTP induction at two spines (red 

circles) from a single branch. The second 2-spine stimulation was either applied to the 

same branch (“Same branch”) or to a different branch (“Different branches”). 

(B) Time course of EKAR lifetime change in the nucleus in response to spaced 2-

spine stimulations applied to the same branch (black, n = 6), or to two different branches 

(red, n = 11). 

(C) Mean EKAR lifetime change averaged over 70-80 min in neurons subject to 

spaced 2-spine stimulations. The second stimulation was applied to the same branch 

(“Same”), to a different branch with < 30 μm between two branching points (“< 30 μm”, 

n = 6), or to a different branch with > 30 μm between two branching points (“> 30 μm”, n 

= 6). **P < 0.01, ANOVA followed by post-hoc test using the least significance difference. 
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5.3 Discussion 

Dendrites are both electrical and biochemical inputs of the neuron. Integration of 

electrical inputs from different dendrites, usually referred as dendritic integration, has 

been extensively studied by electrophysiological approaches (Magee, 2000). However, 

our understanding of how biochemical signals from different dendrites orchestrate to 

inform the nucleus has been limited, probably to due to lack of a high-resolution, real-

time readout. During the past few years, a large number of genetically encoded FRET 

sensors for enzyme activity have been developed (Miyawaki, 2003). Combining a FRET 

sensor for ERK and two-photon glutamate uncaging, the present study set out to 

investigate the spatiotemporal activity of ERK in neurons. In this Chapter, three aspects 

of the ERK activity integration were studied: spatial summation and pattern, amplitude 

of unitary synaptic/dendritic ERK signal, and temporal summation.  

I found that nuclear ERK activation and translocation were triggered by inducing 

sLTP at as few as 3 spines distributed over 2 dendritic branches (Figures 5.1-5.2). 

Interestingly, inducing sLTP at 7 spines distributed on the same dendritic branch failed 

to trigger nuclear ERK activation (Figure 5.3). One possible mechanism is that each 

dendritic branch acts as a biochemical signaling unit and can emit only a limited amount 

of biochemical signal to the nucleus irrespective of the number of stimulated spines. This 

model was corroborated by the observation that ERK activity at the branching area in 

the primary dendrite was almost saturated by stimulation of 2 spines on the same 
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branch (Figure 5.4). Indeed, it has been well established that stimulation of a single spine 

can induce signal transduction in surrounding spines and dendritic shaft over 5-50 µm 

(Govindarajan et al., 2011; Harvey et al., 2008b; Murakoshi et al., 2011). Therefore, 

clustered spines have both spine-specific signals, as exemplified by Cdc42 (Murakoshi et 

al., 2011) and overlapping or even shared biochemical signaling pools, as exemplified by 

Ras (Govindarajan et al., 2011; Harvey et al., 2008b; Murakoshi et al., 2011). 

One-to-one topographical organization of synaptic inputs onto a dendritic 

branch has not been found in mammalian brain region (Branco and Häusser, 2010). In 

pyramidal neurons, nearby spines on the same dendritic branch are innervated by 

different axons (Kleindienst et al., 2011). However, functional clustering of synaptic 

inputs has been reported. Synapses that are located within 8-16 µm on the same 

dendritic branch are much more likely to be coactive during spontaneous activity in 

both developing and mature hippocampal neurons (Kleindienst et al., 2011; Takahashi et 

al., 2012). This was further confirmed in live animals. Spontaneous co-activity is more 

likely to occur in clustered spines (< 6 um) in the barrel cortex of anaesthetized mice 

(Takahashi et al., 2012). 

Several lines of evidence suggest that synaptic plasticity, like spontaneous 

activity, is clustered on the dendrite. First, LTP induced by theta-burst stimulation (TBS) 

induces new spine formation preferentially in the proximity of activated spines (De Roo 

et al., 2008). Second, sensory experience induces synaptic enhancement in a clustered 
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manner (< 8 um) in the barrel cortex in vivo (Makino & Malinow, 2011). Moreover, after 

LTP is induced at a single spine by two-photon glutamate uncaging, LTP could be 

induced at a nearby spine by a subthreshold stimulus that by itself is normally too weak 

to induce LTP. The LTP induction threshold is lowered for 10 min over a 10 µm 

dendritic segment (Harvey and Svoboda, 2007). These forms of clustered plasticity can 

be explained by 1) spreading of signaling molecules that act through phosphorylation to 

sensitize neighboring synapses (Harvey and Svoboda, 2007) and/or 2) activation of 

dendritic translation and production of plasticity-related proteins (PRPs) that are 

effectively captured by tagged synapses within a dendritic branch (Govindarajan et al., 

2011; Govindarajan et al., 2006). These two mechanisms are not necessarily mutually 

exclusive and both involve activation of Ras-ERK signaling pathway (Harvey et al., 

2008b; Kelleher et al., 2004a). My finding that activation of 2 spines almost saturated the 

dendritic ERK activity (Figure 5.4) is consistent with the mechanisms of clustered 

plasticity, suggesting that stimulation of one or two spines produces ERK activity 

spreading over a long stretch of dendrite. In addition, the failure of clustered spines to 

induce a nuclear ERK signal (Figure 5.3) suggests a plausible mechanism of how nucleus 

senses and then ignores the background noise—the co-activity of clustered spines 

during spontaneous network activity. 

I also found that integration between different dendrites, which is required for 

nuclear ERK activation, can occur even when two stimuli are spaced by 30 min (Figure 
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5.7). Interestingly, this integration is less effective if the two dendritic branches are 

adjacent to each other (i.e. < 30 µm between branch points). These results suggest that 

adjacent dendritic branches, just like same-branch spines, have overlapping or even 

shared biochemical signaling pools. 

In this study, I also observed that stimulation of distal spines (> 200 µm) activates 

nuclear ERK with a delay of ~ 40 min (Figure 5.6) compared to stimulation of proximal 

spines (50-200 µm). This suggests that ERK spreading has very slow kinetics. 

Consistently, nuclear ERK activation is a slow and gradual process, reaching plateau 

after 30 min or more (Figures 3.5, 3.7, 5.1, 5.2). The slow rate of ERK spreading is 

consistent with diffusion of signaling molecules from spines to the soma. ERK has a 

diffusion coefficient (Deff) of ~7  µm2/s in the cytoplasm (Lidke et al., 2010). Therefore, the 

estimated time it takes to travel 100-200 µm by passive diffusion is ~14-47 min (t ≈ x2 / 

2Deff, x is the mean distance traveled by the diffusing solute in one direction along one 

axis after elapsed time t). Consistent with a diffusion-driven mechanism, Wiegert et al. 

reported that ERK trafficking in the dendrite is bidirectional and mediated by passive 

diffusion (Wiegert et al., 2007). However, diffusion-mediated ERK trafficking is 

challenged by decay mechanisms such as dilution and dephosphorylation. An 

amplification mechanism must cooperate with passive diffusion to overcome signal 

decay and achieve effective synapse-to-nucleus communication. Future experiments 

may be designed to determine the nature and locale of this amplification mechanism. 



 

107 

Alternatively, the slow kinetics of ERK might be compatible with an importin-mediated 

retrograde transport which operates on a time scale of minutes (Thompson et al., 2004). 

Importin-mediated transport is usually accompanied by a loss of transported protein in 

the dendrites (Karpova et al., 2013; Lai et al., 2008), which was not observed for ERK 

(Figure 5.4). The present study, however, has not ruled out the possibilities of facilitated 

diffusion and slow active transport as potential mechanisms for ERK spreading. 

Furthermore, it has been shown that glutmate-induced nuclear accumulation of ERK is 

regulated by endocytosis (Trifilieff et al., 2009). Trafficking of ERK in endocytic vesicles 

may be an efficient way to overcome dephosphorylation over a long distance 

(Kholodenko, 2003). The slow kinetics of ERK spreading cannot be accounted by fast 

mechanisms such as Ca2+ waves and traveling phosphorylated kinase waves 

(Kholodenko, 2003; Watanabe et al., 2006). In Chapter 7, I discuss in greater detail on 

how ERK signal could be perpetuated in the face of decay mechanisms. 
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Chapter 6. Nuclear targets for ERK activity increase triggered by 

sLTP induction at a few spines 

6.1 Introduction 

Some of the nuclear targets of ERK signaling pathway during LTP have been 

proposed, including transcription factors CREB and Elk-1, suggesting a major role for 

ERK in the regulation of gene expression (Thomas and Huganir, 2004). It is known that 

ERK mediates phosphorylation of transcription factor CREB at Ser133 in response to 

growth factor stimulation or LTP induction (Impey et al., 1998; Thomas and Huganir, 

2004; Xing et al., 1996). Under basal conditions, CREB sits prebound to cAMP response 

element (CRE) in the promoter of target genes. Upon phosphorylation at Ser133 by RSK 

or MSK, the kinases downstream of ERK, CREB binds transcriptional coactivator CREB-

binding protein (CBP). This leads to: 1) CBP-mediated recruitment of transcription 

machinery to promoters of CRE-containing genes, and 2) CBP-catalyzed histone 

acetylation that renders chromatin more accessible to transcription (West et al., 2001). 

Therefore, phosphorylation of Ser133 constitutes an essential step in the induction of 

CRE-mediated gene expression. 

Elk-1 is phosphorylated in an ERK-dependent manner in the insular cortex in 

response to new taste stimuli and in the dentate gyrus in response to LTP induction 

(Berman et al., 1998; Besnard et al., 2011; Davis et al., 2000). Unlike CREB which is 

phosphorylated by kinases downstream of ERK, Elk-1 is directly bound and 

phosphorylated by ERK at multiple phosphorylation sites (Fantz et al., 2001). 
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Phosphorylation at Ser383, the site crucial for Elk-1’s transcriptional activity, leads to 

recruitment of serum response factor (SRF) and formation of ternary complex at the 

serum response element (SRE) in the promoter region of target genes. Moreover, 

activated Elk-1 recruits coactivators that acetylate core histones and relieve repression of 

transcription through chromatin remodeling (Besnard et al., 2011).  

In this chapter, I set out to investigate the functional consequence of nuclear ERK 

activation induced by muti-spine uncaging. Specifically, I asked whether the sustained 

ERK activity elicited by sLTP induction at a few spines leads to phosphorylation of 

transcription factors CREB and Elk-1. 

 

6.2 Results 

6.2.1 Seven-spine stimulation induces phosphorylation of transcription 

factors 

To address the question above, I first determined whether sLTP induction at 7 

spines (7-spine stimulation) could cause phosphorylation of these transcription factors. 

This was examined by measuring the phosphorylation state of transcription factors 

CREB and Elk-1 by immunostaining. Slices were transfected biolistically with mEGFP. 

After glutamate uncaging at 7 spines of mEGFP-expressing CA1 neurons, the slices were 

fixed at 45 or 90 min and immunostained for CREB phosphorylated at Ser133 (Figure 6.1 

A and B), or Elk-1 phosphorylated at Ser383 (Figure 6.1 C and D), the phosphorylations 

essential for triggering their transcriptional activity (Gille et al., 1995b; Gonzalez and 
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Montminy, 1989). Under the basal condition, the level of phosphorylated CREB (pCREB) 

varied from neuron to neuron perhaps due to spontaneous circuit activity, while that of 

phosphorylated Elk-1 (pElk-1) was always low (Figure 6.1, A and C). On average, 

mEGFP-positive, unstimulated neurons show similar level of pCREB and pElk-1 

compared to surrounding neurons (Figure 6.1, B and D). However, at 45 and 90 min 

after uncaging, the levels of pCREB and pElk-1 were ~2 fold higher in uncaged neurons 

than in surrounding untransfected neurons (Figure 6.1, B and D). These results indicate 

that stimulation of a few dendritic spines induces, in addition to sustained activation of 

ERK, sustained phosphorylation of transcription factors.  
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Figure 6.1 Phosphorylation of CREB and Elk-1 triggered by induction of sLTP at 7 

spines 

(A) Immunofluorescent images of phosphorylated CREB (red; “pCREB”) imaged under 

a confocal microscope.  Seven spines of neurons expressing mEGFP (green) were 

stimulated and the slices were fixed 45 min after stimulation (“Uncaged”). An 

unstimulated mEGFP neuron in the same slices is also shown (“Unstim”) as negative 

control. The nuclei were stained with 4',6-diamidino-2-phenylindole (DAPI) (blue). Scale 

bars, 20 µm. 

(B) Quantification of the fluorescence intensity of pCREB in the nuclei identified with 

DAPI. The fluorescence in the nuclei of mEGFP-expressing neurons was normalized to 

the average fluorescence in nuclei of 5 surrounding untransfected neurons. Stimulated 
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neurons were always paired with unstimulated neurons in the same slices (see Chapter 

2 Material and Methods). The numbers of neurons are indicated at the bottom of the 

graph. (***P < 0.001, ANOVA followed by post-hoc test using the least significant 

difference). 

(C) Immunofluorescent images of phosphorylated Elk-1 (red; “pElk-1”).  Seven spines of 

neurons expressing mEGFP (green) were stimulated and the slices were fixed 45 min 

after stimulation (“Uncaged”). An unstimulated mEGFP neuron in the same slices is also 

shown (“Unstim”) as negative control. The nuclei were stained with DAPI (blue). 

Images were smoothed with Gaussian filter. Scale bars, 20 µm. 

(D) Quantification of the fluorescence intensity of pElk-1 in the nuclei identified with 

DAPI. Quantification was performed in the same way as in (B). The numbers of neurons 

are indicated at the bottom of the graph. (***P < 0.001, ANOVA followed by post-hoc test 

using the least significant difference). 

 

6.2.2 Phosphorylation of CREB and Elk-1 is mediated by ERK activity 

As shown in the previous sections, sLTP induction at as few as 7 spines led to 

both sustained ERK activity increase in the nucleus and sustained phosphorylation of 

transcription factors CREB and Elk-1. It is still unknown whether it is the ERK pathway 

that mediates the phosphorylation of these transcription factors in response to 7-spine 

uncaging. Indeed, CREB sits at the crossroad of several signaling pathways and can be 

phosphorylated at Ser133 by different kinases including PKA, CaMKIV and ERK in vivo 

and by even more pathways in vitro (West et al., 2001). To test the hypothesis that ERK 

mediates sustained phosphorylation of CREB and Elk-1 in response to sLTP induction at 

a few spines, I assessed the levels of pCREB and pElk-1 in the presence and absence of 

ERK inhibitor FR180204. In the nuclei of unstimulated mEGFP neurons (“Unstim”, 

Figure 6.2), inhibition of ERK by FR180204 did not affect the levels of pCREB and pElk-1. 

This suggests that the spontaneous phosphorylation of CREB occasionally observed in 
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untransfected neurons (Figure 6.1 A) might be mediated by other signaling pathways 

such as CaMKIV or PKA (West et al., 2001). In contrast, the strong phosphorylation of 

CREB and Elk-1 induced by 7-spine uncaging was completely abolished by FR180204 

(“Uncaged”, Figure 6.2 A-B), indicating that ERK activation triggered by sLTP induction 

at a few spines leads to CREB and Elk-1 phosphorylation. 

 

 

Figure 6.2 Phosphorylation of CREB and pElk-1 induced by 7-spine stimulation 

depends on ERK activity 

Effect of ERK inhibitor FR180204 on the levels of pCREB (A) and pElk-1 (B) in mEGFP 

neurons that were either unstimulated and used as negative control (“Untim”), or 

stimulated by inducing sLTP sequentially at 7 spines (“Uncaged”). The 

immunofluorescence in the nuclei of mEGFP-expressing neurons was normalized to the 

average immunofluorescence in nuclei of 5 surrounding untransfected neurons. The 

numbers of neurons are indicated at the bottom of the graph. *P < 0.05, ANOVA 

followed by post-hoc test using the least significant difference. 
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6.3 Discussion 

6.3.1 ERK-mediated CREB phosphorylation is triggered by activating a few 

spines 

Long-term maintenance of LTP, learning and memory all requires de novo gene 

expression. In the case of hippocampal LTP, it has been shown that the late phase is 

blocked by transcription inhibitors, suggesting a critical role for gene induction in 

modifying synaptic function (Nguyen et al., 1994). CREB–mediated gene transcription 

has been implicated in both LTP and memory (Barco et al., 2003). The mechanisms of 

CREB activation haven been extensively studied in neurons. As reported by Impey and 

colleagues, the ERK-Rsk1 pathway mediates Ca2+-mediated CREB-dependent 

transcription in a PKA-dependent manner, whereas CaMKIV is largely dispensable. 

More importantly, high-frequency stimulation-induced LTP (HFS-LTP) in CA1 neurons 

is associated with CRE-mediated gene expression as detected by CRE-LacZ transgenic 

mice. Both the late phase of LTP and CRE-LacZ gene expression were abolished by 

inhibiting ERK pathway, suggesting that ERK pathway is the predominant CREB-

activating pathway in neurons (Impey et al., 1998). Using a shorter stimulation (3 min 

instead of 4 hr of KCl), another group has revealed a transient phase of CREB 

phophosrylation mediated by CaM kinase pathway that is followed by a sustained 

phase mediated by ERK pathway (Wu et al., 2001b). 

Structural plasticity (sLTP) is a form of long-term synaptic plasticity that can be 

induced at individual spines by repetitive glutamate uncaging (Matsuzaki et al., 2004). 
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Maintenance of the structural changes during sLTP, at least for the first hour, is 

independent of de novo gene expression (Tanaka et al., 2008). However, it is unknown 

whether more enduring structural changes (for hours) require new gene expression. 

Also, it has been unclear whether nuclear events could be triggered by inducing sLTP in 

the absence of global calcium rise. In the present study, I have shown that 

phosphorylation of CREB could be triggered by inducing sLTP at a few spines, in an 

ERK-dependent manner (Figures 6.1-6.2). These results, in line with the previous finding 

that the ERK pathway mediates CREB phosphorylation during conventional LTP 

(Impey et al., 1998), suggesting that the ERK pathway is the primary signaling pathway 

responsible for CREB-mediated transcription in some forms of synaptic plasticity. 

Consistent with these ex vivo studies, an in vivo study has shown that hippocampus-

dependent fear conditioning is associated with ERK-mediated CREB phosphorylation 

(Trifilieff et al., 2006). My results also suggest that sequential activation of as few as 7 

spines, without causing a global Ca2+ rise, might be sufficient for activating new gene 

transcription.  

However, an important consideration is that phosphorylation of the transcription 

factor CREB at Ser133 does not necessarily lead to its activation or downstream 

transcription. Several additional mechanisms exist for regulating CREB-mediated gene 

transcription. First, CREB could be phosphorylated at several other sites in addition to 

Ser133. For example, Ser142 is phosphorylated together with Ser133 by CaM kinase in 
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response to calcium elevation (Lonze and Ginty, 2002). Phosphorylation of Ser142 poses 

a physical hindrance for interaction between CREB and CBP, thus favoring an 

alternative CBP-independent CREB pathway (Kornhauser et al., 2002; Parker et al., 1998; 

Wu and McMurray, 2001). Second, CREB is subject to modulation by other 

posttranslational modifications. For example, CREB is acetylated by its coactivator CBP 

and such acetylation negatively regulates the transcriptional activity of CREB (Lu et al., 

2003) Third, the activities of coactivators are also subject to modulation. For example, 

CBP can be phosphorylated at Ser439 or Ser301 and its transcription-activating ability is 

dependent on its phosphorylation (Impey et al., 2002; Zanger et al., 2001). In fact, CREB 

Ser133 phosphorylation is dissociable from CREB-CBP-activated transcription. CBP 

activation requires nuclear Ca2+ and CaM kinase IV or cAMP. It has been shown that 

activation of Ras-ERK signaling pathway, although sufficient to induce CREB Ser133 

phosphorylation and CBP recruitment, fails to activate CREB/CBP-mediated 

transcription (Chawla et al., 1998; Hardingham et al., 1999). In addition to the positive 

modulation through phosphorylation, CBP is also negatively modulated through 

methylation at its arginine residues (Xu et al., 2001). Finally, because CREB is not the 

only binding partner for the coactivators, competition with other nuclear proteins for 

vacant coactivators provides an extra layer of control for CREB-mediated transcription. 

Taken together, it is still unclear whether CREB-mediated gene transcription is induced 

by sLTP induction at a few spines.  
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6.2.2 ERK-mediated Elk-1 phosphorylation is triggered by activating a few 

spines 

Although Elk-1 is a substrate of several MAPKs including ERK and p38 kinase, 

several studies have demonstrated that ERK signaling pathway mediates Elk-1 

phorphorylation in response to neuronal activation and synaptic plasticity. Elk-1 is 

phosphorylated by ERK upon electrical stimulation of the corticostriatal pathway in vivo 

or upon glutamate stimulation in striatal slices (Sgambato et al., 1998; Vanhoutte et al., 

1999). ERK-mediated Elk-1 phosphorylation is also found in hippocampal neurons after 

induction of LTP (Davis et al., 2000) or contextual fear conditioning (Sananbenesi et al., 

2002). Interestingly, ERK-dependent phosphorylation of Elk-1 is also observed in both 

NMDAR-dependent LTD in vivo or mGluR-LTD (Lindecke et al., 2006; Thiels et al., 

2002). The functional significance of Elk-1-mediated transcription in bidirectional 

synaptic plasticity is still undefined, although one of its target genes, Zif268, has been 

found to be crucial to the late phase of LTP and memory (Jones et al., 2001) 

In the present study, I determined whether induction of sLTP at a few dendritic 

spines was sufficient to cause Elk-1 phosphorylation, a prerequisite for SRE-mediated 

transcription. I found that phosphorylation of Elk-1 was triggered by inducing sLTP at a 

few spines, in an ERK-dependent manner (Figures 6.1-6.2). These results, being in line 

with the previous findings discussed above, imply that ERK plays an important role in 

regulating SRE-controlled genes in neurons. 
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The caveat for CREB phosphorylation also applies here: Elk-1 phosphorylation at 

Ser383 does not guarantee transcription of SRE-containing genes. SRE-mediated 

transcription is regulated by additional mechanisms. First, just like CREB, Elk-1 could be 

phosphorylated at multiple sites. For example, serum- and glucocorticoid-inducible 

kinase 1 (SGK1) phosphorylates Elk-1 at Ser159 and Thr160, abolishing its 

transcriptional activity (Tyan et al., 2008). Second, Elk-1 is also subject to other 

posttranslational modifications. Small ubiquitin-like modifier (SUMO) conjugation 

promotes nuclear export of Elk-1, thus shutting off Elk-1-mediated transcriptional 

activation (Salinas et al., 2004). Third, SRF, Elk-1’s binding partner in the ternary 

complex, is also regulated by phosphorylation events that alter its affinities for DNA 

and Elk-1 (Posern and Treisman, 2006). Fourth, in the same way that CREB competes 

with other nuclear proteins for CBP, Elk-1 also competes with other ternary complex 

factors (TCFs) or myocardin-related transcription factors (MRTFs) for binding to SRF 

(O'Sullivan et al., 2010; Posern and Treisman, 2006). Finally, phosphorylation of Elk-1 at 

Ser383 could lead to recruitment of corepressor complexes that possess intrinsic histone 

deacetylase activities (HDAC). This in turn leads to compaction of chromatin and 

repression of transcription (Yang et al., 2001). 

In contrast to CREB, Elk-1 might be phosphorylated in the cytoplasm where it 

resides in its resting state in mature neurons (Besnard et al., 2011). Therefore, 

phosphorylation of Elk-1 (Figure 6.1 C, D) and nuclear ERK activity increase (Figures 
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3.5-3.6) are, instead of causally related, temporally correlated processes that are both 

downstream of cytoplasmic ERK activation. In fact, it has been proposed that ERK2 and 

Elk-1 are recruited to a protein complex that translocates into the nucleus following 

glutamate treatment (Trifilieff et al., 2009). This type of cytoplasm-to-nucleus 

translocation of protein complex comprising ERK and its substrate has also been 

reported recently (Karpova et al., 2013), and may be a common theme in synaptic 

plasticity. Future experiments are needed to determine if translocation of ERK-Elk-1 

complex occurs in response to 7-spine stimulation.  

 

6.3.3 Future directions 

Although I have demonstrated that ERK activity increase triggered by activating 

7 spines leads to phosphorylation of transcription factors, at sites critical for their 

activation, it remains unclear whether gene transcription is induced. Therefore, future 

experiments may include monitoring synthesis of new mRNA by in situ hybridization. 

The role of ERK in gene induction might be determined by assessing the effect of ERK 

inhibitor on new mRNA synthesis. Genes that contain CRE and/or SRE sites in their 

promoter regions and are implicated in synaptic plasticity, such as c-fos and Zif268, are 

primary candidates to begin with (Tischmeyer and Grimm, 1999). Because dendritic 

targeting and local translation of mRNA may play an important role in synaptic 
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plasticity and memory formation (Sutton and Schuman, 2006), ideally the subcellular 

localization of new transcripts should also be examined. 

Assuming that transcription is induced by 7-spine stimulation, it still remains 

unknown whether translation is induced. Therefore, it would be interesting to monitor 

new protein synthesis in response to glutamate uncaging at a few spines, in the absence 

and presence of ERK inhibitor. The most straightforward approach is to use 

immunohistochemistry with antibodies against proteins of interest, although this 

method suffers from poor spatiotemporal resolution. Novel methods have been 

developed to visualize translation of a specific mRNA, even in the dendrites and 

synapses (Martin and Zukin, 2006). For example, in a pioneering study by Schuman lab, 

GFP sequence was flanked by the 5’ and 3’ regions of CaMKII and delivered biolistically 

into neurons. Newly synthesized fluorescent protein, as a surrogate for CaMKII, was 

detected in real time in the soma as well as dendrites in response to BDNF stimulation 

(Aakalu et al., 2001). 

In addition to transcriptional activation, ERK has been found to mediate 

acetylation and phosphorylation of histone H3 in contextual fear conditioning (Chwang 

et al., 2006b; Levenson et al., 2004a). It would be interesting to determine whether these 

histone H3 modifications are triggered by 7-spine stimulation in an ERK-dependent 

manner, using antibodies against phospho-H3 and acetyl-H3. 
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Chapter 7. General discussions and future directions 

 

In the present study, I have examined the spatiotemporal dynamics of ERK in 

response to structural plasticity (sLTP) induction at individual spines. Remarkably, I 

found that inducing sLTP at as few as three spines is sufficient to produce a significant 

increase in ERK activity in the neuronal nucleus which is about a hundred microns away 

from and 2,000-fold larger in volume than the stimulated spines (Adams and Dudek, 

2005). Because global firing is inhibited by TTX, the nuclear ERK signal elicited by 

activating a few spines implies the existence of synapse-to-nucleus communication, as 

well as an amplification mechanism that ensures the effectiveness of this 

communication. The spatiotemporal integration required for nuclear ERK activation was 

also investigated. The present data have revealed that although sustained dendritic ERK 

activation is induced by stimulation a single dendrite, nuclear ERK activation requires 

integration between different dendrites. This requirement for more than one dendrite is 

partially explained by the observation that the biochemical input from a single dendritic 

branch could be saturated by stimulating 2 spines. A threshold mechanism must exist, 

the nature of which remains to be determined in the future. Furthermore, the ERK 

activity increase induced by uncaging at a few spines seems to have nuclear functions- 

phosphorylation of transcription factors. Whether nuclear ERK induced by uncaging has 
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additional nuclear functions (e.g. histone H3 phosphorylation) and further impacts on 

gene expression remains to be elucidated. 

 

Why ERK activity is long-lasting? 

ERK activation in the neuron might be transient or sustained, depending on the 

type of stimuli and neurons. Fear conditioning training upregulates ERK activity in CA1 

neurons in vivo which peaks around 1 hr and returns to baseline within 3-4 hr (Chwang 

et al., 2006a). Less physiological stimulations, such as BDNF and KCl, also induce 

gradual and sustained ERK activation (Wiegert et al., 2007; Wu et al., 2001a). In contrast, 

ERK activation induced by high-frequency stimulation (HFS) or theta-burst stimulation 

was transient, returning to baseline within ~30 min (English and Sweatt, 1997; Harvey et 

al., 2008a). The duration of ERK activation is a critical determinant of its biological 

outcome. For example, in PC12 cells, NGF-induced sustained ERK activity favors 

differentiation whereas EGF-induced transient ERK activity favors proliferation 

(Pellegrino and Stork, 2006). In the present study, I have found that uncaging-induced 

ERK activation in the nucleus and dendrites is gradual and sustained, persisting for 

more than 70 min. The persistence of ERK activity is intriguing, considering the transient 

durations of its upstream activators: calcium transients cease within 1 s after completion 

of uncaging (Figure 4.3) and Ras activity returns to baseline within 5 min (Harvey et al., 

2008b). Here, I speculate on the potential mechanisms that might account for the 
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sustained ERK activation following induction of sLTP at a few spines. These 

mechanisms are not mutually exclusive and might be working together. 

No activation or inactivation of phosphatases  

Although ERK is activated through phosphorylation of its threonine and tyrosine 

residues exclusively by kinase MEK, it is inactivated by three classes of protein 

phosphatases: dual-specificity phosphatases, serine/threonine phosphatases, and protein 

tyrosine phosphatases (Alessi et al., 1995; Camps et al., 2000; Pulido et al., 1998). The 

duration of ERK activation is tightly controlled by a balance of kinases and 

phosphatases. In the case of glutamate stimulation, ERK activation is terminated by 

striatal-enriched protein tyrosine phosphatase (STEP) which is activated by calcineurin 

through dephosphorylation (Paul et al., 2003). Activity of phosphatases such as 

calcineurin and PP1 is dependent on moderate calcium signals which may result from 

spontaneous firing (Li et al., 2012). However, the tight balance between kinases and 

phosphatases might be tilted towards kinases in our system. Phosphatases might be 

inactive due to lack of moderate Ca2+ transients, an effect caused by inclusion of TTX 

throughout the experiment. To test this hypothesis, ERK activity can be measured in 

neurons subject to sLTP induction (strong Ca2+ signal) and then sLTD induction 

(moderate Ca2+ signal)(Oh et al., 2013). A reversal of ERK activation by sLTD induction 

would indicate that the observed sustained activity of ERK is due to phosphatase 

inhibition in our experimental system. 
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Positive feedback loop of kinases 

Computational biologists have proposed that a positive feedback loop that 

involves reciprocal activation of ERK and PKC accounts for sustained activation of ERK 

(Ajay and Bhalla, 2007; Kuroda et al., 2001; Markevich et al., 2006). Recently, the 

existence of such a positive feedback loop has been confirmed experimentally in 

cerebellar LTD (Tanaka and Augustine, 2008; Yamamoto et al., 2012). Given that PKC is 

also activated by glutamate uncaging (Matsuzaki et al., 2004), it is possible that the same 

positive feedback loop is also involved in the persistent ERK activation induced by sLTP 

induction at a few spines. As discussed above, this possibility could be tested by 

disrupting the loop without affecting sLTP induction, for example by PLA2 inhibition or 

delayed PKC inhibition.  

 

Positive feedback from BDNF 

In a recent study, Maharana et al. has demonstrated that KCl-induced sustained 

ERK activation is susceptible to inhibitions of protein synthesis, gene transcription, and 

receptor tyrosine kinase (Maharana et al., 2013). More remarkably, sustained ERK 

activation is also prevented by anti-BDNF antibodies. Therefore, a positive feedback 

loop mediated by BDNF synthesis underlies sustained ERK activation induced by KCl. It 

is possible that this BDNF-mediated positive feedback is also involved in uncaging-

induced ERK activation. Moreover, given that facts that BDNF mRNA is localized in 
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dendrites (Tongiorgi et al., 1997) and that ERK activity is an integral part of dendritic 

translation (Kelleher et al., 2004a), it is also possible that a local BNDF synthesis around 

the stimulated spine  contributes to sustained ERK activation in the nucleus and 

dendrites. To test this hypothesis, the effect of receptor tyrosine kinase inhibitor or anti-

BDNF antibodies on ERK activation in response to multi-spine uncaging should be 

assessed. 

 

Protection by bound proteins 

Transport of phosphorylated kinases over long distances is critical to axon-to-

soma signaling after nerve injury. How is the phosphorylated state protected during 

long-distance transport in the face of constitutive phosphatase activity in neurons? This 

question has been elegantly addressed in the case of retrograde transport of 

phosphorylated ERK in axons (Perlson et al., 2005). Upon activation at injured nerve 

ends, ERK is retrogradely transported to the soma through association with molecular 

motor dynein and importin β. Association of ERK with intermediate filament vimentin 

is crucial for preservation of its phosphorylation state and its downstream actions in the 

nucleus. Vimentin protects ERK phosphorlation by providing a steric hindrance against 

phosphatases (Perlson et al., 2006). Furthermore, a recent study has found that physical 

protection by associated proteins might also play a role in dendritic trafficking of 

phosphorylated ERK (Karpova et al., 2013). Upon synaptic NMDAR activation, ERK 

binds and phosphorylates a novel postsynaptic protein Jacob, which in turn recruits 



 

126 

intermediate filament α-internexin. The binding of α-internexin protects both pERK and 

phospho-Jacob from dephosphorylation, ensuring the nuclear accumulation and actions 

of these phosphoproteins. It is plausible that the ERK activation induced by multi-spine 

uncaging is protected by steric hindrance posed by bound proteins. It is also plausible 

that the multi-spine uncaging-induced ERK propagation and nuclear activation involve 

formation of a trimeric complex with Jacob and α-internexin. In fact, ERK activation in 

this study and Jacob activation (Karpova et al., 2013) seem to share the same NMDAR 

dependence and slow time course. In the future, these possibilities could be addressed 

by examining the spatiotemporal kinetics of Jacob and α-internexin upon multi-spine 

uncaging. Moreover, it remains unknown whether nuclear ERK activation induced by 

uncaging at a few spines is impaired by blocking the interactions of ERK with these 

proteins. 

 

ERK pathway as a synapse-to-nucleus signal 

The work presented in this dissertation illuminates the mechanisms of synapse-

to-nucleus signaling during LTP. Previously, two models have been proposed (Adams 

and Dudek, 2005; Hagenston and Bading, 2011): one is that biochemical signals relay 

information from activated synapses to the nucleus (Deisseroth et al., 2003; Martin et al., 

1997; Meffert et al., 2003; Thompson et al., 2004; Worley et al., 1993). In the alternative 

model, action potentials at the soma induced by strong synaptic stimulation directly 

increase somatic Ca2+ via VGCC activation, leading to gene transcription (Adams and 
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Dudek, 2005; Dudek and Fields, 2002). Under the present experimental condition, the 

second mechanism is unlikely to be involved, because low frequency glutamate 

uncaging at individual spines under inhibition of action potentials produces only a 

small somatic depolarization (< 1 mV) (Bloodgood and Sabatini, 2007). Furthermore, 

activation of VGCCs is not required for nuclear ERK activation (Figure 4.1). Taken 

together, my results strongly suggest that biochemical mechanism exists to transmit 

signal from synapses to the nucleus. Because activation of mGluRs and internal Ca2+ 

stores are required (Figure 4.1), mGluR-mediated Ca2+ waves may play an important 

role in the synapse-to-nucleus signaling (Hagenston et al., 2008; Nakamura et al., 1999). 

Alternatively, trafficking of signaling proteins may mediate the synapse-to-nucleus 

communication. Such kind of synapse-to-nucleus signaling moieties have been 

previously reported. For instance, BAPTA-sensitive and EGTA-insensitive local Ca2+ 

elevation resulted from glutamate, NMDA or KCl application is sufficient to cause 

translocation of transcription factor NF-κB from distal processes into the nucleus 

(Meffert et al., 2003). Another reported synapse-to-nucleus messenger is Jacob, a recently 

identified caldendrin-binding protein. In response to LTP-inducing tetanic stimuli, Jacob 

senses the calcium increase upon activation of NMDARs and translocates from 

dendrites into the nucleus in an ERK-dependent way (Behnisch et al., 2011; Dieterich et 

al., 2008; Karpova et al., 2013). As Ras-MEK signaling is required for nuclear ERK 

activation (Figure 4.1) and Ras activity is known to spread over ~10 µm upon single 
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spine stimulation (Harvey et al., 2008b), downstream ERK may travel further and invade 

the nucleus following multi-spine stimulation.  
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