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Long-term changes in synaptic strength, such as long-term potentiation (LTP) and 

long-term depression (LTD), have been proposed to be the cellular correlates of 

learning and memory formation. In the hippocampus, an area of the brain associated 

with memory formation, LTP and LTD require functional modification of AMPA 

receptors (AMPARs). Since AMPARs are the major ionotropic glutamate receptors in 

the brain, changing the single channel properties and/or the number at synapses can 

greatly affect excitatory synaptic function. Recent studies highlight that functional 

recruitment of Ca
2+

-permeable AMPARs (CP-AMPARs) at synapses is another key 

regulatory mechanism that alter excitatory synaptic transmission.  

By combining electrophysiology, biochemistry, and imaging methods, I found that 

phosphorylation of the GluR1 subunit of AMPAR on the serine-845 site (GluR1-

S845) is critical for the functional recruitment of CP-AMPARs. This has functional 

consequences as CP-AMPARs can be expressed at synapses by various neuronal 

activities both in vitro and in vivo, such as by LTP, sensory experiences, brain 



  

diseases and drug addiction. On the other hand, dephosphorylation of the GluR1-

S845 is necessary for producing long-term synaptic depression, which is 

accompanied by a loss in functional CP-AMPARs. Interestingly, the GluR1-S845 site 

is not required for the plasticity of dendritic spine structures, which is considered an 

important mechanism for long-term synaptic plasticity as well as learning and 

memory formation. These results suggest that the functional change in synaptic 

transmission and the structural synaptic plasticity may utilize separate signaling 

cascades.  

In a parallel study, I demonstrated that the beta-site cleaving enzyme 1 (BACE1), 

which cleaves the amyloid precursor protein (APP) to release the amyloid β peptide 

(Aβ), is also involved in regulating synaptic plasticity. Using mice lacking the 

BACE1 gene, I found that BACE1 is involved in specific forms of synaptic plasticity 

as well as presynaptic function. Abnormal accumulation of Aβ by excessive BACE1 

activity is thought responsible for triggering the pathology of Alzheimer‟s disease 

(AD). However, my results caution the development of AD therapeutics targeting the 

BACE1 activity. 

In summary, my studies demonstrate that the function of AMPA receptors can be 

regulated in multiple ways, including phosphorylation of a single amino acid, and is 

critically involved in synaptic plasticity that underlies learning and memory 

formation. 
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Chapter 1: Introduction 

Section 1 Synaptic plasticity and learning and memory 

Subsection 1. Synaptic plasticity as the cellular basis for learning and 

memory formation 

It is widely believed that long-term changes in the strength of synaptic transmission 

underlie formation of memories. Hebb is often recognized as the first person to crystallize 

this idea by proposing that coincident activity of pre- and postsynaptic neurons 

strengthens the synaptic connections (Hebb, 1949). It was subsequently recognized that 

uncorrelated activity between two neurons should decrease the strength of synaptic 

transmission between them (Stent, 1973). It has been demonstrated experimentally that 

high frequency stimulations, which can lead to correlated activity in pre- and 

postsynaptic cells, can indeed strengthen synapses (Bliss and Lomo, 1973). On the other 

hand, a prolonged low frequency stimulation of afferents, which would lead to 

presynaptic activation in the absence of correlated postsynaptic activity, produces long-

term decrease in synaptic transmission (Dudek and Bear, 1992; Mulkey and Malenka, 

1992). The strengthening of synaptic connections is termed long-term potentiation (LTP), 

while the weakening of synaptic transmission is called long-term depression (LTD). 

Since its initial discovery, both LTP and LTD has been demonstrated to occur in diverse 

sets of synapses across many different brain areas [reviewed in (Malenka and Bear, 

2004)]. These long lasting forms of synaptic plasticity share similar mechanisms of 

induction, expression and maintenance as those involved in long-term consolidation of 

several forms of memory [for more detail see (Lisman, 1989; Bailey et al., 1996; Bear, 
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1996; Martin et al., 2000; Paulsen and Sejnowski, 2000; Bliss et al., 2003; Lynch, 2004; 

Barco et al., 2006; Morris, 2006; Sigurdsson et al., 2007)]. In addition, long-term 

enhancement of synaptic transmission in different brain regions, similar in characteristics 

to LTP, has been observed both in vivo and ex vivo after various learning paradigms 

(Rioult-Pedotti et al., 1998; Rosenkranz and Grace, 2002; Goosens et al., 2003; Stefan et 

al., 2006; Whitlock et al., 2006). On the other hand, LTD has been proposed to be the 

cellular mechanism for behavioral sensitization (Brebner et al., 2005) and visual 

recognition memory (Griffiths et al., 2008). Most importantly, the expression of LTP and 

learning are found to occlude each other (Rioult-Pedotti et al., 1998; Stefan et al., 2006; 

Whitlock et al., 2006), which further supports the concept that long-term synaptic 

plasticity, especially LTP, may be a cellular substrate for memory formation. A detailed 

comparison of the cellular and molecular mechanisms underlying synaptic plasticity and 

learning and memory will be given in Section 2. 

Subsection 2. Homeostatic plasticity is required to stabilize the neural 

network and maintain its capacity to learn and store new information 

The three characteristics of long-term synaptic plasticity: cooperativity, associativity and 

synapse specificity, and durability, make it a suitable cellular mechanism for learning and 

encoding memories (Bliss and Collingridge, 1993). According to the Hebb‟s learning 

rule, coincidence of pre- and postsynaptic activity results in LTP, and uncorrelated pre- 

and postsynaptic activity produces LTD. However, synaptic modification models that are 

solely based on LTP and LTD have innate positive feedback, which destabilizes the 

neuronal circuits and hinders encoding of new information (Turrigiano and Nelson, 2004; 

Perez-Otano and Ehlers, 2005). Therefore, additional mechanisms are needed to maintain 
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the homeostasis of neurons. This can be achieved by either i) changing the excitability of 

postsynaptic neurons by either globally increase or decrease the synaptic strength in a 

multiplicative manner to conserve the weight of each synapse as well as the total output 

of neuron (synaptic scaling) [review in (Turrigiano and Nelson, 2004)], ii) altering the 

threshold for inducing future synaptic plasticity (Bienenstock, Cooper and Munro (BCM) 

theory of sliding threshhold) (Bienenstock et al., 1982; Bear et al., 1987), iii) modulating 

the intrinsic excitability of neurons by manipulating ion channel properties and densities 

[review in (Marder and Goaillard, 2006; Schulz, 2006)], iv) differentially regulating the 

inhibitory circuits (Kilman et al., 2002; Morales et al., 2002; Maffei et al., 2004; Maffei 

et al., 2006; Echegoyen et al., 2007; Bartley et al., 2008) depending on the interneuron 

cell types (Bartley et al., 2008), or v) altering presynaptic function  in response to brief or 

prolong changes in synaptic activities, which requires retrograde signal from postsynaptic 

neurons (Thiagarajan et al., 2005; Frank et al., 2006). 

 

Section 2 Cellular and molecular mechanism of long-term synaptic plasticity 

Long-term potentiation (LTP) of synaptic strength was experimentally demonstrated in 

the perforant pathway of hippocampus for the first time in 1970s (Bliss and Gardner-

Medwin, 1973; Bliss and Lomo, 1973). About 20 years later, long-term depression (LTD) 

was obtained in the hippocampal CA1 neurons by a prolong low frequency stimulation 

(LFS) of the Schaffer collateral inputs (Dudek and Bear, 1992). During the past three 

decades, these two types of long-term alteration in synaptic strength have been found in 

various brain regions. However, the underlying mechanisms of long-term synaptic 

plasticity can differ depending on the neural circuits (Malenka and Bear, 2004; Citri and 
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Malenka, 2008). The majority of knowledge on the molecular mechanisms of long-term 

synaptic plasticity comes from studies in the hippocampus, a brain region critical for 

several forms of learning and short-term memory formation (Lynch, 2004). Here I will 

summarize the known mechanisms of N-methyl D-aspartate receptor (NMDAR)-

dependent LTP and LTD mainly based on studies carried out at the Schaffer collateral 

inputs to CA1 in the hippocampus, because my thesis research focused on these particular 

forms of synaptic plasticity. 

 

Subsection 1. NMDAR-dependent LTP 

i) Induction of NMDAR-dependent LTP 

The NMDAR-dependent LTP is the most studied form of synaptic plasticity and its 

underlying mechanism is well characterized mainly based on studying the LTP induced 

in the hippocampal Schaffer collateral to CA1 synapses. At this set of synapses, LTP can 

be induced by either i) deliverying high frequency stimulation (HFS) to the afferents, ii) 

using a pairing protocol in which a low frequency stimulation (LFS) of afferents is paired 

with a substantial depolarization of the postsynaptic membrane (> -30 mV), or iii) 

utilizing a spike-timing dependent protocol that pairs the presynaptic action potential 

(AP) with a back propagating AP (BAP) in the postsynaptic cell at positive intervals (pre 

 post). All the LTP induction protocols cause strong activation of postsynaptic 

NMDARs and a large influx of Ca
2+

 mainly through the NMDAR channel [review in 

(Malenka and Bear, 2004; Citri and Malenka, 2008)]. During the LTP induction process, 

NMDAR serves an important role as a coincidence detector due to its voltage 

dependency -- the extracellular Mg
2+

 block of the NMDAR channel is only relieved when 
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the membrane is sufficiently depolarized (Mayer et al., 1984). Hence, the activation of 

NMDAR requires a coincident depolarization of the postsynaptic membrane and 

presynaptic release of glutamate. NMDAR activation is indeed necessary for LTP 

induction, because application of either competitive (APV) or non-competitive (MK-801) 

antagonists of NMDAR prevents LTP [review in (Lynch, 2004)].  An increase in 

postsynaptic Ca
2+

 is necessary and sufficient for LTP induction, because preventing 

postsynaptic Ca
2+

 rise by Ca
2+

 chelators blocks LTP (Lynch et al., 1983; Malenka et al., 

1988), and increasing the postsynaptic Ca
2+

 level alone can produce LTP (Malenka et al., 

1988). In contrast, even though NMDAR activation and a subsequent Ca
2+

 influx are 

critical for LTP induction, there is evidence suggesting that Ca
2+

 influx through 

NMDARs may not be the only source required for LTP induction under certain 

circumstances. For example, depleting the internal Ca
2+

 store by thapsigargin abolishes 

LTP induction but not expression (Harvey and Collingridge, 1992), which suggests that 

Ca
2+

 released from internal store contributes to the Ca2+ signal needed for LTP 

induction. A later study suggests that the dependence of LTP on internal Ca
2+

 stores may 

be stimulus specific: LTP induced by a weak tetanic stimulation (1 episode of high 

frequency tetanus) is blocked by thapsigargin but not the one induced by a stronger 

induction protocol (3 episodes of tetanic stimulation) (Behnisch and Reymann, 1995).  

ii) Protein kinases involved in LTP 

An increase in postsynaptic Ca
2+

 triggers downstream signaling cascades that lead to the 

expression of LTP. Multiple protein kinases are known to transduce the Ca
2+

 signal to 

downstream events (Lynch, 2004; Malenka and Bear, 2004; Citri and Malenka, 2008). 

Ca2+/calmodulin (CaM)-dependent kinase II (CaMKII) 
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There is very strong support for the involvement of Ca
2+

/calmodulin (CaM)-dependent 

kinase II (CaMKII) in LTP. CaMKII is one of the most abundant proteins in the neurons 

and highly expressed at the postsynaptic density, hence it is able to rapidly response to 

changes in postsynaptic Ca
2+

 levels (Lynch, 2004). In addition, after the initial activation 

by Ca
2+

, CaMKII can autophosphorylate itself at the Threonine-286 (T286) site and 

maintain its activity in a Ca
2+

-independent manner (Miller et al., 1988; Schworer et al., 

1988; Thiel et al., 1988). The latter property allows CaMKII to in essence “remember” 

the transient increase in Ca
2+

 during LTP induction (Malenka et al., 1992). 

Substantial evidence has been collected to support the critical role of CaMKII activation 

and its autophosphorylation in LTP induction. Blocking the activity of CaMKII by 

specific inhibitors (Malenka et al., 1989; Malinow et al., 1989), genetically deleting the 

αCaMKII gene (Silva et al., 1992b; Silva et al., 1992a), or generating a specific point 

mutation of the autophosphorylation site (T286A mutation) on the αCaMKII (Giese et al., 

1998), cause impairment in LTP as well as spatial learning (Silva et al., 1992b; Silva et 

al., 1992a; Giese et al., 1998). In contrast, inclusion of constitutively active form of 

CaMKII into neurons is sufficient to cause LTP-like synaptic potentiation that occludes 

further LTP induction (Pettit et al., 1994; Lledo et al., 1995).  

Cyclic adenosine monophosphate (cAMP)-dependent protein kinase (PKA) 

In addition to CaMKII, activation of cyclic adenosine monophosphate (cAMP)-dependent 

protein kinase (PKA) is also implicated in the induction and expression of LTP [review in 

(Lynch, 2004)]. PKA is activated by binding of cAMP, whose level can be augmented by 

the activation of Ca
2+

/calmodulin-dependent adenylyl cyclases (Wong et al., 1999) during 

LTP induction (Chetkovich et al., 1991). The activation of PKA has been found to be 
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transient after LTP induction (Roberson and Sweatt, 1996), suggesting that PKA is 

involved in the induction of LTP, probably by facilitating the activity of CaMKII via 

blocking the protein phosphatase 1 (PP1) (Blitzer et al., 1998) . The role of PKA in LTP 

induction is further supported by a later study, which showed that either bath application 

or intracellularly perfusion of PKA inhibitors impair the early phase of LTP induced by a 

single tetanic stimulation (Otmakhova et al., 2000). It is generally agreed that PKA is 

critical for LTP expression by phosphorylating the S845 site of AMPAR GluR1 subunit 

(Roche et al., 1996), which can „prime‟ the GluR1-AMPARs for activity-dependent 

synaptic insertion (Esteban et al., 2003; Oh et al., 2006; Seol et al., 2007). Besides the 

importance of PKA during the early phase of LTP (E-LTP, last for 1-2 h post induction), 

evidence from other studies supports the role of PKA in the maintenance of late phase 

LTP (L-LTP, at least 2 h post induction) as well as long-term memory formation (Huang 

and Kandel, 1994; Huang et al., 1995; Nguyen and Kandel, 1996; Huang et al., 2000). 

Consistent with these findings, activation of PKA by forskolin, an activator of adenylyl 

cyclase, can mimic L-LTP and occlude further LTP induction (Huang and Kandel, 1994; 

Nguyen and Kandel, 1996; Huang et al., 2000). The fact that the forskolin effect on L-

LTP can be blocked by inhibiting transcription (Nguyen and Kandel, 1996; Huang et al., 

2000) or protein synthesis (Nayak et al., 1998), and the coincident time course for the 

requirement of PKA and protein synthesis for L-LTP (Huang and Kandel, 1994; Nguyen 

and Kandel, 1996; Nayak et al., 1998), indicate that PKA may be linked to protein 

synthesis. This is directly supported by the finding that forskolin application not only 

mimics L-LTP induction, but also activates a transcription factor CREB (cAMP-response 

element-binding proteins) (Huang et al., 2000). 
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Protein kinase C (PKC)  

Another protein kinase involved in LTP is protein kinase C (PKC), supported by 

observations that PKC inhibitors prevent LTP (Malenka et al., 1989; Malinow et al., 

1989), and that PKC activity is persistently increased during both early and late phases of 

LTP (Klann et al., 1993). Results from several studies support the idea that the critical 

role of PKC is in the maintenance of L-LTP, but not the initiation. For instance, blocking 

the PKC activity by selective inhibitors does not affect the initial induction of LTP but 

causes rapid decay of LTP (Lovinger et al., 1987; Reymann et al., 1988a; Reymann et al., 

1988b). Inhibition of PKC 1h post-LTP induction also destabilizes the LTP, further 

supporting that PKC is crucial for LTP maintenance (Lovinger et al., 1987). However, 

there is controversy as a later study showed that inhibition of PKC activity prevents LTP 

induction as well as the maintenance of L-LTP (Wang and Feng, 1992). Among the 

various isoforms of PKC, an atypical isoform of PKC - PKMξ receives much attention as 

it is implicated to be necessary and sufficient for the L-LTP formation (Ling et al., 2002) 

as well as memory maintenance [review in (Sacktor, 2008)].  

Extracellular signal-regulated kinase (Erk)/mitogen-activated protein kinase 

(MAPK) 

Extracellular signal-regulated kinase (Erk)/mitogen-activated protein kinase (MAPK) has 

been found to be crucial for the maintenance of LTP [review in (Lynch, 2004)]. 

Activation of Erk/MAPK pathway leads to varied cellular events [review in (Lynch, 

2004)], the one that is most relevant to LTP is the requirement of Erk/MAPK activity in 

CREB activation (Impey et al., 1998), which explains why Erk/MAPK pathway is critical 

for maintaining L-LTP. Erk/MAPK signaling cascade is also required for maintaining 
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different forms of long-term but not short-term memory [review in (Adams and Sweatt, 

2002)], including the one induced by fear-conditioning learning (Atkins et al., 1998; 

Schafe et al., 2000) and the hippocampus-dependent spatial memory (Blum et al., 1999; 

Selcher et al., 1999).  

iii) Expression of NMDAR-dependent LTP 

Even though the induction of LTP relies heavily on the NMDAR activation, the 

expression of LTP mainly depends on the functional alteration of another type of 

glutamatergic receptor--α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) 

receptor (AMPAR). AMPARs are the major mediators of fast excitatory synaptic 

transmission in the central nervous system (CNS), therefore their function directly 

dictates synaptic strength. Majority of AMPARs are heteromers composed with four 

glutamate subunits: GluR1-GluR4 (Hollmann and Heinemann, 1994; Rosenmund et al., 

1998; Dingledine et al., 1999). Multiple phosphorylation sites have been identified in 

each of the glutamate subunits (Lee, 2006a). Among them, serine 831, serine 845, and 

serine 818 of GluR1 subunits (R1-S831, R1-S845, and R1-S818), and serine 880 of 

GluR2 (R2-S880), receive most of the attention as they are found to be involved in 

synaptic plasticity (Lee, 2006a). GluR1-S831 is phosphorylated by CaMKII (Barria et al., 

1997a) and PKC (Roche et al., 1996). LTP induction in CA1 neurons correlates with an 

increase in the R1-S831 phosphorylation (Barria et al., 1997b; Lee et al., 2000), which 

can be blocked by a CaMKII specific inhibitor (Barria et al., 1997b). Phosphorylation of 

R1-S831 has been known to increase the single channel conductance of AMPARs 

(Derkach et al., 1999; Oh and Derkach, 2005), which is thought to contribute to the 

potentiation of synaptic transmission (Benke et al., 1998).  
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Several studies demonstrated that LTP increases synaptic content of AMPA receptors, 

predominantly by an activity-dependent insertion of receptors containing the GluR1 

subunit (Shi et al., 1999; Hayashi et al., 2000; Shi et al., 2001). The trafficking of 

AMPAR into the synapses has been found to be triggered by phosphorylation of AMPAR 

subunits (Lee, 2006a). Phosphorylation of R1-S845 by PKA (Roche et al., 1996) is 

necessary for LTP induction (Esteban et al., 2003) as it is known to deliver the AMPARs 

to the extrasynaptic sites (Oh et al., 2006) for later synaptic insertion that depends on the 

activation of CaMKII (Esteban et al., 2003). In addition, recently phosphorylation of R1-

S818 by PKC has been implicated to be a critical event for LTP induced AMPAR 

synaptic insertion (Boehm et al., 2006). In this study, Boehm et al. found that LTP 

induction is associated with an increase in R1-S818 phosphorylation. Furthermore, 

enhancing the R1-S818 phosphorylation level by PKC or by a point mutation promotes 

synaptic insertion of GluR1-containing AMPARs, while blocking its phosphorylation 

impairs LTP and prevents synaptic trafficking of AMPARs. For a more detailed 

regulatory mechanism of AMPAR trafficking, refer to Chapter1-section 3. 

Synaptic incorporation of AMPARs after LTP induction is best supported from studies of 

silent synapses, which are a population of synapses only containing functional NMDARs 

but not AMPARs. Silent synapses are experimentally defined as synapses that display 

minimal stimulation-induced excitatory postsynaptic current (ESPC) at positive 

membrane potentials (mediated by NMDARs) but not at negative membrane potentials 

(mediated by AMPARs) [review in (Isaac, 2003; Kerchner and Nicoll, 2008)]. LTP 

induction has been shown to recruit AMPARs into the previously silent synapses (a 

process that is called “un-silencing” or “AMPAfication”). This is supported directly by 
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the appearance of AMPAR-mediated EPSC in the previously silent synapses 

(Montgomery et al., 2001). Similar to LTP induction in AMPAR containing synapses, 

un-silencing synapses also requires the activity of CaMKII (Lledo et al., 1995; Wu et al., 

1996; Derkach et al., 1999) as well as postsynaptic membrane fusion (Ward et al., 2006).  

Taken together, these results suggest that recruitment of AMPARs into the synapses 

(either silent or non-silent) mediates the strengthening of synaptic transmission following 

NMDAR-dependent LTP induction.       

iv) Maintenance of NMDAR-dependent LTP 

LTP is generally divided into two phases according to the time window: early phase of 

LTP (E-LTP) that lasts for 1-2 hours; late phase of LTP (L-LTP) induced by a strong 

tetanic stimulation that potentitates synaptic transmission for longer than two hours (Pang 

and Lu, 2004). L-LTP is recognized as a cellular mechanism underlying consolidation of 

long-term memory, as both depend on gene transcription [review in (Kandel, 2001; 

Lynch, 2004; Bramham et al., 2008)] and new protein synthesis [review in (Sutton and 

Schuman, 2006)].  

CREB-dependent gene transcription  

LTP requires the activation of multiples protein kinases like CaMKII, PKA, PKC and 

Erk/MARK, all of which have been found to directly or indirectly phosphorylate and 

activate the transcription factor CREB [review in (Lynch, 2004)]. Activated CREB binds 

to the cAMP responsive element (CRE) promoter site and initiate gene transcription 

[reviewed in (Silva et al., 1998)]. The importance of CREB activity for L-LTP is first 

evidenced by studying the gill and siphon withdrawal reflex in Aplysia (Dash et al., 

1990). In this study, Dash et al. found that inhibition of CREB activity by microinjection 
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of CRE sequence into the nucleus prevents the serotonin-induced long-term, but not 

short-term facilitation of synapses on sensory neurons. Further studies support the role of 

CREB-mediated gene transcription in LTP and long-term memory in varied animal 

models, including Aplysia, Drosophila, and rodents [review in (Silva et al., 1998; Kandel, 

2001)]. Recently, it has been found that the CREB coactivator TORC1 (transducer of 

regulated CREB activity 1) undergoes activity-dependent nuclear translocation, which is 

required for the CREB-mediated gene transcription and L-LTP induction (Zhou et al., 

2006). Furthermore, they found that it is the nuclear level of TORC1, but not the level of 

CREB phosphorylation, which correlates with L-LTP expression. These results suggest 

that the recruitment of TORC1 into the nucleus is a required step to execute the gene 

transcription mediated by CREB phosphorylation (Zhou et al., 2006). 

Local protein synthesis 

Early evidence supporting the role of local protein synthesis in long term synaptic 

plasticity comes from a study that showed neurotrophin-induced synaptic facilitation in 

the hippocampal neuropil isolated from the cell bodies (Kang and Schuman, 1996). As 

the neurotrophin-induced synaptic plasticity requires protein synthesis, this result 

suggested that new proteins can be synthesized locally in the dendrites (Kang and 

Schuman, 1996). The requirement of local protein synthesis for L-LTP is further 

confirmed in another study, which showed that local inhibition of protein synthesis in the 

apical dendrites of CA1 neurons selectively impairs L-LTP induced in the apical 

synapses without affecting L-LTP induced in the basal dendrites, and vice versa 

(Bradshaw et al., 2003). mRNA of several proteins have been found to accumulate and 

translate locally along the dendrites in an activity-dependent manner, including the 
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GluR1 and GluR2 subunit of AMPARs (Ju et al., 2004; Grooms et al., 2006), CaMKII 

(Mayford et al., 1996), and the immediate-early gene Arc (activity-regulated 

cytoskeleton-associated protein) (Steward et al., 1998; Yin et al., 2002; Moga et al., 

2004; Rodriguez et al., 2005).  

 

 Subsection 2. NMDAR-dependent LTD 

i) Induction of NMDAR-dependent LTD 

The NMDAR-dependent LTD can be induced by a prolonged low frequency stimulation 

(LFS) of afferents (Dudek and Bear, 1992; Mulkey and Malenka, 1992), pairing a short 

train of LFS with a moderate depolarization (-40 mV) of the postsynaptic membrane 

(Selig et al., 1995), and a spike-timing protocol which pairs the presynaptic action 

potential (AP) with a back propagating AP (BAP) in the postsynaptic cell with a negative 

time interval (post  pre, STDP) [review in (Caporale and Dan, 2008)]. Similar to the 

NMDAR-dependent LTP, the induction of this form of LTD requires Ca
2+

 influx through 

postsynaptic NMDARs (Mulkey and Malenka, 1992; Bi and Poo, 1998). However, the 

Ca
2+

 signal required for LTD induction may be less than that for LTP, as supported by 

the finding that a LTP inducing tetanic stimulation can produce LTD when the 

postsynaptic Ca
2+

 is reduced (Cummings et al., 1996).  

ii) Protein phosphatases required for LTD  

In contrast to the protein kinase activation required for LTP, protein phosphatases are 

found to be critical for LTD expression. Application of protein phosphatase 1 and 2A 

(PP1 and PP2A) inhibitors before or after LTD induction both block LTD, indicating 
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activities of PP1 and PP2A are required for the expression of LTD (Mulkey et al., 1993). 

Consistent with this, in vivo LTD induction has been shown to associated with transient 

and persistent increases in the activity of PP1 and PP2A, respectively (Thiels et al., 

1998). The activity-driven activation of PP1 is mediated by another crucial protein 

phosphatase calcineurin (also called protein phosphatase 2B or PP2B), which 

dephosphorylates and inactivate inhibitor-1, an inhibitor of PP1 (Mulkey et al., 1994). 

Activity of calcineurin is Ca
2+

/calmodulin dependent [review in (Xia and Storm, 2005)] 

and is required for LTD induction (Mulkey et al., 1994). PP2A is probably activated by 

calcineurin/PP1-mediated dephosphorylation. It has been recently proposed that PP2A 

mediates the maintenance of LTD due to two key properties: auto-dephosphorylation, 

which maintain its activity, and dephosphorylation of CaMKII (Pi and Lisman, 2008). 

Taken together, NMDAR-dependent LTD induction recruits the protein phosphatase 

signaling cascade, likely a sequential activation of calcineurin, PP1 and PP2A.   

iii) Expression of NMDAR-dependent LTD 

One of the substrates of the activated protein phosphatase cascade is the PKA site of 

GluR1 subunit, as protein phosphatase inhibitors prevent LTD induction as well as the 

dephosphorylation of GluR1-S845 (Lee et al., 2000). Dephosphorylation of S845 down-

regulates AMPAR function (Banke et al., 2000) and is implicated in the LTD expression 

(Lee et al., 2003). This is further supported by the impaired LTD in the mutant mice 

specifically lacking the GluR1-S845 site (GluR1-S845A mutants) (unpublished data). My 

study reveals that dephosphorylation of S845 may specifically destabilize and promote 

the internalization of GluR1 homomers (for further discussion, see Chapter 3), which is 
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in agreement with a previous study correlating S845 dephosphorylation and surface 

AMPARs internalization (Ehlers, 2000). 

As LTP expression is proposed to require synaptic insertion of AMPARs, endocytosis of 

synaptic AMPARs has been considered a major mediator of LTD expression [review in 

(Malenka and Bear, 2004; Citri and Malenka, 2008)]. AMPAR endocytosis is clathrin-

dependent (Carroll et al., 1999), which is probably initiated by the direct binding of 

GluR2 subunit to AP2, a clathrin adaptor complex (Lee et al., 2002). Disrupting the 

GluR2-AP2 interaction blocked NMDAR-dependent LTD and AMPAR endocytosis (Lee 

et al., 2002), as well as the visual recognition memory that uses LTD as the cellular 

mechanism (Griffiths et al., 2008), further supporting GluR2-dependent AMPAR 

endocytosis in mediating the synaptic depression. GluR2-dependent AMPAR endocytosis 

requires phosphorylation of GluR2-S880 site by PKC (Matsuda et al., 1999; Chung et al., 

2000), which dictates the binding preference of GluR2 to GRIP and PICK-1 (further 

discuss in section 3). Despite all the evidence supporting the role of GluR2-mediated 

AMPAR endocytosis, whether GluR2 is critical for LTD expression remains to be further 

tested as the GluR2/GluR3 double-knockout mice can express normal LTD (Meng et al., 

2003).    

Section 3 Regulation of AMPA receptor function 

α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionate receptors (AMPARs) is the major 

glutamatergic receptor in the brain, named after its specific agonist AMPA (Ozawa and 

Iino, 1993). Unlike NMDARs, which are normally silent during resting membrane 

potential due to the Mg
2+

 block, AMPARs mediate most of fast excitatory synaptic 

transmission (Dingledine et al., 1999). As a result, changes in AMPAR functions, 
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including channel properties and synaptic expression, directly alter the strength of 

synaptic transmission and is considered a key mechanism in the expression of multiple 

forms of synaptic plasticity [review in (Malenka and Bear, 2004; Citri and Malenka, 

2008) and homeostatic plasticity [review in (Turrigiano and Nelson, 2004)]. Therefore, 

studying the regulation of AMPAR function is pivotal for understanding the mechanism 

of synaptic plasticity. Many studies indicate that AMPARs are mainly regulated via two 

mechanisms: subunit composition and glutamate subunit phosphorylation. 

Subsection 1. AMPAR functions regulated by subunit composition 

AMPARs are tetramers composed of four glutamate subunits: GluR1 to GluR4 

(Hollmann and Heinemann, 1994; Rosenmund et al., 1998; Dingledine et al., 1999). 

Several features of the AMPAR ion channel are determined by its subunit composition, 

including the Ca
2+

 permeability, inwardly rectifying current-voltage (I-V) relationship 

[review in (Jonas and Burnashev, 1995)], sensitivity to the channel blockade by 

polyamine (Bowie et al., 1998), and the single channel conductance (Swanson et al., 

1997). Early studies found that the four subunits can form a functional channel in any 

combination when expressed in a heterologous system, like the Xenopus Oocyte (Boulter 

et al., 1990; Hollmann et al., 1991; Washburn et al., 1997). Later findings suggest that 

AMPAR subunit assembly happens sequentially through dimerization followed by 

tetramerization (Ayalon and Stern-Bach, 2001; Mansour et al., 2001; Greger et al., 2003; 

Greger et al., 2007). Dimerization occurs between the same subunits and is mediated by 

the N-terminal LIVBP (leucine/isoleucine/valine-binding protein-like domain) (Kuusinen 

et al., 1999; Ayalon and Stern-Bach, 2001). Interestingly, the tetramerization of dimmers 

tends to form heteromer rather than homomer with preferred stoichiometries: GluR1 
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associated with GluR2, GluR2 associated with GluR3 (Wenthold et al., 1996; Mansour et 

al., 2001; Greger et al., 2003). The mechanism determining AMPAR stoichiometry is far 

from clear. One candidate mechanism proposed to regulate the AMPAR tetramerization 

is the mRNA Q (glutamine)/R (arginine) editing of the GluR2 subunit (Greger et al., 

2003). By over-expressing GluR2(Q) (unedited) or GluR2(R) (edited) in the culture 

neurons, Greger and colleagues found that compared to the GluR2(Q), the GluR2(R) are 

largely unassembled and retained within the endoplasmic reticulum (ER). The high 

concentration of GluR2(R) in the ER may promote the formation of heterotetramers that 

contain the edited GluR2, consistent with what has been found in the brain (Wenthold et 

al., 1996; Ozawa et al., 1998; Seeburg, 2002).  

Understanding how the subunit composition of synaptic AMPARs, especially the switch 

between the Ca
2+

-permeable and Ca
2+

-impermeable subtypes, is regulated is becoming 

quite important in light of the fact that the synaptic expression of Ca
2+

-permeable 

AMPARs can be rapidly modified by synaptic activities (Liu and Cull-Candy, 2000; Liu 

and Cull-Candy, 2002; Ju et al., 2004; Thiagarajan et al., 2005; Plant et al., 2006), by 

experience (Bellone and Luscher, 2006; Clem and Barth, 2006; Goel et al., 2006; Conrad 

and Wolf, 2008), during development (Kumar et al., 2002; Shin et al., 2005), and under 

pathological conditions (Grooms et al., 2000; Liu et al., 2006). I found that 

phosphorylation of the S845 site on GluR1 subunit is critically involved in maintaining 

functional Ca
2+

-permeable AMPARs, possibly via either stabilizing the synaptic or 

perisynaptic receptors, or favoring the recycling rather than degradation of internalized 

Ca
2+

-permeable AMPARs (see Chapter 3).     

i) Regulation of AMPAR channel properties by subunit composition 
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Three major properties of AMPAR ion channels will be discussed, including the Ca
2+

-

permeability, vulnerability to polyamine blockade that alters the I-V relationship, and the 

single channel conductance. All of these characteristics are determined by whether the 

AMPAR contains the GluR2 subunit. GluR2 is the only glutamate subunit among the 

four which undergoes mRNA editing to replace a glutamine (Q) residue within the pore 

loop with an arginine(R) (Seeburg et al., 1998). The Q->R editing renders the GluR2-

containing AMPARs impermeable to Ca
2+

 (Jonas and Burnashev, 1995), insensitive to 

the polyamine blockade resulting in a linear or outwardly rectified I-V relationship 

(Seeburg, 1993; Hollmann and Heinemann, 1994), and a relatively low channel 

conductance (Hollmann et al., 1991; Jonas and Burnashev, 1995; Swanson et al., 1997; 

Derkach et al., 2007). Almost all of the GluR2 in the mature brain are edited at this site 

(Burnashev et al., 1992), suggesting that the majority of AMPARs are Ca
2+

-impermeable 

(Jonas et al., 1994; Geiger et al., 1995). GluR2-containing AMPARs are found mainly as 

GluR1/GluR2 or GluR2/GluR3 heteromers, and make up about 90% of total AMPARs in 

the CA1 and CA2 areas of hippocampus (Wenthold et al., 1996). In contrast, AMPARs 

lacking GluR2, which are mainly GluR1 homomers in the hippocampus (Wenthold et al., 

1996), are highly permeable to Ca
2+ 

(Jonas and Burnashev, 1995). In addition, GluR1 

homomers are blocked by polyamines. Polyamines such as spermine and spermindine are 

small intracellular molecules that carry positive charges and bind to the negatively 

charged pore region formed by the non-GluR2 subunits, like in the GluR1 homomers, 

when the channel is opened. The blockade by polyamine occurs in a voltage-dependent 

manner, such that the more positive (≥ -50 mV) the membrane potential the easier it is for 

the polyamine to get into the open channel and block the current flow. As a result, the I-V 
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relationship of these receptors display a strong inward rectification (Bowie and Mayer, 

1995; Donevan and Rogawski, 1995), which has been used as a signature to identify the 

presence of these receptors. Polyamine is also found to facilitate the synaptic 

transmission mediated by the GluR2-lacking AMPARs via a use-dependent unblocking 

process (Shin et al., 2005), which suggests that regulation of intracellular polyamine 

levels may modulate synaptic responses generated by GluR2-lacking AMPARs 

(Aizenman et al., 2003; Shin et al., 2005; Shin et al., 2007).  

Compared to the edited GluR2(R)-containing AMPARs, receptors lacking GluR2 or with 

unedited GluR2(Q) have much higher single channel conductance (Swanson et al., 1997). 

Recent findings suggest that the presence of GluR2(R) in the AMPARs not only 

determine the intrinsic channel properties, but also modulates the functional regulation by 

subunit phosphorylation. Oh and Derkach found that the CaMKII phosphorylation of 

GluR1-S831 can only enhance the channel conductance of GluR1 homomers but has no 

effect on GluR1/GluR2 heteromers (Oh and Derkach, 2005). 

ii) Regulation of AMPAR trafficking by the subunit composition 

Under the basal condition, both GluR1 and GluR2 subunit undergo exocytosis (Passafaro 

et al., 2001). Synaptic insertion of GluR1 is dependent on activity and mainly targeted to 

extrasynaptic locations, while GluR2 undergoes more constitutive rapid insertion 

(Passafaro et al., 2001; Shi et al., 2001). The trafficking of these two subunits response 

very differently to synaptic activity like NMDAR activation, after which the synaptic 

insertion of GluR1 is greatly promoted while the GluR2 is unaffected (Shi et al., 1999; 

Passafaro et al., 2001; Shi et al., 2001). These results are obtained by over-expressing 

either GluR1-GFP or GluR2-GFP in culture hippocampal neurons, which favors the 
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formation of GluR1 or GluR2 homomers. In the mature brains, as discussed above, the 

majority of AMPARs are GluR1/GluR2 and GluR2/GluR3 heteromers with only a small 

population of GluR1 homomers. When GluR1 and GluR2 or GluR2 and GluR3 are co-

expressed in cultured neurons to allow the formation of GluR1/GluR2 or GluR2/GluR3 

heteromers, respectively, it turns out that the presence of GluR1 dictates the activity-

dependence of synaptic insertion (Passafaro et al., 2001; Shi et al., 2001). Further the c-

terminus of both GluR1 and GluR2 have been identified as the sequences determining the 

trafficking pattern (Passafaro et al., 2001; Shi et al., 2001), as over-expressing the GluR2 

c-terminus dramatically reduces basal synaptic transmission but not LTP expression, 

while GluR1 c-terminus transfection does not affect basal synaptic transmission but 

prevents the stabilization of LTP (Shi et al., 2001).  The activity-dependent synaptic 

insertion of GluR2-containing native AMPARs (presumably GluR1/GluR2) is further 

confirmed by another study (Bagal et al., 2005). 

GluR1/GluR2 is not the only type of AMPAR that can be driven into synapses by 

activity. Later studies found that GluR2-lacking AMPARs, presumably GluR1 

homomers, can also undergo rapid synaptic insertion following multiple conditions. LTP 

induction has been shown to cause a transient recruitment of GluR1 homomers into 

synapses, which are later replaced by GluR2-containing AMPARs (Plant et al., 2006; Lu 

et al., 2007; Guire et al., 2008), but a contradictory result is observed by another group 

(Adesnik and Nicoll, 2007). The enhanced synaptic insertion of GluR2-lacking AMPARs 

following LTP induction depends on the activity of CaMKK (CaMK kinase) and CaMKI. 

Inhibition of CaMKK by STO-609 (1,8-naphthoylene benzimidazole-3-carboxylic) 

abolished the transient synaptic incorporation of GluR2-lacking AMPARs, while 
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constitutively active CaMKI is sufficient to increase synaptic strength by recruiting 

GluR2-lacking AMPARs to the synapses (Guire et al., 2008). 

In vivo experience also causes synaptic incorporation of GluR2-lacking AMPARs. For 

example, one week of visual deprivation increases GluR2-lacking AMPAR content at 

synapses in layer II/III of primary visual cortex as reflected by a higher synaptic GluR1 

level but no change in GluR2, and an inwardly rectifying I-V relationship (Goel et al., 

2006). Single whisker experience (with all other whiskers removed) strengthens the 

synaptic transmission of neurons in the spared barrel (barrel corresponding to the remain 

whisker), and also enhances synaptic incorporation of GluR2-lacking AMPARs (Clem 

and Barth, 2006).  Single episode of cocaine injection has been shown to promote 

synaptic delivery of GluR2-lacking AMPARs (Bellone and Luscher, 2006). The increase 

in synaptic GluR2-lacking AMPAR is also proposed to mediate the incubation of cocaine 

craving after withdrawal (Conrad and Wolf, 2008). 

Subsection 2. Regulation of AMPAR functions by phosphorylation 

Each of the four glutamates subunits has multiple phosphorylations sites on its c-

terminus, which have been found to directly regulate either the intrinsic channel 

properties and/or the receptor trafficking [review in (Song and Huganir, 2002; Lee, 

2006a)]. Among these phosphorylation sites, the serine 831 (S831), serine 845 (S845) 

and serine 818(S818) of GluR1 subunit and serine 880 of GluR2 subunit receive most of 

the attention as evidence supports their role in mediating the expression of long-term 

synaptic plasticity.   

i) AMPAR channel properties regulated by phosphorylation 
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GluR1-S831 is a substrate of PKC and CaMKII (Roche et al., 1996; Barria et al., 1997a; 

Mammen et al., 1997). Phosphorylation of this site by CaMKII increases the AMPAR 

single channel conductance (Derkach et al., 1999) . As LTP induction has been found to 

correlate with an increase in S831 phosphorylation (Barria et al., 1997b; Lee et al., 2000; 

Lee et al., 2003), this phosphorylation site was initially thought to mediate the 

strengthening of synaptic transmission during LTP. This is challenged by a later finding 

that the CaMKII-phosphorylation of S831 only augments the single channel conductance 

of GluR1 homomer but not of AMPARs formed as GluR1/GluR2 heteromers (Oh and 

Derkach, 2005). Considering that the majority of AMPARs at synapses are likely 

GluR1/GluR2 heteromers (Wenthold et al., 1996), it seemed unlikely that the S831 

phosphorylation alone could account for the LTP. However, a recent study estimates that 

the presence of a very small amount of GluR1 homomers (around 2% of synaptic 

AMPARs) can account for 30-40% synaptic potentiation by TBS (theta burst 

stimulation)-LTP. This is because phosphorylation of the S831 site, which can increase 

the channel conductance of GluR1 homomers to nearly four-folds (Guire et al., 2008). 

These results suggest that GluR1-S831 phosphorylation will greatly contribute to LTP via 

enhancing single channel conductance of GluR1 homomer even when the synaptic 

content of GluR1 homomers are quite small. This is consistent with the previous 

observations that there is a population of synapses which increases single channel 

conductance after LTP induction (Benke et al., 1998; Luthi et al., 2004). 

Phosphorylation of GluR1-S845 by PKA (Roche et al., 1996) is known to increase the 

peak open probability of the channel (Banke et al., 2000). Increasing phosphorylation of 

this site by PKA activators results in a 40% potentiation of current mediated by GluR1 
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homomers expressed in HEK 293 cells (Roche et al., 1996), suggesting that PKA 

phosphorylation of S845 may play a role in LTP expression. Later it was found that the 

S845 phosphorylation only increases after de-depression (reversal of LTD) but not LTP 

(Lee et al., 2000), indicating the recruitment of S845 phosphorylation may depend on the 

history of the synaptic activity (Lee et al., 2000).     

ii) AMPAR trafficking regulated by phosphorylation 

Trafficking of AMPARs into or out of synapses are regulated by many factors (Greger 

and Esteban, 2007). Phosphorylation of glutamate subunits, especially GluR1 and GluR2 

is tightly associated with the expression of long-term synaptic plasticities (Song and 

Huganir, 2002; Lee, 2006b). The activity-induced synaptic AMPAR insertion requires 

phosphorylation of the GluR1-S845 site (Esteban et al., 2003; Oh et al., 2006), which is 

needed to bring the AMPARs to extrasynaptic sites and „prime‟ them for later activity-

dependent synaptic insertion (Oh et al., 2006). A new study supports the role of S845 

phosphorylation in extrasynaptic delivery of AMPARs as they found that repeated 

morphine administration, which increases S845 phosphorylaiton, leads to addition of 

AMPARs to extrasynaptic location (Billa et al., 2009). The „priming‟ role of S845 

phosphorylation is also supported by another study, which showed that the 

phosphorylation of S845 is necessary and sufficient to „prime‟ the synapses for 

associative LTP induction (Seol et al., 2007). However, whether GluR1 S845 

phosphorylation is also crucial for the TBS-induced LTP is still under question. One 

concern arises from the fact that the S845 phosphorylation is only increased with de-

depression (reversal of LTD) but not significantly altered after LTP (Lee et al., 2000). In 

addition, mutant mice lacking both S831 and S845 sites (S831A/S845A double phospho-
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mutants) have normal TBS-induced LTP at the Shaffer collateral to CA1 synapses when 

the animals are young, and the LTP in the adult mutants is impaired but not completely 

abolished (Lee et al., 2003). Furthermore, mice specifically lacking only the S845 site 

(GluR1-S845A mutant) also express normal LTP (unpublished data). It is possible that 

the GluR1-S845A or GluR1-S831A/S845A mutants may have other compensatory 

regulation, hence it is premature to discount the role of GluR1-S845 phosphorylation in 

„priming‟ AMPARs for synaptic delivery. In any case, a role of GluR1-S845 in „priming‟ 

AMPARs during de-depression is reported by a recent in vivo experiment. Hardingham 

and colleagues found a larger LTP in the somatosensory cortex deprived from whisker 

experience. As the whisker deprivation depresses synaptic transmission and occludes 

further LTD induction, the LTP induced in the deprived cortex is thought of as de-

depression.  In addition, they found that the additional LTP (compared to the LTP in the 

non-deprived cortex) can be blocked by PKA antagonist. These results suggest that PKA-

dependent S845 phosphorylation may be responsible for the additional LTP by increasing 

the repertoire of AMPARs „primed‟ for synaptic delivery (Hardingham et al., 2008). 

Phosphorylation of S818, another GluR1 C-terminus amino acid has been recently 

proposed to be critical for LTP-induced AMPARs synaptic insertion (Boehm et al., 

2006). In this study, they found LTP induction increases S818 phosphorylation by PKC. 

Preventing the S818 phosphorylated by PKC attenuates LTP and inhibits the synaptic 

insertion of GluR1-containing AMPARs driven by PKC. On the other hand, enhancing 

S818 phosphorylation either acutely or chronically via genetically mutation elevates the 

synaptic level of GluR1-containing AMPARs (Boehm et al., 2006). 
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In addition to PKA- and PKC-dependent phosphorylation, the activity-induced synaptic 

delivery of AMPARs also depends on the activation of CaMKII (Hayashi et al., 2000; 

Esteban et al., 2003; Oh et al., 2006). In this case, other substrates of CaMKII such as the 

PDZ proteins that interact with GluR1 rather than GluR1-S831 may be responsible, 

because the CaMKII-driven AMPARs synaptic delivery during LTP is not affected by the 

absence of the S831 site but by a mutation disrupting the interaction between the C-

terminus of GluR1 and PDZ proteins (Hayashi et al., 2000). One candidate PDZ protein 

is the synapse associated protein 97 (SAP97), whose phosphorylation by CaMKII has 

been shown to regulate the trafficking of a critical subunit of A-type K
+
 channel  to the 

dendrites and spines (Gardoni et al., 2007).  

LTD, as well as in vivo experience like monocular deprivation, is accompanied by a long-

term dephosphorylation of S845 site (Kameyama et al., 1998; Lee et al., 1998; Lee et al., 

2000; Heynen et al., 2003), and a reduction in surface AMPARs (Lee et al., 2003; Brown 

et al., 2005; Oh et al., 2006; Holman et al., 2007). This suggests that dephosphorylation 

of the PKA site may be involved in the removal of synaptic GluR1-containing AMPARs 

during synaptic depression. This idea is further supported by studies using mutant mice 

with S831A/S845A double mutations (Lee et al., 2003) or S845A single mutation 

(unpublished data), where LTD is completely abolished or severely impaired. Blocking 

the activity of protein phosphatases, such as calcineurin or protein phosphotase 1(PP1), 

prevents the induction and expression of LTD (Mulkey et al., 1993; Mulkey et al., 1994), 

which is consistent with the requirement of S845 dephosphorylation for LTD expression. 

About 15% of total GluR1 is estimated to be phosphorylated on  (Oh et al., 2006), which 

is dependent on the PKA brought in proximity to the GluR1 c-terminus by A-kinase 
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anchoring protein 97/150 (AKAP97/150) (Colledge et al., 2000; Tavalin et al., 2002). 

The PKA-mediated S845 basal phosphorylation is crucial for LTD induction in naïve 

synapses, as reducing PKA activity by either PKA inhibitor (Kameyama et al., 1998; 

Hardingham et al., 2008) or interrupting the PKA-AKAP79/150 association by 

genetically truncating the C-terminal residuals of AKAP79/150 (Lu et al., 2008) occlude 

or significantly impair LTD. Dephosphorylation of S845 is thought to remove synaptic 

AMPARs via endocytosis. Consistent with this idea, results from my study suggest that 

S845 phosphorylation is critical in maintaining GluR1 homomers at the synapses. 

Dephosphorylation of this site, as during NMDAR-dependent LTD, destabilizes and 

removes GluR1 homomers from synapses (see Chapter 3). The destination of the 

internalized AMPARs is also determined by the S845 phosphorylation as re-

phosphorylation of S845 enables the AMPARs to be recycled back to the surface; 

otherwise, they are targeted to lysosome for degradation (Ehlers, 2000).  

Endocytosis of synaptic AMPARs during LTD is also known to rely on the 

phosphorylation of the S880 site on GluR2 subunits (Lee, 2006b). Phosphorylation of this 

site by PKC has been shown to shift the binding preference of GluR2 from GRIP 

(glutamate receptor interacting protein) (Matsuda et al., 1999; Chung et al., 2000) 

towards PICK-1 (protein interacting with C-kinase-1), which enhances internalization of 

surface GluR2-containing AMPARs (Chung et al., 2000; Terashima et al., 2004; Lu and 

Ziff, 2005). Therefore, GluR2-S880 phosphorylation is thought to destabilize the synaptic 

GluR2-containing AMPARs. Interestingly, a recent study showed that S880 

phosphorylation by PKC activation stabilizes the majority of synaptic AMPARs, 

suggesting that S880 phosphorylation may serve to stabilize these receptors (States et al., 
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2008). Whether there are different populations of GluR2 that are differentially regulated 

by S880 phosphorylation remains to be determined. 

 

Section 4 Structural plasticity of dendritic spines 

Subsection 1. A brief introduction to the dendritic spine morphology 

Dendritic spines are the major excitatory synaptic contact sites in the central nervous 

system [review in (Nimchinsky et al., 2002; Alvarez and Sabatini, 2007)]. 

Morphologically, they are small protrusions on the dendrites, and are composed of a head 

and a neck. The prevalent classification method categorizes dendritic spines into three 

groups based on the head volume as well as the ratio between the head and the neck 

diameter: 1) thin spines which have a small head connected to the dendrites via a narrow 

neck; 2) stubby spines which have no obvious distinction between the head and the neck; 

and 3) mushroom spines which have a bulbous head and a narrow neck (Nimchinsky et 

al., 2002). Dendritic spines are not permanent static structures, in contrast, both the 

density and the subtle structural details, such as the spine head volume and neck length 

and width, are subject to tight regulation during development and by synaptic activity in 

vitro and in vivo. The dynamics of spine morphology are considered an important 

structural mechanism underlying long-term synaptic plasticity as well as learning and 

memory (Yuste and Bonhoeffer, 2001; Muller et al., 2002; Nikonenko et al., 2002; 

Nimchinsky et al., 2002; Alvarez and Sabatini, 2007). Additionally, abnormalities in 

spine structure are associated with many types of brain diseases [review in (Fiala et al., 

2002)]. 
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Several intrinsic properties of spines make the structural plasticity an attracting 

mechanism for long-term changes in excitatory synaptic strength. First of all, almost 

every spine contains a synapse and most of the excitatory synapses are formed on spines 

[review in (Nimchinsky et al., 2002; Alvarez and Sabatini, 2007)], implicating that the 

alteration in the spine density can directly reflect the changes in excitatory synaptic 

strength. Furthermore, the size of the postsynaptic density (PSD), an electron dense zone 

associated with postsynaptic membrane enriched in glutamate receptors, ion channels, 

scaffolding proteins, cytoskeletal proteins and signaling molecules [review in (Okabe, 

2007; Bourne and Harris, 2008)], is highly correlated with the size of the spine head 

(Harris and Stevens, 1989). Since the PSD size correlates with the quantity of synaptic 

AMPARs (Nusser et al., 1998; Takumi et al., 1999), this suggests that the spine head 

volume would reflect the number of synaptic AMPARs. This is confirmed by a positive 

correlation between the number of synaptic AMPAR and synaptic size and the spine head 

volume (Baude et al., 1995; Nusser et al., 1998; Lendvai et al., 2000; Matsuzaki et al., 

2001). Taken together, these observations suggest that changing the spine head volume 

would directly affect AMPAR-mediated synaptic transmission. Indeed, the correlation 

between the spine density and/or spine head volume with synaptic function has been 

observed, especially during LTP and LTD [review in (Yuste and Bonhoeffer, 2001; 

Bourne and Harris, 2008)], which will be further discussed in the following subsection. 

Subsection 2. Alteration in dendritic spine morphology associated with long-

term synaptic plasticity and learning and memory 

i) LTP induction correlates with spine changes 
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Early EM (electron microscopy) studies of the spine structural plasticity following LTP 

induction produced contradictory results on the two aspects of changes: increase in spine 

density and enlargement of spine size [review in (Yuste and Bonhoeffer, 2001)]. Since 

then, accumulating evidence suggests that LTP induction is associated with spine 

morphological changes. Especially the development of two-photon microscope and the 

experimental protocols that allow monitoring of specific spines which undergo synaptic 

plasticity has revolutionized the field and provided clearer evidence that spine 

morphology changes during LTP.  

Spinogenesis  

In 1999, Maletic-Savatic found that local tetanic stimulation of Schaffer collateral inputs 

to CA1 pyramidal neurons in organotypic hippocampal slices causes formation of 

filopodia-like small protrusions along the dendrites, which could be observed up to 40 

min. The changes were input-specific and NMDAR-dependent similar to the tetanus-

induced LTP (Maletic-Savatic et al., 1999). Interestingly, about 27% of the new 

filopodia-like protrusions transformed into spine-like shapes with a bulbous head within 

one hour post-LTP. This suggests that the newly formed filopodia may mature into spines 

with functional synapses to contribute to the maintenance of LTP (Maletic-Savatic et al., 

1999). The outgrowth of dendritic spines following LTP induction has also been 

observed in another study, in which they restricted the perimeter of LTP to a small area 

by locally perfusing normal recording medium while blocking synaptic activity in the rest 

of the slice with high Cd
2+

/low Ca
2+

 buffer (Engert and Bonhoeffer, 1999). An EM study 

provided indirect evidence of new spine formation during LTP (Toni et al., 1999). By 

focusing on the synaptically activated spines, which accumulate Ca2+ precipitates, this 



 

 30 

 

group found that after LTP a larger proportion of presynaptic boutons make contact with 

multiple spines having Ca
2+

 precipitates. This result was interpreted to suggest that newly 

formed spines may make synaptic contacts with pre-existing presynaptic boutons nearby. 

These results showed a correlation between the LTP and the growth of new spines, but 

whether these new spines are functionally involved in LTP was not tested. To answer this 

question, Krucker and colleagues examined whether LTP is affected when disrupting 

actin dynamics (Krucker et al., 2000), which is involved in the motility and genesis of 

spines [review in (Matus, 2000)]. They found that preventing actin polymerization only 

impaired the maintenance of LTP, but not the basal synaptic transmission or the initial 

expression of LTP (Krucker et al., 2000). Because the time course reported for the 

conversion of new filopodia-like protrusions into mature spines following LTP (Maletic-

Savatic et al., 1999) is similar to when actin depolymerizing agents affect LTP 

maintenance, these results imply that the formation of new spines may play a role in LTP 

maintenance.  

Enlargement of spine head volume 

In addition to an increase in spine density after LTP induction, enlargement of spines is 

also observed following HFS-induced LTP, which can be reversed by LFS (Zhou et al., 

2004). One study found that the spine enlargement is long lasting in the initially small 

spines but only transient in the larger spines (Matsuzaki et al., 2004). Chemical LTP 

(chemLTP) induction by bath application of a solution that coactivates NMDARs and 

adenylyl cyclase also causes rapid spine enlargement (Kopec et al., 2006). Interestingly, 

the robust exocytosis of AMPARs driven by the chemLTP induction is found to occur 

well after the spine enlargement, suggesting the signaling cascades leading to the two 
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events may be distinct (Kopec et al., 2006). A more direct correlation between LTP and 

spine swelling is further confirmed by studies targeted at the level of a single spine 

(Harvey and Svoboda, 2007; Tanaka et al., 2008). These studies reveal similarities 

between long-term spine structural plasticity and LTP, for example, the spine 

enlargement during LTP can be divided into two phases, where the second phase is 

dependent on protein synthesis (Tanaka et al., 2008) which is also required for the 

maintenance of LTP. Interestingly, LTP induction in a single spine can reduce the 

threshold for LTP induction in close neighbor spines (Harvey and Svoboda, 2007), which 

is in line with a previously finding showing that LTP is not really restricted to a single 

synapse, but can spread to ~70 µm distance of the target synapse (Engert and Bonhoeffer, 

1997).  

ii) LTD induction correlates with spine changes 

LTP and LTD are bidirectional modifications of the synaptic strength and they use quite 

opposite mechanisms, suggesting that the spine structural changes associated with LTD 

may be a reverse of that during LTP. Indeed, both loss of spine and shrinkage of spine 

head volume are detected after LTD induction in organotypic hippocampal slice cultures 

(Nagerl et al., 2004; Zhou et al., 2004). Spine shrinkage happens rapidly after LFS and 

reaches a steady-state around 40 min post-LTD (Zhou et al., 2004). Spine retraction and 

loss of spine occur at a slower rate and are reported to stabilize around 5 hr after LFS 

(Nagerl et al., 2004). Taken together these results suggest that the two phenomena may 

underlie the initial expression and late maintenance of LTD, respectively. As will be 

discussed in Chapter 4, I found that induction of LTD by bath application of 20 µM 

NMDA for 3 min (chemLTD) in acute hippocampus slices results in a rapid and 
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persistent shrinkage of spine head volume but no change in spine density. Recently, a 

study focused on changes in synapse density (as defined as the density of spines 

associated with presynaptic boutons) and found a significantly decrease after LFS 

induced LTD in the CA1 pyramidal neurons in cultured slices. Interestingly, the spine 

head volume was not correlated with the synapse loss (Bastrikova et al., 2008). These 

data suggest that the loss of synapses is probably mediated by a retraction of presynaptic 

boutons rather than by changes in postsynaptic spine number or structure. This has been 

confirmed by another group who found that LFS-induced LTD is associated with an 

increase in the turnover rate and a net loss of presynaptic boutons which are independent 

of postsynaptic spine changes (Becker et al., 2008). Taken together, the spine 

morphological changes associated with LTD induction in the mature neurons may 

include both retraction of presynaptic boutons and rapid shrinkage of spine head volume, 

while loss of spines is more prominent in the younger age. Even if the spine shrinkage 

and the depression of synaptic strength occur simultaneously after LFS, they may utilize 

separate signaling cascades. It has been demonstrated that both events depend on the 

activity of NMDAR and calcineurin, but only synaptic depression requires the activation 

of PP1/PP2A, while depolymerization of actin filament by cofilin is needed for spine 

shrinkage (Zhou et al., 2004; Wang et al., 2007a). In addition, synaptic depression 

induced by insulin application is not associated with change in spine size (Wang et al., 

2007a). In my study, I also found evidence that functional and structural changes 

following LTD may occur via two independent signaling pathways downstream of 

NMDAR activation (see Chapter 4 for details). 
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Subsection 3. Important signaling molecules involved in the plasticity of 

spine structure 

Spine cytoskeleton is composed with actin filaments (F-actin) that aggregate into bundle 

[review in (Matus, 2000)]. The spontaneous changes in spine shapes but not size is 

known to depend on the actin dynamics as it can be completely inhibited by blocking 

actin polymerization (Fischer et al., 1998). The actin-based spine morphological changes 

are also critically required for the long-term spine structural plasticity and synaptic 

plasticity. Interfering with actin dynamics can impair the maintenance of LTP (Kim and 

Lisman, 1999; Krucker et al., 2000; Fukazawa et al., 2003) as well as the spine shrinkage 

associated with LFS-LTD (Zhou et al., 2004; Wang et al., 2007a).  Using fluorescence 

resonance energy tranfer (FRET) to monitor the conversion between G-actin (globular 

actin) and F-actin (filamentous actin), Okamoto and colleagues corroborated that tetanic 

stimulation enhances actin polymerization and enlarges spines, which is in line with 

findings that LTP induction increases F-actin content in dendritic spines (Fukazawa et al., 

2003; Lin et al., 2005). On the other hand, LFS promotes actin depolymerization leading 

to a loss of postsynaptic actin and shrinkage of spine head (Okamoto et al., 2004). 

Overall, regulation of actin dynamics is crucial for plasticity of both spine structure and 

synaptic strength.   

EphB receptors  

EphB receptors are tyrosine kinases that co-localize with PDZ proteins at the synapses 

(Torres et al., 1998; Klein, 2009). They are activated when bound by their presynaptic 

ligand ephrin-B, and are considered an important signal for spine morphogenesis [review 

in (Carlisle and Kennedy, 2005; Aoto and Chen, 2007; Klein, 2009)]. Genetic deletion of 
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EphB1-3 in the hippocampus results in no spine formation in vitro and reduced spine 

density in vivo, while activation of EphB receptors by their ligand ephrin-B2 promotes 

spine development (Henkemeyer et al., 2003). Among these three isoforms, EphB2 is 

found to be the most important, as expression of EphB2 receptor in the brain slices from 

the EphB1-3 null mice is sufficient to rescue the spine abnormality (Kayser et al., 2006). 

Interesting, EphB2 has been observed to directly interact with NMDARs at synapses and 

is required for synaptic plasticity [review in (Aoto and Chen, 2007; Klein, 2009)]. These 

results suggest that EphB receptors may be critical signaling molecules that bridge spine 

morphological changes and synaptic plasticity. 

 The signaling cascade initiated by EphB receptor activation is heavily studied and 

reviewed [review in (Carlisle and Kennedy, 2005; Aoto and Chen, 2007; Klein, 2009)]. 

The simplified model is that activated EphB receptors phosphorylate and activate the 

Rac1 guanine nucleotide exchange factor (GEF) kalirin-7, which then converts the 

inactive Rac1-GDP into the active Rac1-GTP.  Rac1-GTP then binds to and activates 

PAK (p21-activated kinase), which can phosphorylate LIMK1 (LIM kinase 1). Lastly, 

LIMK1 inactivates the actin binding protein ADF (actin-depolymerizing factor)/cofilin 

by phosphorylation, and prevents actin depolymerization.  

Actin binding proteins 

Several actin binding proteins are known to play a role in spine plasticity. As mentioned 

above, ADF/cofilin severs actin filaments when it is activated by dephosphorylation, and 

LTP increases the level of inactive ADF/cofilin (phosphorylated cofilin, p-cofilin) in the 

spines (Chen et al., 2007; Fedulov et al., 2007). In contrast, spine shrinkage associated 

with LTD requires activation of cofilin probably directly or indirectly via calcineurin 
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activity, and can be blocked by infusing postsynaptic neurons with the p-cofilin (Zhou et 

al., 2004). Another actin binding protein profilin, a regulator of actin polymerization, is 

also found to be driven into spines in an activity-dependent manner both in vitro and in 

vivo (Ackermann and Matus, 2003; Neuhoff et al., 2005; Lamprecht et al., 2006). 

Inhibiting profilin from entering spines causes spine destabilization (Ackermann and 

Matus, 2003).    

Others 

Many other molecules are implicated in the activity-dependent regulation of spine 

structural plasticity [review in (Carlisle and Kennedy, 2005; Lippman and Dunaevsky, 

2005; Tada and Sheng, 2006)].  Some of them seem to signal both changes in synaptic 

plasticity and spine structural plasticity, for example, CaMKII (Jourdain et al., 2003; 

Penzes et al., 2008) and calcineurin (Zhou et al., 2004), suggesting that functional and 

structural plasticity share at least part of the signaling cascade. Recently, microtubule, a 

dendritic cytoskeletal element, has been implicated in modulation of spine structure by 

affecting actin dynamics (Hu et al., 2008; Jaworski et al., 2009), indicating there is cross 

talk between the dynamics of dendritic and spine cytoskeleton. 

 

Section 5 Cellular and molecular basis of Alzheimer’s disease (AD) 

Subsection 1. A brief introduction to AD 

i) What is AD? 

First described by the German psychiatrist Alois Alzheimer in 1906, Alzheimer‟s disease 

(AD) has been recognized as one of the most common form of senile dementia around 
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the world. More than a hundred years after its discovery, AD is still an incurable brain 

disease, which normally starts out as a loss of memory, and progressively causes 

neurodegeneration and corruption of cognitive abilities of the patients. 

ii) Two major types of AD 

Depending on the major risk factors, AD is classified into two major types: The first is an 

early-onset autosomal dominant form of AD (familial AD or FAD) that is diagnosed in 

the < 60 years old population. FAD is caused by mutations in at least three amyloid β 

(Aβ)-relevant genes: amyloid precursor protein (APP), presenilin 1 (PS1), and presenilin 

2 (PS2) (Levy-Lahad et al., 1995; Sherrington et al., 1995; Lendon et al., 1997; Price et 

al., 1998; Harman, 2006; Bertram and Tanzi, 2008). The second type is called a late-

onset AD or sporadic AD (SAD), for which aging is the major risk  [review in (Harman, 

2006)]. Apolipoprotein E4 (ApoE4) is known to modulate the onset time of the SAD in a 

dose-dependent manner [review in (Small and Duff, 2008)]. There is evidence supporting 

that accumulation of genetic mutations also contributes to the onset of SAD (Harman, 

2006; Bertram and Tanzi, 2008) 

iii) Pathological landmarks 

Even if SAD and FAD have different determinants, they share similar pathological 

hallmarks, including degeneration of neurons in specific brain regions, deposition of 

extracellular senile plaques, and neurofibrillary tangles (NFTs). 

Neurodegeneration 

One prominent characteristic of the brains of AD patients is the extensive neuronal 

degeneration and cell death in specific areas [review in (Price et al., 1998; Selkoe, 2002; 

Hof and Morrison, 2004)]. Early in 1980s, a postmortem study by Whitehouse and 



 

 37 

 

colleagues found that more than 75% of neurons in the nucleus basalis of Meynert, a 

specific area in the basal forebrain that provide major cholinergic input to hippocampus 

and cerebral cortex, are degenerated (Whitehouse et al., 1982). In a later study, a strong 

correlation between the neuronal loss in the nucleus basalis of Meynert with the severity 

of AD was found in a group of AD patients (Dickson et al., 1995). In addition to cell 

death, synapses in certain locations seem to be highly vulnerable especially during the 

early stages of AD [review in (Selkoe, 2002; Hof and Morrison, 2004)]. Dramatic 

reductions in both synaptic density and number of synapses per neuron have been 

detected in layer II/III and V of frontal and temporal cortex in early onset AD patients (< 

65 year old) (Davies et al., 1987), and the density of synapses in the neocortex strongly 

correlates with psychometric indices (Terry et al., 1991). The decrease in synapse number 

is further confirmed by examining the level of presynaptic markers, like synaptophysin, 

synaptotagmin, et al., in the AD brains. For example, a reduction in synaptophysin level 

has been found in both hippocampus (Sze et al., 1997) and frontal cortex (Masliah et al., 

2001) of AD patients. Furthermore, the hippocampal synaptophysin level correlates well 

with the severity of AD (Sze et al., 1997). In mouse models of AD the decrease in the 

density of presynaptic boutons and neurons are detected in the young adults well before 

the formation of plaques and tangles (Hsia et al., 1999). In summary, cell death and 

reduction in synaptic density occur early during the development of AD and correlate 

well with the cognitive decline in AD patients. 

Aβ and extracellular senile plaques 

Aβ peptides, especially the one containing 42 amino acids (Aβ42), are the core chemical 

elements of the extracellular senile plaques found in AD patient‟s brain. Aβ is a normal 
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metabolized product of its precursor protein (APP) after cleavage by two endoproteolytic 

enzymes: β-secretase and γ-secretase (Figure 1.5.1). Aβ can be detected from culture 

media of primary neurons under normal conditions and cerebrospinal fluid from healthy 

people (Haass et al., 1992; Seubert et al., 1992; Shoji et al., 1992). However, in the brains 

of AD patients, the Aβ, especially the Aβ42 is highly expressed and accumulated as 

extracellular plaques (Tanzi and Bertram, 2005). From the molecular and genetic studies 

of FAD, the increase in Aβ production is mainly due to the mutations found in APP and 

presenilins (PS) (Hardy and Selkoe, 2002; Goedert and Spillantini, 2006; Bertram and 

Tanzi, 2008). Majority of the FAD-linked mutations are found in the PS, which is the key 

component of the  γ-secretase complex (De Strooper et al., 1998; Wolfe et al., 1999). 

Mutations in PS increase the Aβ42 to Aβ40 ratio (Citron et al., 1997; Xia et al., 1997), 

possibly due to a gain-of-function (Citron et al., 1997). Mutations in APP mostly cluster 

at or near the cleavage sites by secretases, and increase the Aβ production by favoring the 

cleavage by BACE1 over α-secretase (Citron et al., 1992; Cai et al., 1993). The other 

mutations on APP locate within the Aβ sequence, and promote the production of Aβ42 

over Aβ40 (Suzuki et al., 1994).  
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Figure 1.5.1 The α- and β-cleavage pathways of APP 
There are two enzymatic processing pathways of APP in the brains. If the APP is first accessed 

by α-secretase that cleaves within the Aβ sequence, non-amyloidogenic products are generated 

among which secreted APP α (sAPPα) has neurotrophic and neuroprotected effects [review in 

(Turner et al., 2003)] that can promote neurite outgrowth via the activation of MARK/ERK 

signaling cascade (Gakhar-Koppole et al., 2008). Alternatively, APP can be cleaved by β-

secretase, which is BACE1 in the brain, to generate secreted APP β (sAPPβ). Compared to the 

sAPPα, sAPPβ has very little or even negative effect in nutrition and neuroprotection (Turner et 

al., 2003) . When the carboxyl-terminal fragment β (CTFβ) is further cleaved by γ-secretase, Aβ 

peptide is released into the extracellular domain. Depending on the cleavage sites by γ-secretease, 

either the short form (Aβ40) or the long form (Aβ42) will be produced.  The APP intracellular 

domain (AICD) released as an end product in both pathways can regulate the transcriptional 

events as well as modulate  apoptosis and cytoskeletal dynamics (Turner et al., 2003; Muller et 

al., 2008). 
 

Tau and neurofibrillary tangles (NFTs) 

Tau is a microtubule-associated protein (MAP) that is normally expressed in the neuronal 

axons to maintain their integrity along with other MAPs (Weingarten et al., 1975). The 

NFTs detected in cell bodies and proximal dendrites of the AD brains are mainly formed 

by the aggregation of hyperphosphorylated tau, which have been shown to gradually 

replace the microtubules and disintegrate neurons (Figure 1.5.2) (Gray et al., 1987; Price 

et al., 1998; Mudher and Lovestone, 2002; Gotz and Ittner, 2008).   

Figure 1.5.2. The formation 

of NFTs. Tau normally binds 

to microtubules (MT) to 

stabilize the cytoskeleton. In 

AD brain, tau is found to be 

hyperphosphorylated and 

dissociated from MTs. These 

free hyperphosphorylated tau 

proteins aggregate and form 

NFTs in the cell body, 

causing disintegration of MTs 

and further cell death [review 

in (Mudher and Lovestone, 

2002)]. 
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i) The amyloid hypothesis of AD 

The origin of the amyloid hypothesis of AD can be traced back to 1984, when Aβ was 

discovered as the core element in the senile plaques (Glenner and Wong, 1984). Since 

then new findings, including the isolation of the amyloid precursor protein (APP) and its 

FAD-related mutations and the identification of the mutations on presenilins that 

promotes Aβ42 production, provided strong support for this hypothesis [For a review on 

the history of amyloid hypothesis, refer to (Tanzi and Bertram, 2005)]. Basically, this 

hypothesis emphasizes the causative role of Aβ in AD, proposing that it is the altered 

level of Aβ, particularly the level of Aβ42 either by increased production due to the 

missense mutations in APP and PS, or dysfunction in the clearance and degradation 

process of Aβ, that leads to the plaque formation, neurodegeneration, and finally 

dementia (Hardy and Higgins, 1992; Tanzi and Bertram, 2005). 

 

Subsection 2. Synaptic mechanism of ADs – based on the amyloid hypothesis 

i) Altered synaptic functions in AD model animals 

Studies of mutated human APP transgenic mice 

Since the discovery of mutations on APP that are associated with FAD, several strains of 

AD model mice that express different mutated forms of APP were developed. Transgenic 

(Tg) mice expressing human APP with the Swedish mutation (APPSWE) have been found 

to develop several symptoms similar to AD, including age-dependent accumulation of 

Aβ, formation of senile plaques, and deficits in learning and memory (Hsiao et al., 1996; 

Chapman et al., 1999). However, data on the basal synaptic transmission and synaptic 

plasticity of these APPSWE Tg mice are of controversy. Chapman and colleagues (1999) 
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found that APPSWE Tg mice have normal basal synaptic transmission in all age groups, 

but show impaired LTP in both hippocampal CA1 and dentate gyrus areas in older Tg 

mice (15-17 month old). A later study by Seebrook‟s group showed opposite results: 

reduced basal synaptic transmission in the 18-month old APPSWE Tg mice, and normal 

CA1 and dentate gyrus LTP across all age (Fitzjohn et al., 2001). The inconsistency in 

basal synaptic transmission between these two studies may have stemmed from 

differences in experimental conditions or the exact age of the animals used (15-17 month 

old versus 18 month old), and the resulting differences in the basal synaptic transmission 

might have caused the varied outcome in LTP.  

In another strain of APP transgenic mice, which bears a V717F mutation on APP (FAD-

linked APP Indiana mutation, APPInd), a reduction in basal synaptic transmission was 

observed (Hsia et al., 1999; Larson et al., 1999). As for LTP, one study found that 

hippocampal CA1 LTP could be normally induced at least up to 10 months of age (Hsia 

et al., 1999), while another group reported an impairment of CA1 LTP in young (4-5 

month) but not older (27-29 month) Tg mice (Larson et al., 1999). The impaired LTP in 

young Tg mice was found to result from altered summation of synaptic responses during 

LTP induction, suggesting a deficit in induction rather than the expression of LTP.  

Majority of the data on older APPSWE and APPInd Tg mice are consistent in that they 

show a reduction in basal synaptic transmission but unaffected hippocampal LTP. The 

synaptic deficits are not necessarily correlated with amyloid plaque formation as plaques 

only appear at older ages, but synaptic transmission deficits can be seen in young mice in 

some cases (Hsia et al., 1999; Giacchino et al., 2000; Gruart et al., 2008). The current 

understanding is that synaptic deficits are likely due to soluble Abeta or Abeta oligomers 
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(Walsh et al., 2002; Gong et al., 2003; Lacor et al., 2004; Walsh and Selkoe, 2004; 

Selkoe, 2008). This is in agreement with other studies showing a better correlation 

between the level of soluble Aβ and the cognitive decline in the AD patients (Kuo et al., 

1996; Naslund et al., 2000). Loss of presynaptic terminals is already detected in very 

young Tg mice or neuronal cultures derived from early postnatal Tg mice (Hsia et al., 

1999; Kamenetz et al., 2003; Almeida et al., 2005) as well as AD patients (Davies et al., 

1987; Sze et al., 1997), along with reduced synaptic expression of key postsynaptic 

proteins, PSD95 and GluR1 (Almeida et al., 2005; Roselli et al., 2005). Reduction in 

functional synapses and shrinkage of postsynaptic spines may explain the decrease in 

basal synaptic transmission in mice over-expressing mutant APP. Another possible cause 

of synaptic deficits seen in these transgenic mice is the disturbance of presynaptic Ca
2+

 

homeostasis (Larson et al., 1999). Recently it was found that the APPswe expressing 

cultured hippocampal neurons have altered spontaneous intracellular Ca
2+

 oscillations, 

which was not due to changes in the function of either nicotinic acetylcholine receptors or 

NMDA receptors (Kloskowska et al., 2008), possibly mediated directly by the increase in 

the level of soluble Aβ peptides (Mattson et al., 1992) .  

Studies of mutant presenilin transgenic mice 

Presenilin (PS) is a key component of the γ-secretase [review on the γ-secretase (De 

Strooper, 2003)]. Since the cloning of the first two FAD-linked mutations on PS1 and 

PS2 (Levy-Lahad et al., 1995; Sherrington et al., 1995), 176 pathogenic mutations (which 

accounts for 85% of all identified FAD-linked mutations) have been identified on these 

two genes (Bertram and Tanzi, 2008), most of which locate on PS1, suggesting a strong 

contribution of these missense mutations to the onset of FAD. These findings triggered 
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the generation of a large number of transgenic mouse lines over-expressing FAD-related 

PS1 mutations. All of these transgenic mice have increased expression of Aβ42, but not 

Aβ40 (Borchelt et al., 1996; Duff et al., 1996; Citron et al., 1997), suggesting a gain-of-

function by the mutations. The effects of over-expressing mutant PS1 on synaptic 

properties are less severe compared to the mutant APP Tg mice. Investigations on 

different lines of PS1 Tg mice show similar enhancement of LTP at the CA3-CA1 

synapses (Parent et al., 1999; Barrow et al., 2000; Zaman et al., 2000; Wang et al., 2007b; 

Dewachter et al., 2008), with no change in PPF (paired-pulse facilitation) ratio and basal 

synaptic transmission (Parent et al., 1999; Zaman et al., 2000). In line with these results, 

an in vivo study of the PS1M146L Tg mice showed no activity-induced potentiation at the 

CA3-CA1 synapses (Gruart et al., 2008). There are conflicting results on the 

measurement of postsynaptic NMDA receptor responses in different PS1 mutant mouse 

lines. One group found a reduction of NMDA receptor response in the PS1M146V Tg mice 

(Wang et al., 2007b), while the other saw a larger NMDA receptor-mediated synaptic 

transmission (Dewachter et al., 2008) in the PS1A246E Tg mice. The difference in the 

mutation site or the age of the animal used may have resulted in the opposite outcome  

(Wang et al. used 9-12 month old mice and Dewachter et al. used 4-6 month old mice).  

Similar to the synaptic deficits found in other AD model animals, the enhanced synaptic 

potentiation in the mutant PS1 Tg mice does not correlate with the extent of plaque 

formation (Chui et al., 1999; Gruart et al., 2008), suggesting that this might be caused by 

other factors. For example, the toxic effect of soluble Aβ or disturbances in the 

intracellular Ca
2+

 homeostasis may be responsible for the synaptic phenotypes seen in 

mutant PS1 Tg mice [review in (LaFerla, 2002)]. Studies from both cell lines and 
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transgenic mice show that mutations on PS can imbalance the intracellular Ca
2+

 signaling 

(Guo et al., 1997; Barrow et al., 2000; Chan et al., 2000) probably by promoting the 

storage of Ca
2+

 in the ER (LaFerla, 2002). 

Double/triple transgenic mouse models of AD  

There are many more studies on transgenic mice with different mutations on APP or 

combination of mutant APP and other AD related proteins, such as PS1 and tau. These 

mice develop AD-like symptoms [for a general review, see (Price et al., 1998; Gotz and 

Ittner, 2008)] and exhibit varied phenotypes on synaptic functions. For example, a triple 

transgenic (triple-Tg) mouse expressing APPSWE, PS1M146V, and tauP301L have reduced 

basal synaptic transmission and CA1 LTP at 6 months of age (Oddo et al., 2003). The 

synaptic dysfunctions observed in the triple-Tg line are correlated with the Aβ levels. A 

double transgenic (double-Tg) mouse expressing both APPSWE and PS1L166P shows a 

reduction in both evoked AMPA receptor- and NMDA receptor-mediated responses, 

probably due to a decrease in synaptic density as well as the number of readily releasable 

synaptic vesicles (Priller et al., 2007).  

 

ii) Direct effects of exogenously applied Aβ on synaptic function 

Although different AD mouse models show deficits in synaptic functions, it cannot be 

taken for granted that these deficits are caused solely by the enhanced production of Aβ 

peptides. In order to directly test the role of Aβ in altering synaptic functions, many 

studies have been done to characterize synaptic properties and plasticity following 

exogenous application of various Aβ peptides.  
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In vitro studies done in either the medial perforant path to dentate granule cells or the 

Schaffer collateral inputs to CA1 neurons reported that application of subneurotoxic 

concentrations of Aβ peptides (i.e. Aβ42, Aβ40, or Aβ25-35) inhibits LTP induction 

(Lambert et al., 1998; Chen et al., 2000; Chen et al., 2002; Zhao et al., 2004; Knobloch et 

al., 2007) without affecting basal synaptic transmission (Chen et al., 2000). Miniature 

EPSCs recorded from organotypic hippocampal slice cultures treated with naturally 

released Aβ oligomers are smaller in amplitude and lower in frequency compared to the 

non-treated neurons (Shankar et al., 2007), suggesting that both pre- and post-synaptic 

properties are affected. A recent study in cultured hippocampal neurons found that 

exogenous application of Aβ42 globulomers suppresses the frequency of spontaneous 

synaptic activity by reducing synaptic vesicle release from both GABAergic and 

glutamatergic synapses (Nimmrich et al., 2008). Inhibition of LTP by Aβ is also reported 

from in vivo studies. Walsh and colleagues show that injecting the naturally secreted Aβ, 

collected from cells expressing mutated APP (V717F mutation in APP751), into the CA1 

region prevents stable LTP maintenance (Walsh et al., 2002). In a line of AD Tg mice 

expressing APP Swedish and Arctic mutations, which leads to production of Aβ 

oligomers in the brain, LTP is also impaired (Knobloch et al., 2007).  Collectively, these 

studies suggest it is the soluble Aβ, but not its aggregated form, that causes synaptic 

dysfunction. Furthermore, selective degradation of the Aβ monomers by insulin-

degrading enzyme could not rescue the impaired LTP, indicating that it is the soluble Aβ 

oligomers, not the monomers, which are responsible for blocking LTP (Walsh et al., 

2002). In addition to its effect on LTP, in vivo injection of Aβ peptides (i.e. Aβ42 or the 

C-terminal of APP containing the Aβ fragment) is reported to facilitate LTD and LTP 
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reversal (called depotentiation) in the CA1 region (Kim et al., 2001). In sum, majority of 

studies suggest that while fibrillar Aβ accumulation seem in the senile plaques is a 

hallmark of AD, it is the soluble Aβ oligomers that disturb synaptic functions and lead to 

neurodegeneration in AD (Tanzi, 2005).  

 Cellular and molecular mechanism of AD 

Soluble Aβ oligomers in the AD brains have been found to bind to neuronal surfaces 

(Gong et al., 2003), specifically to a subset of synapses where they colocalize with a 

postsynaptic density marker PSD95 (Lacor et al., 2004), suggesting that Aβ may regulate 

postsynaptic functions directly. One candidate target of Aβ is NMDA receptors. 

Synthetic Aβ40 peptide selectively augments NMDA receptor current without affecting 

AMPA receptor current in the dentate gyrus of acute hippocampus slices (Wu et al., 

1995). Consistent with this, APPInd (V717F mutation) Tg mice show an enhancement in 

the ratio of NMDAR-to-AMPAR-mediated synaptic transmission in the CA1 region 

(Hsia et al., 1999). However, contradictory results are reported in later studies. In one 

study, both synthetic Aβ42 and naturally secreted Aβ from APPSWE Tg mice have been 

found to promote endocytosis of surface NMDAR and hence depress NMDAR current in 

cultured cortical neurons (Snyder et al., 2005). Moreover, they also found a reduction in 

the surface expression of NMDAR in cultured cortical neurons from APPSWE Tg mice 

(Snyder et al., 2005). These results are indirectly confirmed by a later study in which they 

mimicked the effects of Aβ oligomer on dendritic spine loss by partially inhibiting the 

NMDAR activity (Shankar et al., 2007). Other studies report a down-regulation of 

surface AMPARs in neurons over-expressing either wildtype or Swedish mutated APP or 

treating wildtype neurons with exogenous Aβ42 peptides (Almeida et al., 2005; Hsieh et 
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al., 2006) . The down-regulation of AMPARs by Aβ overproduction is associated with 

endocytosis of synaptic AMPARs via mechanisms similar to LTD (Hsieh et al., 2006). 

Contradictory reports on the effects of Aβ on AMPAR and NMDAR regulation may be 

due to several variables. First, there is evidence that Aβ40 and Aβ42 may have distinct 

function in AD pathology. For example, majority of FADs caused by presenilin-1 

mutation have reduced Aβ40 and therefore an increase in the Aβ42/Aβ40 ratio (Borchelt 

et al., 1996; Thinakaran and Sisodia, 2006). Second, there are differences in the 

experimental preparations. Both Wu et al. (1995) and Hsia et al. (1999) were working 

with acute adult hippocampal slices, while Snyder et al. (2005), Almeida (2005) and 

Hsieh (2006) were using either cultured neurons from embryonic mice or organotypic 

hippocampal slice cultures prepared from early postnatal mice. Third, the presence or 

absence of APP itself may have also affected the results. 

In any case, alterations in NMDAR function by Aβ suggest that Aβ will affect 

downstream Ca
2+

-dependent signaling pathways. Calcineurin, a protein phosphatase 

activated by Ca
2+

, may be one of the downstream signaling molecules affected by Aβ, as 

it is required for the inhibition of perforant pathway LTP (Chen et al., 2002), endocytosis 

of surface AMPARs (Hsieh et al., 2006), and loss of spines (Hsieh et al., 2006; Shankar 

et al., 2007) by Aβ. The upstream phosphatase of calcineurin, PP1, is also found to be 

involved in the Aβ-induced neurotoxicity as inhibition of PP1 can rescue the LTP deficit 

both in vitro and in vivo (Knobloch et al., 2007). In addition to activating protein 

phosphatases, Aβ prevents the activation of CaMKII, a Ca
2+

-dependent protein kinase 

necessary for LTP, and phosphorylation of AMPA receptors (Zhao et al., 2004).  
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Besides NMDA receptors, Aβ may act directly on the L-type Ca
2+

 channels to increase 

the intracellular Ca
2+

 level (Mattson et al., 1992; Weiss et al., 1994). Recently, an 

impaired p21-activated kinase (PAK)-cofilin signaling pathway has been found in both 

human AD brains and AD mouse models (Zhao et al., 2006). This signaling pathway is 

critically involved in the dendritic spine morphogenesis and actin dynamics (Meng et al., 

2002; Hayashi et al., 2004), and its dysfunction is associated with neurodegeneration 

observed in the AD brains (Zhao et al., 2006). Interestingly, the authors found that the 

defect in PAK-cofilin pathways is likely caused by Aβ oligomers, as reducing Aβ level 

by immunizing mice with anti-Aβ antibody can rescue the signaling (Zhao et al., 2006). 

Dendritic spine degeneration induced by Aβ oligomers is also observed in a later study, 

which proposed that a partial inhibition of NMDA receptor by Aβ oligomer causes less 

Ca
2+

 influx leading to a loss in dendritic spines (Shankar et al., 2007). In addition to 

changing the postsynaptic Ca
2+

 signal, Aβ also likely affects presynaptic Ca
2+

, as Aβ 

globulomers are reported to specifically inhibit presynaptic P/Q type calcium channels 

(Nimmrich et al., 2008). 

There are reports that Aβ can even regulate gene expression. Treating cultured 

hippocampal neurons with soluble Aβ oligomers induces rapid expression of an 

immediate early gene (IEG) Arc/Arg 3.1 (Lacor et al., 2004). Interestingly, a decrease in 

the expression of multiple synaptic plasticity related genes, including Arc/Arg 3.1 and 

zif268, have been observed in transgenic mice expressing APP and presenilin-1 (Dickey 

et al., 2003) and transgenic mice expressing hAPP with Swedish and Arctic mutation, 

which are prone to produce Aβ oligomers (Knobloch et al., 2007). In any case, changes in 

the expression of IEG, especially the Arc/Arg 3.1, are implicated in the alteration of 
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synaptic plasticity (Guzowski et al., 2000; Steward and Worley, 2001; Shepherd et al., 

2006). It is known that over-expression of Arc/Arg 3.1 causes learning dysfunctions 

(Guzowski, 2002), possibly via reducing surface GluR1-containing AMPARs expression 

(Shepherd et al., 2006). On the other hand, mice lacking Arc/Arg 3.1 show an increase in 

surface GluR1-containing AMPARs (Shepherd et al., 2006). 

 

Subsection 3. Neuronal function of BACE1 and its significance 

i) Physiological functions of BACE1 

Substrates of BACE1 

Besides cleaving APP to produce Aβ, BACE1 is likely to have other substrates as it is 

widely distributed in the CNS (Vassar et al., 1999; Kitazume et al., 2001; Gruninger-

Leitch et al., 2002; Lichtenthaler et al., 2003; Li and Sudhof, 2004). One substrate is the 

beta-subunit of voltage-gated sodium channels (VGSCβ) (Wong et al., 2005). It is found 

that reducing BACE1 activity decreases the expression of VGSCβ (Wong et al., 2005). 

Interestingly, a later study in which BACE1 is over-expressed in the neuroblastoma cells, 

the α subunit of the VGSC (VGSCα) level as well as the cell surface expression of VGSC 

are reduced due to the cleavage of VGSCβ by BACE1 (Kim et al., 2007). Another 

substrate of BACE1 is neuregulin-1 (Nrg1), which is an axonal signaling molecule 

critical for regulating myelination (Lemke, 2006). Consistent with this, BACE1-/- mice 

show hypomyelination of the peripheral nerves (Willem et al., 2006) as well as  the 

central nerves (Hu et al., 2006). Both of these studies showed an accumulation of 

unprocessed Nrg1 and a reduction in its cleavage product in BACE1-/- mice suggesting 

that Nrg1 cleavage by BACE1 is important for myelination (Hu et al., 2006; Willem et 
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al., 2006). A recent study reported alterations in neuregulin-1/ErbB4 signaling in the 

BACE1-/- mouse (Savonenko et al., 2008) providing further support that BACE1 is 

involved in Nrg1 signaling.  

Synaptic deficits in BACE1 -/- mice 

Mice lacking BACE1 gene showed no β secretase activity and much less Aβ production 

in the brain compared to wildtype littermates. Initial characterization of the BACE1 

knockouts showed that they are viable and fertile, with no gross difference in behavior 

and development (Cai et al., 2001; Luo et al., 2001; Roberds et al., 2001; Ohno et al., 

2004). Furthermore, knocking out the BACE1 gene in mouse models of AD can rescue 

the hippocampus-specific memory deficits (Ohno et al., 2004; Laird et al., 2005; Ohno et 

al., 2006) and ameliorate the impaired hippocampal cholinergic regulation of neuronal 

excitability (Ohno et al., 2004). These findings were quite encouraging and suggested 

that BACE1 may be a good therapeutic target for treating AD (Citron, 2002; Vassar, 

2002; Citron, 2004). However, further investigations, including my work (for details see 

Chapter 2), of the synaptic properties in the BACE -/- mouse unveiled an important role 

of BACE1 in synaptic transmission and plasticity.  

I found that in the hippocampus CA3-CA1 synapses, BACE1-/- mice display normal 

AMPAR-mediated and pharmacologically isolated NMDAR-mediated synaptic 

transmission, but show larger paired-pulse facilitation (PPF) ratio, indicating a reduction 

in presynaptic release (Laird et al., 2005). While TBS-induced LTP and LTD induced by 

either one (non-saturated) or three (saturated) episodes of paired-pulse 1 Hz protocol are 

normal, BACE1 -/- displays significantly enhanced de-depression (reversal of LTD) 

(Laird et al., 2005) (see Chapter 2).  
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While BACE1 is expressed at the CA3-CA1 synapses, its expression is much higher at 

the mossy-fiber synapses in CA3 (Laird et al., 2005). Recently as a follow-up of my 

initial study, the synaptic function at mossy fiber-CA3 synapses was characterized in the 

BACE1-/-. BACE1-/- displayed a much more severe deficit in presynaptic release at the 

mossy fiber synapses, as reflected by a dramatic increase in PPF ratio and a loss of a 

presynaptic form of LTP (mfLTP). The mfLTP was rescued by increasing extracellular 

Ca
2+

 concentration, indicating that the presynaptic Ca
2+

 regulation may be abnormal in 

the BACE1-/- mice (Wang et al., 2008). One possible mechanism for the presynaptic 

Ca
2+

 defect in the BACE1 -/- may be the alteration in Nrg1/ErbB4 signaling (Savonenko 

et al., 2008). Nrg1/ErbB4 signaling is known to promote the α7 nicotinic receptor 

(nAchR) expression (Liu et al., 2001), the activation of which allows Ca
2+

 entry into the 

presynaptic boutons (Seguela et al., 1993).  

The altered synaptic properties found in the BACE1 -/- could interfere with memory 

formation and storage. Consistent with this interpretation, detailed behavioral studies on 

BACE1 -/- mice reported problems in both cognitive and emotional memory tests 

(Harrison et al., 2003; Laird et al., 2005; Ma et al., 2007; Savonenko et al., 2008).  
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Chapter 2: β-Site APP cleaving enzyme 1 (BACE1) knockouts 

have abnormal synaptic properties in the hippocampus 
 

The data in this chapter are part of a paper published in the Journal of 

Neuroscience:  

Laird FM, Cai H, Savonenko AV, Farah MH, He K, Melnikova T, Wen H, Chiang HC, 

Xu G, Koliatsos VE, Borchelt DR, Price DL, Lee HK, Wong PC, Journal of 

Neuroscience 2005; 50:11693-11709 

My contribution: All of the electrophysiological characterization of the BACE1 

knockouts. 

 

Section 1 Introduction 

Alzheimer‟s disease (AD) is a progressive neurodegenerative disorder, which starts out as 

a loss of memory. It is widely believed that AD is initiated by synaptic dysfunction, 

which may be the basis for the loss in memory function in the early stages of the disease 

(Selkoe, 2002; Walsh and Selkoe, 2004a, 2004b). Ultimately the disease progresses into 

severe loss in cognition and neurodegeneration. Current understanding of the disease 

suggests production of amyloid β peptide (Aβ) as the key molecular event that ultimately 

leads to neuronal degeneration and clinical pathology (Hardy and Selkoe, 2002). Aβ is 

produced by a sequential proteolytic cleavage of the amyloid precursor protein (APP) by 

two endoproteolytic enzymes initially described as gamma- and beta-secretases. In the 

brain, beta-site APP cleaving enzyme (BACE1), a transmembrane aspartic protease has 

been found to be the major neuronal β-secretase (Vassar et al., 1999; Cai et al., 2001; Luo 

et al., 2001; Roberds et al., 2001). Mice lacking BACE1 gene showed no β secretase 

activity and much less Aβ production in the brain compared to wildtype littermates. 
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Initial characterization of the BACE1 knockouts showed that they are viable and fertile, 

with no gross difference in behavior and development (Cai et al., 2001; Luo et al., 2001; 

Roberds et al., 2001; Ohno et al., 2004). Furthermore, knocking out the BACE1 gene in 

mouse models of AD can rescue the hippocampus-specific memory deficits (Laird et al., 

2005) and ameliorate the impaired hippocampal cholinergic regulation of neuronal 

excitability (Ohno et al., 2004). These findings were quite encouraging and suggested 

that BACE1 may be a good therapeutic target for treating AD (Citron, 2002; Vassar, 

2002; Citron, 2004). However, as BACE1 is widely distributed in the CNS (Vassar et al., 

1999; Kitazume et al., 2001; Gruninger-Leitch et al., 2002; Lichtenthaler et al., 2003; Li 

and Sudhof, 2004), it is likely to have other substrates besides APP. One of them is the 

APP-like protein (APLP), who belongs to the same gene family as APP and the cleavage 

products by BACE1 plays a role in transcriptional activation (Li and Sudhof, 2004). Later 

Wong and colleagues found that reducing BACE1 activity decreases the expression of the 

beta-subunit of voltage-gated sodium channel (VGSCβ), and suggested VGSCβ as another 

substrate of  BACE1 (Wong et al., 2005).  

In order to use BACE1 as a drug target in treating ADs, it is critical to understand  the 

role of BACE1 in normal neuronal functions. To do that, we studied synaptic properties, 

including basal synaptic transmission and synaptic plasticity in the adult BACE1 

knockout mice. Here we found that the BACE1 knockouts have normal basal synaptic 

transmission as well as long-term potentiation (LTP) and long-term depression (LTD); 

however, there was an increase in paired-pulse facilitation (PPF) ratio and de-depression, 

indicating that the BACE1 knockouts have deficits in presynaptic function as well as 
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bidirectional regulation of synaptic plasticity. Our data suggest a specific role of BACE1 

in normal synaptic physiology. 

 

Section 2 Methods and Materials 

Subsection 1. Acute hippocampus slices preparation for electrophysiology 

Hippocampal slices were prepared from adult (3 - 6 months old) male BACE1 knock-out 

or wild-type mice as described previously (Lee et al., 1998). Briefly, under deep 

anesthesia by halothane, mice were killed by decapitation, and their brains were removed 

quickly and transferred to the ice-cold dissection buffer containing the following (in 

mM): 212.7 sucrose, 2.6 KCl, 1.23 NaH2PO4, 26 NaHCO3, 10 dextrose, 3 MgCl2, and 1 

CaCl2 (bubbled with a mixture of 5% CO2 and 95% O2). A block of hippocampus was 

removed and sectioned into 400 µm-thick slices using a vibratome. The slices were 

recovered for 1.5 h at room temperature in artificial CSF (ACSF) (in mM): 124 NaCl, 5 

KCl, 1.25 NaH2PO4, 26 NaHCO3, 10 dextrose, 1.5 MgCl2, and 2.5 CaCl2 (bubbled with a 

mixture of 5% CO2 and 95% O2). 

Subsection 2. Electrophysiological Recordings 

All recordings were done in a submersion recording chamber perfused with ACSF (29.5–

30.5°C, 2 ml/min). Synaptic responses were evoked by stimulating the Schaffer 

collaterals with 0.2 ms pulses delivered through concentric bipolar stimulating electrodes 

(Frederick Haer Company, Bowdoinham, ME) and recorded extracellularly in CA1 

stratum radiatum. Baseline responses were recorded using half-maximal stimulation 

intensity at 0.033 Hz. To induce long-term potentiation (LTP), four trains of theta-burst 
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stimulation (TBS) were delivered at 0.1 Hz. Each train consists of 10 bursts (four pulses 

at 100 Hz per burst) repeated at 5 Hz frequency. Long-term depression (LTD) was 

induced by a paired-pulse 1 Hz protocol (PP-1 Hz) (paired pulses with 50 ms 

interstimulus interval (ISI) delivered at 1 Hz for 15 min). We used three episodes of 

paired-pulse 1 Hz stimulation to induce the saturated LTD. For measurement of paired-

pulse facilitation (PPF), we used ISIs of 25, 50, 100, 200, 400, 1000, and 2000 ms. 

Pharmacologically isolated NMDA receptor-mediated synaptic responses were measured 

using 0 mM MgCl2 ACSF with 10 µM NBQX. 100 µM of APV was added at the end of 

each experiment to confirm the NMDA receptor-mediated responses. 

Subsection 3. Analysis of Electrophysiology data 

The evoked extracellular field potential were digitized and stored in the computer by the 

Igor software (WaveMetrics). Using a custom-made Igor program, either the initial slope 

(for measurement of AMPA receptor responses) or the amplitude (for pharmacologically 

isolated NMDA receptor responses) of population field potential was measured as the 

strength of synaptic transmission. For statistic, Fisher‟s PLSD post hoc test was used to 

compare the pair-pulse facilitation ratio. For the LTP and LTD data, the measurements at 

the end of each recording (60 min after baseline for LTD, 120 min for LTP and saturated 

LTD, 30 min for de-depression ) were compared using student‟s t-test. 

 

Section 3 Results 

Subsection 1. BACE1 knockout mice have deficit in presynaptic release. 



 

 56 

 

Figure 2.1. The BACE1 knockouts 

have presynaptic deficit. 

An increase in PPF ratio in the 

BACE1 knockouts. PPF ratio was 

measured at different ISIs, as shown 

in the bottom panel. Example field 

potential traces taken at an ISI of 50 

ms are shown for both BACE1 

wildtypes (WT, open circle) and 

BACE1 knockouts (KO, filled circle) 

in the top panel.  

Asterisk: p < 0.03 for 25 ms ISI, p < 

0.004 for 50 ms ISI, Fisher‟s PLSD 

post hoc analysis. 

The immunostaining experiment carried out by our collaborators indicated that BACE1 is 

highly expressed in the presynaptic boutons, which suggest that BACE1 may play a role 

in the presynaptic function. To examine whether presynaptic function is altered in 

BACE1 knockout mice, paired-pulse facilitation (PPF ratio) was measured by giving pair-

pulse stimulations at different ISIs. Interestingly, we found that there is a significant 

increase in the PPF ratio in BACE1 knockout mice compared with littermate controls (Fig. 

2.1) at 25 and 50 ms interstimulus interval (PPF ratio at 25 ms ISI:  BACE1 wildtype, 

1.52  ± 0.03, n = 40 slices, 12 mice; BACE1 knockout, 1.65 ± 0.06, n = 43 slices, 12 mice; 

Fisher‟s PLSD post hoc analysis, p < 0.03; at 50 ms ISI: BACE1 wildtype, 1.59  ± 0.03, n 

= 40 slices, 12 mice; BACE1 knockout, 1.75 ± 0.06, n = 43 slices, 12 mice; Fisher‟s 

PLSD post hoc analysis, p < 0.004). Because changes in PPF ratio have been attributed to 

alterations in presynaptic release probability (Manabe et al., 1993), the increased PPF 

ratio observed in 

BACE1 knockout 

mice may indicate a 

deficit in 

presynaptic release.  
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Subsection 2. The basal synaptic transmissions are normal in the BACE1 

knockout mice. 

To further investigate the role of BACE1 in synaptic transmission, we measured the 

AMPA receptor mediated basal synaptic transmission by examining the input-output 

relationship. To do this, extracellular field potentials were recorded in the stratum 

radiatum of CA1 following a gradual increase in stimulation intensity. The resulting 

synaptic responses were plotted against the presynaptic fiber volley amplitude to control 

for the number of axons recruited by each stimulation intensity. We found that the 

BACE1 knockouts display similar input-output relationship of AMPA receptor-mediated 

responses as the wildtype littermates (Figure 2.2 A), suggesting there is no alteration in 

basal synaptic transmission.   

Even though NMDA receptors are normally inactive during basal synaptic transmission 

(Dingledine et al., 1999), their activation is critical for the induction of synaptic plasticity 

(Nicoll and Malenka, 1995; Lynch, 2004). To study whether lacking BACE1 activity 

affects NMDA receptor-mediated synaptic transmission, NMDA receptor-mediated 

responses were pharmacologically isolated by addition of NBQX (10 µM) and the input-

output curve was generated by varying the stimulation intensity. Again, we did not detect 

a significant difference in the NMDA receptor-mediated basal synaptic transmission 

between the wildtypes and the knockouts (Figure 2.2 B). Taken together, these results 

indicate that the basal synaptic transmission of Schaffer collateral inputs to CA1 is 

unaffected by lacking BACE1. 
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Figure 2.2. Synaptic transmission is 

normal in the BACE1 knockout mice. 

A. No change in AMPA receptor-

mediated basal synaptic transmission in 

BACE1 knockout. Input– output curves 

were generated by gradually increasing 

stimulus intensity and measuring the 

initial slope of the FP (left panel). The 

measured FP slopes are plotted against 

the amplitude of presynaptic fiber 

volley, a measure of presynaptic action 

potentials. Example field potential 

traces taken at all stimulation intensities 

are shown for both wildtype and 

BACE1 knockout mice on the right side. B.  Normal NMDA receptor-mediated basal synaptic 

transmission in BACE1 knockouts. Pharmacologically isolated NMDA receptor-mediated 

synaptic transmission was measured by generating input–output curves. Example FP traces are 

shown in the top panel. Top two traces show the pharmacological isolation of NMDA receptor 

mediated responses in wildtypes and BACE1 knockouts. Gray traces are AMPA receptor-

mediated responses recorded in normal ACSF. Thick black traces are field potentials after 

switching to ACSF with 0 mM MgCl2 and 10 mM NBQX to isolate NMDA receptor-mediated 

responses. At the end of all experiments, 100 µM APV was added, which completely blocked the 

NMDA receptor-mediated FP (thin black traces). The bottom two traces show NMDA receptor-

mediated FPs recorded during the generation of the input-output curves from the wildtypes (left) 

and knockouts (right). Wildtype (WT, open circles) and BACE1 knockout (KO, filled circles) 

 

Subsection 3. BACE1 knockout mice exhibit a specific deficit in synaptic 

plasticity. 

To determine whether synaptic plasticity is altered in the BACE1 knockout mice, first we 

examined LTP using four trains of TBS. We found that there is no difference in the 

magnitude of LTP up to 2 h after the TBS protocol (Wildtype, 165 ± 11% at 2 h after 

TBS, n = 18 slices, 10 mice; BACE1 knockout, 151 ± 10%, n = 7 slices, 5 mice) (Fig. 2.3 

A). Similarly, we did not find a deficit in LTD induced with one train of paired-pulse 1 

Hz protocol (PP-1 Hz, 15 min, ISI = 50 ms) (wildtype, 75 ± 4% at 1 h post-onset of PP-1 

Hz, n = 12 slices, 5 mice; BACE1 knockout, 78 ± 5%, n = 12 slices, 5 mice) (Fig. 2.3 B). 

Because one episode of PP-1 Hz does not saturate LTD, we repeated the study with 3 
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trains of PP-1 Hz to determine whether the “lower ceiling” of synaptic plasticity has 

changed in BACE1 knockout mice. As shown in Figure 2.3 C, we did not find a 

difference between control and BACE1 knockout mice (Wildtype: 58 ± 4% at 1 h post 

onset of last PP-1 Hz, n  = 16, 7 mice; BACE1 knockout: 63 ± 6%, n = 18, 8 mice). To 

determine whether LTD reversal (de-depression) is affected in BACE1 knockout mice, 

we delivered four trains of TBS after LTD saturation. Surprisingly, we found that BACE1 

knockout mice produced a significantly larger de-depression compared with control mice 

(Wildtype, 168 ± 16% at 30 min after TBS, n = 13 slices, 7 mice; BACE1 knockout, 252 

± 27%, n = 13 slices, 7 mice; Student‟s t test, p < 0.01) (Fig. 2.3 D). Both LTP and de-

depression are induced by the same TBS protocol, but our data indicate that BACE1 

knockout mice show a selective increase in de-depression. To determine whether this is 

attributable to differential summation of responses during TBS, we compared the total 

charge transfer (area under the field potentials) during the TBS (Fig. 2.3 E). We found a 

significant increase in responses during TBS in the BACE1 knockouts only during the de-

depression (ANOVA, repeated measures, F(1,23) = 6.573; p < 0.02) (Fig. 2.3 E). 

 

Figure 2.3. Synaptic plasticity in BACE1 knockout mice.  
A. No change in LTP in BACE1 knockout mice. Grouped averages are shown on the left graph. 

There is no difference in LTP magnitude in BACE1 knockouts (filled circles) compared with 

wiltype mice (open circles). Example field potential traces taken before and 2 h after TBS are 

overlapped and shown in the right panel for both wildtype mice (left) and BACE1 knockouts 

(right). B. No change in LTD in BACE1 knockout mice. LTD induced by 15 min of PP-1 Hz are 

shown for wildtype mice (open circles) and BACE1 knockout mice (filled circles). Example field 

potential traces taken before and 1 h after the onset of PP-1 Hz are shown in the right panel. C. 

No difference in LTD saturation in BACE1 knockout mice. Three episodes of PP-1 Hz were 

repeated at 15 min intervals to saturate LTD in both wildtyps (open circles) and knockouts (filled 

circles). Top panel shows example field potential traces taken from the baseline and 1 h after the 

onset of the third PP-1 Hz overlapped for both wildtypes (left) and BACE1 knockouts (right) for 

comparison. D. Larger de-depression (LTD reversal) in the BACE1 knockout mice. After the 

saturation of LTD (shown in C), TBS was delivered to induce de-depression. Bottom panel shows 

the average data in which BACE1 knockouts (filled circles) show a significantly larger de-

depression compared with wildtypes (open circles). Baseline in this graph was renormalized to 

the 20 min before TBS for better comparison. Example traces taken before TBS and 30 min 
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afterward are overlapped for comparison for wildtypes (left) and BACE1 knockouts (right). E. 

Larger summation of TBS responses only during the de-depression in the BACE1 knockout mice. 

Responses during TBS were compared between wildtypes and BACE1 knockouts during LTP and 

de-depression induction. Top panel shows example traces taken from the first train of TBS. The 

traces were taken to match the initial field potential size. Traces from wildtype (gray lines) and 

BACE1 knockout (black lines) are overlapped for comparison. Note larger responses in BACE1 

knockout during the de-depression but not LTP. To quantify these differences, the area under the 

TBS responses were calculated and normalized to the area under a single field potential (bottom 

panel). There was a significant increase in the normalized TBS area from the BACE1 knockouts 

only during the de-depression compared with wildtypes. The asterisk indicates statistically 

significant difference in normalized TBS area during all four TBS trains. P < 0.02 ANOVA 

repeated measurement.  
KO, Knock-out mice; WT, wild-type mice. 
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Section 4. Discussion 

We found that the BACE1 knockout mice have specific deficits in synaptic transmission 

and plasticity. Compared to the wildtype littermates, the BACE1 knockout mice have 

normal basal synaptic transmission mediated by both AMPA receptor and NMDA 

receptor, but the PPF ratio is significantly larger when measured at 50 ms ISI. Both TBS-

induced LTP and PP-1 Hz-induced LTD are comparable between the knockouts and 

wildtypes. However, the de-depression induced by TBS after saturated LTD is greatly 

increased in the BACE1 knockout mice.  

Subsection 1: BACE1 and basal synaptic transmission. 

While BACE1 knockout mice display normal AMPA receptor-mediated and 

pharmacologically isolated NMDA receptor-mediated synaptic transmission at the 

hippocampal Schaffer-Collateral input to CA1 synapses (Figure 2.2), these synapses 

showed larger PPF ratio compared to wildtype littermates when tested with using 25 and 

50 ms ISIs (Figure 2.1). Changes in PPF ratio is linked to alterations in presynaptic 

release probabilities (Manabe et al., 1993). Therefore, the increase in PPF ratio observed 

in BACE1 knockout mice indicates a reduction in presynaptic release, which is consistent 

with the high expression of BACE1 in presynaptic terminals (Laird et al., 2005). This 

implies that one of the physiological functions of BACE1 in the wildtype mice may be to 

positively regulate the presynaptic release.  How BACE1 regulates this process is still 

unclear. BACE1 knockout mice might have alteration in the expression of beta-subunit of 

voltage-gated sodium channel (VGSCß) (Wong et al., 2005), but it doesn‟t seem to be 

responsible for the presynaptic deficit, which may affect whether the presynaptic release 

will be trigger but the probability of release is mainly determined by the Ca
2+

 entry into 
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the presynaptic bouton (Rusakov, 2006). Besides monitoring presynaptic release, recent 

data suggest that changes in the PPF ratio can also be caused by postsynaptic 

modifications, such as by varying the subunit composition of AMPA receptors (Rozov et 

al., 1998; Shin et al., 2005). Therefore, there is a possibility that knockout of BACE1 

may also affect postsynaptic AMPA receptor function, which may explain why the 

AMPA receptor-mediated synaptic transmission is normal in the knockout mice even 

when the presynaptic release is reduced. 

Subsection 2. BACE1 regulates synaptic plasticity. 

Regardless of the exact role BACE1 plays in synaptic functions, the increase in the PPF 

ratio indicates that a lack of BACE1 may affect synaptic integration at higher frequencies. 

This observation may explain the larger de-depression in BACE1 knockout mice 

compared with control mice. However, contrary to our expectations, we did not observe 

any increase in LTP in BACE1 knockout mice, which is induced by the same TBS 

protocol. One possibility is that the expression of  LTP and de-depression use different 

molecular mechanisms (Abeliovich et al., 1993; Lee et al., 2000).  In this case, BACE1-

dependent pathways may act as a negative regulator of de-depression mechanisms, while 

leaving LTP mechanisms intact. Our data show an enhanced summation of responses 

during TBS in BACE1 knockouts only during de-depression (Fig. 2.3 E) indicating that 

the BACE1 probably acts selectively on the induction mechanisms of de-depression. 

Regardless of the mechanism, the enhanced transmission of information at higher 

frequencies (as shown by an increase in the ratio of PPF) suggests that altered BACE1 

function may interfere with information transfer across synapses. Additionally, the 
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enhanced de-depression (LTD reversal) observed in BACE1 knockout mice may prevent 

stable expression of LTD and hence would interfere with information storage/memory.  

 

Section 5 Conclusion 

We speculate that the enhanced PPF and/or de-depression may be responsible for the 

behavioral deficits (Laird et al., 2005) seen in the BACE1 null mice by either preventing 

effective transmission and/or storage of relevant information. In future studies, it will be 

interesting to clarify whether abnormalities in synaptic plasticity reported here in BACE1 

knockout mice are dependent on APP processing. Crosses of APP transgenic mice to 

BACE1 knockout mice should be of value in clarifying this issue. Because BACE1 is 

highly expressed at the mossy fiber terminals that synapse onto CA3 neurons in the 

hippocampus (Laird et al., 2005), it will be important to examine synaptic transmission 

and plasticity at theses synapses in BACE1 knockout mice. 
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Chapter3: Regulation of synaptic AMPA receptor subunit 

composition by GluR1-S845 phosphorylation 

 

Paper in preparation for submission:  

Kaiwen He, Lihua Song, Laurel W. Cummings, Jonathan Goldman, and Hey-Kyoung 

Lee  

My contribution: All of the experiments except the surface biotinylation and part of the 

co-immunoprecipitation experiments.  

 

Section 1 Introduction 

α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionate receptors (AMPARs) are ionotropic 

glutamate receptors that mediate most of the fast excitatory synaptic transmission in the 

brain (Dingledine et al., 1999). AMPARs are composed of four subunits, GluR1 to 

GluR4 (Hollmann and Heinemann, 1994; Rosenmund et al., 1998; Dingledine et al., 

1999), which are thought to assemble into dimers and further form a tetrameric ion 

channel (Ayalon and Stern-Bach, 2001; Mansour et al., 2001; Sun et al., 2002; Greger et 

al., 2003; Greger et al., 2007). Unique among the four subunits, GluR2 undergoes mRNA 

editing at the Q/R site within the pore loop (Seeburg et al., 1998), which makes GluR2-

containing AMPARs impermeable to Ca
2+

, insensitive to blockade by polyamines, and 

have relatively low single channel conductance (Hollmann et al., 1991; Jonas and 

Burnashev, 1995; Swanson et al., 1997; Washburn et al., 1997; Derkach et al., 2007). In 

the hippocampus, the majority of AMPARs are either GluR1/GluR2 or GluR2/GluR3 

heteromers with only about 10% being GluR1 homomers (Wenthold et al., 1996) 

suggesting that most are impermeable to Ca
2+

.  

Recent evidence suggests that some forms of neural activity can alter synaptic AMPAR 

subunit composition, which affects its Ca
2+

 permeability. In cerebellar stellate cells, high 
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frequency afferent stimulation triggers the appearance of Ca
2+

-impermeable AMPARs 

(Liu and Cull-Candy, 2000; Liu and Cull-Candy, 2002) in a process referred to as Ca
2+

-

permeable AMPAR plasticity (CARP) (Gardner et al., 2005). On the other hand, high 

frequency stimulation of Schaffer collateral inputs to CA1, which produces long-term 

potentiation (LTP), leads to transient synaptic incorporation of Ca
2+

-permeable AMPARs 

under certain conditions (Plant et al., 2006) (but see (Adesnik and Nicoll, 2007)). 

Homeostatic plasticity triggered in vitro by prolonged blockade of neural activity also 

leads to the appearance of Ca
2+

-permeable AMPARs (Kelleher et al., 2004; Thiagarajan 

et al., 2005; Sutton and Schuman, 2006) (but see (Becker et al., 2008)). In vivo, there is 

evidence supporting a change in Ca
2+

-permeability of AMPARs in neocortical pyramidal 

neurons during development (Kumar et al., 2002; Shin et al., 2005). Furthermore, in vivo 

experience, such as single whisker stimulation (Clem and Barth, 2006), visual deprivation 

(Goel et al., 2006), a single exposure to cocaine (Bellone and Luscher, 2006), and 

cocaine withdrawal (Conrad and Wolf, 2008) have been shown to promote the 

incorporation of Ca
2+

-permeable AMPARs at synapses. Pathological conditions, like 

ischemia (Liu et al., 2006) and epilepsy (Grooms et al., 2000), are also known to increase 

synaptic Ca
2+

-permeable AMPARs. Collectively, these reports indicate that the 

regulation of AMPAR subunit composition is an important event for many neuronal 

functions, as well as dysfunction.  

There are several reports supporting the regulation of GluR2 as a mechanism for activity-

dependent alterations in synaptic AMPAR subunit composition. For example, CARP in 

cerebellar stellate cells is associated with synaptic incorporation of GluR2-containing 

AMPARs, which is dependent on its interaction with Pick1 (Brebner et al., 2005; Gardner 
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et al., 2005). Similarly, the appearance of Ca
2+

-permeable AMPARs at synapses by 

ischemia (Liu et al., 2006) or cocaine injection (Bellone and Luscher, 2006) is dependent 

on GluR2-Pick1 interaction. However, the appearance of synaptic Ca
2+

-permeable 

AMPARs is often associated with an increase in the GluR1 subunit with little change in 

the GluR2 levels (Thiagarajan et al., 2005; Goel et al., 2006; Sutton and Schuman, 2006; 

Conrad and Wolf, 2008) implicating a GluR1-dependent mechanism.  Previously, we 

found that experience-dependent appearance of Ca
2+

-permeable AMPARs in visual 

cortex is correlated with an increase in the phosphorylation of S845 on the GluR1 subunit 

(Goel et al., 2006). This suggests that phosphorylation of GluR1-S845 may be a 

candidate to regulate synaptic AMPAR subunit composition.  

GluR1-S845 is a substrate of protein kinase A (PKA) (Roche et al., 1996), which when 

phosphorylated enhances channel mean open probability (Banke et al., 2000) and also 

promotes synaptic trafficking of GluR1-containing AMPARs (Esteban et al., 2003; Oh et 

al., 2006). To examine whether GluR1-S845 phosphorylation plays a role in regulating 

synaptic AMPAR subunit composition, we performed a series of experiments using a line 

of mutant mice specifically lacking the S845 site (GluR1-S845A mutants) (Seol et al., 

2007). Here we report that GluR1-S845A homozygous (HM) mice have less GluR1 

homomers in the hippocampus and lack functional GluR1 homomers at the Schaffer 

collateral to CA1 synapses. The loss of functional GluR1 homomers in GluR1-S845A 

was “rescued” by blocking lysosomal protease activity suggesting that it was likely due 

to rapid internalization and degradation. Acute dephosphorylation of the GluR1-S845 site 

in wildtype mice by NMDA application, which induces chemical LTD (chemLTD) 

(Kameyama et al., 1998; Lee et al., 1998), mimicked the loss of functional GluR1 
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homomers in the S845A HM mice. Moreover, low frequency stimulation (LFS)-induced 

LTD was also accompanied by a reduction in functional GluR1 homomers. These results 

support the hypothesis that GluR1-S845 phosphorylation regulates AMPAR subunit 

composition by stabilizing functional GluR1 homomers, and that LTD is associated with 

the removal of these Ca
2+

-permeable AMPARs. 

 

Section 2 Methods and Materials 

Subsection 1. Acute hippocampus slices preparation for electrophysiology 

Hippocampal slices were prepared from 3 to 4 week old mice (S845A mutants and their 

wildtype littermates or regular wildtype mice) as described previously (Lee et al., 1998). 

Briefly, under deep anesthesia by halothane or isoflurant, mice were killed by 

decapitation, and their brains were removed quickly and transferred to the ice-cold 

dissection buffer containing the following (in mM): 212.7 sucrose, 2.6 KCl, 1.23 

NaH2PO4, 26 NaHCO3, 10 dextrose, 3 MgCl2, and 1 CaCl2 (bubbled with a mixture of 

5% CO2 and 95% O2). A block of hippocampus was removed and sectioned into 400 µm-

thick slices using a vibratome. The slices were recovered for 1.5 h at room temperature in 

artificial CSF (ACSF) (in mM): 124 NaCl, 5 KCl, 1.25 NaH2PO4, 26 NaHCO3, 10 

dextrose, 1.5 MgCl2, and 2.5 CaCl2 (bubbled with a mixture of 5% CO2 and 95% O2). All 

procedures for animal use followed the NIH guidelines, and were approved by the 

University of Maryland College Park Institutional Animal Care and Use Committee 

(IACUC). 
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Subsection 2. Field potential recording from Schaffer collateral synapses in 

CA1 area 

All recordings were done in a submersion-type recording chamber perfused with ACSF 

(29.5–30.5°C, 2 ml/min). Synaptic responses were evoked by stimulating the Schaffer 

collaterals with 0.2 ms pulses delivered through either concentric bipolar stimulating 

electrodes (Frederick Haer Co., Bowdoinham, ME) or double barrel glass electrodes 

(Sutter Instrument Co., Novato, CA) filled with ACSF, and recorded extracellularly in the 

CA1 stratum radiatum. Baseline responses were recorded using a half-maximal 

stimulation intensity at 0.033 Hz. For PhTX (philanthotoxin-433) sensitivity experiment, 

100 μM D,L-APV was added to the ACSF either at the beginning of the recording or 

after the chemLTD/LFS-LTD induction to isolate the AMPAR-mediated response. To 

induce chemLTD, 20 μM NMDA was infused for 3 min after at least 20 min of stable 

baseline. LFS-LTD was induced by delivering 1 Hz stimulation for 15 min. 

Subsection 3. Whole cell recording of evoked AMPAR currents 

All evoked AMPAR current recordings were done in ACSF with low K
+
 and high 

divalents (2.5 mM KCl, 4 mM MgCl2, and 4 mM CaCl2; 29.5–30.5°C, 2 ml/min, 

saturated with 5% CO2/95% O2). The slices were visualized using an upright microscope 

(Nikon E600FN) equipped with infrared oblique illumination. Pyramidal neurons in the 

CA1 area were visually identified and patched using a glass pipette (Sutter Instrument 

Co., Novato, CA) with tip resistance of 2-3.5 MΩ. To record evoked AMPAR currents, 

40 μM bicuculline and 100 μM DL-APV were added to the ACSF to isolate AMPAR 

component. Additionally, 0.2-0.4 μM 2-chloride adenosine was added to prevent 

polysynaptic responses. Internal solution containing 200 μM spermine was used for 
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rectification measurements. A double barrel glass electrode filled with ACSF was used to 

stimulate the Schaffer collaterals. The distance between stimulation and recording 

electrodes were kept at 50-100 µm. For measuring AMPAR rectification, I-V curve was 

generated by holding the membrane potential at -60, -40, -20, 0, +20 and +40 mV. Only 

cells with input resistance ≥ 100 MΩ and less than 25% change in series resistance 

(ranged from 10-25 MΩ) were analyzed. Reversal potential (Vrev) of each cell was 

calculated by fitting a linear regression line for the currents measured at -60, -40, -20, and 

0 mV. Cells with Vrev ≥ 15 mV were excluded from analysis. 

Subsection 4. Postsynaptic density (PSD) preparation 

The PSD was prepared according to the procedure described previously (Goel et al., 

2006). In brief, hippocampi were quickly dissected and homogenized in ice-cold HEPES-

buffered sucrose [0.32 M sucrose, 4 mM HEPES (pH 7.4) containing 2 mM EGTA, 50 

mM NaF, 10 mM sodium pyrophosphate, 1 mM sodium orthovanadate, 1 μM okadaic 

acid (Calbiochem), and protease inhibitors (Protease Inhibitor Cocktail, Pierce)] using 

glass-teflon tissue homogenizers (Pyrex). The homogenates were centrifuged at 800 × g 

for 10 min (4°C) to remove the nuclear pellets (P1), and the remaining supernatants (S1) 

were centrifuged at 10,000 × g for 15 min (4°C) to yield the crude membrane pellets 

(P2). P2 fractions were resuspended in HEPES-buffered sucrose and re-spun at 10,000 × 

g for 15 min (4°C) to yield the washed crude membrane fractions (P2‟). P2‟ fractions 

were then lysed in ice-cold 4 mM HEPES (pH 7.4, with protease inhibitors) for at least 

30 min before 20 min of centrifugation at 25,000 × g to yield lysed synaptosomal 

membrane fractions (P3). P3 were subsequently resuspended in HEPES-buffered sucrose, 

and loaded on a discontinuous sucrose gradient (1.2 M, 1.0 M, and 0.8 M sucrose with 
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inhibitors) for 2 hours at at 150,000 × g (4°C). Synaptic plasma membrane (SPM) 

fractions were collected between 1.0 M and 1.2 M sucrose. After dilution with 2.5 

volumes of 4 mM HEPES with inhibitors, the SPM pellets were collected by 

centrifugation at 150,000 × g for 30 min (4°C). The pellets were then resuspended in 

0.5% Triton X-100, HEPES-EDTA solution (50 mM HEPES, 2 mM EDTA, pH 7.4) with 

protease inhibitors, and lysed for 15 min at 4°C. The lysed SPM were then centrifuged at 

32,000 × g for 20 min (4°C) to yield the postsynaptic density fraction (PSD). 

Subsection 5. Biotinylation of surface AMPAR 

Hippocampus slices (400 μm thick) lacking the CA3 area were prepared according to the 

methods listed above. After recovery, slices were transferred to ice-cold ACSF 

containing 2 mg/ml biotin (EZ-Link Sulfo-NHS-Biotin, Pierce) bubbled with 5% 

CO2/95% O2 for 10 min. Then the slices were washed in tris-buffered saline (TBS: 50 

mM Tris, 0.9% NaCl, pH 7.4) 1 min x 5 before homogenized in ice-cold 1% Triton X-

100 IPB (20 mM NaPO4, 150 mM NaCl, 10 mM EDTA, 10 mM EGTA, 10 mM NaPPi, 

50 mM NaF, and 1 mM NaVO3, pH 7.4). The homogenates were centrifuged for 10 min 

at 14,000 x g, 4°C. Some of the supernatants were saved as inputs by adding gel sampling 

buffer and boiled for 5 min. The remaining supernatants were mixed with Neutravidin 

slurry (1:1 in 1% Triton X-100 IPB) and rotated for 2 hrs at 4°C. The neutravidin beads 

were isolated by brief centrifugation at 1,000 x g, and biotinylated surface proteins were 

eluded by boiling in gel sampling buffer for 5 min. 
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Subsection 6. Co-immunoprecipitation (CoIP) 

Hippocampus tissue (either whole hippocampi or hippocampal slices) were freshly 

collected and homogenized in ice-cold 1% Triton X-100 IPB with 1 μM okadaic acid and 

protease inhibitor cocktail (Pierce) using glass-teflon homogenizers. The homogenates 

were centrifuged at 10,000 x g for 10 min (4°C), and the supernatants were collected. 200 

μg of the supernatants were rotated with 50 μl Protein A bead (Pierce; 1:1 diluted in 1% 

Triton X-100 IPB) for 1 hr at 4°C to preabsorb. Then the samples were moved to tubes 

containing either 2 μg of monoclonal GluR1 c-terminal antibody (Chemicon) or 3 μg of 

polyclonal GluR2/3 c-terminal antibody mixed with 50 μl Protein A beads (1:1 in 1% 

Triton X-100 IPB) for at least 3 hr or overnight at 4°C. Some of the samples were saved 

as inputs. The beads were spun down and gently washed 3 times with 1% Triton X-100 

IPB and 1 time with IPB. Then the proteins were separated from the beads by adding gel 

sample buffer and boiled for 5 min. 

Subsection 7. Immunoblot analysis 

Samples prepared from PSD preparation, subcellular fractionation, CoIP, and surface 

biotinylation were loaded and run on 6% SDS-PAGE gels (4-15 μg/lane). The gels were 

then transferred onto the polyvinyl difluoride (PVDF) membranes, which were then 

incubated in blocking buffer (pH7.4 PBS containing 5% of bovine serine albumin and 

0.1% Tween-20) for about 1 hr. Blots were incubated in specific primary antibodies for 

1-2 hr at room temperature or overnight at 4 °C, then washed in blocking buffer 4 x 5 min 

each, and incubated in corresponding secondary antibodies at room temperature for 1 hr. 

Enhanced chemifluorescence substrate (ECF, Amersham) was used to develop the blots 

after washing the membranes 4 times with blocking buffer. ECF blots were scanned using 
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a Versadoc 3000
TM

 gel imaging system (Biorad). Alternatively, ECLplex (GE Health) 

system was used, in which Cy3 and Cy5 conjugated secondary antibodies were used and 

the blots were scanned on a Typhoon Trio (GE Health). The digitized fluorescence 

signals were quantified. 

 

 

Section 3 Results 

Subsection 1. Subunit composition of synaptic AMPARs is altered in GluR1-

S845A mutant mice 

The phosphorylation status of GluR1-S845 is associated with bidirectional synaptic 

plasticity (Lee et al., 2000; Lee et al., 2003), as well as experience-dependent homeostatic 

plasticity (Goel et al., 2006). One proposed mechanism is that phosphorylation of GluR1-

S845 “primes” AMPARs for synaptic delivery (Oh et al., 2006; Seol et al., 2007), and 

dephosphorylation of S845 destabilizes synaptic AMPARs to promote endocytosis 

(Ehlers, 2000; Lee et al., 2003). To gain insight on how S845 phosphorylation may 

regulate synaptic AMPARs, postsynaptic density (PSD) fractions were purified from 

GluR1-S845A mutant (HM) mice and their wildtype (WT) littermates (Figure 1A). The 

synaptic levels of GluR1 and GluR2 subunits were quantified by immunoblot analysis. 

The success of purifying the PSD was noted by the enrichment of a PSD marker PSD-95 

and a loss of a presynaptic marker synaptophysin in the PSD fraction (Figure 3.1A). 

GluR1 content in the PSD fraction appeared normal in the mutant mice (WT: 100 ± 

10.52% of average WT, n = 12; HM: 124.79 ± 16.99%, n = 11; Figure 3.1B). 

Surprisingly, the GluR2 level in the PSD was significantly elevated in the S845A mutants 
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(WT: 100 ± 11.53%, n = 12; HM: 222.34 ± 29.07%, n = 11; p < 0.002, Student‟s t-test; 

Figure 3.1B) resulting in a significant reduction in the GluR1/GluR2 ratio (WT: 100 ± 

9.53%, n = 12; HM: 61.12 ± 8.33%, n = 11; p < 0.006, Student‟s t-test; Figure 3.1B). 

These data suggest that lacking the GluR1-S845 phosphorylation site increases the 

proportion of GluR2-containing AMPARs at synapses.  

The synaptic content of GluR2-containing AMPARs can lead to alterations in the current-

voltage (I-V) relationship of AMPAR-mediated synaptic responses such that GluR2-

lacking AMPARs display inward rectifying current (Verdoorn et al., 1991; Bowie and 

Mayer, 1995; Swanson et al., 1997; Washburn et al., 1997). Consistent with previous 

studies, wildtype mice displayed a relatively linear I-V relationship (Figure 3.1C); 

however, GluR1-S845A mutants produced a supralinear I-V curve at positive holding 

potentials. The outward rectifying I-V curve was similar to that seen in wildtype cells 

when intracellular polyamines are washed out by using spermine-free (WT-Sp
–
) internal 

solution for recording (amplitude of outward current at +40 mV normalized to the current 

amplitude at -60 mV: WT = 53.42 ± 3.86%, n = 7; HM = 70.72 ± 4.08%, n = 8; WT-Sp
–
 

= 74.27 ± 12.95%, n = 4; ANOVA: F(2,15) = 6.194, p < 0.02; Fisher‟s PLSD posthoc: 

difference between WT and HM, p < 0.02, WT and WT-Sp
–
, p < 0.01; Figure 3.1C). As a 

result, the calculated inward rectification index (I–60 mV/I+40 mV) of GluR1-S845A mutants 

was significantly smaller than that of wildtypes, similar to the value obtained from 

wildtypes in spermine-free internal solution (WT = 1.93 ± 0.14, n = 7; HM = 1.44 ± 0.08, 

n = 7; WT-Sp
–
 = 1.37 ± 0.10, n = 4; ANOVA: F(2,15) = 7.177, p < 0.04; Figure 3.1D). 

This result is consistent with the interpretation that GluR1-S845A mutants lack functional 

GluR1 homomers. 
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To further confirm the change in subunit composition of functional AMPARs in the 

GluR1-S845A mutants, we compared the sensitivity of AMPAR-mediated synaptic 

transmission to exogenous application of philanthotoxin-433 (PhTX) (Figure 3.1E), 

which specifically blocks GluR2-lacking AMPARs. In wildtype mice, bath application of 

3 µM PhTX in the presence of 100 µM D,L-APV caused a depression of AMPAR-

mediated synaptic responses in the CA3 to CA1 pathway (79.09 ± 4.02% of baseline at 

60 min post-PhTX, n = 9; p < 0.002, paired t-test; Figure 3.1E). This result indicates that 

about 20% of the synaptic transmission is mediated by GluR2-lacking AMPARs, which 

presumably are GluR1 homomers (Wenthold et al., 1996). Interestingly, the PhTX 

sensitivity in wildtypes was only apparent using a paired-pulse stimulation (interstimulus 

interval (ISI) = 50 msec; Figure 3.1E), and not when using a single pulse stimulation 

(102.16 ± 2.60% of baseline at 60 min post-PhTX, n = 7; Figure 3.1F). In contrast, PhTX 

caused no depression in the GluR1-S845A mutant mice using the paired-pulse 

stimulation (102.82 ± 2.72%, n = 8; Figure 3.1E) suggesting that a lack of detectable 

functional GluR1 homomers. These results suggest that lacking the GluR1-S845 site 

alters the subunit composition of functional AMPAR. Taken together with the data that 

the synaptic GluR1 content is not altered (Figure 3.1B), our data support an interpretation 

that the synaptic population of GluR1 homomers is replaced by GluR1/GluR2 heteromers 
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Figure 3.1. Change in synaptic AMPAR subunit composition in GluR1-S845A mutant mice.  

A. Sample blots showing successful 

isolation of the PSD fraction. Note 

enrichment of PSD-95 in the PSD 

fraction, but a loss of a presynaptic 

protein synaptophysin. For explanation 

of abbreviations, see Methods. B. 

Comparison of GluR1 and GluR2 

levels in the PSD of GluR1-S845A HM 

and WT. Left, synaptic GluR1 from 

WT and S845A HM are comparable. 

Middle, S845A HM has more synaptic 

GluR2 than WT (***p < 0.002). Right, 

reduction in the synaptic GluR1/GluR2 

ratio in HM (**p < 0.006). C. The I-V 

curve of AMPAR-mediated EPSCs. 

Left, superimposed curves of WT and 

GluR1-S845A HM. Note, recordings 

were done with intracellular spermine 

(200 µM). Right, WT recorded with 

internal solution lacking spermine 

(WT-Sp–). D. Left, inward rectification 

index (IR, I-60mV/I+40mV) of 

AMPAR-mediated synaptic current in 

CA1 neurons measured with spermine-

containing intracellular solution is 

significantly smaller in S845A HM 

(black bar) compared to WT (white 

bar). WT display comparable IR as that 

in S845A HM when using spermine-

free internal solution (gray bar, WT-

Sp–). *p < 0.01, Fisher‟s PLSD 

posthoc. Right, superimposed 

AMPAR-EPSC traces (taken at -60 mV 

and +40 mV). Scale bars: 20 pA and 20 

ms. E. In the presence of 100 µM D,L-

APV, 3 µM PhTX depresses synaptic 

AMPAR-mediated response in WT 

(open circles), but not in S845A HM 

(black circles). The graph plots the % 

of field potential (FP) normalized to 

the baseline. Right, superimposed 

traces taken during baseline and 1 hour 

post-PhTX. Note paired-pulse 

stimulation with 50 msec ISI was used. 

The graph on the left side plots only 

the changes in the first pulse responses over time. The dashed traces were taken after adding 10 

µM of NBQX at the end of the experiment. Scale bars: 1 mV and 5 ms. 
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Subsection 2. GluR1-S845A mutants have altered AMPAR subunit 

composition across the membrane surface 

To determine whether the changes in AMPAR subunit composition are restricted to 

synaptic locations, AMPARs were quantified from the total surface proteins isolated by 

steady-state surface biotinylation of hippocampal slices (Figure 3.2A). Similar to what 

we observed in isolated PSDs, GluR1-S845A mutants expressed normal surface GluR1 

levels (WT, 44.90 ± 7.80% of total GluR1, n = 7; HM, 44.47 ± 7.67% of total GluR1, n = 

7; Figure 3.2B), but significantly increased surface GluR2 levels (WT, 20.08 ± 4.23% of 

total GluR2, n = 7; HM, 51.86 ± 9.85% of total GluR2, n = 7; p < 0.004, Student‟s t-test; 

Figure 3.2B). This resulted in a 2.5 fold reduction in the GluR1/GluR2 ratio at the plasma 

membrane (WT: 2.50 ± 0.38, n = 7; HM: 0.96 ± 0.18, n = 7; p < 0.007, Student‟s t-test; 

Figure 3.2B). However, the change in the GluR1/GluR2 ratio was restricted to the plasma 

membrane population, because there was no significant difference in GluR1, GluR2, or 

the GluR1/GluR2 ratio in the total homogenate fraction between GluR1-S845A mutants 

and wildtypes (Figure 3.2C). These results suggest that mutation of the S845 site globally 

alters the GluR1/GluR2 ratio across the plasma membrane. 
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Figure 3.2. Increased surface GluR2 

levels in GluR1-S845A mutants.  

A. Sample blots of biotinylation results. 

Total (input, I), supernatant (S), and 

biotinylated surface proteins (Biotin) 

were loaded on the same gel for 

quantification. Specificity of surface 

labeling is shown by the lack of actin in 

the biotin lanes. B. Left, the surface 

GluR1 expression is normal in the 

GluR1-S845A HM. Middle, the mutant 

mice have significantly increased surface 

GluR2 levels. Right, the mutant mice 

display a significant reduction in the 

surface GluR1/GluR2 ratio. **p < 0.004, 

*p < 0.007, Student‟s t-test. C. GluR1 

(left), GluR2 (middle), and 

GluR1/GluR2 ratio (right) in the total 

homogenate of WT and HM are 

comparable. 

 

 

 

Subsection 3. More GluR1/GluR2 heteromers in the GluR1-S845A mutant 

mouse 

To directly verify that there is a change in the population of GluR1/GluR2 heteromers in 

GluR1-S845A mutants, co-immunoprecipitation (CoIP) between GluR1 and GluR2 

subunits was performed using a GluR1 c-terminal specific antibody (Figure 3.3A). Non-

saturating conditions, verified by having a detectable GluR1 band in the unbound 

supernatant fraction, were used to pull-down equivalent amounts of GluR1 from each 

sample. Quantification of the amount of GluR2 co-immunoprecipitated by the GluR1 

antibody allows estimation of the fraction of GluR1 forming heteromeric complexes with 

GluR2 in each sample. In the antibody-bound fraction, there was a trend of an increase in 

the amount of GluR2 subunit in the mutants (WT: 100 ± 9.70%, n = 12; HM: 133.18 ± 
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13.98%, n = 12; p = 0.13, Student‟s t-test; Figure 3.3B), while the GluR1 levels were 

comparable (WT: 100 ± 7.47%, n = 12; HM: 96.23 ± 8.07%, n = 12; Figure 3.3B). This 

resulted in a significant increase in the GluR2/GluR1 ratio (WT = 100 ± 18.37 %; HM = 

139.97 ± 11.60 %; p < 0.03, Student‟s t-test; Figure 3.3B). These results suggest that 

more GluR2 subunits form complexes with GluR1 in the GluR1-S845A mutants, which 

is consistent with an interpretation that there is an increase in GluR1/GluR2 heteromers. 

Figure 3.3. More GluR2 is associated with 

GluR1 in GluR1-S845A mutants. 

A. Validation of the non-saturating GluR1 co-

immunoprecipitation protocol. 

Immunoprecipitation (IP) using GluR1 c-

terminal (c-t) specific antibody pulled down 

GluR1 (top) and associated GluR2 (middle). 

Non-saturating IP condition can be seen by the 

detection of GluR1 in the supernatant. No NR1 

is detected in the IP lane (bottom). B. GluR1 

pulled down by GluR1 c-terminal antibody in 

WT and S845A HM are comparable (left). 

GluR1-S845A HM shows a trend of having 

more GluR2 subunit associated with GluR1 

than the WT (middle), which leads to a 

significantly larger GluR2/GluR1 ratio in the 

HM (right). *p < 0.03, Student‟s t-test. 

 

 

 

Subsection 4. GluR1-S845A mutants have less GluR1 homomers 

GluR1 homomers make up a small fraction of total AMPARs in the hippocampus 

(Wenthold et al., 1996), however, they play an important role in both basal synaptic 

transmission and synaptic plasticity due to their high single channel conductance and 

Ca
2+

 permeability (Hollmann et al., 1991; Swanson et al., 1997; Guire et al., 2008). Our 

results suggest that alteration in synaptic AMPAR subunit composition in the S845A 
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mutant mouse is likely due to a replacement of GluR1 homomers with GluR1/GluR2 

heteromers. To determine whether there is a cell-wide loss of GluR1 homomers in the 

mutants, we by performed immunoprecipitation using GluR2/3 c-terminal antibody and 

quantified the remaining GluR1 in the unbound fraction to assess the level of GluR1 

homomers (Figure 3.4A). Under our experimental conditions, less than 3% of total 

GluR2/3 subunits remained in the unbound fraction (data not shown) suggesting that the 

unbound GluR1 represents mostly Ca
2+

-permeable GluR1 homomers. Our calculations 

indicate that in wildtypes about 17% of GluR1 exist as homomers (GluR1 left in 

supernatant: 17.38 ± 4.18 % of total GluR1, n = 4), which is similar to the level reported 

previously (Wenthold et al., 1996). Consistent with our prediction, GluR1-S845A 

mutants had significantly less unbound GluR1 than the wildtype littermates (WT: 100 

±12.82%, n = 10; HM: 36.22 ± 5.32%, n = 10; p < 0.0001, Student‟s t-test; Figure 3.4B), 

and had about two times more GluR1 associated with GluR2/3 (WT: 100 ± 10.72%, n = 

10; HM: 199.14 ± 25.05%, n = 10; p < 0.005, Student‟s t-test; Figure 3.4B). Taken 

together, these results suggest that lacking the GluR1-S845 site causes a cell-wide 

reduction in GluR1 homomers and an increase in GluR1/GluR2 complexes. 
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Figure 3.4. A reduction of GluR1 homomers 

in GluR1-S845A mutants.  

A. Validation of the saturated GluR2/3 co-

immunoprecipitation protocol. Almost all 

GluR2/3 subunits are pulled down by IP using 

GluR2/3 c-terminal antibody ,as seen from an 

absence of GluR2/3 signal in the supernatant 

lane (top). The GluR1 subunits left in the 

supernatant are presumably the ones that form 

GluR1 homomers (middle). No NR1 in the co-

IP fraction (bottom). B. Left, significantly less 

unbound GluR1 in the GluR1-S845A HM 

compared to WT (**p < 0.0001). Middle, more 

GluR1 subunits co-IP with the GluR2/3 

antibody in HM (*p < 0.005). Right, the amount 

of GluR2/3 pulled down by GluR2/3 antibody is 

not different between WT and HM. 

 

 

 

 

 

Subsection 5. Inhibiting lysosomal activity restores the functional GluR1 

homomer in the GluR1-S845A mutants 

Dephosphorylation of the GluR1-S845 site correlates with activity-induced endocytosis 

of surface AMPARs (Ehlers, 2000; Lee et al., 2003). These internalized AMPARs are 

either recycled back to the surface after rephosphorylation at the S845 site or targeted to 

late endosomes and degraded by lysosomes (Ehlers, 2000). To test whether the loss of 

synaptic GluR1 homomers in GluR1-S845A mutants is due to degradation by lysosomes, 

we incubated hippocampal slices of mutant mice with 50 µM leupeptin (a lysosomal 

protease inhibitor) for at least two hours before testing the sensitivity of AMPAR-

mediated synaptic transmission to PhTX. We found that leupeptin treatment restored 

AMPAR sensitivity to PhTX in the S845A mutants to a similar level as wildtypes, while 

10 µM MG-132 (a proteasome inhibitor) did not (HM without drugs, 99.67 ± 6.32% of 
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baseline 60 min after adding PhTX, n = 8; HM treated with leupeptin, 80.68 ± 2.98% of 

baseline 60 min after adding PhTX, n = 7; HM treated with MG-132, 94.17 ± 5.77% of 

baseline 60 min after adding PhTX, n = 7; one-way ANOVA: F(2,19) = 4.56, p < 0.03, 

Fisher‟s PLSD posthoc test, p < 0.008 between control and leupeptin group; Figure 

3.5A). These results suggest that the GluR1 homomer formation and surface delivery still 

occur in the GluR1-S845A mutant mouse. However, as these homomers lack S845 

phosphorylation, they are perhaps rapidly endocytosed and further degraded by 

lysosomes. Leupeptin did not significantly alter the PhTX sensitivity of AMPAR-

mediated synaptic transmission in the wildtype mouse (WT: 85.98 ± 2.03 % of baseline, 

n = 6; WT with Leu: 86.32 ± 3.17 % of baseline, n = 7; Figure 3.5B) indicating that 

functional GluR1 homomers in wildtypes are quite stable under basal conditions. 

Figure 3.5. Inhibiting lysosomal degradation recovers functional GluR1 homomers in 

GluR1-S845A mutants.  

PhTX sensitivity of 

GluR1-S845A HM 

was tested by 

recording field 

potentials at the CA3 

to CA1 pathway in 

the presence of 100 

µM D,L-APV with 

or without 10 µM 

MG-132 or 50 µM 

leupeptin (Leu). The 

acute hippocampal 

slices were 

preincubated in either regular extracellular solution or extracellular solution with MG-132 or Leu 

for at least 1 hr before recording. 3 µM PhTX was added to the recording chamber to test PhTX-

sensitivity. Note paired-pulse stimulation (ISI = 50 msec) was used for all the recordings. A. In 

GluR1-S845A HM, preincubation with Leu reveals PhTX sensitivity (black circles), but not 

preincubation with MG-132 (gray circles). B. Leu treatment in wildtype slices does not enhance 

PhTX sensitivity of AMPAR responses. Top panels, superimposed representative traces taken 

before and 1 hour after PhTX, as well as addition of NBQX at the end of the experiment (dotted 

trace). Scale bars: 0.5 mV and 10 ms. 
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Subsection 6. Loss of GluR1 homomers at synapses following chemical long-

term depression (chemLTD) 

In GluR1-S845A mutants, there is a loss of functional GluR1 homomers. However, it is 

unclear whether this also occurs in wildtypes under conditions when the GluR1-S845 site 

is acutely dephosphorylated. To determine this, we pharmacologically dephosphorylated 

the GluR1-S845 site by inducing chemLTD (Kameyama et al., 1998; Lee et al., 1998) in 

wildtype hippocampal slices. ChemLTD was induced by incubating hippocampal slices 

with 20 µM NMDA for 3 min, which causes a rapid and prolonged dephosphorylation at 

the GluR1-S845 site (Lee et al., 1998). Here we extended this finding to show that the 

dephosphorylation of GluR1-S845 can last as long as 2 hours after chemLTD induction 

(ctl = 100 ± 4.77 %, n = 8; 1 h = 68.04 ± 5.00 %, n = 8; 2 h = 71.62 ± 7.16 %, n = 8; 

ANOVA: F(2,14) = , p < 0.001; Figure 3.6A). PhTX sensitivity of the AMPAR-mediated 

synaptic transmission was measured in the presence of 100 µM D,L-APV at 80 min after 

inducing chemLTD. Similar to the results from GluR1-S845A mutants, acute 

dephosphorylation of GluR1-S845 in wildtypes by chemLTD abolished PhTX sensitivity 

of AMPARs (No PhTX, 110.23 ± 6.24% of baseline renormalized to 20 min average 

immediately prior to PhTX application, n = 8; With PhTX, 108.69 ± 5.48 % of 

renormalized baseline, n = 7, 1 hr post-PhTX; Figure 3.6D). This result suggests that 

acute dephosphorylation of S845 can remove functional GluR1 homomers. The change in 

synaptic AMPAR subunit composition was further verified by comparing the I-V curve 

of AMPAR-EPSCs in control and chemLTD-induced slices (Figure 3.7). The 

measurements were done between 1–2 hours after chemLTD induction when the synaptic 

transmission was re-stabilized (Figure 3.6C) and the GluR1-S845 remained 
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dephosphorylated (Figure 3.6A). In slices expressing chemLTD, AMPAR current 

displayed a supralinear I-V curve at positive holding potentials compared to linear I-V 

seen in control slices (Figure 3.6E). The relatively larger outward current in chemLTD 

slices resulted in a significantly smaller inward rectification index than control slices 

(CTL, IR = 2.19 ± 0.21, n = 8; chemLTD, IR = 1.40 ± 0.11, n = 7; p < 0.01, Student‟s t-

test; Figure 3.7F). The average IR of chemLTD slices was similar to that of the S845A 

mutant mouse (Figure 3.1D). 
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Figure 3.6. Loss of synaptic GluR1 

homomers after chemLTD in wildtype 

mice.  

A. ChemLTD induction causes a 

prolonged dephosphorylation of GluR1-

S845. *p < 0.003, ANOVA. B. 

Representative traces taken at times 

indicated in C and D. Addition of NBQX 

at the end of the experiment completely 

blocked the responses. C. A brief 

application of 20 µM NMDA (3 min) 

produces a long-term depression of 

AMPAR-mediated synaptic transmission, 

and abolished PhTX sensitivity of 

AMPAR responses. Open circles, control 

chemLTD chased by 100µM DL-APV, 

but without PhTX application. Black 

circles, chemLTD chased by 100 µM DL-

APV followed by 3 µM PhTX 

application. Scale bars: 0.5 mV and 10 

ms. D. The last 60 min of synaptic 

responses in C are renormalized using the 

previous 20 min as baseline, which further 

verifies that the bath application of 3 µM 

PhTX in the presence of 100 µM DL-

APV does not affect the synaptic strength 

following chemLTD (black circles). E. 

Comparison of I-V curves of AMPAR-

EPSCs from control (open circles) and 

chemLTD-induced slices (black circles). 

F. The inward rectification (IR) index 

after inducing chemLTD 

is significantly smaller 

than that of control 

slices (*p < 0.01). Right, 

superimposed AMPAR-

EPSC traces measured 

at -60 mV and +40 mV 

from control and 

chemLTD slices. Scale 

bars: 20 pA and 20 ms. 
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Subsection 7. Low frequency stimulation (LFS)-induced LTD is also 

associated with a loss of functional GluR1 homomers 

Similar to chemLTD, low frequency stimulation (LFS)-induced LTD is also associated 

with a dephosphorylation of GluR1-S845 (Lee et al., 2000). This suggests a possibility 

that LFS-LTD may also accompany a loss of functional GluR1 homomers. To test this, 

we performed a two-pathway experiment in hippocampal slices obtained from wildtype 

mice. We isolated two independent inputs, as determined by a lack of cross-pathway 

facilitation (Figure 3.7D) that converge onto the same population of CA1 neurons (Figure 

3.7A). After a stable baseline in both pathways, LFS (1 Hz, 15 min) was delivered to one 

pathway to induce LTD (LTD pathway). Stimulation in the other pathway (control 

pathway) was turned off for the duration of LFS. After LFS, stimulation was resumed in 

both pathways, and 100 µM APV was added to block NMDA receptors. Once responses 

in both pathways were stabilized, 100 µM spermine was bath applied to block GluR2 

lacking AMPARs. We found that spermine produces less depression in the LTD pathway 

when compared to the control pathway (CTL: 83.7 ± 2.0% of renormalized baseline 

measured 40 min after the onset of spermine application, LTD: 91.6 ± 2.9%; n = 9, paired 

t-test: p < 0.005; Figure 3.7B). We verified that in the absence of spermine, both control 

and LTD pathways are quite stable over the same period of time (CTL: 101.4 ± 3.7% of 

renormalized baseline, LTD: 97.7 ± 1.5%; n = 5, paired t-test: p > 0.4: Figure 3.7C). 
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Figure 3.7. LFS-induced LTD removes 

functional GluR1 homomers. 
A. The configuration of two pathway 

recording. B. Simultaneous recording of 

slices receiving baseline stimulation 

(CTL, open circles) and LFS (LTD, 

closed circles, n=9). When the synaptic 

strength was restablized after LFS, 100 

µM spermine was bath applied. The last 

60 min recording was renormalized 

using the initial 20 min as baseline and 

field potential at the end was plotted as a 

pair in the right panel, further showing 

the different levels of depression caused 

by spermine in the control versus the 

LTD pathway (*p < 0.004, t-test). C. The 

two pathway recording can be pretty 

stable for the same duration as (B) in 

both pathways (n = 5). E. Top panel, the 

configuration of the two pathways LFS-

induced LTD field potential recording. 

Lower two panels, representative traces 

from two pathways of a single recording. 

The independence of the two pathways 

was confirmed by not seeing cross-

pathway facilitation when two 

stimulations with 50 ms interval 

delivered to the two pathways.   

 

 

 

 

Section 4.  Discussion 

One way to regulate glutamatergic synaptic strength is by changing the properties of 

synaptic AMPARs, which can be achieved by subunit phosphorylation or alteration in 

subunit composition (Lee, 2006b; Isaac et al., 2007; McConlogue et al., 2007). Here we 

report that GluR1-S845 phosphorylation plays a critical role in regulating the subunit 

composition of functional AMPARs. This is in line with our previous study showing a 

correlated increase in GluR1-S845 phosphorylation with the appearance of synaptic 
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GluR1 homomers (Goel et al., 2006). The phosphorylation status of GluR1-S845 can be 

adjusted by neural activity both in vivo (Goel et al., 2006; Vyazovskiy et al., 2008) and in 

vitro (Lee et al., 1998; Lee et al., 2000), as well as by activation of neuromodulators 

linked to PKA (Chao et al., 2002; Vanhoose and Winder, 2003; Gao et al., 2006; Seol et 

al., 2007). Furthermore, phosphorylation of GluR1-S845 has been reported to “prime” 

LTP induction (Oh et al., 2006; Seol et al., 2007). Collectively, these observations 

suggest that phosphorylation of the GluR1-S845 site can reflect changes in synaptic 

activity and/or behavioral state of the animal to affect synaptic plasticity mechanisms. 

Subsection 1: Functional GluR1 homomers require GluR1-S845 

phosphorylation site 

By combining electrophysiological recordings and biochemical quantifications, here we 

demonstrated that the GluR1-S845 phosphorylation site is critical for functional AMPAR 

subunit composition. Specifically, we found that in the absence of the GluR1-S845 

phosphorylation site, there is a higher proportion of GluR2-containing AMPARs (likely 

GluR1/GluR2 heteromers) at the PSD (Figure 1B) at the expense of GluR2-lacking 

AMPARs (likely GluR1 homomers). This is confirmed by a smaller inward rectification 

index (Figure 3.1D) and a loss of sensitivity to PhTX of AMPAR-mediated synaptic 

currents in the GluR1-S845A mutant mouse (Figure 3.1E). In our hands, bath application 

of PhTX caused about 20% depression of synaptic transmission in the wildtype mouse 

hippocampus (Figure 3.1E and 3.5B), indicating that there is a population of GluR1 

homomers present at the surface, very likely at synapses. A recent study estimates that 

adding about 2% of Ca
2+

-permeable AMPA receptors at synapses may cause a 30-40% 

increase in synaptic transmission due to their high single channel conductance (Guire et 
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al., 2008). This suggests that the number of GluR1 homomers present basally at synapses 

is likely quite small. However, there are many reports showing that the basal synaptic 

transmission in the hippocampus is not sensitive to PhTX (Adesnik and Nicoll, 2007; 

Gray et al., 2007; Guire et al., 2008; Plant et al., 2006). The likely explanation for the 

discrepancy is that other studies have used single pulse stimulation and voltage clamp to 

examine PhTX-sensitivity. We found that PhTX-sensitivity is only revealed using paired-

pulse stimulation (Figure 3.1E and 3.5B), but not when using single pulse stimulation 

(Supplementary Figure 3.1). This may reflect the voltage-dependence of PhTX block 

(Bowie and Mayer, 1995; Kamboj et al., 1995; Verdoorn et al., 1991), which occurs at 

more positive membrane potentials. An alternative explanation is that paired-pulse 

stimulation may recruit perisynaptic AMPARs due to “spill-over” of glutamate released 

by two consecutive pulses (Mainen et al., 1998). If the paired-pulse stimulation results in 

sufficient glutamate spill-over, the synaptic depression by PhTX may be simply reflect 

activation of perisynaptic GluR1 homomers. While the concentration of spilled-over 

glutamate is likely too low to activate perisynaptic AMPARs, we cannot rule out this 

possibility and will require additional experiments to clarify this issue. Another possible 

explanation for the discrepancy may be the age of the animals used, as it is reported that 

there is an age-dependence to the appearance of GluR1 homomers following LTP 

induction (Lu et al., 2007). Additionally, PhTX blockade of synaptic transmission may be 

sensitive to experimental conditions as seen from conflicting reports on the presence of 

GluR1 homomers following LTP even when using similar aged animals (Adesnik and 

Nicoll, 2007; Gray et al., 2007; Lu et al., 2007; Plant et al., 2006). Furthermore, synaptic 

expression of Ca
2+

-permeable AMPARs may be regulated by the basal synaptic activity 
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of the neurons, in such a way that neurons with lower synaptic activity express more 

Ca
2+

-permeable AMPARs (Goel et al., 2006; Ju et al., 2004; Thiagarajan et al., 2005). 

Our result suggesting a role for S845 phosphorylation in regulating the levels of Ca
2+

-

permeable AMPARs would further imply that endogenous levels of neuromodulators 

linked to PKA or basal PKA activity may dictate the observance of synaptic Ca
2+

-

permeable AMPARs. 

Subsection 2: Lack of GluR1-S845 phosphorylation alters functional 

AMPAR subunit composition by selective degradation of GluR1 homomers 

The change in AMPAR subunit composition in GluR1-S845A mutants was not restricted 

to synaptic sites, but was observed across the surface membrane (Figure 3.2), and was 

detected cell-wide (Figure 3.3 and 3.4). Interestingly, the GluR1 homomers could be 

functionally detected in the mutants when lysosomal protein degradation was blocked by 

leupeptin (Figure 3.5A). Our data is consistent with an interpretation that the loss of 

GluR1 homomers is not at the level that controls their formation, but at the level that 

regulates their retention at the plasma membrane, including synaptic sites. Our results 

also suggest that the surface delivery of GluR1 homomers can occur independently of 

S845 phosphorylation, but retention requires it. GluR1 homomers not phosphorylated at 

the S845 site may be unstable and undergo fast endocytosis (Lee et al., 2000; Lee et al., 

2003; Lee, 2006b; Man et al., 2007), perhaps due to its Ca
2+

 permeability (Biou et al., 

2008). Our data suggest that phosphorylation of the S845 site may protect the internalized 

GluR1 homomers from lysosomal degradation, perhaps by promoting recycling back to 

the synapse (Ehlers, 2000). The leupeptin effect was specific to the GluR1-S845A 

mutants and did not further increase the PhTX sensitivity of AMPAR synaptic 
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transmission in wildtypes (Figure 3.5B). This suggests that the synaptic GluR1 

homomers may be fully phosphorylated on the S845 site, likely due to a tight association 

of PKA to synaptic GluR1 via SAP97-AKAP complexes (Colledge et al., 2000; Smith et 

al., 2006). The phosphorylation of S845 may act to stabilize GluR1 homomers at 

synapses (Lee et al., 2003; Lee, 2006b; Man et al., 2007) or help sort the internalized 

receptors to the recycling pathway (Ehlers, 2000; Lin et al., 2000).  

Interestingly, GluR1 homomers seem to be the only population of GluR1-containing 

AMPARs that is affected by lacking phosphorylation of the S845 site, as the 

GluR1/GluR2 heteromers are expressed at synapses, likely at increased levels as deduced 

from the equivalent GluR1 expression at the PSD of mutants and wildtypes (Figure 3.1). 

One explanation is that the GluR2-containing AMPARs are more stable at the synapses 

as it is impermeable to Ca
2+

 (Biou et al., 2008) and its interaction with NSF (Luscher et 

al., 1999; Lee et al., 2002). Alternatively, the trafficking pattern of the heteromeric 

GluR1-S845A/GluR2 AMPAR may be dominated by the GluR2 subunit allowing them 

to recycle back to the synapses in a constitutive manner (Lee et al., 2004).  

Subsection 3: LTD is associated with a reduction in the level of functional 

GluR1 homomers 

Our results from the GluR1-S845A mouse support the role of GluR1-S845 

phosphorylation in regulating the functional AMPAR subunit composition. We further 

provide evidence that this type of regulation happens in wildtype hippocampal slices 

during LTD. Both chemLTD and LFS-LTD cause acute dephosphorylation of the GluR1-

S845 site (Lee et al., 2000; Lee et al., 1998). We now report that the induction of these 

two forms of LTD reduces the level of functional GluR1 homomers.  
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ChemLTD induction by brief bath application of NMDA produces a persistent 

dephosphorylation of the GluR1-S845 site (Lee et al., 1998), which we now verify that it 

lasts up to 2 hours (Figure 3.6A). The induction of chemLTD abolished the PhTX 

sensitivity of AMPAR synaptic transmission (Figure 3.6C, D), which suggests that an 

acute dephosphorylation of the GluR1-S845 site removes homomeric GluR1 from the 

surface including synapse and hence changes the synaptic AMPAR subunit composition. 

This alteration is further verified by a relatively larger outward current through synaptic 

AMPARs in the chemLTD-induced slices, which is measured as a decrease in the inward 

rectification index (Figure 3.6E, F). Slices that express chemLTD displayed comparable 

AMPAR I-V curve and inward rectification index as the GluR1-S845A mutants 

indicating that the dephosphorylation induced by chemLTD is sufficient to remove most, 

if not all, synaptic GluR1 homomers. Interestingly, GluR1-S845A mutants do not express 

normal levels of chemLTD (data not shown) suggesting that chemLTD is partly 

expressed as a loss of synaptic GluR1 homomers. 

Similarly, LFS-LTD reduced spermine-sensitivity of AMPAR-mediated synaptic 

responses (Figure 3.7B), which suggests that it is expressed at least in part by the removal 

of functional GluR1 homomers. Because LFS-LTD is also associated with a 

dephosphorylation of GluR1-S845 (Lee et al., 2000), it further supports a role of GluR1-

S845 dephosphorylation in affecting the stability of synaptic GluR1 homomers. 

Subsection 4: A working model for regulating synaptic AMPAR subunit 

composition by GluR1-S845 phosphorylation 

Based on our results, we propose the following model to describe the role of GluR1-S845 

phosphorylation in regulating the subunit composition of synaptic AMPARs (Figure 3.8). 
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In the wildtype hippocampal CA1 pyramidal neurons, the synaptic AMPARs undergo 

endocytosis and are either recycled back to the surface or targeted to lysosomes for 

degradation determined by whether the GluR1-S845 site is phosphorylated. Under the 

basal condition, most of the internalized GluR1 homomers may enter the recycling 

pathway, perhaps due to the high levels of S845 phosphorylation. Dephosphorylation of 

the GluR1-S845 site (as occurs in LTD) prevents the internalized GluR1 homomers from 

recycling back to the synapse by promoting targeting to the lysosome. In the GluR1-

S845A mutant mouse, the synaptic localization and endocytosis of GluR1 homomers may 

still occur. However, as the GluR1-S845 site cannot be phosphorylated, the internalized 

GluR1 homomers are sorted to late endosomes and further degraded by lysosomes. Even 

though there are new GluR1 homomers inserted into the synapses, the rate of exocytosis 

may be slower than the rate of endocytosis due to the lack of S845 phosphorylation and, 

possibly, also Ca
2+

 permeability. Overall, the outcome of lacking S845 phosphorylation is 

a loss of synaptic GluR1 homomers, hence a change in the synaptic AMPAR subunit 

composition. 
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Figure 3.8. Proposed model for the function of GluR1 S845 phosphorylation in regulating 

synaptic AMPAR subunit composition.  

A. In wildtypes, S845 phosphorylation is required for stabilization of synaptic GluR1 homomers 

and/or recycling of the internalized receptors back to the synapses. The internalized GluR1 

homomers are degraded by lysosomes if the GluR1-S845 site is not re-phosophorylated. B. In the 

S845A mutant mouse, the GluR1-homomers can be inserted into synapses (dotted line). 

However, without phosphorylation at the S845 site, these receptors are not stable, hence rapidly 

internalized and targeted to lysosomes for degradation.  

 

Section 5 Conclusion 

We provide evidence that the GluR1-S845 phosphorylation site is crucial in regulating 

the subunit composition of functional AMPARs. We found that GluR1 homomers lacking 

S845 phosphorylation, as in the GluR1-S845A mutants, are rapidly internalized and 

further degraded by lysosomes, hence altering the GluR1/GluR2 ratio of functional 

AMPARs. Furthermore, acute dephosphorylation of the GluR1-S845 site, as occurs 

during LTD, is also able to alter the AMPAR subunit composition by removing 

functional GluR1 homomers. Taken together, we conclude that the phosphorylation of 



 

 94 

 

GluR1-S845 is an important signaling event that regulates the subunit composition of 

functional AMPARs. 

 

Section 6. Supplementary data 

Supplementary Figure 3.1. Single pulse stimulation fails to reveal PhTX-sensitivity of 

AMPAR responses in wildtype hippocampal slices. 

Single pulse stimulation was given 

once every 30 sec. Application of 3 

µM PhTX in the presence of 100 µM 

DL-APV does not reduce AMPAR-

mediated responses (left). Right, 

superimposed traces taken before and 

after PhTX application (black traces). 

Application of NBQX at the end of 

the experiment completely blocked 

the response (gray trace). Scale bars: 

0.5 mV, 10 msec. 

 

 

Supplemenary Figure 3.2. Top panel, the configuration of the two pathway LFS-induced 

LTD field potential recording.  
Lower two panels, 

representative traces from 

two pathways of a single 

recording. The independence 

of the two pathways was 

confirmed by not seeing 

cross-pathway facilitation 

when two stimulations with 

50 ms interval delivered to 

the two pathways.   
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Chapter 4: GluR1-S845 dephosphoryaltion is required for 

chemLTD induced synaptic plasticity but not spine 

morphological plasticity  

 

My contribution: All electrophysiological and imaging experiments and most the 

biochemical experiments. Lihua Song helped with some of the immunoblots.. 

 

Section 1 Introduction 

Dendritic spines are specialized neuronal structures that host most of the excitatory 

synapses. They are small protrusions composed of a head and a neck, and distribute along 

the dendrites. The spine structures, such as the spine length, head volume, and the neck 

diameter, as well as the spine density, are very plastic that can be regulated by many 

events. For example, there is evidence showing that the spine density and the spine 

turnover rate are altered during development (Alvarez and Sabatini, 2007). Sensory 

experiences and learning are also found to modulate the density and morphology of 

spines (Nimchinsky et al., 2002; Alvarez and Sabatini, 2007; Harms and Dunaevsky, 

2007). Therefore, structural plasticity of spines is thought of as an important cellular 

mechanism, in addition to long-term functional plasticity of synaptic transmission, for 

learning and memory (Yuste and Bonhoeffer, 2001; Muller et al., 2002; Nikonenko et al., 

2002; Nimchinsky et al., 2002; Alvarez and Sabatini, 2007).  

It has been shown for a decade now that long-term potentiation (LTP) of synaptic 

strength is associated with either increase in spine density (Engert and Bonhoeffer, 1999; 

Maletic-Savatic et al., 1999; Nagerl et al., 2004) or enlargement of spine head volume 

(Matsuzaki et al., 2004; Zhou et al., 2004; Kopec et al., 2006; Harvey and Svoboda, 

2007; Tanaka et al., 2008). In contrast to LTP, low-frequency stimulation (LFS)-induced 
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long-term depression (LTD) has been demonstrated to correlate with rapid spine head 

shrinkage (Zhou et al., 2004; Wang et al., 2007) or loss of spines (Nagerl et al., 2004).  In 

addition, a recent study demonstrated that LFS-LTD is associated with retraction of 

presynaptic boutons leading to loss of synapses (Bastrikova et al., 2008; Becker et al., 

2008). The changes in spine morphology and synaptic strength seem to happen 

simultaneously after synaptic stimulation, implicating that the signaling cascades for 

these two events might overlap. However, it is still unclear whether this is the case, and if 

so to what extent the two signaling pathways overlap with each other. There is evidence 

suggesting a disconnection between the functional and structural changes during LTD. 

For example, even though both spine shrinkage and synaptic depression after LFS depend 

on the activation of NMDARs and calcineurin, it is only the synaptic depression that 

requires the activity of PP1/PP2A (Zhu et al., 2000). On the other hand, inhibiting global 

actin depolymerization prevents both spine shrinkage and synaptic depression, but 

specific interference of cofilin-targeted actin depolymerization only affects spine 

shrinkage (Wang et al., 2007).  

To further investigate the relationship between long-term synaptic plasticity and spine 

structural plasticity, we studied spine morphological changes after chemical LTD 

(chemLTD) induction. ChemLTD shares similar induction and expression mechanisms as 

LFS-LTD (Lee et al., 1998; Lee et al., 2000). The advantage of using chemLTD over the 

conventional electrical stimulation-induced LFS-LTD is that in principle, most synapses 

will be depressed by the chemical stimulation. Therefore, it maximizes the probability of 

detecting spine changes after LTD.  Similar to what is reported for LFS-LTD, we found 

that chemLTD induction causes long-term (up to 1 hour) spine head shrinkage without 
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changes in the spine density. To see whether the chemLTD-induced functional synaptic 

depression is required to trigger structural plasticity of spines, we examined chemLTD-

induced spine changes in the GluR1-S845A mutant mice. These mice have a specific 

alanine mutation at the serine-845 residue of the GluR1 subunit of AMPA receptors, 

which prevents phosphorylation. Importantly, GluR1-S845A mutants lack LFS-LTD 

(unpublished data) and show severe impairment of chemLTD. In order to observe spine 

structures, we crossed the GluR1-S845A mutants with a line of transgenic mice 

expressing yellow fluorescence protein (YFP) in a subset of neurons (YFP-2J line) to 

generate a S845A-2J line. Surprisingly, spine head shrinkage, comparable to that seen in 

wild type mice (WT-2J), was observed in the S845A-2J mice after chemLTD induction. 

Our results suggest dissociation between the modulation of synaptic function and spine 

morphology. Interestingly, S845A-2J mice exhibit higher density of spines under basal 

conditions, which correlated with alterations in basal synaptic function. Unlike in wild 

types, S845A-2J mice display a significant spine loss 1 hour after chemLTD. 

 

Section 2 Methods and Materials 

Subsection 1. Acute hippocampus slices preparation for electrophysiology 

and imaging 

Hippocampal slices were prepared from 3 to 4 week old WT-2J and S845A-2J mice 

following procedures described previously (Lee et al., 1998). Briefly, under deep 

anesthesia by halothane or isoflurane, mice were euthanized by decapitation, and their 

brains were removed quickly and transferred to the ice-cold dissection buffer containing 

the following (in mM): 212.7 sucrose, 2.6 KCl, 1.23 NaH2PO4, 26 NaHCO3, 10 dextrose, 
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3 MgCl2, and 1 CaCl2 (bubbled with a mixture of 5% CO2 and 95% O2). A block of 

hippocampus was removed and sectioned by a vibratome into 400 µm thick slices for 

field potential recording and imaging and 300 µm thick slices for whole cell recording. 

The slices were recovered for 1 h at room temperature in artificial cerebrospinal fluid 

(ACSF) (in mM): 124 NaCl, 5 KCl, 1.25 NaH2PO4, 26 NaHCO3, 10 dextrose, 1.5 MgCl2, 

and 2.5 CaCl2 (bubbled with a mixture of 5% CO2 and 95% O2) before all other 

procedures. All procedures for animal use followed the NIH guidelines, and were 

approved by the University of Maryland College Park Institutional Animal Care and Use 

Committee (IACUC). 

Subsection 2. Field potential recording from Schaffer collateral synapses in 

CA1 area 

All recordings were done in a submersion-type recording chamber perfused with ACSF 

(29.5–30.5°C, 2 ml/min). Synaptic responses were evoked by stimulating the Schaffer 

collaterals with 0.2 ms pulses delivered through either concentric bipolar stimulating 

electrodes (Frederick Haer Co., Bowdoinham, ME) or double-barreled glass electrodes 

(Sutter Instrument Co., Novato, CA) filled with ACSF, and recorded extracellularly in the 

CA1 stratum radiatum. Baseline responses were recorded using a half-maximal 

stimulation intensity at 0.033 Hz. To induce chemLTD, 20 μM NMDA was infused for 3 

min after at least 20 min of stable baseline.  
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Subsection 3. Whole cell recording of AMPAR mediated mEPSCs and 

evoked AMPAR currents 

All mEPSC recordings were done in a submersion recording chamber perfused with 

perfusion buffer, and all evoked AMPAR current recordings were done with modified 

ACSF (everything was the same as in the regular ACSF, except: 2.5 mM KCl, 4 mM 

MgCl2, and 4 mM CaCl2) (29.5–30.5°C, 2 ml/min, bubbled with 5% CO2/95% O2). The 

slices were visualized by an upright microscope (Nikon E600FN) equipped with infra-red 

(IR) oblique illumination. Pyramidal neurons in the CA1 area were visually identified 

and patched by a glass pipette with tip resistance of 2.5-5 MΩ. For AMPAR mediated 

mEPSCs recording, the recording pipette was filled with internal solution A (120 mM 

CH3O3SCs, 5 mM MgCl2, 8 mM NaCl, 10 mM EGTA, 10 mM HEPES, 1mM QX-314, 

0.5 mM Na3GTP, and 2 mM MgATP, pH 7.25, 290-300 mOsm). In the perfusion 

buffer, 1 μM TTX, 20 μM bicuculline, and 100 μM DL-APV were added to isolate the 

mEPSCs mediated by AMPARs. The membrane potential was held at -70 mV for 

recording mEPSCs. The responses were recorded by an Axopatch amplifier (Axon 

instruments), and digitized at 10 KHz through a data acquisition board (National 

Instruments) and stored using Igor Pro software (WaveMetrics). Data were analyzed by 

MiniAnalysis Software (Synaptosoft) and the detecting threshold was set to be 3 times of 

the Root Mean Square (RMS) noise. mEPSCs with rise time larger than 3 ms were 

excluded as they may reflect dendritic filtering. Average mEPSCs amplitude and 

frequency were calculated across groups. To measure the IAMPAR/INMDAR ratio, 20 μM 

bicuculline was added to the bath to isolate the excitatory synaptic transmission. 

Additionally, 0.5-1 μM adenosine was added to prevent polysynaptic responses. Double-
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barreled glass electrodes filled with ACSF (124 mM NaCl, 5 mM KCl, 1.25 mM 

NaH2PO4, 26 mM NaHCO3, 10 mM dextrose) was used as stimulation electrode to 

activate the Schaffer collateral pathway. The neurons were held at -60 mV to measure the 

IAMPAR, and +40 mV for the INMDAR. Only cells with input resistance ≥ 100 MΩ and series 

resistance changed less than 10% during the whole recording were analyzed. The peak 

amplitude of the EPSC at -60 mV (EPSC-60mV) was used as the IAMPAR. INMDAR was 

measured as the amplitude of EPSC+40mV at three times the EPSC-60mV decay time 

constant (τ). 100 µM DL-APV was added at the end of some experiments to verify that 

the INMDAR measurement was not contaminated by AMPAR component. 

Subsection 4. Laser scanning confocal microscopy of fixed tissues and image 

analysis 

After recovery from chemLTD induction (all groups were kept in the incubation chamber 

for the same amount of time), acute hippocampus slices were placed in 4% 

paraformaldehyde at 4 °C overnight and transferred to sterilized 30% sucrose (in PBS, 

pH 7.4) overnight before re-sectioning into 40 μm slices using a freezing microtome 

(Leica). The re-sectioned slices were collected in a cryoprotectant solution (20% sucrose, 

30% ethylene glycol in pH 7.4 sodium phosphoate buffer) and kept at -20 °C until use. 

Before imaging, slices were rinsed in PBS and mounted on glass slides (Plain selected 

precleaned microslides, VWR) and air dried in the dark. The slides were coverslipped 

with Prolong
TM

 mounting solution (Molecular Probe), and sealed with a nail polish. 

Dendritic spines on secondary or tertiary proximal dendrites of CA1 pyramidal neurons 

were chosen, and imaged using a Zeiss LSM 510 confocal microscope with  a 100x oil 

immersion objective lens (with a 1.44 numerical aperture). A 488 nm wavelength laser 
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was used to excite the YFP and 3D images with x/y/z resolution of 0.06/0.06/0.27 

μm/pixel were digitized and recorded by the Zeiss LSM 510 software. The z-stacked 

images of dendritic spines were used to reconstruct a 3D image and analyzed using 

Volocity software (Improvision).  Only dendritic protrusions with length ≤ 4 μm were 

counted as spines. The spine density was calculated as the number of spines per 10 μm 

dendritic segment.  

Subsection 5. Two-photon microcopy of dendritic spines in acute 

hippocampal slices 

 After at least 1 h recovery, acute hippocampal slices were transferred to the imaging 

chamber perfused with ACSF. The whole experiment was performed at room 

temperature.  Customer-built two-photon laser scanning microscopy (Dr. Patrick Kanold) 

was used to image the spines located on the secondary or tertiary dendrites of CA1 

pyramidal neurons by a 40x lens (Zeiss, NA = 0.8). Z stack images were taken every 5 

min during the 20-30min baseline and every 10 min after chemLTD induction. The x/y/z 

resolution was either 0.054 x 0.054 x 0.3 or 0.058 x 0.058 x 0.3 µm/pixel. But the 

resolution of images within a single experiment was kept the same. 

Subsection 6. Images analysis 

All images were analyzed using the Volocity software (Improvision). The confocal 

images were analyzed mainly by manually selecting the spines using the lasso tool 

(tolerance of signal detection was kept to be 40%). The spines in the two-photon images 

were selected by the magic wand function within the Volocity software. The tolerance of 

signal detection varied among spines but was kept the same for each spine for all images 
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taken. The representative images shown are the 3D view of the stacked images. The spine 

head volume was calculated by the Volocity software using the voxel (volume pixel) 

information. Both spine density and spine head volume were averaged within group and 

compared between different groups.  

 

Section 3 Results 

Subsection 1. Chemical-induced LTD (chemLTD) causes rapid shrinkage of 

the spine head, with no effect on the spine density of the hippocampus CA1 

pyramidal neurons 

In the acute hippocampus slice, infusion of 20 μM NMDA for 3 min reliably produces a 

long-term depression of excitatory synaptic transmission on CA1 pyramidal neurons (Lee 

et al., 1998). This chemical-induced LTD (chemLTD) is ideal for studying synaptic 

plasticity associated with spine morphological changes as compared to LFS-induced 

LTD, most synapses in a slice are likely to undergo LTD. This increases the probability 

of detecting the spine changes following LTD. To visualize the dendritic spines, 

transgenic mice expressing yellow fluorescence protein (YFP) in a subset of CA1 

pyramidal neurons (YFP-2J line, Jackson Laboratory) was used. The chemLTD elicited 

in the 3 weeks old YFP-2J mice was similar to the regular wildtypes and the data were 

averaged together (Figure 4.1B, 72.70 ± 5.29 % of baseline at 80 min after baseline, n = 

12). 

It is known that chemLTD occludes LFS-LTD (Lee et al., 1998) suggesting that their 

underlying mechanisms overlap at least to some degree. Both spine shrinkage and loss of 
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spines have been observed following LFS-induced LTD (Nagerl et al., 2004; Zhou et al., 

2004; Wang et al., 2007a). To understand the relationship between LTD and spine 

morphology changes, chemLTD was induced in acute hippocampal slices prepared from 

the 3 to 4 week old YFP-2J mice. After recovering in normal ACSF for varied durations 

(0 min, 30 min, and 60 min), the slices were fixed and imaged using a confocal 

microscope (see detailed methods). We found that chemLTD induction does not affect 

the spine density [Fig 4.1 D1,D2; CTL, 100 ± 1.99 % of CTL (14.22 ± 0.62 /10 µm 

segment of dendrite); 0 min after chemLTD induction, 114.57 ± 9.10 % (15.22 ± 1.06 /10 

µm segment of dendrite); 30 min after chemLTD induction, 99.84 ± 9.72 % (13.55 ± 0.59 

/10 µm segment of dendrite); 60 min after chemLTD induction, 97.05 ± 7.65 % (13.44 ± 

0.68 /10 µm segment of dendrite)], but produces a rapid and persistent shrinkage of spine 

head volume [Fig 4.1 C1,C2; CTL, 99.18 ± 5.01% of CTL (0.18 ± 0.01 µm
3
), 578 spines 

from 15 dendritic segments, 3 mice; 0 min after chemLTD induction, 73.46 ± 5.30 % 

(0.14 ± 0.01 µm
3
), 568 spines from 12 dendritic segments, 3 mice; 30 min after 

chemLTD induction, 67.69 ± 4.06 % (0.12 ± 0.01 µm
3
), 636 spines from 18 dendritic 

segments, 3 mice; 60 min after chemLTD induction, 69.32 ± 3.60 % (0.13 ± 0.01 µm
3
), 

589 spines from 12 dendritic segments, 3 mice. Data normalized to the control from the 

same animal. ANOVA: F(3,59) = 11.115, P < 0.001]. The change in spine head volume is 

also revealed by a significant difference in the cumulative probability of spine head 

volume in chemLTD groups compared to that in the control group (Fig 4.1 C3; 

Kolmogorov-Smirnov test: p < 0.001) 
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Figure 4.1. ChemLTD induction is associated with a rapid and persistent shrinkage of spine 

head volume.  

(A) Two sets of representative spine images taken from control (CTL) and chemLTD induced 

slices. ChemLTD induced slices were fixed at specified times as noted. Each picture is a 

projected three dimensional image obtained by reconstruction of 15-30 sections taken at 0.27 µm 

z-axis intervals. 

(B) ChemLTD induced by 3 min infusion of 20 µM NMDA caused a long-lasting synaptic 

depression measured by extracellular field potential recording (p < 0.0005 using a two-tailed 

paired t-test comparing averages of 10 min baseline before chemLTD and the last 10 min of 

recording) . 

(C1) The average spine head volume was immediately reduced after chemLTD induction, which 

persisted up to 1 h post induction (*ANOVA: F(3,59) = 11.115, p < 0.0001). (C2) Normalized 

spine head volume (to control spines from each mouse) shows about 30% reduction in the 

average spine head volume after chemLTD induction (* ANOVA: F(3,59) = 11.115, p < 0.0001). 

(C3) The cumulative probability curve of the spine head volume for the chemLTD induced groups 

are all shifted to smaller values compared to the control curve (p < 0.0001, Kolmogorov Smirnov 

test). 

(D1) The density of spine was not significantly altered up to 1 hour post chemLTD induction. (D2) 

The normalized spine density (to control from each mouse) was not different among all four 

groups.  
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Subsection 2. Mice lacking GluR1-S845 phosphorylation have altered 

synaptic  transmission and spine morphology 

After confirming that chemLTD can cause long-term spine morphological changes along 

with the synaptic depression, we wanted to further test whether the spine changes and 

synaptic depression are mediated by independent pathways as it has been suggested 

before from studying the LFS-LTD (Zhou et al., 2004; Wang et al., 2007a). Specifically, 

we wanted to test the role of GluR1-S845 dephosphorylation in spine structural plasticity, 

as this site has been implicated in NMDAR-dependent LTD (Kameyama et al., 1998) and 

AMPAR endocytosis [my data in Chapter 3 and (Man et al., 2007)]. Because the levels of 

synaptic AMPAR is reported to correlate with spine size (Harris and Stevens, 1989; 

Baude et al., 1995; Nusser et al., 1998; Lendvai et al., 2000; Matsuzaki et al., 2001), we 

hypothesized that removing GluR1-S845 phosphorylation site would interfere with spine 

shrinkage following chemLTD. To test this, we investigated the chemLTD-induced spine 

structural plasticity in the S845A mutant mice. S845A mutant mice have no LFS-induced 

LTD (unpublished data) which may be due to two reasons: 1) destabilization of GluR1 

homomers whose removal contributes greatly to the synaptic depression, and/or 2) a lack 

or a reduction in the internalization of synaptic GluR1/GluR2 heteromers triggered by 

GluR1-S845 dephosphorylation (see chapter 3 for data and discussion). In order to 

visualize the spine morphology in the S845A mutant mice, we crossed the S845A mutant 

with the YFP-2J transgenic to obtain mice with the GluR1-S845A mutation and the YFP 

transgene (S845-2J). The production of S845A-2J mice was confirmed by polymerase 

chain reactions (PCRs) using primers specific to GluR1-S845A mutation and the YFP 

transgene (data not shown), and further tested for protein expression using immunoblot 
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analysis (Fig. 4.2A). As shown in Fig. 4.2A, cross-breeding GluR1-S845A+/- mouse 

carrying a YFP transgene (hemizygote) led to the production of 4 different genotypes. 

First, we used the S845A-2J (mouse carrying homozygous GluR1-S845A knockin 

mutation and a YFP transgene) to compare the spine morphology under basal condition 

and compared to that of WT-2J (mouse carrying wildtype GluR1 gene and a YFP 

transgene) mice. Interestingly, S845A-2J mice exhibited a significant increase in the 

basal spine density in the CA1 pyramidal neurons compared to WT-2J mice (Fig 4.2B1. 

WT-2J, 14.22 ± 0.62 /10 µm, 578 spines from 15 dendritic segments, 3 mice; S845A-2J, 

17.57 ± 0.94 / 10µm, 1038 spines from 18 dendritic segments, 3 mice; P < 0.007 

Student‟s t-test). The average spine head volume (Fig 4.2B3 top panel, WT-2J, 0.18 ± 

0.01 µm
3
; S845A-2J, 0.19 ± 0.01 µm

3
) as well as the distribution of spine size when they 

were grouped into 3 categories according the spine head volume (small: < 0.3 µm
3
; 

medium: ≥ 0.3 µm
3 

and < 0.6 µm
3
; large: ≥ 0.6 µm

3
) were not affected (Fig 4.2B3 lower 

panel. Small: WT-2J = 66.27 ± 3.05 %, S845A-2J = 67.65 ± 2.35 %; Medium: WT-2J = 

32.40 ± 3.00 %, S845A-2J = 28.31 ± 2.02 %; Large: WT-2J = 1.23 ± 0.49 %, S845A-2J 

= 3.96 ± 0.97 %; two way ANOVA, P = 0.4).  

The increase in basal spine density implies that the S845A-2J mice may have altered 

basal synaptic transmission. To test this, the AMPAR-mediated miniature excitatory 

postsynaptic current (mEPSC) was measured from both the S845A mutant (homozygote, 

HM) and wildtype (WT) mice. Consistent with the increase in synaptic AMPARs level 

(data in Chapter 3), the average mEPSC amplitude was larger in the S845A mutants (Fig 

4.2D1, P < 0.0001 Kolmogorov Smirnov test; insert, WT, 9.43 ± 0.34 Hz, n = 10; HM, 

12.70 ± 0.64, n = 8; P < 0.001 Student‟s t-test). However, the mEPSC frequency, which 
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reflects either the presynaptic release property or the number of synapses, was not 

significantly different between the S845A mutant and wildtype mice (Fig 4.2D2, WT, 

0.83 ± 0.12 Hz, n = 10; HM, 0.77 ± 0.14, n = 8). The higher spine density in the S845A-

2J mice predicts an increase in the number of synapses as there is a one to one 

relationship between the spine and synapse (Nimchinsky et al., 2002; Alvarez and 

Sabatini, 2007). Thus, a lack of change in mEPSC frequency may have been caused by a 

reduced presynaptic release probability, which could have masked the increase in synapse 

number, or a higher proportion of silent synapses, which would not be detected 

functionally, in the S845A-2J mice. We tested the first possibility by measuring the pair-

pulse facilitation (PPF) ratio. Delivering two consecutive pulses with a 50 ms 

interstimulus interval (ISI) is known to cause a larger synaptic response to the second 

stimulation, a phenomenon termed paired-pulse facilitation (PPF). It is known that when 

the presynaptic release probability is reduced, synaptic responses exhibit a larger PPF 

ratio (Manabe et al., 1993). We found no difference in the PPF ratio between the wildtype 

and S845A mutant (Fig 4.2F, WT, 1.84 ± 0.05 Hz, n = 14; HM, 1.84 ± 0.11, n = 14), 

indicating that there is no change in presynaptic release. Therefore, we tested whether the 

S845A mutation leads to a higher proportion of silent synapses, which are not activated 

by spontaneous glutamate release as they lack functional AMPARs. In line with this idea, 

we found similar AMPAR to NMDAR current ratio between the wildtype and S845A 

mutant (Fig 4.2E, WT, 3.37 ± 0.45 Hz, n = 12; HM, 2.82 ± 0.32, n = 11), which suggests 

the NMDAR response may be enhanced proportional to the increased AMPAR current. 

The strengthening of NMDAR synaptic transmission is further supported by the close to 

significant increase in the synaptic NR1, an obligatory subunit of NMDAR, levels in the 
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S845A mutant mice (Fig 4.2G1, WT, 100 ± 4.21 %, n = 10; HM, 159.82 ± 26.75, n = 11; 

P = 0.05 Student‟s t-test). This was not due to a general increase in NR1 synthesis, as 

there was no significant difference in the total expression level of NR1 between WT and 

S845A mutants (Fig 4.2G2, WT, 100 ± 6.92 %, n = 8; HM, 100.68 ± 11.67, n = 9). Our 

data are consistent with an interpretation that the S845A mutants have more synapses 

than WT, but these additional synapses likely lack functional AMPARs and are “silent”. 

 

Figure 4.2. Lack of S845 phosphorylation alters spine morphology and AMPAR-mediated 

synaptic transmission. 

(A) Generation of the S845A-2J mice. Representative immunoblots probed with phosphorylation 

site-specific antibody against GluR1-S845 (upper blot) and an antibody against GFP, which is 

known to cross-react with YFP (bottom blot). Hippocampal samples were obtained from 

offsprings of the cross between S845+/- and YFP transgenics. S845_WT/2J_WT: carrying 

wildtype GluR1 with S845 intact and not carrying YFP transgene. S845_WT/2J_Tg (WT-2J): 

carrying wildtype GluR1 and transgenic for YFP. S845A/2J_Tg (S845A-2J): carrying GluR1 

with the S845A mutation and transgenic for YFP. S845A/2J_WT: carrying GluR1-S845A and not 

carrying YFP. 

(B1) Three sets of representative spine images from WT-2J and S845A-2J mice. (B2) S845A-2J 

mice have higher spine density than the WT-2J mice (* p < 0.007, Student‟s t-test). (B3) Neither 

the average spine head volume (top panel) nor the distribution of spine size (lower panel) is 

different between the WT-2J and S845A-2J mice.   

(C1) Whole cell recording configuration. (C2) Representative recordings (5 sec traces) from 

wildtype (WT) and S845A mutant mice (HM). Right, the average mEPSC traces from WT and 

HM. After scaling the WT average mEPSC traces to match the one of HM, the two traces 

completely overlap with each other, suggesting no change in mEPSC kinetics. Scale bars: 10 ms 

and 3 pA 

(D1) The cumulative probability curve of the mEPSC amplitude of the mutant mouse is shifted to 

the right of the wildtype‟s (p < 0.0001, Kolmogorov Smirnov test). Inset: the average AMPAR 

mEPSC amplitude is significantly larger in the S845A mutants (*p < 0.01, Student‟s t-test). (D2) 

Both frequency and (D3) decay kinetics of AMPAR mEPSC are normal in the S845A mutants. 

(E) The presynaptic release probability is normal in the mutant mouse as measured by PPF ratio 

(slope of second FP/slope of first FP). Scale bars: 1mV and 10 ms. 

(F) The IAMPAR/INMDAR are not different between the wildtype and the mutant mouse. Scale bars: 

20 pA and 20 ms. 

(G) S845A mutants display a nearly significant increase in the NR1 content at the PSDs (p = 

0.0504, Student‟s t-test) but not in the total homogenates. 
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Subsection 3. Chemical-induced LTD (chemLTD) causes spine 

morphological changes in hippocampus CA1 pyramidal neurons of the 

S845A-2J mice. 

LTD of synaptic strength is associated with and requires dephosphorylation of GluR1-

S845 (Lee et al., 2000; Lee et al., 2003), which is linked to AMPARs internalization 

(Ehlers, 2000). Because the number of synaptic AMPARs correlates with spine size 

(Harris and Stevens, 1989; Baude et al., 1995; Nusser et al., 1998; Lendvai et al., 2000; 

Matsuzaki et al., 2001) we hypothesized that the removal of AMPARs by GluR1-S845 

dephosphorylation may cause the shrinkage of spines observed after LTD. To test this 

hypothesis, we induced chemLTD in the S845A-2J mouse hippocampus. In line with the 

proposed role of GluR1-S845 dephosphorylation in LTD induction (Kameyama et al., 

1998; Lee et al., 2000; Lee et al., 2003), the S845A-2J mice showed a significant 

reduction in chemLTD (Figure 3B, 87.53 ± 4.44 % of baseline at 80 min after the onset 

of chemLTD, n = 12, data from S845A (n = 8) and S845A-2J (n = 4) mice were pooled 

together) compared to the wildtype mice of comparable age (P < 0.05 when comparing 

the magnitude of LTD measured 80 min after chemLTD induction between S845A and 

wildtype mice, Student‟s t-test). ChemLTD in S845A-2J resulted in a significant 

reduction in spine head volume [Fig 4.3C1, C2. CTL, 100 ± 4.88% of CTL (0.19 ± 0.01 

µm
3
), 1038 spines from 18 dendritic segments, 3 mice; 0 min after chemLTD induction, 

68.70 ± 4.02 % (0.13 ± 0.01 µm
3
), 849 spines from 18 dendritic segments, 3 mice; 30 

min after chemLTD induction, 72.85 ± 4.80 % (0.14 ± 0.01 µm
3
), 642 spines from 17 

dendritic segments, 3 mice; 60 min after chemLTD induction, 78.13 ± 4.94 % (0.14 ± 

0.01 µm
3
), 749 spines from 19 dendritic segments, 3 mice. ANOVA: F(3, 68) = 7.599, P 
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= 0.0002], which was similar in magnitude and time course as those observed in WT-2J 

(not significantly different from WT-2J in the : t-test, p > 0.4 for the 0 min and 30 min 

groups; p > 0.1 for the 60 min groups). This result suggests that there is likely 

dissociation between the functional and the morphological alterations after chemLTD. To 

be more specific, the GluR1-S845 while important for the functional depression of 

synaptic transmission, is not likely required for the spine structural plasticity associated 

with chemLTD.  

Unexpectedly, unlike in WT-2J, the spine density of the CA1 pyramidal neurons in the 

S845A-2J mice was significantly reduced 60 min post-chemLTD induction [Figure 

4.3D1,D2. CTL, 100 ± 8.17% of CTL (17.57 ± 0.94 / 10µm); 0 min after chemLTD 

induction, 101.56 ± 8.85 % (17.88 ± 1.00 / 10µm); 30 min after chemLTD induction, 

93.36 ± 13.12 % (15.79 ± 0.94 / 10µm); 60 min after chemLTD induction, 79.52 ± 6.80 

% (14.22 ± 0.88 / 10µm). P < 0.02 between the CTL and the 60 min group, Fisher‟s 

PSLD]. Interestingly, because the spine density was higher in the S845A-2J under basal 

conditions, the spine density after chemLTD was comparable to what was seen under 

control conditions in WT-2J. 

 

Figure 4.3. ChemLTD induction causes spine morphological changes in the S845A-2J mice. 

 (A) Two sets of representative spine images taken from control (CTL) and chemLTD slices of 

S845A-2J. ChemLTD slices were fixed at specified times indicated.  

(B) NMDA infusion (20 µM, 3 min) only led to a modest synaptic depression in the CA3-CA1 

synapses of the S845A-2J mice (p < 0.02 with two-tailed paired t-test of averages of 10 min 

baseline before chemLTD and the last 10min of recording). Note the level of synaptic depression 

is significantly less (p < 0.05, t-test) than that observed in WT (Fig. 4.1B).  

(C1) ChemLTD induction triggered rapid spine shrinkage that lasted up to 1 hour (* ANOVA: 

F(3, 68) = 7.599, P = 0.0002). (C2) Normalized spine head volume to the control from the same 

animal (* ANOVA: F(3,68) = 8.632 , P < 0.0001). (C3) The cumulative probability curves of 

spine head volume in chemLTD groups were all shifted to the left of control. 

(D1) Significant spine loss was also observed 60 min after chemLTD induction (* ANOVA: F(3, 

68) = 3.354, P = 0.024; Fisher‟s PLSD test between CTL and 60 min post chemLTD P < 0.02). 

(D2) There was about 20 % reduction in spine density 60 min after chemLTD induction (* 
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ANOVA: F(3, 68) = 4.522, P = 0.006; Fisher‟s PLSD test between CTL and 60 min post 

chemLTD P < 0.004 ) 
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Subsection 4. Spine head shrinkage observed in individual spines after 

chemLTD induction in both WT-2J and S845A-2J mice 

Laser scanning confocal microscopy provides high resolution images (0.006 x 0.006 x 

0.27 µm / pixel in the x/y/z direction), and allows analysis of a large population of spines 

from a single slice preparation. However, we can only compare the average effects across 

different slices for each experimental condition, because the slices need to be fixed and 

resectioned before being imaged. In order to better determine the spine changes over 

time, we used two-photon microscopy on living hippocampal slices. While the 

disadvantage of using the two-photon microscopy is that it has a lower resolution than the 

confocal microscopy and we can only monitor a small number of synapses, this method 

allows us to track spine size in real-time. We imaged a small segment of dendrite 

(average length = 10.86 µm), which had on average 6 stable spines.  Z-stacked images 

(25-35 sections at 0.3 µm z-interval) of the dendritic segment were taken at 5 min 

intervals during the baseline period and at 10 min interval after chemLTD induction. 

Only spines that were stable for the 15-30 min baseline period and were constantly 

visible during the whole experiment were used for data analysis. Similar to the global 

change in spine head volume from the fix tissues, chemLTD induced a rapid and 

persistent shrinkage of spine head volume of single spines imaged from both WT-2J (Fig 

4.4A, 57.51 ± 4.27% of baseline, average across images taken from 45 to 85 min post-

chemLTD induction, 25 spines from 4 dendrites, 3 mice) and S845A-2J mice (Fig 4.4B, 

68.68± 5.76% of baseline, average across images taken from 45 to 85 min post-chemLTD 

induction, 29 spines from 5 dendrites, 3 mice). Due to the small number of spines 

imaged, we did not analyze the spine density. But we did observe few spines 
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disappearing during the experiments (1 from the WT-2J and 3 from S845A-2J). The spine 

loss was not necessarily correlated with chemLTD induction as it may reflect a basal 

turnover of spines. It was also common for the small spines to disappear transiently right 

after chemLTD induction, either due to temporary elimination or due to the pH-

dependent dimming of YFP signal by NMDA application. By monitoring individual 

spines during the course of the experiment, we also observed that the persistent spine 

shrinkage is not a global phenomenon as few spines almost completely recovered the 

head volume by the end of the imaging session (data not shown, 2 out of 25 spines from 

WT-2J; 5 out of 29 spines from S845A-2J.) 

Figure 4.4. Rapid shrinkage of individual spines following chemLTD induction was 

observed by 2 photon time-lapse imaging of live slices from both WT-2J and S845A-2J 

mice. 
(A1) Representative spine images from WT-2J mice taken at varied time points. 0 min refers to 

the beginning of chemLTD induction. Arrows point to the spines, which were stable for at least 

15 min before chemLTD induction and used for data analysis. (A2) ChemLTD induction leads to 

about 40% reduction in the average spine head volume in the WT-2J mice.  

(B2) Representative spine images from S845A-2J mice. Arrows point to the spines that were 

stable for at least 15 min during baseline observation and used for data analysis. (B2) ChemLTD 

induction leads to about 40% reduction in the average spine head size in the S845A-2J mice. 
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Section 4. Discussion 

Here I found that chemLTD induction causes rapid and long-lasting spine head shrinkage 

but no change in spine density of the CA1 pyramidal neurons. GluR1-S845 

dephosphorylation, which is critical for homosynaptic LTD (Kameyama et al., 1998), is 

also important for the chemLTD expression as the S845A mutant mice have impaired 

chemLTD. Interestingly, the S845Amutant mice have similar chemLTD-induced change 

in spine head volume as the wildtypes in both time course and magnitude, indicating 

dissociation in the signaling cascades between the long-term synaptic depression and 

long-term spine morphological changes. 

Subsection 1. Spine structural plasticity associated with chemLTD induction 

ChemLTD induced by a brief treatment of NMDA is a form of synaptic plasticity that 

shares similar induction and expression mechanism with LFS-induced homosynaptic 

LTD (Kameyama et al., 1998; Lee et al., 1998). A major advantage of using the 

chemLTD protocol is that the majority of synapses is exposed to the NMDA treatment 

and undergoes LTD. Therefore, it maximizes the chance of observing spine changes 

associated with LTD induction. By imaging large population of spines using confocal 

microscopy on fixed tissues, we found that the average head volume of spines that 

receive input from CA3 Schaffer collaterals (spines on the proximal 2/3 of the secondary 

or tertiary apical dendrites of CA1 pyramidal neurons) is significantly reduced after 

chemLTD induction (Fig 1C). This reduction can last as long as 1 hr, and is not likely the 

artifact of longer incubation in vitro (Johnson and Ouimet, 2004) as all slices were 

maintained in vitro for the same duration after dissection. The observed reduction in 

spine head volume with chemLTD is consistent with previous studies of LFS-induced 
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LTD, which also causes rapid and persistent spine head shrinkage (Zhou et al., 2004; 

Wang et al., 2007). However, unlike the LFS-induced LTD in the cultured hippocampal 

slice (Nagerl et al., 2004), we did not observe significant changes in the spine density up 

to 1 hour (Fig 4.1D), indicating that the turnover rate of spines in 3-4 week old mice are 

not affected by chemLTD induction. This is in line with another study in which LFS-

LTD failed to cause a reduction in spine density in acute hippocampal slices (Zhou et al., 

2004).  

The reduction in spine head size after chemLTD is further confirmed by monitoring 

individual spines with time-lapsed two photon microscopy (Fig 4A). Interestingly, not 

every spine exhibited long-lasting shrinkage as we found that few of the spines 

completely recover within one hour. In addition, we occasionally found spines retract and 

disappear during the course of our experiment, which was not correlated with the 

chemLTD induction. Taken together with the lack of a change in the average spine 

density from fixed tissues, it suggests at the age of 3-4 weeks, the hippocampal CA1 

pyramidal neurons may have transient spines that are not regulated by synaptic activity. 

Subsection 2. S845A mutation impairs chemLTD induction and alters 

synaptic transmission 

GluR1-S845 is a substrate of PKA (Roche et al., 1996) and is thought to play a role in 

synaptic plasticity (Lee, 2006). In particular, both LFS-LTD and chemLTD are associated 

with a prolonged dephosphorylation of this site (Kameyama et al., 1998; Lee et al., 1998; 

Lee et al., 2000), which correlates with the removal of functional GluR1 homomers (see 

Chapter 3). Preventing the S845 dephosphorylation by PKA activation inhibits the 

induction of LFS-LTD (Kameyama et al., 1998). This is further confirmed by a lack of 
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LFS-LTD in the S845A mutant mice, which is at least partly mediated by the loss of 

GluR1 homomers (see Chapter 3). Consistent with the role of S845 dephosphorylation in 

LTD, we found that the S845A mutant mice (as well as the S845A-2J) display a severe 

reduction in chemLTD (Fig 4.1B and Fig 4.3B, 87% in the S845A mutants compared to 

the 72% in the wildtypes). The residual synaptic depression in the S845A may be 

mediated by the endocytosis of synaptic GluR2/GluR3 complexes (Holman and Henley, 

2007).  

The lack of S845 phosphorylation not only impaired the chemLTD induction, but also 

altered the basal synaptic transmission. The S845A mutants display larger AMPAR-

mediated mEPSC amplitude (Fig 4.2D), which is in agreement with increased GluR2 

content at synapses (data in Chapter 3). These results suggest that the mutant mouse may 

be expressing more synaptic AMPARs to compensate for the loss of functional GluR1 

homomers, which have much higher single channel conductance than the GluR2-

containing AMPARs (Swanson et al., 1997).   

Subsection 3. Separate signaling pathways for long-term synaptic depression 

and spine morphological changes after chemLTD 

Even though the S845A mutation greatly impaired chemLTD (Fig 4.3B), a normal level 

of spine head shrinkage was still observed following chemLTD induction (Fig 4.3C and 

4.4B), supporting that there are separate signaling cascades leading to synaptic 

depression and spine structural changes. This is in agreement with previously studies, 

which proposed that LFS-induced spine shrinkage uses different signaling pathways than 

the synaptic depression (Zhou et al., 2004; Wang et al., 2007). Here we particularly 

focused on the role of GluR1-S845 dephosphorylation on chemLTD-induced synaptic 
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depression and spine changes for three main reasons: 1) GluR1-S845 dephosphorylation 

is required for LTD induction (Kameyama et al., 1998; Hardingham et al., 2008); 2) 

GluR1-S845 dephosphorylation is correlated with (Lee et al., 2003; Brown et al., 2005) 

and required (Man et al., 2007) for synaptic AMPARs endocytosis after LTD induction; 

and 3) synaptic AMPAR content is correlated with spine size (Harris and Stevens, 1989; 

Baude et al., 1995; Nusser et al., 1998; Lendvai et al., 2000; Matsuzaki et al., 2001). 

S845A mutation has been shown to prevent the NMDA-induced internalization of surface 

GluR1-containing AMPARs (Man et al., 2007), which correlates with the loss of LFS-

LTD (unpublished data) and the dramatic impairment of chemLTD (Fig 4.3B). Here we 

hypothesized that the removal of synaptic GluR1 is necessary for spine shrinkage during 

chemLTD. If this was the case, then we should have seen no or very little spine shrinkage 

in the S845A-2J mice. However, our results suggest that the GluR-S845 

dephosphorylation-mediated AMPARs internalization is not involved in the spine 

shrinkage during chemLTD. This is consistent with a previous study showing that only 

synaptic depression but not spine shrinkage requires PP1/PP2A activity (Zhou et al., 

2004). Our data suggest that the synaptic trafficking of AMPARs and spine 

morphological changes following chemLTD induction are two parallel events caused by 

separate signaling cascades. In line with this idea, another study found that exocytosis of 

AMPARs and spine enlargement after chemLTP induction have different time course 

(Kopec et al., 2006). It is important to note that our data cannot rule out the possibility 

that the endocytosis of GluR2/GluR3 AMPARs, which may be responsible for the 

residual synaptic depression in the S845A-2J mice, may be sufficient to count for the 

normal spine shrinkage. It will be critical to examine spine morphological changes 
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following LFS-induced LTD in the S845A-2J mice, as this form of synaptic depression is 

completely absent. 

Combining our results with those from other groups (Kameyama et al., 1998; Zhou et al., 

2004; Wang et al., 2007), we propose that the signaling pathways for synaptic depression 

and spine shrinkage following chemLTD induction are separated (Fig 4.5). NMDAR 

activation increases the activity of protein phosphatases. PP2C and PP2B have been 

proposed to mediate the chemLTD-induced S845 dephosphoryaltion (Kameyama et al., 

1998), which leads to internalization of synaptic AMPARs and synaptic depression. On 

the other hand, activation of PP2C or other protein phosphatase such as calcineurin alon 

or in comibination (Zhou et al., 2004) in parallel dephosphorylates other downstream 

molecules (one candidate is cofilin), which cause F-actin depolymerization leading to 

spine shrinkage. 

 

 

 

 

 

 

 

 

 

 

Figure 4.5. Dissociation between 

the NMDA-induced long-term 

synaptic depression and long-term 

spine morphological change.  

Activation of NMDARs after 

chemLTD induction increases the 

activity of one or multiple protein 

phosphatases. PP2C might be the one 

the dephosphorylation GluR-S845 

that causes synaptic depression, 

while PP2C or other phosphatase 

such as PP2B may be responsible for 

the signaling cascade leading to spine 

shrinkage. 
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Subsection 4. ChemLTD induction causes loss of spines in the S845A-2J mice 

In addition to the normal spine head shrinkage, chemLTD induction in S845A-2J mice 

also caused a decrease in spine density (Fig 4.3D). Interestingly, the spine density after 

chemLTD in the S845A-2J mice was comparable to that seen in WT-2J under basal 

conditions (WT-2J, 100 ± 3.32 % of average WT-2J, n = 63; S845A-2J, 101.57 ± 6.26 %, 

n = 19, normalized to average WT-2J, p = 0.83). Taken together with the higher basal 

spine density in the S845A-2J compared to the WT-2J mice (Figure 4.2B1) and that the 

S845A-2J exhibit a reduction in chemLTD magnitude, we surmise that the population of 

spines that is lost after chemLTD may be the additional silent synapses in the S845A-2J 

mice. AMPAR activation has been found to be required for the maintenance of spines, 

while blocking AMPARs activity can cause loss of spines (McKinney et al., 1999). 

Therefore, the silent synapses lacking AMPARs may be more vulnerable to elimination. 

The spine loss was only significant 1 hour after chemLTD induction, suggesting that 

spine elimination process may take longer than spine shrinkage.   

Subsection 5. Dissociation between spine head size and synaptic AMPAR 

content 

Previous studies have shown a positive correlation among the synaptic AMPAR content, 

synapse size, and the spine head volume (Harris and Stevens, 1989; Baude et al., 1995; 

Nusser et al., 1998; Lendvai et al., 2000; Matsuzaki et al., 2001). However, several 

groups reported that the synapses without AMPARs (silent synapse) can locate on the 

morphologically mature spines (Beique et al., 2006; Ward et al., 2006; Busetto et al., 

2008), indicating that synaptic AMPAR level may be independent of the spine size. In 

support of this idea, the average spine head volume in the S845A-2J was similar to the 
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WT-2J mice even though the S845A mice have more synaptic AMPARs. However, we 

cannot rule out the possible that the highly variable spine size masks the changes that 

occur specifically to only a certain population of spines. 
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Chapter 5:  General discussions and Future directions 
 

My studies focus on the cellular mechanism of synaptic plasticity, especially the 

regulation of AMPAR, which is a key player in synaptic plasticity as well as many other 

brain functions. In this chapter I will summarize the conclusions obtained from my 

studies, and discuss their significance and future directions. 

 

Section 1 Physiological function of BACE1 

From my study, the physiological function of BACE1 in both synaptic transmission and 

plasticity was characterized for the first time in the hippocampus Schaffer collateral to 

CA1 synapses of the BACE1 -/- mice. The BACE1 -/- displayed a specific reduction in 

presynaptic release probability revealed by a larger PPF ratio. This was later confirmed in 

a follow-up study of the BACE1 function at the mossy fiber to CA3 synapses. In 

addition, a presynaptic form of plasticity, the mossy fiber to CA3 LTP (mfLTP), was 

abolished in the BACE1 -/- mice (Wang et al., 2008). The presynaptic deficit may be due 

to the aberrant Nrg1/ErbB4 signaling (Savonenko et al., 2008), as Nrg1 is another 

substrate for BACE1 (Hu et al., 2006; Willem et al., 2006). The Nrg1/ErbB4 signaling 

pathway has been shown to regulate the surface expression of Ca
2+

-permeable α7 

nicotinic receptor (nAchR) (Liu et al., 2001), which may directly alter the presynaptic 

release. Another possibility is the augmented α secretase activity in the BACE1 -/-. α 

secretase and β secretase have been shown to compete with each other to cleave APP 

[review in (Turner et al., 2003)], hence BACE1 -/- mice are likely to process APP 

through the non-amyloidogenic α secretase pathway. Consistent with this, the BACE1 -/- 
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mouse has higher level of sAPPα (Luo et al., 2001), which is a product of the α secretase. 

sAPPα has been shown to reduce the resting intracellular Ca
2+

 level (Mattson et al., 1993) 

and regulate cell excitability (Furukawa et al., 1996). Therefore, the increased sAPPα 

level in the BACE1 -/- may have downregulated the presynaptic function via these 

processes.    

The reduced presynaptic release in the BACE1 -/- did not alter the basal synaptic 

transmission mediated by either AMPAR or NMDAR, suggesting these mice may have 

developed some sort of postsynaptic compensation. One possibility is an up-regulation of 

postsynaptic AMPAR function, either by increasing synaptic AMPAR expression, or by 

augmenting the single channel conductance via either phosphorylation (GluR1-S845 and 

S831) or changing the subunit composition (from GluR2-containing to GluR2-lacking 

AMPARs). These possiblities can be tested by biochemically isolating the postysynaptic 

density and examining the synaptic AMPAR expression as well as phosphorylation. 

Possible changes in synaptic AMPAR subunit composition can also be tested by 

comparing the AMPAR I-V relationship or the PhTX sensitivity between BACE1 -/- and 

wildtypes.    

The BACE1 -/- mice have normal TBS-LTP and LTD in the Schaffer collateral to CA1 

synapses. However, the TBS-induced reversal of LTD was greatly enhanced in the 

knockout mice, which is very likely due to the larger summation of postsynaptic current 

during the TBS stimulation as the total charge transfer during TBS in the knockouts is 

significantly greater than the wildtypes. Interestingly, the same TBS used for LTP 

induction produced similar total charge transfer between the knockout and wildtype. 

There are at least three different possibilities to account for the different effects of TBS 
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during LTP and de-depression induction. First, the NMDAR function might be 

differentially altered by LTD induction in the wildtype and BACE1 -/-. Low frequency 

stimulation has been shown to cause LTD of both AMPAR- and NMDAR-EPSC (Yi et 

al., 1995; Morishita et al., 2005). This suggest the PP-1 Hz stimulation protocol that we 

used to induce AMPAR-LTD might also depress synaptic NMDAR response in the 

wildtype mice, probably via the lateral movement of synaptic NMDAR to the 

extrasynaptic sites (Ireland and Abraham, 2009). If the NMDAR-LTD is impaired in the 

BACE1 -/-, this could account for the greater summation during de-depression induced 

by TBS. However, this is very unlikely as there is preliminary data from our lab showing 

that LTD of isolated NMDAR synaptic responses is quite normal in the BACE1 -/- (R. 

Gao and H.-K. Lee, personal communication).  

A second explanation for the difference in LTP and de-depression phenotype in the 

BACE1 -/- is that LTP and de-depression are known to depend on distinct signals [review 

in (Lee and Huganir, 2008)]. It has been shown that LTP requires the activation of 

CaMKII/PKC and is associated with an increase in GluR1-S831 phosphorylation. On the 

other hand, dedepression strongly depends on PKA activity and phosphorylation of 

GluR1-S845 (Lee and Huganir, 2008). Another distinction between LTP and 

dedepression is the increased synaptic NR1 content after dedepression but not LTP 

(Heynen et al., 2000). These results indicate even the same stimulation can recruit 

different signaling cascades depending on the history of synaptic activity. Since the 

BACE1 -/- only shows abnormal de-depression, it may imply that BACE1 specifically 

regulate the signaling pathways involved in TBS-induced de-depression, such as the PKA 

phosphorylation of GluR1-S845 site and recruitment of synaptic NMDARs. 
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A third possible explanation for the larger summation during the induction of 

dedepression in BACE1 -/- relates to the presynaptic deficit observed in the BACE1 -/-. 

As discussed before, BACE1 -/- may have developed a compensatory increase in the 

postsynaptic AMPAR properties to counteract the reduced presynaptic release. This 

compensation may be sufficient to maintain the normal level of response summation 

during LTP induction. However, LTD induction may remove the effect of the 

postsynaptic compensation, for example, by internalizing synaptic AMPARs, and hence, 

the reduced presynaptic release in the BACE1 -/- could be revealed to allow greater 

summation of responses during the induction of dedepression.   

 

Section 2 BACE1 may be a therapeutic target for treating ADs  

Accumulating data on the biological role of BACE1 provide us with a better insight on 

how to develop effective therapeutics targeting this enzyme. However, most of the data 

on BACE1 are obtained from studies of conventional BACE1 knockout animals. These 

mice develop without BACE1 from birth, hence may develop compensatory responses, 

which could complicate the interpretation of data. Partial knockdown of BACE1 by 

siRNA has been shown to effectively reduce Aβ production, neurodegeneration, and 

behavioral deficits in APP transgenic mice (Laird et al., 2005; Singer et al., 2005). This is 

also confirmed in the AD mouse model with a single BACE1 gene knockout 

(McConlogue et al., 2007). Characterizing synaptic functions in the BACE1 siRNA 

knockdown models will be needed to provide information on acute effects of blocking 

BACE1 function. In addition, siRNA knockdown of BACE1 in the APP transgenic lines 
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will better approximate clinical situations, and hence allow us to better estimate the 

feasibility of developing an effective treatment of AD by BACE1 inhibition.   

 

Section 3 GluR1 homomers in the hippocampus Schaffer collateral to CA1 synapses 

GluR1 homomer is likely the major type of Ca
2+

-permeable AMPARs (Jonas and 

Burnashev, 1995) in the mature hippocampus (Wenthold et al., 1996). Besides its high 

Ca
2+

 permeability, it also has much larger single channel conductance than the GluR2-

containing AMPARs (Swanson et al., 1997). Additionally, the single channel 

conductance of GluR1 homomer can be further potentiated by CaMKII-mediated S831 

phosphorylation (Oh and Derkach, 2005). Even though it only makes up less than 10% of 

total AMPARs [my data as well as (Wenthold et al., 1996)], recruitment of GluR1 

homomer to the synapses can greatly enhance synaptic transmission (Thiagarajan et al., 

2005; Bellone and Luscher, 2006; Clem and Barth, 2006; Goel et al., 2006; Conrad and 

Wolf, 2008) and critically contribute to synaptic plasticity (Plant et al., 2006; Guire et al., 

2008; Lu et al., 2008).  

Subsection 1. Evidence for synaptic GluR1 homomers 

Whether the CA1 pyramidal neurons contain synaptic GluR1 homomers is an area of 

debate. Majority of the AMPARs in the CA1 pyramidal neurons contain the GluR2 

subunit, and hence are Ca
2+

-impermeable. This is supported by biochemical studies of the 

AMPAR subunit composition [my data in Chapter 3 and (Wenthold et al., 1996)], and by 

an immunocytochemical study looking at the distribution of GluR2 staining (Petralia et 

al., 1997). When looking at the Schaffer collateral to CA1 synapses, some 
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electrophysiological studies showed that the AMPAR-mediated basal synaptic 

transmission is not sensitive to exogenously applied polyamines (HPP-spermine/HPP-Sp), 

polyamine toxins (PhTX), or specific inhibitors of GluR2-lacking AMPARs (IEM-1460). 

These results have been taken to suggest that there are no functional GluR1 homomers at 

this synapse (Mainen et al., 1998; Plant et al., 2006; Adesnik and Nicoll, 2007; Lu et al., 

2007; Guire et al., 2008). Other groups present contradictory results showing that bath 

application of Naspm, another selective blocker of GluR2-lacking AMPARs, depresses 

AMPAR-mediated EPSC in the CA3-CA1 synapses (Tsubokawa et al., 1995; Terashima 

et al., 2004; Noh et al., 2005).     

My study so far supports the presence of functional GluR1 homomers at the Schaffer 

collateral to CA1 synapses. The supporting evidence comes from two major experiments: 

1) Bath application of PhTX caused about 15% depression of AMPAR-mediated synaptic 

transmission with a paired-pulse stimulation protocol; 2) ChemLTD induction converted 

the basally linear I-V relationship to outwardly rectifying one. These data suggest there 

are synaptic GluR1 homomers under the basal condition that can be removed with 

chemLTD induction, likely due to the dephosphorylation of GluR1-S845. Similar to what 

other groups have found, PhTX did not inhibit synaptic transmission when stimulated 

with single pulse every 15 or 30 sec. However, the inhibition was apparent with paired-

pulse stimulation (50ms ISI) suggesting that the blockade of PhTX may be strongly 

dependent on synaptic activity, likely at the level of membrane depolarization. The 

voltage-dependency of PhTX block may explain the discrepancy in the effects of GluR2-

lacking AMPAR inhibitors on basal synaptic transmission. Naspm, which has been found 

to effectively depresses AMPAR synaptic transmission by several groups, is only slightly 
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sensitive to the membrane potential (Koike et al., 1997).  One way to investigate the 

voltage effect on PhTX blockade is to perform whole-cell voltage clamp recordings and 

test the effect of PhTX on synaptic transmission when the cells are held at different 

membrane potentials, for instance, -70 mV versus -40 mV. If the hypothesis is correct, 

then at -70 mV we should see very little depression, while PhTX should cause a much 

larger depression at -40mV. Another possibility is to see whether voltage-clamping the 

cells at negative potentials (-70 mV) would prevent paired-pulse stimulation from 

revealing PhTX sensitivity.  

Subsection 2. Hypothesis on the existence of two populations of synapses 

LTP induction has been shown to increase AMPAR single channel conductance (γ) in 

some CA1 synapses but not the others (Benke et al., 1998; Luthi et al., 2004). 

Interestingly, the synapses whose γ can be potentiated by LTP have relatively low γ (4.8 

± 0.8 pS) to begin with, while those that cannot have basally high γ (7.2 ± 0.7 pS) (Benke 

et al., 1998). Interestingly, depotentiation reduces γ to its pre-LTP state only if the LTP 

was expressed by an increase in γ (Luthi et al., 2004). These results indicate that there 

might be two populations of CA1 synapses with different AMPAR profiles under the 

basal condition: One with low average single channel conductance, which may reflect the 

synapses with only GluR2-containing AMPARs; the other high conductance synapses 

may reflect the ones containing GluR1 homomers [The ratio between GluR2-containing 

and the GluR1 homomers at this set of synapses should be close to 1:1 based on 

calculations using the single channel conductance of GluR1 homomers and GluR1/2 

heteromers (Benke et al., 1998; Oh and Derkach, 2005)]. During LTP induction, the low-

γ synapses will recruit GluR1 homomers, probably from the extrasynaptic location, into 
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the synapses and hence increase the average single channel conductance and total 

synaptic strength. On the other hand, LTP induction enhances synaptic incorporation of 

GluR2-containing AMPARs into the high-γ synapses, while the GluR1-S831 

phosphorylation by CaMKII increase the single channel conductance of pre-existing 

GluR1 homomers. The combination of these two processes may result in the observed 

increase in AMPAR number without much change in the γ. 

The hypothesis that there are two populations of synapses is in line with some new 

findings. A recent study shows there are GluR1 homomers clustered and anchored at 

synaptic locations, as detected by a lack of fluorescence signal recovery after FRAP 

(fluorescence recovery after photobleaching) (Heine et al., 2008). At this year‟s 

„Synapses: postsynaptic mechanisms of plasticity‟ workshop (Mar 8-10, 2009, 

Warrenton, VA), Nicoll‟s group presented data on the conditional knockout of glutamate 

receptor subunits in mature mice. They found that knocking out GluR2/3 subunits 

reduces the AMPAR mEPSC frequency but not the amplitude. These data suggest that 

there is a subset of synapses that only expresses GluR2-containing AMPARs. Therefore, 

knocking out GluR2/3 subunit causes a depletion of synaptic AMPARs and silences these 

synapses, which is reflected by the reduction in mEPSC frequency. However, there is 

another group of synapses whose synaptic strength is unaffected by lacking the GluR2/3, 

indicating that these synapses may express GluR1 homomers.  

Subsection 3. Hypothesis on the existence of two populations of spines 

According to the two populations of synapse hypothesis, one candidate determinant for 

the differences between the two populations might be the structure of spine as well as the 

synapse. There is evidence showing that the LTD-induced synapse loss mainly happen in 
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smaller spines and with smaller presynaptic boutons (Bastrikova et al., 2008; Becker et 

al., 2008), which suggest these highly vulnerable spines should have different properties 

compared to the sustained synapses. One possibility is that these spines may be the one 

contains GluR1 homomers. Ca
2+

 influx through CP-AMPARs has been found to trigger 

the excitotoxicity during many brain diseases (Kwak and Weiss, 2006). Therefore, the 

retraction of presynaptic boutons away from the GluR1 homomer-expressing synapses 

during prolong LFS may serve as a protective mechanism. If this is the case, we can 

explain the loss of or the reduction in PhTX blockade after chemLTD or LFS-LTD, 

respectively (data in Chapter 3), because this may be partly due to the retraction of 

presynaptic boutons that occurs as early as 1 h post-LTD induction. Either the Ca
2+

 signal 

generated by GluR1 homomer activation during LTD induction or the loss of synaptic 

GluR1 homomers as a result of S845 dephosphorylation may initiate a downstream 

signaling cascade, which leads to the retraction of the presynaptic partner and loss of 

synapses. This entails some form of retrograde signaling or trans-synaptic signaling in 

transferring the postsynaptic signal to the presynaptic boutons. The elimination of the 

inputs to GluR1 homomer containing spines would then explain the loss or reduction in 

PhTX sensitivity after LTD.  

In contrast, in the case of LTP, many groups showed a transient increase in synaptic 

GluR1 homomers after LTP induction based on the transient inwardly rectified I-V 

relationship and PhTX blockade (Plant et al., 2006; Lu et al., 2007), which may be a 

result of two events: 1) There are new GluR1 homomers inserted into the previously 

GluR1 homomer-lacking synapses, which are later replaced by GluR2-containing 

AMPARs. This can account for the shift in the I-V relationship. 2) The temporally 
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increased presynaptic glutamate release after LTP induction (Bolshakov and Siegelbaum, 

1995; Kleschevnikov et al., 1997; Emptage et al., 2003) may cause sufficient membrane 

depolarization (similar to the effect of paired-pulse stimulation), which enables PhTX to 

block the GluR1 homomers. 

The idea of having two populations of spines can also explain the conflicting results from 

several groups (data presented from the „synapses‟ workshop and personal 

communications). Assuming that the synaptic AMPARs are immobile and the 

extrasynaptic AMPARs are mobile, Malinow‟s group showed that under basal conditions, 

GluR1 homomers (by overexpression of GluR1 subunits) are mainly extrasynaptic while 

chemLTP induction increases the synaptic GluR1 homomers. Sabatini‟s group presented 

data that there are no synaptic GluR1 homomers under basal conditions based on the lack 

of AMPAR-mediated Ca
2+

 influx in the large mushroom spines. Thompson‟s group on 

the other hand reported the opposite result supporting the presence of synaptic GluR1 

homomer as they observed Ca
2+

 influx through AMPARs channel that is sensitive to 

polyamine.  The conflicting results from various groups can be explained by the sampling 

of different spine types: ones that have GluR1 homomers versus the ones that lack them. 

Subsection 4. Testing the two populations of synapse hypothesis 

My hypothesis on the two population of synapses can be tested using two photon Ca
2+

 

nsimaging to study the sEPSC-associated Ca
2+ 

signals in the spines (This should be done 

in the presence of NMDARs and voltage-dependent Ca
2+

 channel inhibitors, and Naspm 

can be used to confirm whether the Ca
2+

 signal is indeed mediated by the GluR1 

homomers). This type of experiments will allow us to directly visualize whether there are 

GluR1 homomers at some synapses. In addition, we will be able to know: 1) the 
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proportion of spines that express GluR1 homomers, and 2) whether there is any 

correlation between GluR1 homomer-mediated Ca
2+

 signal and spine structure.  

LTP has been shown to transiently (less than 30 min after LTP induction) recruit GluR1 

homomers into synapses (Plant et al., 2006; Guire et al., 2008). By imaging the sEPSC-

associated Ca
2+

 signal before and after LTP induction (chemLTP will be better to 

maximize the detection of change), we will be able to know whether the new GluR1 

homomers are indeed inserted into the previously GluR1 homomer-containing synapses 

or GluR1 homomer-lacking synapses. In contrast, I showed that chemLTD removes most, 

if not all, GluR1 homomers from synapses. Therefore, we should be able to see a large 

reduction in the proportion of spines that have GluR1 homomer-mediated Ca
2+

 influx 

following chemLTD. 

Subsection 5. Alternative explanation for the presence of functional GluR1 

homomers at the CA1 synapses 

By using paired-pulse stimulation, I found that PhTX causes about 15% depression of 

AMPAR-mediated synaptic transmission (data in Chapter 3). As paired-pulse stimulation 

can lead to a larger summation of glutamate concentration in the synaptic cleft, the 

excessive glutamate may spill over to activate perisynaptic receptors. At this point, I 

cannot rule out the possibility that the GluR1 homomers exist at extrasynaptic sites.  

There are data supporting the presence of surface GluR1 homomers under basal 

conditions. For example, the dendritic surface of CA1 pyramidal neurons show strong 

kainate-induced Co
2+

 staining, which is an indication of Ca
2+

 influx through Ca
2+

-

peameable AMPA/kainate receptors (Toomim and Millington, 1998; Yin et al., 1999). 
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Thompson‟s group later demonstrated that the glutamate release by photolysis induces 

AMPAR-EPSC (phEPSC) displaying characteristics of GluR2-lacking AMPARs (Bagal 

et al., 2005). Even though phEPSC has similar amplitude and kinetic as AMPAR 

mEPSCs (Bagal et al., 2005), it is possible to activate the perisynaptic AMPARs due to 

the coarse spatial resolution of glutamate uncaging. A recent study which showed that 

IEM-1460 strongly depresses AMPA-induced EPSC (extrasynaptic AMPAR-mediated) 

but not mEPSC (synaptic AMPAR-mediated) supported that the GluR1 homomers 

mainly exist at extrasynaptic sites (Guire et al., 2008). However, the different effect of 

IEM-1460 on AMPA-induced EPSC versus mEPSC may be a result of different levels of 

membrane depolarization: local dendritic AMPA application may cause a greater 

membrane depolarization than mEPSCs. To distinguish whether GluR1 homomers are 

present at synaptic sites or perisynaptic sites, we can compare the effect of IEM-1460 or 

PhTX on AMPAR-mediated synaptic transmission with or without TBOA while 

hyperpolarizing the neurons at around resting membrane potential (-70mV). TBOA is a 

potent glutamate uptake inhibitor and can increase glutamate spill over, as well as 

increase the effective concentration of glutamate in the synaptic cleft. If TBOA enhances 

the block of synaptic transmission by PhTX even at hyperpolarizing membrane 

potentials, it would suggest that the activation of extrasynaptic GluR1 homomers by 

glutamate spill over is responsible for the detection of PhTX sensitivity. On the other 

hand, if TBOA has no effect on the synaptic depression when cells are held at 

hyperpolarizing potentials, it will suggest that postsynaptic depolarization is needed to 

detect synaptic GluR1 homomers by IEM-1460 or PhTX.    
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Subsection 6. A brief summary on the GluR1 homomers 

In any case, there is quite an abundance of evidence that CA1 neurons have a large pool 

of extrasynaptic GluR1 homomers. Some of these may be present close to synapses (i.e. 

perisynaptic) to be rapidly recruited into synapses via lateral diffusion in response to the 

synaptic activity such as LTP induction. It is also physiologically possible for the 

existence of GluR1 homomers at certain types of synapses. Under the basal condition, the 

small Ca
2+

-influx through the synaptic GluR1 homomers may be important for 

maintaining the synaptic function as well as the basal spine morphology. This is 

supported by my finding that the S845A mutant mice, which lack GluR1-homomers, 

have higher spine density, but the additional spines are likely functionally silent (Chapter 

4). In addition, the S845A mutants may compensate for the loss of this Ca
2+

-permeable 

AMPARs by increasing postsynaptic NMDARs, suggesting that the GluR1 homomers 

may play some role in basal synaptic properties.     

 

Section 4 Critical role of GluR1 S845 phosphorylation in synaptic function 

There is only about 15% of total GluR1 is phosphorylated at the S845 site under the basal 

condition (Oh et al., 2006). However, preventing the basal phosphorylation of S845 is 

sufficient to cause synaptic depression that occludes further LFS-induced LTD 

(Kameyama et al., 1998), while blocking S845 dephosphorylation by protein phosphatase 

inhibitor (Mulkey et al., 1993; Kirkwood and Bear, 1994; Mulkey et al., 1994) or genetic 

mutation (unpublished data) also abolish LFS-LTD. These data implicate that the S845 

phosphorylation is important for maintaining the functional GluR1-containing AMPARs 

at the synapses, and dephosphorylation of S845 is the signal that triggers the downstream 
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event responsible for the LTD expression, such as the internalization of GluR1-

AMPARs. In line with this idea, I found that S845 phosphorylation is likely required for 

stabilization of synaptic GluR1 homomers, supported by the lack of functional GluR1 

homomers but normal (or even higher) synaptic GluR1/GluR2 complex in the S845A 

mutant (Chapter 3). The specificity may be explained as follow: GluR1-containing 

AMPARs have been shown to be highly mobile between synaptic and extrasynaptic 

locations and synaptic activity can greatly reduce this mobility (Ehlers et al., 2007). 

Synaptic activity may stabilize the GluR1-AMPARs via phosphosphorylation of the 

GluR1-S845 site (Lee et al., 2000). In addition, there are studies supporting the role of 

GluR2-NSF interaction in maintaining the synaptic GluR2-AMPARs (Luscher et al., 

1999; Lee et al., 2002). Taken together, these data suggest that the synaptic stability of 

GluR1/GluR2-heteromers may be regulated by both GluR1-S845 phosphorylation and 

GluR2-NSF interaction, while the stability of GluR1 homomers is uniquely determined 

by the S845 phosphorylation. Therefore, lacking the S845 phosphorylation alone may not 

be enough to destabilize synaptic GluR1/GluR2 complex, but GluR1 homomer becomes 

highly mobile and cannot stay in the synapse. The collaboration between GluR1-S845 

phosphorylation and GluR2-NSF interaction in maintaining synaptic AMPAR stability 

has implications for the requirement of LTD expression. To remove synaptic AMPARs, 

both S845 dephosphorylation as well as AP2 binding to GluR2 may need to occur to 

affect both GluR1 homomers and GluR1/GluR2 heteromers. Thus, either blocking S845 

dephosphorylation [unpublished S845A mutant data and (Kirkwood and Bear, 1994; 

Kameyama et al., 1998)] or disrupting GluR2-AP2 interaction (Lee et al., 2002) will 

inhibit LTD. 
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Section 5 Dissociation between spine morphological plasticity and synaptic plasticity 

By imaging the dendritic spines during chemLTD using two-photon microscopy, I found 

that even though the average spine head volume is persistently reduced, there are few 

spines that only transiently shrink and fully recover their head volume within 1 hour 

(Chapter 4). It will be interesting to study the synaptic function and morphology of these 

spines during LTD. This can be accomplished by examining the synaptic transmission of 

individual spines by local AMPAR activation [by glutamate uncaging or local 

superfusion technique (Engert and Bonhoeffer, 1997)] before and after chemLTD 

induction. If chemLTD induction causes long-term synaptic depression in spines, which 

only transiently shrink, it will provide a stronger support for the dissociation between 

synaptic plasticity and spine morphological plasticity. If the synaptic transmission 

faithfully follows the size of the spines, then it will suggest that different spines may have 

different threshold for LTD induction.  

Additional experiments can be done to further clarify the relationship between synaptic 

depression and spine shrinkage. For example, as LFS-LTD in the S845A mutant is 

completely abolished, it will be more informative to examine the LFS-induced spine 

changes in this mutant. We can infuse neurons with p-cofilin peptide (p-Cof.P), which 

has been shown to block LFS-induced spine shrinkage (Zhou et al., 2004), and see 

whether chemLTD induced synaptic depression and spine shrinkage are affected as well



 

 138 

 

Bibliography 
 

Abeliovich A, Chen C, Goda Y, Silva AJ, Stevens CF, Tonegawa S (1993) Modified 

hippocampal long-term potentiation in PKC gamma-mutant mice. Cell 75:1253-

1262. 

Ackermann M, Matus A (2003) Activity-induced targeting of profilin and stabilization of 

dendritic spine morphology. Nat Neurosci 6:1194-1200. 

Adams JP, Sweatt JD (2002) Molecular psychology: roles for the ERK MAP kinase 

cascade in memory. Annu Rev Pharmacol Toxicol 42:135-163. 

Adesnik H, Nicoll RA (2007) Conservation of glutamate receptor 2-containing AMPA 

receptors during long-term potentiation. J Neurosci 27:4598-4602. 

Aizenman CD, Akerman CJ, Jensen KR, Cline HT (2003) Visually driven regulation of 

intrinsic neuronal excitability improves stimulus detection in vivo. Neuron 

39:831-842. 

Almeida CG, Tampellini D, Takahashi RH, Greengard P, Lin MT, Snyder EM, Gouras 

GK (2005) Beta-amyloid accumulation in APP mutant neurons reduces PSD-95 

and GluR1 in synapses. Neurobiol Dis 20:187-198. 

Alvarez VA, Sabatini BL (2007) Anatomical and physiological plasticity of dendritic 

spines. Annu Rev Neurosci 30:79-97. 

Aoto J, Chen L (2007) Bidirectional ephrin/Eph signaling in synaptic functions. Brain 

Res 1184:72-80. 

Atkins CM, Selcher JC, Petraitis JJ, Trzaskos JM, Sweatt JD (1998) The MAPK cascade 

is required for mammalian associative learning. Nat Neurosci 1:602-609. 

Ayalon G, Stern-Bach Y (2001) Functional assembly of AMPA and kainate receptors is 

mediated by several discrete protein-protein interactions. Neuron 31:103-113. 

Bagal AA, Kao JP, Tang CM, Thompson SM (2005) Long-term potentiation of 

exogenous glutamate responses at single dendritic spines. Proc Natl Acad Sci U S 

A 102:14434-14439. 

Bailey CH, Bartsch D, Kandel ER (1996) Toward a molecular definition of long-term 

memory storage. Proc Natl Acad Sci U S A 93:13445-13452. 

Banke TG, Bowie D, Lee H, Huganir RL, Schousboe A, Traynelis SF (2000) Control of 

GluR1 AMPA receptor function by cAMP-dependent protein kinase. J Neurosci 

20:89-102. 

Barco A, Bailey CH, Kandel ER (2006) Common molecular mechanisms in explicit and 

implicit memory. J Neurochem 97:1520-1533. 

Barria A, Derkach V, Soderling T (1997a) Identification of the Ca2+/calmodulin-

dependent protein kinase II regulatory phosphorylation site in the alpha-amino-3-

hydroxyl-5-methyl-4-isoxazole-propionate-type glutamate receptor. J Biol Chem 

272:32727-32730. 

Barria A, Muller D, Derkach V, Griffith LC, Soderling TR (1997b) Regulatory 

phosphorylation of AMPA-type glutamate receptors by CaM-KII during long-

term potentiation. Science 276:2042-2045. 



 

 139 

 

Barrow PA, Empson RM, Gladwell SJ, Anderson CM, Killick R, Yu X, Jefferys JG, Duff 

K (2000) Functional phenotype in transgenic mice expressing mutant human 

presenilin-1. Neurobiol Dis 7:119-126. 

Bartley AF, Huang ZJ, Huber KM, Gibson JR (2008) Differential activity-dependent, 

homeostatic plasticity of two neocortical inhibitory circuits. J Neurophysiol 

100:1983-1994. 

Bastrikova N, Gardner GA, Reece JM, Jeromin A, Dudek SM (2008) Synapse 

elimination accompanies functional plasticity in hippocampal neurons. Proc Natl 

Acad Sci U S A 105:3123-3127. 

Baude A, Nusser Z, Molnar E, McIlhinney RA, Somogyi P (1995) High-resolution 

immunogold localization of AMPA type glutamate receptor subunits at synaptic 

and non-synaptic sites in rat hippocampus. Neuroscience 69:1031-1055. 

Bear MF (1996) A synaptic basis for memory storage in the cerebral cortex. Proc Natl 

Acad Sci U S A 93:13453-13459. 

Bear MF, Cooper LN, Ebner FF (1987) A physiological basis for a theory of synapse 

modification. Science 237:42-48. 

Becker N, Wierenga CJ, Fonseca R, Bonhoeffer T, Nagerl UV (2008) LTD induction 

causes morphological changes of presynaptic boutons and reduces their contacts 

with spines. Neuron 60:590-597. 

Behnisch T, Reymann KG (1995) Thapsigargin blocks long-term potentiation induced by 

weak, but not strong tetanisation in rat hippocampal CA1 neurons. Neurosci Lett 

192:185-188. 

Beique JC, Lin DT, Kang MG, Aizawa H, Takamiya K, Huganir RL (2006) Synapse-

specific regulation of AMPA receptor function by PSD-95. Proc Natl Acad Sci U 

S A 103:19535-19540. 

Bellone C, Luscher C (2006) Cocaine triggered AMPA receptor redistribution is reversed 

in vivo by mGluR-dependent long-term depression. Nat Neurosci 9:636-641. 

Benke TA, Luthi A, Isaac JT, Collingridge GL (1998) Modulation of AMPA receptor 

unitary conductance by synaptic activity. Nature 393:793-797. 

Bertram L, Tanzi RE (2008) Thirty years of Alzheimer's disease genetics: the 

implications of systematic meta-analyses. Nat Rev Neurosci 9:768-778. 

Bi GQ, Poo MM (1998) Synaptic modifications in cultured hippocampal neurons: 

dependence on spike timing, synaptic strength, and postsynaptic cell type. J 

Neurosci 18:10464-10472. 

Bienenstock EL, Cooper LN, Munro PW (1982) Theory for the development of neuron 

selectivity: orientation specificity and binocular interaction in visual cortex. J 

Neurosci 2:32-48. 

Billa SK, Sinha N, Rudrabhatla SR, Moron JA (2009) Extinction of morphine-dependent 

conditioned behavior is associated with increased phosphorylation of the GluR1 

subunit of AMPA receptors at hippocampal synapses. Eur J Neurosci 29:55-64. 

Biou V, Bhattacharyya S, Malenka RC (2008) Endocytosis and recycling of AMPA 

receptors lacking GluR2/3. Proc Natl Acad Sci U S A 105:1038-1043. 

Bliss TV, Lomo T (1973) Long-lasting potentiation of synaptic transmission in the 

dentate area of the anaesthetized rabbit following stimulation of the perforant 

path. J Physiol 232:331-356. 



 

 140 

 

Bliss TV, Gardner-Medwin AR (1973) Long-lasting potentiation of synaptic transmission 

in the dentate area of the unanaestetized rabbit following stimulation of the 

perforant path. J Physiol 232:357-374. 

Bliss TV, Collingridge GL (1993) A synaptic model of memory: long-term potentiation 

in the hippocampus. Nature 361:31-39. 

Bliss TV, Collingridge GL, Morris RG (2003) Introduction. Long-term potentiation and 

structure of the issue. Philos Trans R Soc Lond B Biol Sci 358:607-611. 

Blitzer RD, Connor JH, Brown GP, Wong T, Shenolikar S, Iyengar R, Landau EM 

(1998) Gating of CaMKII by cAMP-regulated protein phosphatase activity during 

LTP. Science 280:1940-1942. 

Blum S, Moore AN, Adams F, Dash PK (1999) A mitogen-activated protein kinase 

cascade in the CA1/CA2 subfield of the dorsal hippocampus is essential for long-

term spatial memory. J Neurosci 19:3535-3544. 

Boehm J, Kang MG, Johnson RC, Esteban J, Huganir RL, Malinow R (2006) Synaptic 

incorporation of AMPA receptors during LTP is controlled by a PKC 

phosphorylation site on GluR1. Neuron 51:213-225. 

Bolshakov VY, Siegelbaum SA (1995) Regulation of hippocampal transmitter release 

during development and long-term potentiation. Science 269:1730-1734. 

Borchelt DR, Thinakaran G, Eckman CB, Lee MK, Davenport F, Ratovitsky T, Prada 

CM, Kim G, Seekins S, Yager D, Slunt HH, Wang R, Seeger M, Levey AI, 

Gandy SE, Copeland NG, Jenkins NA, Price DL, Younkin SG, Sisodia SS (1996) 

Familial Alzheimer's disease-linked presenilin 1 variants elevate Abeta1-42/1-40 

ratio in vitro and in vivo. Neuron 17:1005-1013. 

Boulter J, Hollmann M, O'Shea-Greenfield A, Hartley M, Deneris E, Maron C, 

Heinemann S (1990) Molecular cloning and functional expression of glutamate 

receptor subunit genes. Science 249:1033-1037. 

Bourne JN, Harris KM (2008) Balancing structure and function at hippocampal dendritic 

spines. Annu Rev Neurosci 31:47-67. 

Bowie D, Mayer ML (1995) Inward rectification of both AMPA and kainate subtype 

glutamate receptors generated by polyamine-mediated ion channel block. Neuron 

15:453-462. 

Bowie D, Lange GD, Mayer ML (1998) Activity-dependent modulation of glutamate 

receptors by polyamines. J Neurosci 18:8175-8185. 

Bradshaw KD, Emptage NJ, Bliss TV (2003) A role for dendritic protein synthesis in 

hippocampal late LTP. Eur J Neurosci 18:3150-3152. 

Bramham CR, Worley PF, Moore MJ, Guzowski JF (2008) The immediate early gene 

arc/arg3.1: regulation, mechanisms, and function. J Neurosci 28:11760-11767. 

Brebner K, Wong TP, Liu L, Liu Y, Campsall P, Gray S, Phelps L, Phillips AG, Wang 

YT (2005) Nucleus accumbens long-term depression and the expression of 

behavioral sensitization. Science 310:1340-1343. 

Brown TC, Tran IC, Backos DS, Esteban JA (2005) NMDA receptor-dependent 

activation of the small GTPase Rab5 drives the removal of synaptic AMPA 

receptors during hippocampal LTD. Neuron 45:81-94. 

Burnashev N, Schoepfer R, Monyer H, Ruppersberg JP, Gunther W, Seeburg PH, 

Sakmann B (1992) Control by asparagine residues of calcium permeability and 

magnesium blockade in the NMDA receptor. Science 257:1415-1419. 



 

 141 

 

Busetto G, Higley MJ, Sabatini BL (2008) Developmental presence and disappearance of 

postsynaptically silent synapses on dendritic spines of rat layer 2/3 pyramidal 

neurons. J Physiol 586:1519-1527. 

Cai H, Wang Y, McCarthy D, Wen H, Borchelt DR, Price DL, Wong PC (2001) BACE1 

is the major beta-secretase for generation of Abeta peptides by neurons. Nat 

Neurosci 4:233-234. 

Cai XD, Golde TE, Younkin SG (1993) Release of excess amyloid beta protein from a 

mutant amyloid beta protein precursor. Science 259:514-516. 

Caporale N, Dan Y (2008) Spike timing-dependent plasticity: a Hebbian learning rule. 

Annu Rev Neurosci 31:25-46. 

Carlisle HJ, Kennedy MB (2005) Spine architecture and synaptic plasticity. Trends 

Neurosci 28:182-187. 

Carroll RC, Beattie EC, Xia H, Luscher C, Altschuler Y, Nicoll RA, Malenka RC, von 

Zastrow M (1999) Dynamin-dependent endocytosis of ionotropic glutamate 

receptors. Proc Natl Acad Sci U S A 96:14112-14117. 

Chan SL, Mayne M, Holden CP, Geiger JD, Mattson MP (2000) Presenilin-1 mutations 

increase levels of ryanodine receptors and calcium release in PC12 cells and 

cortical neurons. J Biol Chem 275:18195-18200. 

Chao SZ, Lu W, Lee HK, Huganir RL, Wolf ME (2002) D(1) dopamine receptor 

stimulation increases GluR1 phosphorylation in postnatal nucleus accumbens 

cultures. J Neurochem 81:984-992. 

Chapman PF, White GL, Jones MW, Cooper-Blacketer D, Marshall VJ, Irizarry M, 

Younkin L, Good MA, Bliss TV, Hyman BT, Younkin SG, Hsiao KK (1999) 

Impaired synaptic plasticity and learning in aged amyloid precursor protein 

transgenic mice. Nat Neurosci 2:271-276. 

Chen LY, Rex CS, Casale MS, Gall CM, Lynch G (2007) Changes in synaptic 

morphology accompany actin signaling during LTP. J Neurosci 27:5363-5372. 

Chen QS, Kagan BL, Hirakura Y, Xie CW (2000) Impairment of hippocampal long-term 

potentiation by Alzheimer amyloid beta-peptides. J Neurosci Res 60:65-72. 

Chen QS, Wei WZ, Shimahara T, Xie CW (2002) Alzheimer amyloid beta-peptide 

inhibits the late phase of long-term potentiation through calcineurin-dependent 

mechanisms in the hippocampal dentate gyrus. Neurobiol Learn Mem 77:354-

371. 

Chetkovich DM, Gray R, Johnston D, Sweatt JD (1991) N-methyl-D-aspartate receptor 

activation increases cAMP levels and voltage-gated Ca2+ channel activity in area 

CA1 of hippocampus. Proc Natl Acad Sci U S A 88:6467-6471. 

Chui DH, Tanahashi H, Ozawa K, Ikeda S, Checler F, Ueda O, Suzuki H, Araki W, Inoue 

H, Shirotani K, Takahashi K, Gallyas F, Tabira T (1999) Transgenic mice with 

Alzheimer presenilin 1 mutations show accelerated neurodegeneration without 

amyloid plaque formation. Nat Med 5:560-564. 

Chung HJ, Xia J, Scannevin RH, Zhang X, Huganir RL (2000) Phosphorylation of the 

AMPA receptor subunit GluR2 differentially regulates its interaction with PDZ 

domain-containing proteins. J Neurosci 20:7258-7267. 

Citri A, Malenka RC (2008) Synaptic plasticity: multiple forms, functions, and 

mechanisms. Neuropsychopharmacology 33:18-41. 



 

 142 

 

Citron M (2002) Alzheimer's disease: treatments in discovery and development. Nat 

Neurosci 5 Suppl:1055-1057. 

Citron M (2004) Beta-secretase inhibition for the treatment of Alzheimer's disease--

promise and challenge. Trends Pharmacol Sci 25:92-97. 

Citron M, Oltersdorf T, Haass C, McConlogue L, Hung AY, Seubert P, Vigo-Pelfrey C, 

Lieberburg I, Selkoe DJ (1992) Mutation of the beta-amyloid precursor protein in 

familial Alzheimer's disease increases beta-protein production. Nature 360:672-

674. 

Citron M, Westaway D, Xia W, Carlson G, Diehl T, Levesque G, Johnson-Wood K, Lee 

M, Seubert P, Davis A, Kholodenko D, Motter R, Sherrington R, Perry B, Yao H, 

Strome R, Lieberburg I, Rommens J, Kim S, Schenk D, Fraser P, St George 

Hyslop P, Selkoe DJ (1997) Mutant presenilins of Alzheimer's disease increase 

production of 42-residue amyloid beta-protein in both transfected cells and 

transgenic mice. Nat Med 3:67-72. 

Clem RL, Barth A (2006) Pathway-specific trafficking of native AMPARs by in vivo 

experience. Neuron 49:663-670. 

Colledge M, Dean RA, Scott GK, Langeberg LK, Huganir RL, Scott JD (2000) Targeting 

of PKA to glutamate receptors through a MAGUK-AKAP complex. Neuron 

27:107-119. 

Conrad KYT, Jamie L. Uejima3, Jeremy M. Reimers1, Li-Jun Heng2, Yavin Shaham3,, 

Wolf MMME (2008) Formation of accumbens GluR2-lacking AMPA receptors 

mediates incubation of cocaine craving. Nature. 

Cummings JA, Mulkey RM, Nicoll RA, Malenka RC (1996) Ca2+ signaling 

requirements for long-term depression in the hippocampus. Neuron 16:825-833. 

Dash PK, Hochner B, Kandel ER (1990) Injection of the cAMP-responsive element into 

the nucleus of Aplysia sensory neurons blocks long-term facilitation. Nature 

345:718-721. 

Davies CA, Mann DM, Sumpter PQ, Yates PO (1987) A quantitative morphometric 

analysis of the neuronal and synaptic content of the frontal and temporal cortex in 

patients with Alzheimer's disease. J Neurol Sci 78:151-164. 

De Strooper B (2003) Aph-1, Pen-2, and Nicastrin with Presenilin generate an active 

gamma-Secretase complex. Neuron 38:9-12. 

De Strooper B, Saftig P, Craessaerts K, Vanderstichele H, Guhde G, Annaert W, Von 

Figura K, Van Leuven F (1998) Deficiency of presenilin-1 inhibits the normal 

cleavage of amyloid precursor protein. Nature 391:387-390. 

Derkach V, Barria A, Soderling TR (1999) Ca2+/calmodulin-kinase II enhances channel 

conductance of alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionate type 

glutamate receptors. Proc Natl Acad Sci U S A 96:3269-3274. 

Derkach VA, Oh MC, Guire ES, Soderling TR (2007) Regulatory mechanisms of AMPA 

receptors in synaptic plasticity. Nat Rev Neurosci 8:101-113. 

Dewachter I, Ris L, Croes S, Borghgraef P, Devijver H, Voets T, Nilius B, Godaux E, 

Van Leuven F (2008) Modulation of synaptic plasticity and Tau phosphorylation 

by wild-type and mutant presenilin1. Neurobiol Aging 29:639-652. 

Dickey CA, Loring JF, Montgomery J, Gordon MN, Eastman PS, Morgan D (2003) 

Selectively reduced expression of synaptic plasticity-related genes in amyloid 

precursor protein + presenilin-1 transgenic mice. J Neurosci 23:5219-5226. 



 

 143 

 

Dickson DW, Crystal HA, Bevona C, Honer W, Vincent I, Davies P (1995) Correlations 

of synaptic and pathological markers with cognition of the elderly. Neurobiol 

Aging 16:285-298; discussion 298-304. 

Dingledine R, Borges K, Bowie D, Traynelis SF (1999) The glutamate receptor ion 

channels. Pharmacol Rev 51:7-61. 

Donevan SD, Rogawski MA (1995) Intracellular polyamines mediate inward rectification 

of Ca(2+)-permeable alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

receptors. Proc Natl Acad Sci U S A 92:9298-9302. 

Dudek SM, Bear MF (1992) Homosynaptic long-term depression in area CA1 of 

hippocampus and effects of N-methyl-D-aspartate receptor blockade. Proc Natl 

Acad Sci U S A 89:4363-4367. 

Duff K, Eckman C, Zehr C, Yu X, Prada CM, Perez-tur J, Hutton M, Buee L, Harigaya 

Y, Yager D, Morgan D, Gordon MN, Holcomb L, Refolo L, Zenk B, Hardy J, 

Younkin S (1996) Increased amyloid-beta42(43) in brains of mice expressing 

mutant presenilin 1. Nature 383:710-713. 

Echegoyen J, Neu A, Graber KD, Soltesz I (2007) Homeostatic plasticity studied using in 

vivo hippocampal activity-blockade: synaptic scaling, intrinsic plasticity and age-

dependence. PLoS ONE 2:e700. 

Ehlers MD (2000) Reinsertion or degradation of AMPA receptors determined by activity-

dependent endocytic sorting. Neuron 28:511-525. 

Ehlers MD, Heine M, Groc L, Lee MC, Choquet D (2007) Diffusional trapping of GluR1 

AMPA receptors by input-specific synaptic activity. Neuron 54:447-460. 

Emptage NJ, Reid CA, Fine A, Bliss TV (2003) Optical quantal analysis reveals a 

presynaptic component of LTP at hippocampal Schaffer-associational synapses. 

Neuron 38:797-804. 

Engert F, Bonhoeffer T (1997) Synapse specificity of long-term potentiation breaks down 

at short distances. Nature 388:279-284. 

Engert F, Bonhoeffer T (1999) Dendritic spine changes associated with hippocampal 

long-term synaptic plasticity. Nature 399:66-70. 

Esteban JA, Shi SH, Wilson C, Nuriya M, Huganir RL, Malinow R (2003) PKA 

phosphorylation of AMPA receptor subunits controls synaptic trafficking 

underlying plasticity. Nat Neurosci 6:136-143. 

Fedulov V, Rex CS, Simmons DA, Palmer L, Gall CM, Lynch G (2007) Evidence that 

long-term potentiation occurs within individual hippocampal synapses during 

learning. J Neurosci 27:8031-8039. 

Fiala JC, Spacek J, Harris KM (2002) Dendritic spine pathology: cause or consequence 

of neurological disorders? Brain Res Brain Res Rev 39:29-54. 

Fischer M, Kaech S, Knutti D, Matus A (1998) Rapid actin-based plasticity in dendritic 

spines. Neuron 20:847-854. 

Fitzjohn SM, Morton RA, Kuenzi F, Rosahl TW, Shearman M, Lewis H, Smith D, 

Reynolds DS, Davies CH, Collingridge GL, Seabrook GR (2001) Age-related 

impairment of synaptic transmission but normal long-term potentiation in 

transgenic mice that overexpress the human APP695SWE mutant form of 

amyloid precursor protein. J Neurosci 21:4691-4698. 



 

 144 

 

Frank CA, Kennedy MJ, Goold CP, Marek KW, Davis GW (2006) Mechanisms 

underlying the rapid induction and sustained expression of synaptic homeostasis. 

Neuron 52:663-677. 

Fukazawa Y, Saitoh Y, Ozawa F, Ohta Y, Mizuno K, Inokuchi K (2003) Hippocampal 

LTP is accompanied by enhanced F-actin content within the dendritic spine that is 

essential for late LTP maintenance in vivo. Neuron 38:447-460. 

Furukawa K, Barger SW, Blalock EM, Mattson MP (1996) Activation of K+ channels 

and suppression of neuronal activity by secreted beta-amyloid-precursor protein. 

Nature 379:74-78. 

Gakhar-Koppole N, Hundeshagen P, Mandl C, Weyer SW, Allinquant B, Muller U, 

Ciccolini F (2008) Activity requires soluble amyloid precursor protein alpha to 

promote neurite outgrowth in neural stem cell-derived neurons via activation of 

the MAPK pathway. Eur J Neurosci 28:871-882. 

Gao C, Sun X, Wolf ME (2006) Activation of D1 dopamine receptors increases surface 

expression of AMPA receptors and facilitates their synaptic incorporation in 

cultured hippocampal neurons. J Neurochem 98:1664-1677. 

Gardner SM, Takamiya K, Xia J, Suh JG, Johnson R, Yu S, Huganir RL (2005) Calcium-

permeable AMPA receptor plasticity is mediated by subunit-specific interactions 

with PICK1 and NSF. Neuron 45:903-915. 

Gardoni F, Mauceri D, Marcello E, Sala C, Di Luca M, Jeromin A (2007) SAP97 directs 

the localization of Kv4.2 to spines in hippocampal neurons: regulation by 

CaMKII. J Biol Chem 282:28691-28699. 

Geiger JR, Melcher T, Koh DS, Sakmann B, Seeburg PH, Jonas P, Monyer H (1995) 

Relative abundance of subunit mRNAs determines gating and Ca2+ permeability 

of AMPA receptors in principal neurons and interneurons in rat CNS. Neuron 

15:193-204. 

Giacchino J, Criado JR, Games D, Henriksen S (2000) In vivo synaptic transmission in 

young and aged amyloid precursor protein transgenic mice. Brain Res 876:185-

190. 

Giese KP, Fedorov NB, Filipkowski RK, Silva AJ (1998) Autophosphorylation at Thr286 

of the alpha calcium-calmodulin kinase II in LTP and learning. Science 279:870-

873. 

Glenner GG, Wong CW (1984) Alzheimer's disease: initial report of the purification and 

characterization of a novel cerebrovascular amyloid protein. Biochem Biophys 

Res Commun 120:885-890. 

Goedert M, Spillantini MG (2006) A century of Alzheimer's disease. Science 314:777-

781. 

Goel A, Jiang B, Xu LW, Song L, Kirkwood A, Lee HK (2006) Cross-modal regulation 

of synaptic AMPA receptors in primary sensory cortices by visual experience. Nat 

Neurosci 9:1001-1003. 

Gong Y, Chang L, Viola KL, Lacor PN, Lambert MP, Finch CE, Krafft GA, Klein WL 

(2003) Alzheimer's disease-affected brain: presence of oligomeric A beta ligands 

(ADDLs) suggests a molecular basis for reversible memory loss. Proc Natl Acad 

Sci U S A 100:10417-10422. 



 

 145 

 

Goosens KA, Hobin JA, Maren S (2003) Auditory-evoked spike firing in the lateral 

amygdala and Pavlovian fear conditioning: mnemonic code or fear bias? Neuron 

40:1013-1022. 

Gotz J, Ittner LM (2008) Animal models of Alzheimer's disease and frontotemporal 

dementia. Nat Rev Neurosci 9:532-544. 

Gray EG, Paula-Barbosa M, Roher A (1987) Alzheimer's disease: paired helical filaments 

and cytomembranes. Neuropathol Appl Neurobiol 13:91-110. 

Greger IH, Esteban JA (2007) AMPA receptor biogenesis and trafficking. Curr Opin 

Neurobiol 17:289-297. 

Greger IH, Ziff EB, Penn AC (2007) Molecular determinants of AMPA receptor subunit 

assembly. Trends Neurosci 30:407-416. 

Greger IH, Khatri L, Kong X, Ziff EB (2003) AMPA receptor tetramerization is mediated 

by Q/R editing. Neuron 40:763-774. 

Griffiths S, Scott H, Glover C, Bienemann A, Ghorbel MT, Uney J, Brown MW, 

Warburton EC, Bashir ZI (2008) Expression of long-term depression underlies 

visual recognition memory. Neuron 58:186-194. 

Grooms SY, Opitz T, Bennett MV, Zukin RS (2000) Status epilepticus decreases 

glutamate receptor 2 mRNA and protein expression in hippocampal pyramidal 

cells before neuronal death. Proc Natl Acad Sci U S A 97:3631-3636. 

Grooms SY, Noh KM, Regis R, Bassell GJ, Bryan MK, Carroll RC, Zukin RS (2006) 

Activity bidirectionally regulates AMPA receptor mRNA abundance in dendrites 

of hippocampal neurons. J Neurosci 26:8339-8351. 

Gruart A, Lopez-Ramos JC, Munoz MD, Delgado-Garcia JM (2008) Aged wild-type and 

APP, PS1, and APP + PS1 mice present similar deficits in associative learning 

and synaptic plasticity independent of amyloid load. Neurobiol Dis 30:439-450. 

Gruninger-Leitch F, Schlatter D, Kung E, Nelbock P, Dobeli H (2002) Substrate and 

inhibitor profile of BACE (beta-secretase) and comparison with other mammalian 

aspartic proteases. J Biol Chem 277:4687-4693. 

Guire ES, Oh MC, Soderling TR, Derkach VA (2008) Recruitment of calcium-permeable 

AMPA receptors during synaptic potentiation is regulated by CaM-kinase I. J 

Neurosci 28:6000-6009. 

Guo Q, Sopher BL, Furukawa K, Pham DG, Robinson N, Martin GM, Mattson MP 

(1997) Alzheimer's presenilin mutation sensitizes neural cells to apoptosis 

induced by trophic factor withdrawal and amyloid beta-peptide: involvement of 

calcium and oxyradicals. J Neurosci 17:4212-4222. 

Guzowski JF (2002) Insights into immediate-early gene function in hippocampal memory 

consolidation using antisense oligonucleotide and fluorescent imaging 

approaches. Hippocampus 12:86-104. 

Guzowski JF, Lyford GL, Stevenson GD, Houston FP, McGaugh JL, Worley PF, Barnes 

CA (2000) Inhibition of activity-dependent arc protein expression in the rat 

hippocampus impairs the maintenance of long-term potentiation and the 

consolidation of long-term memory. J Neurosci 20:3993-4001. 

Haass C, Schlossmacher MG, Hung AY, Vigo-Pelfrey C, Mellon A, Ostaszewski BL, 

Lieberburg I, Koo EH, Schenk D, Teplow DB, et al. (1992) Amyloid beta-peptide 

is produced by cultured cells during normal metabolism. Nature 359:322-325. 



 

 146 

 

Hardingham N, Wright N, Dachtler J, Fox K (2008) Sensory deprivation unmasks a 

PKA-dependent synaptic plasticity mechanism that operates in parallel with 

CaMKII. Neuron 60:861-874. 

Hardy J, Selkoe DJ (2002) The amyloid hypothesis of Alzheimer's disease: progress and 

problems on the road to therapeutics. Science 297:353-356. 

Hardy JA, Higgins GA (1992) Alzheimer's disease: the amyloid cascade hypothesis. 

Science 256:184-185. 

Harman D (2006) Alzheimer's disease pathogenesis: role of aging. Ann N Y Acad Sci 

1067:454-460. 

Harris KM, Stevens JK (1989) Dendritic spines of CA 1 pyramidal cells in the rat 

hippocampus: serial electron microscopy with reference to their biophysical 

characteristics. J Neurosci 9:2982-2997. 

Harrison SM, Harper AJ, Hawkins J, Duddy G, Grau E, Pugh PL, Winter PH, Shilliam 

CS, Hughes ZA, Dawson LA, Gonzalez MI, Upton N, Pangalos MN, Dingwall C 

(2003) BACE1 (beta-secretase) transgenic and knockout mice: identification of 

neurochemical deficits and behavioral changes. Mol Cell Neurosci 24:646-655. 

Harvey CD, Svoboda K (2007) Locally dynamic synaptic learning rules in pyramidal 

neuron dendrites. Nature 450:1195-1200. 

Harvey J, Collingridge GL (1992) Thapsigargin blocks the induction of long-term 

potentiation in rat hippocampal slices. Neurosci Lett 139:197-200. 

Hayashi ML, Choi SY, Rao BS, Jung HY, Lee HK, Zhang D, Chattarji S, Kirkwood A, 

Tonegawa S (2004) Altered cortical synaptic morphology and impaired memory 

consolidation in forebrain- specific dominant-negative PAK transgenic mice. 

Neuron 42:773-787. 

Hayashi Y, Shi SH, Esteban JA, Piccini A, Poncer JC, Malinow R (2000) Driving AMPA 

receptors into synapses by LTP and CaMKII: requirement for GluR1 and PDZ 

domain interaction. Science 287:2262-2267. 

Hebb DO (1949) Organization of behavior. New York: John Wiley and Sons. 

Heine M, Groc L, Frischknecht R, Beique JC, Lounis B, Rumbaugh G, Huganir RL, 

Cognet L, Choquet D (2008) Surface mobility of postsynaptic AMPARs tunes 

synaptic transmission. Science 320:201-205. 

Henkemeyer M, Itkis OS, Ngo M, Hickmott PW, Ethell IM (2003) Multiple EphB 

receptor tyrosine kinases shape dendritic spines in the hippocampus. J Cell Biol 

163:1313-1326. 

Heynen AJ, Quinlan EM, Bae DC, Bear MF (2000) Bidirectional, activity-dependent 

regulation of glutamate receptors in the adult hippocampus in vivo. Neuron 

28:527-536. 

Heynen AJ, Yoon BJ, Liu CH, Chung HJ, Huganir RL, Bear MF (2003) Molecular 

mechanism for loss of visual cortical responsiveness following brief monocular 

deprivation. Nat Neurosci 6:854-862. 

Hof PR, Morrison JH (2004) The aging brain: morphomolecular senescence of cortical 

circuits. Trends Neurosci 27:607-613. 

Hollmann M, Heinemann S (1994) Cloned glutamate receptors. Annu Rev Neurosci 

17:31-108. 



 

 147 

 

Hollmann M, Hartley M, Heinemann S (1991) Ca2+ permeability of KA-AMPA--gated 

glutamate receptor channels depends on subunit composition. Science 252:851-

853. 

Holman D, Feligioni M, Henley JM (2007) Differential redistribution of native AMPA 

receptor complexes following LTD induction in acute hippocampal slices. 

Neuropharmacology 52:92-99. 

Hsia AY, Masliah E, McConlogue L, Yu GQ, Tatsuno G, Hu K, Kholodenko D, Malenka 

RC, Nicoll RA, Mucke L (1999) Plaque-independent disruption of neural circuits 

in Alzheimer's disease mouse models. Proc Natl Acad Sci U S A 96:3228-3233. 

Hsiao K, Chapman P, Nilsen S, Eckman C, Harigaya Y, Younkin S, Yang F, Cole G 

(1996) Correlative memory deficits, Abeta elevation, and amyloid plaques in 

transgenic mice. Science 274:99-102. 

Hsieh H, Boehm J, Sato C, Iwatsubo T, Tomita T, Sisodia S, Malinow R (2006) AMPAR 

removal underlies Abeta-induced synaptic depression and dendritic spine loss. 

Neuron 52:831-843. 

Hu X, Viesselmann C, Nam S, Merriam E, Dent EW (2008) Activity-dependent dynamic 

microtubule invasion of dendritic spines. J Neurosci 28:13094-13105. 

Hu X, Hicks CW, He W, Wong P, Macklin WB, Trapp BD, Yan R (2006) Bace1 

modulates myelination in the central and peripheral nervous system. Nat Neurosci 

9:1520-1525. 

Huang YY, Kandel ER (1994) Recruitment of long-lasting and protein kinase A-

dependent long-term potentiation in the CA1 region of hippocampus requires 

repeated tetanization. Learn Mem 1:74-82. 

Huang YY, Martin KC, Kandel ER (2000) Both protein kinase A and mitogen-activated 

protein kinase are required in the amygdala for the macromolecular synthesis-

dependent late phase of long-term potentiation. J Neurosci 20:6317-6325. 

Huang YY, Kandel ER, Varshavsky L, Brandon EP, Qi M, Idzerda RL, McKnight GS, 

Bourtchouladze R (1995) A genetic test of the effects of mutations in PKA on 

mossy fiber LTP and its relation to spatial and contextual learning. Cell 83:1211-

1222. 

Impey S, Obrietan K, Wong ST, Poser S, Yano S, Wayman G, Deloulme JC, Chan G, 

Storm DR (1998) Cross talk between ERK and PKA is required for Ca2+ 

stimulation of CREB-dependent transcription and ERK nuclear translocation. 

Neuron 21:869-883. 

Ireland DR, Abraham WC (2009) Mechanisms of Group I mGluR-Dependent Long-Term 

Depression of NMDA Receptor-Mediated Transmission at Schaffer Collateral-

CA1 Synapses. J Neurophysiol 101:1375-1385. 

Isaac JT (2003) Postsynaptic silent synapses: evidence and mechanisms. 

Neuropharmacology 45:450-460. 

Isaac JT, Ashby M, McBain CJ (2007) The role of the GluR2 subunit in AMPA receptor 

function and synaptic plasticity. Neuron 54:859-871. 

Jaworski J, Kapitein LC, Gouveia SM, Dortland BR, Wulf PS, Grigoriev I, Camera P, 

Spangler SA, Di Stefano P, Demmers J, Krugers H, Defilippi P, Akhmanova A, 

Hoogenraad CC (2009) Dynamic microtubules regulate dendritic spine 

morphology and synaptic plasticity. Neuron 61:85-100. 



 

 148 

 

Jonas P, Burnashev N (1995) Molecular mechanisms controlling calcium entry through 

AMPA-type glutamate receptor channels. Neuron 15:987-990. 

Jonas P, Racca C, Sakmann B, Seeburg PH, Monyer H (1994) Differences in Ca2+ 

permeability of AMPA-type glutamate receptor channels in neocortical neurons 

caused by differential GluR-B subunit expression. Neuron 12:1281-1289. 

Jourdain P, Fukunaga K, Muller D (2003) Calcium/calmodulin-dependent protein kinase 

II contributes to activity-dependent filopodia growth and spine formation. J 

Neurosci 23:10645-10649. 

Ju W, Morishita W, Tsui J, Gaietta G, Deerinck TJ, Adams SR, Garner CC, Tsien RY, 

Ellisman MH, Malenka RC (2004) Activity-dependent regulation of dendritic 

synthesis and trafficking of AMPA receptors. Nat Neurosci 7:244-253. 

Kamenetz F, Tomita T, Hsieh H, Seabrook G, Borchelt D, Iwatsubo T, Sisodia S, 

Malinow R (2003) APP processing and synaptic function. Neuron 37:925-937. 

Kameyama K, Lee HK, Bear MF, Huganir RL (1998) Involvement of a postsynaptic 

protein kinase A substrate in the expression of homosynaptic long-term 

depression. Neuron 21:1163-1175. 

Kandel ER (2001) The molecular biology of memory storage: a dialogue between genes 

and synapses. Science 294:1030-1038. 

Kang H, Schuman EM (1996) A requirement for local protein synthesis in neurotrophin-

induced hippocampal synaptic plasticity. Science 273:1402-1406. 

Kayser MS, McClelland AC, Hughes EG, Dalva MB (2006) Intracellular and trans-

synaptic regulation of glutamatergic synaptogenesis by EphB receptors. J 

Neurosci 26:12152-12164. 

Kelleher RJ, 3rd, Govindarajan A, Jung HY, Kang H, Tonegawa S (2004) Translational 

control by MAPK signaling in long-term synaptic plasticity and memory. Cell 

116:467-479. 

Kerchner GA, Nicoll RA (2008) Silent synapses and the emergence of a postsynaptic 

mechanism for LTP. Nat Rev Neurosci 9:813-825. 

Kilman V, van Rossum MC, Turrigiano GG (2002) Activity deprivation reduces 

miniature IPSC amplitude by decreasing the number of postsynaptic GABA(A) 

receptors clustered at neocortical synapses. J Neurosci 22:1328-1337. 

Kim CH, Lisman JE (1999) A role of actin filament in synaptic transmission and long-

term potentiation. J Neurosci 19:4314-4324. 

Kim DY, Carey BW, Wang H, Ingano LA, Binshtok AM, Wertz MH, Pettingell WH, He 

P, Lee VM, Woolf CJ, Kovacs DM (2007) BACE1 regulates voltage-gated 

sodium channels and neuronal activity. Nat Cell Biol 9:755-764. 

Kim JH, Anwyl R, Suh YH, Djamgoz MB, Rowan MJ (2001) Use-dependent effects of 

amyloidogenic fragments of (beta)-amyloid precursor protein on synaptic 

plasticity in rat hippocampus in vivo. J Neurosci 21:1327-1333. 

Kirkwood A, Bear MF (1994) Homosynaptic long-term depression in the visual cortex. J 

Neurosci 14:3404-3412. 

Kitazume S, Tachida Y, Oka R, Shirotani K, Saido TC, Hashimoto Y (2001) Alzheimer's 

beta-secretase, beta-site amyloid precursor protein-cleaving enzyme, is 

responsible for cleavage secretion of a Golgi-resident sialyltransferase. Proc Natl 

Acad Sci U S A 98:13554-13559. 



 

 149 

 

Klann E, Chen SJ, Sweatt JD (1993) Mechanism of protein kinase C activation during the 

induction and maintenance of long-term potentiation probed using a selective 

peptide substrate. Proc Natl Acad Sci U S A 90:8337-8341. 

Klein R (2009) Bidirectional modulation of synaptic functions by Eph/ephrin signaling. 

Nat Neurosci 12:15-20. 

Kleschevnikov AM, Sokolov MV, Kuhnt U, Dawe GS, Stephenson JD, Voronin LL 

(1997) Changes in paired-pulse facilitation correlate with induction of long-term 

potentiation in area CA1 of rat hippocampal slices. Neuroscience 76:829-843. 

Kloskowska E, Malkiewicz K, Winblad B, Benedikz E, Bruton JD (2008) APPswe 

mutation increases the frequency of spontaneous Ca2+-oscillations in rat 

hippocampal neurons. Neurosci Lett 436:250-254. 

Knobloch M, Farinelli M, Konietzko U, Nitsch RM, Mansuy IM (2007) Abeta oligomer-

mediated long-term potentiation impairment involves protein phosphatase 1-

dependent mechanisms. J Neurosci 27:7648-7653. 

Koike M, Iino M, Ozawa S (1997) Blocking effect of 1-naphthyl acetyl spermine on 

Ca(2+)-permeable AMPA receptors in cultured rat hippocampal neurons. 

Neurosci Res 29:27-36. 

Kopec CD, Li B, Wei W, Boehm J, Malinow R (2006) Glutamate receptor exocytosis and 

spine enlargement during chemically induced long-term potentiation. J Neurosci 

26:2000-2009. 

Krucker T, Siggins GR, Halpain S (2000) Dynamic actin filaments are required for stable 

long-term potentiation (LTP) in area CA1 of the hippocampus. Proc Natl Acad 

Sci U S A 97:6856-6861. 

Kumar SS, Bacci A, Kharazia V, Huguenard JR (2002) A developmental switch of 

AMPA receptor subunits in neocortical pyramidal neurons. J Neurosci 22:3005-

3015. 

Kuo YM, Emmerling MR, Vigo-Pelfrey C, Kasunic TC, Kirkpatrick JB, Murdoch GH, 

Ball MJ, Roher AE (1996) Water-soluble Abeta (N-40, N-42) oligomers in 

normal and Alzheimer disease brains. J Biol Chem 271:4077-4081. 

Kuusinen A, Abele R, Madden DR, Keinanen K (1999) Oligomerization and ligand-

binding properties of the ectodomain of the alpha-amino-3-hydroxy-5-methyl-4-

isoxazole propionic acid receptor subunit GluRD. J Biol Chem 274:28937-28943. 

Kwak S, Weiss JH (2006) Calcium-permeable AMPA channels in neurodegenerative 

disease and ischemia. Curr Opin Neurobiol 16:281-287. 

Lacor PN, Buniel MC, Chang L, Fernandez SJ, Gong Y, Viola KL, Lambert MP, Velasco 

PT, Bigio EH, Finch CE, Krafft GA, Klein WL (2004) Synaptic targeting by 

Alzheimer's-related amyloid beta oligomers. J Neurosci 24:10191-10200. 

LaFerla FM (2002) Calcium dyshomeostasis and intracellular signalling in Alzheimer's 

disease. Nat Rev Neurosci 3:862-872. 

Laird FM, Cai H, Savonenko AV, Farah MH, He K, Melnikova T, Wen H, Chiang HC, 

Xu G, Koliatsos VE, Borchelt DR, Price DL, Lee HK, Wong PC (2005) BACE1, 

a major determinant of selective vulnerability of the brain to amyloid-beta 

amyloidogenesis, is essential for cognitive, emotional, and synaptic functions. J 

Neurosci 25:11693-11709. 

Lambert MP, Barlow AK, Chromy BA, Edwards C, Freed R, Liosatos M, Morgan TE, 

Rozovsky I, Trommer B, Viola KL, Wals P, Zhang C, Finch CE, Krafft GA, 



 

 150 

 

Klein WL (1998) Diffusible, nonfibrillar ligands derived from Abeta1-42 are 

potent central nervous system neurotoxins. Proc Natl Acad Sci U S A 95:6448-

6453. 

Lamprecht R, Farb CR, Rodrigues SM, LeDoux JE (2006) Fear conditioning drives 

profilin into amygdala dendritic spines. Nat Neurosci 9:481-483. 

Larson J, Lynch G, Games D, Seubert P (1999) Alterations in synaptic transmission and 

long-term potentiation in hippocampal slices from young and aged PDAPP mice. 

Brain Res 840:23-35. 

Lee H-K (2006a) Synaptic plasticity and phosphorylation. In: Pharmacology & 

Therapeutics (K.W.Roche, ed), pp 810-832. 

Lee HK (2006b) Synaptic plasticity and phosphorylation. Pharmacol Ther 112:810-832. 

Lee HK, Huganir RL (2008) AMPA receptor regulation and the reversal of synaptic 

plasticity - LTP, LTD, depotentiation, and dedepression. Comprehensive 

Handbook of Learning and Memory. 

Lee HK, Kameyama K, Huganir RL, Bear MF (1998) NMDA induces long-term synaptic 

depression and dephosphorylation of the GluR1 subunit of AMPA receptors in 

hippocampus. Neuron 21:1151-1162. 

Lee HK, Barbarosie M, Kameyama K, Bear MF, Huganir RL (2000) Regulation of 

distinct AMPA receptor phosphorylation sites during bidirectional synaptic 

plasticity. Nature 405:955-959. 

Lee HK, Takamiya K, Han JS, Man H, Kim CH, Rumbaugh G, Yu S, Ding L, He C, 

Petralia RS, Wenthold RJ, Gallagher M, Huganir RL (2003) Phosphorylation of 

the AMPA receptor GluR1 subunit is required for synaptic plasticity and retention 

of spatial memory. Cell 112:631-643. 

Lee SH, Simonetta A, Sheng M (2004) Subunit rules governing the sorting of 

internalized AMPA receptors in hippocampal neurons. Neuron 43:221-236. 

Lee SH, Liu L, Wang YT, Sheng M (2002) Clathrin adaptor AP2 and NSF interact with 

overlapping sites of GluR2 and play distinct roles in AMPA receptor trafficking 

and hippocampal LTD. Neuron 36:661-674. 

Lemke G (2006) Neuregulin-1 and myelination. Sci STKE 2006:pe11. 

Lendon CL, Ashall F, Goate AM (1997) Exploring the etiology of Alzheimer disease 

using molecular genetics. Jama 277:825-831. 

Lendvai B, Stern EA, Chen B, Svoboda K (2000) Experience-dependent plasticity of 

dendritic spines in the developing rat barrel cortex in vivo. Nature 404:876-881. 

Levy-Lahad E, Wasco W, Poorkaj P, Romano DM, Oshima J, Pettingell WH, Yu CE, 

Jondro PD, Schmidt SD, Wang K, et al. (1995) Candidate gene for the 

chromosome 1 familial Alzheimer's disease locus. Science 269:973-977. 

Li Q, Sudhof TC (2004) Cleavage of amyloid-beta precursor protein and amyloid-beta 

precursor-like protein by BACE 1. J Biol Chem 279:10542-10550. 

Lichtenthaler SF, Dominguez DI, Westmeyer GG, Reiss K, Haass C, Saftig P, De 

Strooper B, Seed B (2003) The cell adhesion protein P-selectin glycoprotein 

ligand-1 is a substrate for the aspartyl protease BACE1. J Biol Chem 278:48713-

48719. 

Lin B, Kramar EA, Bi X, Brucher FA, Gall CM, Lynch G (2005) Theta stimulation 

polymerizes actin in dendritic spines of hippocampus. J Neurosci 25:2062-2069. 



 

 151 

 

Lin JW, Ju W, Foster K, Lee SH, Ahmadian G, Wyszynski M, Wang YT, Sheng M 

(2000) Distinct molecular mechanisms and divergent endocytotic pathways of 

AMPA receptor internalization. Nat Neurosci 3:1282-1290. 

Ling DS, Benardo LS, Serrano PA, Blace N, Kelly MT, Crary JF, Sacktor TC (2002) 

Protein kinase Mzeta is necessary and sufficient for LTP maintenance. Nat 

Neurosci 5:295-296. 

Lippman J, Dunaevsky A (2005) Dendritic spine morphogenesis and plasticity. J 

Neurobiol 64:47-57. 

Lisman J (1989) A mechanism for the Hebb and the anti-Hebb processes underlying 

learning and memory. Proc Natl Acad Sci U S A 86:9574-9578. 

Liu B, Liao M, Mielke JG, Ning K, Chen Y, Li L, El-Hayek YH, Gomez E, Zukin RS, 

Fehlings MG, Wan Q (2006) Ischemic insults direct glutamate receptor subunit 2-

lacking AMPA receptors to synaptic sites. J Neurosci 26:5309-5319. 

Liu SJ, Cull-Candy SG (2002) Activity-dependent change in AMPA receptor properties 

in cerebellar stellate cells. J Neurosci 22:3881-3889. 

Liu SQ, Cull-Candy SG (2000) Synaptic activity at calcium-permeable AMPA receptors 

induces a switch in receptor subtype. Nature 405:454-458. 

Liu Y, Ford B, Mann MA, Fischbach GD (2001) Neuregulins increase alpha7 nicotinic 

acetylcholine receptors and enhance excitatory synaptic transmission in 

GABAergic interneurons of the hippocampus. J Neurosci 21:5660-5669. 

Lledo PM, Hjelmstad GO, Mukherji S, Soderling TR, Malenka RC, Nicoll RA (1995) 

Calcium/calmodulin-dependent kinase II and long-term potentiation enhance 

synaptic transmission by the same mechanism. Proc Natl Acad Sci U S A 

92:11175-11179. 

Lovinger DM, Wong KL, Murakami K, Routtenberg A (1987) Protein kinase C inhibitors 

eliminate hippocampal long-term potentiation. Brain Res 436:177-183. 

Lu W, Ziff EB (2005) PICK1 interacts with ABP/GRIP to regulate AMPA receptor 

trafficking. Neuron 47:407-421. 

Lu Y, Allen M, Halt AR, Weisenhaus M, Dallapiazza RF, Hall DD, Usachev YM, 

McKnight GS, Hell JW (2007) Age-dependent requirement of AKAP150-

anchored PKA and GluR2-lacking AMPA receptors in LTP. Embo J 26:4879-

4890. 

Lu Y, Zhang M, Lim IA, Hall DD, Allen M, Medvedeva Y, McKnight GS, Usachev YM, 

Hell JW (2008) AKAP150-anchored PKA activity is important for LTD during its 

induction phase. J Physiol 586:4155-4164. 

Luo Y, Bolon B, Kahn S, Bennett BD, Babu-Khan S, Denis P, Fan W, Kha H, Zhang J, 

Gong Y, Martin L, Louis JC, Yan Q, Richards WG, Citron M, Vassar R (2001) 

Mice deficient in BACE1, the Alzheimer's beta-secretase, have normal phenotype 

and abolished beta-amyloid generation. Nat Neurosci 4:231-232. 

Luscher C, Xia H, Beattie EC, Carroll RC, von Zastrow M, Malenka RC, Nicoll RA 

(1999) Role of AMPA receptor cycling in synaptic transmission and plasticity. 

Neuron 24:649-658. 

Luthi A, Wikstrom MA, Palmer MJ, Matthews P, Benke TA, Isaac JT, Collingridge GL 

(2004) Bi-directional modulation of AMPA receptor unitary conductance by 

synaptic activity. BMC Neurosci 5:44. 



 

 152 

 

Lynch G, Larson J, Kelso S, Barrionuevo G, Schottler F (1983) Intracellular injections of 

EGTA block induction of hippocampal long-term potentiation. Nature 305:719-

721. 

Lynch MA (2004) Long-term potentiation and memory. Physiol Rev 84:87-136. 

Ma H, Lesne S, Kotilinek L, Steidl-Nichols JV, Sherman M, Younkin L, Younkin S, 

Forster C, Sergeant N, Delacourte A, Vassar R, Citron M, Kofuji P, Boland LM, 

Ashe KH (2007) Involvement of beta-site APP cleaving enzyme 1 (BACE1) in 

amyloid precursor protein-mediated enhancement of memory and activity-

dependent synaptic plasticity. Proc Natl Acad Sci U S A 104:8167-8172. 

Maffei A, Nelson SB, Turrigiano GG (2004) Selective reconfiguration of layer 4 visual 

cortical circuitry by visual deprivation. Nat Neurosci 7:1353-1359. 

Maffei A, Nataraj K, Nelson SB, Turrigiano GG (2006) Potentiation of cortical inhibition 

by visual deprivation. Nature 443:81-84. 

Mainen ZF, Jia Z, Roder J, Malinow R (1998) Use-dependent AMPA receptor block in 

mice lacking GluR2 suggests postsynaptic site for LTP expression. Nat Neurosci 

1:579-586. 

Malenka RC, Bear MF (2004) LTP and LTD: an embarrassment of riches. Neuron 44:5-

21. 

Malenka RC, Lancaster B, Zucker RS (1992) Temporal limits on the rise in postsynaptic 

calcium required for the induction of long-term potentiation. Neuron 9:121-128. 

Malenka RC, Kauer JA, Zucker RS, Nicoll RA (1988) Postsynaptic calcium is sufficient 

for potentiation of hippocampal synaptic transmission. Science 242:81-84. 

Malenka RC, Kauer JA, Perkel DJ, Mauk MD, Kelly PT, Nicoll RA, Waxham MN 

(1989) An essential role for postsynaptic calmodulin and protein kinase activity in 

long-term potentiation. Nature 340:554-557. 

Maletic-Savatic M, Malinow R, Svoboda K (1999) Rapid dendritic morphogenesis in 

CA1 hippocampal dendrites induced by synaptic activity. Science 283:1923-1927. 

Malinow R, Schulman H, Tsien RW (1989) Inhibition of postsynaptic PKC or CaMKII 

blocks induction but not expression of LTP. Science 245:862-866. 

Mammen AL, Kameyama K, Roche KW, Huganir RL (1997) Phosphorylation of the 

alpha-amino-3-hydroxy-5-methylisoxazole4-propionic acid receptor GluR1 

subunit by calcium/calmodulin-dependent kinase II. J Biol Chem 272:32528-

32533. 

Man HY, Sekine-Aizawa Y, Huganir RL (2007) Regulation of {alpha}-amino-3-

hydroxy-5-methyl-4-isoxazolepropionic acid receptor trafficking through PKA 

phosphorylation of the Glu receptor 1 subunit. Proc Natl Acad Sci U S A 

104:3579-3584. 

Manabe T, Wyllie DJ, Perkel DJ, Nicoll RA (1993) Modulation of synaptic transmission 

and long-term potentiation: effects on paired pulse facilitation and EPSC variance 

in the CA1 region of the hippocampus. J Neurophysiol 70:1451-1459. 

Mansour M, Nagarajan N, Nehring RB, Clements JD, Rosenmund C (2001) Heteromeric 

AMPA receptors assemble with a preferred subunit stoichiometry and spatial 

arrangement. Neuron 32:841-853. 

Marder E, Goaillard JM (2006) Variability, compensation and homeostasis in neuron and 

network function. Nat Rev Neurosci 7:563-574. 



 

 153 

 

Martin SJ, Grimwood PD, Morris RG (2000) Synaptic plasticity and memory: an 

evaluation of the hypothesis. Annu Rev Neurosci 23:649-711. 

Masliah E, Mallory M, Alford M, DeTeresa R, Hansen LA, McKeel DW, Jr., Morris JC 

(2001) Altered expression of synaptic proteins occurs early during progression of 

Alzheimer's disease. Neurology 56:127-129. 

Matsuda S, Mikawa S, Hirai H (1999) Phosphorylation of serine-880 in GluR2 by protein 

kinase C prevents its C terminus from binding with glutamate receptor-interacting 

protein. J Neurochem 73:1765-1768. 

Matsuzaki M, Honkura N, Ellis-Davies GC, Kasai H (2004) Structural basis of long-term 

potentiation in single dendritic spines. Nature 429:761-766. 

Matsuzaki M, Ellis-Davies GC, Nemoto T, Miyashita Y, Iino M, Kasai H (2001) 

Dendritic spine geometry is critical for AMPA receptor expression in 

hippocampal CA1 pyramidal neurons. Nat Neurosci 4:1086-1092. 

Mattson MP, Cheng B, Davis D, Bryant K, Lieberburg I, Rydel RE (1992) beta-Amyloid 

peptides destabilize calcium homeostasis and render human cortical neurons 

vulnerable to excitotoxicity. J Neurosci 12:376-389. 

Mattson MP, Cheng B, Culwell AR, Esch FS, Lieberburg I, Rydel RE (1993) Evidence 

for excitoprotective and intraneuronal calcium-regulating roles for secreted forms 

of the beta-amyloid precursor protein. Neuron 10:243-254. 

Matus A (2000) Actin-based plasticity in dendritic spines. Science 290:754-758. 

Mayer ML, Westbrook GL, Guthrie PB (1984) Voltage-dependent block by Mg2+ of 

NMDA responses in spinal cord neurones. Nature 309:261-263. 

Mayford M, Baranes D, Podsypanina K, Kandel ER (1996) The 3'-untranslated region of 

CaMKII alpha is a cis-acting signal for the localization and translation of mRNA 

in dendrites. Proc Natl Acad Sci U S A 93:13250-13255. 

McConlogue L, Buttini M, Anderson JP, Brigham EF, Chen KS, Freedman SB, Games 

D, Johnson-Wood K, Lee M, Zeller M, Liu W, Motter R, Sinha S (2007) Partial 

reduction of BACE1 has dramatic effects on Alzheimer plaque and synaptic 

pathology in APP Transgenic Mice. J Biol Chem 282:26326-26334. 

McKinney RA, Capogna M, Durr R, Gahwiler BH, Thompson SM (1999) Miniature 

synaptic events maintain dendritic spines via AMPA receptor activation. Nat 

Neurosci 2:44-49. 

Meng Y, Zhang Y, Jia Z (2003) Synaptic transmission and plasticity in the absence of 

AMPA glutamate receptor GluR2 and GluR3. Neuron 39:163-176. 

Meng Y, Zhang Y, Tregoubov V, Janus C, Cruz L, Jackson M, Lu WY, MacDonald JF, 

Wang JY, Falls DL, Jia Z (2002) Abnormal spine morphology and enhanced LTP 

in LIMK-1 knockout mice. Neuron 35:121-133. 

Miller SG, Patton BL, Kennedy MB (1988) Sequences of autophosphorylation sites in 

neuronal type II CaM kinase that control Ca2(+)-independent activity. Neuron 

1:593-604. 

Moga DE, Calhoun ME, Chowdhury A, Worley P, Morrison JH, Shapiro ML (2004) 

Activity-regulated cytoskeletal-associated protein is localized to recently 

activated excitatory synapses. Neuroscience 125:7-11. 

Montgomery JM, Pavlidis P, Madison DV (2001) Pair recordings reveal all-silent 

synaptic connections and the postsynaptic expression of long-term potentiation. 

Neuron 29:691-701. 



 

 154 

 

Morales B, Choi SY, Kirkwood A (2002) Dark rearing alters the development of 

GABAergic transmission in visual cortex. J Neurosci 22:8084-8090. 

Morishita W, Marie H, Malenka RC (2005) Distinct triggering and expression 

mechanisms underlie LTD of AMPA and NMDA synaptic responses. Nat 

Neurosci 8:1043-1050. 

Morris RG (2006) Elements of a neurobiological theory of hippocampal function: the role 

of synaptic plasticity, synaptic tagging and schemas. Eur J Neurosci 23:2829-

2846. 

Mudher A, Lovestone S (2002) Alzheimer's disease-do tauists and baptists finally shake 

hands? Trends Neurosci 25:22-26. 

Mulkey RM, Malenka RC (1992) Mechanisms underlying induction of homosynaptic 

long-term depression in area CA1 of the hippocampus. Neuron 9:967-975. 

Mulkey RM, Herron CE, Malenka RC (1993) An essential role for protein phosphatases 

in hippocampal long-term depression. Science 261:1051-1055. 

Mulkey RM, Endo S, Shenolikar S, Malenka RC (1994) Involvement of a 

calcineurin/inhibitor-1 phosphatase cascade in hippocampal long-term depression. 

Nature 369:486-488. 

Muller D, Nikonenko I, Jourdain P, Alberi S (2002) LTP, memory and structural 

plasticity. Curr Mol Med 2:605-611. 

Muller T, Meyer HE, Egensperger R, Marcus K (2008) The amyloid precursor protein 

intracellular domain (AICD) as modulator of gene expression, apoptosis, and 

cytoskeletal dynamics-relevance for Alzheimer's disease. Prog Neurobiol 85:393-

406. 

Nagerl UV, Eberhorn N, Cambridge SB, Bonhoeffer T (2004) Bidirectional activity-

dependent morphological plasticity in hippocampal neurons. Neuron 44:759-767. 

Naslund J, Haroutunian V, Mohs R, Davis KL, Davies P, Greengard P, Buxbaum JD 

(2000) Correlation between elevated levels of amyloid beta-peptide in the brain 

and cognitive decline. Jama 283:1571-1577. 

Nayak A, Zastrow DJ, Lickteig R, Zahniser NR, Browning MD (1998) Maintenance of 

late-phase LTP is accompanied by PKA-dependent increase in AMPA receptor 

synthesis. Nature 394:680-683. 

Neuhoff H, Sassoe-Pognetto M, Panzanelli P, Maas C, Witke W, Kneussel M (2005) The 

actin-binding protein profilin I is localized at synaptic sites in an activity-

regulated manner. Eur J Neurosci 21:15-25. 

Nguyen PV, Kandel ER (1996) A macromolecular synthesis-dependent late phase of 

long-term potentiation requiring cAMP in the medial perforant pathway of rat 

hippocampal slices. J Neurosci 16:3189-3198. 

Nicoll RA, Malenka RC (1995) Contrasting properties of two forms of long-term 

potentiation in the hippocampus. Nature 377:115-118. 

Nikonenko I, Jourdain P, Alberi S, Toni N, Muller D (2002) Activity-induced changes of 

spine morphology. Hippocampus 12:585-591. 

Nimchinsky EA, Sabatini BL, Svoboda K (2002) Structure and function of dendritic 

spines. Annu Rev Physiol 64:313-353. 

Nimmrich V, Grimm C, Draguhn A, Barghorn S, Lehmann A, Schoemaker H, Hillen H, 

Gross G, Ebert U, Bruehl C (2008) Amyloid beta oligomers (A beta(1-42) 



 

 155 

 

globulomer) suppress spontaneous synaptic activity by inhibition of P/Q-type 

calcium currents. J Neurosci 28:788-797. 

Noh KM, Yokota H, Mashiko T, Castillo PE, Zukin RS, Bennett MV (2005) Blockade of 

calcium-permeable AMPA receptors protects hippocampal neurons against global 

ischemia-induced death. Proc Natl Acad Sci U S A 102:12230-12235. 

Nusser Z, Lujan R, Laube G, Roberts JD, Molnar E, Somogyi P (1998) Cell type and 

pathway dependence of synaptic AMPA receptor number and variability in the 

hippocampus. Neuron 21:545-559. 

Oddo S, Caccamo A, Shepherd JD, Murphy MP, Golde TE, Kayed R, Metherate R, 

Mattson MP, Akbari Y, LaFerla FM (2003) Triple-transgenic model of 

Alzheimer's disease with plaques and tangles: intracellular Abeta and synaptic 

dysfunction. Neuron 39:409-421. 

Oh MC, Derkach VA (2005) Dominant role of the GluR2 subunit in regulation of AMPA 

receptors by CaMKII. Nat Neurosci 8:853-854. 

Oh MC, Derkach VA, Guire ES, Soderling TR (2006) Extrasynaptic membrane 

trafficking regulated by GluR1 serine 845 phosphorylation primes AMPA 

receptors for long-term potentiation. J Biol Chem 281:752-758. 

Ohno M, Sametsky EA, Younkin LH, Oakley H, Younkin SG, Citron M, Vassar R, 

Disterhoft JF (2004) BACE1 deficiency rescues memory deficits and cholinergic 

dysfunction in a mouse model of Alzheimer's disease. Neuron 41:27-33. 

Ohno M, Chang L, Tseng W, Oakley H, Citron M, Klein WL, Vassar R, Disterhoft JF 

(2006) Temporal memory deficits in Alzheimer's mouse models: rescue by 

genetic deletion of BACE1. Eur J Neurosci 23:251-260. 

Okabe S (2007) Molecular anatomy of the postsynaptic density. Mol Cell Neurosci 

34:503-518. 

Okamoto K, Nagai T, Miyawaki A, Hayashi Y (2004) Rapid and persistent modulation of 

actin dynamics regulates postsynaptic reorganization underlying bidirectional 

plasticity. Nat Neurosci 7:1104-1112. 

Otmakhova NA, Otmakhov N, Mortenson LH, Lisman JE (2000) Inhibition of the cAMP 

pathway decreases early long-term potentiation at CA1 hippocampal synapses. J 

Neurosci 20:4446-4451. 

Ozawa S, Iino M (1993) Two distinct types of AMPA responses in cultured rat 

hippocampal neurons. Neurosci Lett 155:187-190. 

Ozawa S, Kamiya H, Tsuzuki K (1998) Glutamate receptors in the mammalian central 

nervous system. Prog Neurobiol 54:581-618. 

Pang PT, Lu B (2004) Regulation of late-phase LTP and long-term memory in normal 

and aging hippocampus: role of secreted proteins tPA and BDNF. Ageing Res 

Rev 3:407-430. 

Parent A, Linden DJ, Sisodia SS, Borchelt DR (1999) Synaptic transmission and 

hippocampal long-term potentiation in transgenic mice expressing FAD-linked 

presenilin 1. Neurobiol Dis 6:56-62. 

Passafaro M, Piech V, Sheng M (2001) Subunit-specific temporal and spatial patterns of 

AMPA receptor exocytosis in hippocampal neurons. Nat Neurosci 4:917-926. 

Paulsen O, Sejnowski TJ (2000) Natural patterns of activity and long-term synaptic 

plasticity. Curr Opin Neurobiol 10:172-179. 



 

 156 

 

Penzes P, Cahill ME, Jones KA, Srivastava DP (2008) Convergent CaMK and RacGEF 

signals control dendritic structure and function. Trends Cell Biol 18:405-413. 

Perez-Otano I, Ehlers MD (2005) Homeostatic plasticity and NMDA receptor trafficking. 

Trends Neurosci 28:229-238. 

Petralia RS, Wang YX, Mayat E, Wenthold RJ (1997) Glutamate receptor subunit 2-

selective antibody shows a differential distribution of calcium-impermeable 

AMPA receptors among populations of neurons. J Comp Neurol 385:456-476. 

Pettit DL, Perlman S, Malinow R (1994) Potentiated transmission and prevention of 

further LTP by increased CaMKII activity in postsynaptic hippocampal slice 

neurons. Science 266:1881-1885. 

Pi HJ, Lisman JE (2008) Coupled phosphatase and kinase switches produce the 

tristability required for long-term potentiation and long-term depression. J 

Neurosci 28:13132-13138. 

Plant K, Pelkey KA, Bortolotto ZA, Morita D, Terashima A, McBain CJ, Collingridge 

GL, Isaac JT (2006) Transient incorporation of native GluR2-lacking AMPA 

receptors during hippocampal long-term potentiation. Nat Neurosci 9:602-604. 

Price DL, Tanzi RE, Borchelt DR, Sisodia SS (1998) Alzheimer's disease: genetic studies 

and transgenic models. Annu Rev Genet 32:461-493. 

Priller C, Mitteregger G, Paluch S, Vassallo N, Staufenbiel M, Kretzschmar HA, Jucker 

M, Herms J (2007) Excitatory synaptic transmission is depressed in cultured 

hippocampal neurons of APP/PS1 mice. Neurobiol Aging. 

Reymann KG, Brodemann R, Kase H, Matthies H (1988a) Inhibitors of calmodulin and 

protein kinase C block different phases of hippocampal long-term potentiation. 

Brain Res 461:388-392. 

Reymann KG, Frey U, Jork R, Matthies H (1988b) Polymyxin B, an inhibitor of protein 

kinase C, prevents the maintenance of synaptic long-term potentiation in 

hippocampal CA1 neurons. Brain Res 440:305-314. 

Rioult-Pedotti MS, Friedman D, Hess G, Donoghue JP (1998) Strengthening of 

horizontal cortical connections following skill learning. Nat Neurosci 1:230-234. 

Roberds SL, Anderson J, Basi G, Bienkowski MJ, Branstetter DG, Chen KS, Freedman 

SB, Frigon NL, Games D, Hu K, Johnson-Wood K, Kappenman KE, Kawabe TT, 

Kola I, Kuehn R, Lee M, Liu W, Motter R, Nichols NF, Power M, Robertson 

DW, Schenk D, Schoor M, Shopp GM, Shuck ME, Sinha S, Svensson KA, 

Tatsuno G, Tintrup H, Wijsman J, Wright S, McConlogue L (2001) BACE 

knockout mice are healthy despite lacking the primary beta-secretase activity in 

brain: implications for Alzheimer's disease therapeutics. Hum Mol Genet 

10:1317-1324. 

Roberson ED, Sweatt JD (1996) Transient activation of cyclic AMP-dependent protein 

kinase during hippocampal long-term potentiation. J Biol Chem 271:30436-

30441. 

Roche KW, O'Brien RJ, Mammen AL, Bernhardt J, Huganir RL (1996) Characterization 

of multiple phosphorylation sites on the AMPA receptor GluR1 subunit. Neuron 

16:1179-1188. 

Rodriguez JJ, Davies HA, Silva AT, De Souza IE, Peddie CJ, Colyer FM, Lancashire CL, 

Fine A, Errington ML, Bliss TV, Stewart MG (2005) Long-term potentiation in 



 

 157 

 

the rat dentate gyrus is associated with enhanced Arc/Arg3.1 protein expression in 

spines, dendrites and glia. Eur J Neurosci 21:2384-2396. 

Roselli F, Tirard M, Lu J, Hutzler P, Lamberti P, Livrea P, Morabito M, Almeida OF 

(2005) Soluble beta-amyloid1-40 induces NMDA-dependent degradation of 

postsynaptic density-95 at glutamatergic synapses. J Neurosci 25:11061-11070. 

Rosenkranz JA, Grace AA (2002) Dopamine-mediated modulation of odour-evoked 

amygdala potentials during pavlovian conditioning. Nature 417:282-287. 

Rosenmund C, Stern-Bach Y, Stevens CF (1998) The tetrameric structure of a glutamate 

receptor channel. Science 280:1596-1599. 

Rozov A, Zilberter Y, Wollmuth LP, Burnashev N (1998) Facilitation of currents through 

rat Ca2+-permeable AMPA receptor channels by activity-dependent relief from 

polyamine block. J Physiol 511 ( Pt 2):361-377. 

Rusakov DA (2006) Ca2+-dependent mechanisms of presynaptic control at central 

synapses. Neuroscientist 12:317-326. 

Sacktor TC (2008) PKMzeta, LTP maintenance, and the dynamic molecular biology of 

memory storage. Prog Brain Res 169:27-40. 

Savonenko AV, Melnikova T, Laird FM, Stewart KA, Price DL, Wong PC (2008) 

Alteration of BACE1-dependent NRG1/ErbB4 signaling and schizophrenia-like 

phenotypes in BACE1-null mice. Proc Natl Acad Sci U S A 105:5585-5590. 

Schafe GE, Atkins CM, Swank MW, Bauer EP, Sweatt JD, LeDoux JE (2000) Activation 

of ERK/MAP kinase in the amygdala is required for memory consolidation of 

pavlovian fear conditioning. J Neurosci 20:8177-8187. 

Schulz DJ (2006) Plasticity and stability in neuronal output via changes in intrinsic 

excitability: it's what's inside that counts. J Exp Biol 209:4821-4827. 

Schworer CM, Colbran RJ, Keefer JR, Soderling TR (1988) Ca2+/calmodulin-dependent 

protein kinase II. Identification of a regulatory autophosphorylation site adjacent 

to the inhibitory and calmodulin-binding domains. J Biol Chem 263:13486-

13489. 

Seeburg PH (1993) The TiPS/TINS lecture: the molecular biology of mammalian 

glutamate receptor channels. Trends Pharmacol Sci 14:297-303. 

Seeburg PH (2002) A-to-I editing: new and old sites, functions and speculations. Neuron 

35:17-20. 

Seeburg PH, Higuchi M, Sprengel R (1998) RNA editing of brain glutamate receptor 

channels: mechanism and physiology. Brain Res Brain Res Rev 26:217-229. 

Seguela P, Wadiche J, Dineley-Miller K, Dani JA, Patrick JW (1993) Molecular cloning, 

functional properties, and distribution of rat brain alpha 7: a nicotinic cation 

channel highly permeable to calcium. J Neurosci 13:596-604. 

Selcher JC, Atkins CM, Trzaskos JM, Paylor R, Sweatt JD (1999) A necessity for MAP 

kinase activation in mammalian spatial learning. Learn Mem 6:478-490. 

Selig DK, Hjelmstad GO, Herron C, Nicoll RA, Malenka RC (1995) Independent 

mechanisms for long-term depression of AMPA and NMDA responses. Neuron 

15:417-426. 

Selkoe DJ (2002) Alzheimer's disease is a synaptic failure. Science 298:789-791. 

Selkoe DJ (2008) Soluble oligomers of the amyloid beta-protein impair synaptic 

plasticity and behavior. Behav Brain Res 192:106-113. 



 

 158 

 

Seol GH, Ziburkus J, Huang S, Song L, Kim IT, Takamiya K, Huganir RL, Lee HK, 

Kirkwood A (2007) Neuromodulators control the polarity of spike-timing-

dependent synaptic plasticity. Neuron 55:919-929. 

Seubert P, Vigo-Pelfrey C, Esch F, Lee M, Dovey H, Davis D, Sinha S, Schlossmacher 

M, Whaley J, Swindlehurst C, et al. (1992) Isolation and quantification of soluble 

Alzheimer's beta-peptide from biological fluids. Nature 359:325-327. 

Shankar GM, Bloodgood BL, Townsend M, Walsh DM, Selkoe DJ, Sabatini BL (2007) 

Natural oligomers of the Alzheimer amyloid-beta protein induce reversible 

synapse loss by modulating an NMDA-type glutamate receptor-dependent 

signaling pathway. J Neurosci 27:2866-2875. 

Shepherd JD, Rumbaugh G, Wu J, Chowdhury S, Plath N, Kuhl D, Huganir RL, Worley 

PF (2006) Arc/Arg3.1 mediates homeostatic synaptic scaling of AMPA receptors. 

Neuron 52:475-484. 

Sherrington R, Rogaev EI, Liang Y, Rogaeva EA, Levesque G, Ikeda M, Chi H, Lin C, 

Li G, Holman K, et al. (1995) Cloning of a gene bearing missense mutations in 

early-onset familial Alzheimer's disease. Nature 375:754-760. 

Shi S, Hayashi Y, Esteban JA, Malinow R (2001) Subunit-specific rules governing 

AMPA receptor trafficking to synapses in hippocampal pyramidal neurons. Cell 

105:331-343. 

Shi SH, Hayashi Y, Petralia RS, Zaman SH, Wenthold RJ, Svoboda K, Malinow R 

(1999) Rapid spine delivery and redistribution of AMPA receptors after synaptic 

NMDA receptor activation. Science 284:1811-1816. 

Shin J, Shen F, Huguenard JR (2005) Polyamines modulate AMPA receptor-dependent 

synaptic responses in immature layer v pyramidal neurons. J Neurophysiol 

93:2634-2643. 

Shin J, Shen F, Huguenard J (2007) PKC and polyamine modulation of GluR2-deficient 

AMPA receptors in immature neocortical pyramidal neurons of the rat. J Physiol 

581:679-691. 

Shoji M, Golde TE, Ghiso J, Cheung TT, Estus S, Shaffer LM, Cai XD, McKay DM, 

Tintner R, Frangione B, et al. (1992) Production of the Alzheimer amyloid beta 

protein by normal proteolytic processing. Science 258:126-129. 

Sigurdsson T, Doyere V, Cain CK, LeDoux JE (2007) Long-term potentiation in the 

amygdala: a cellular mechanism of fear learning and memory. 

Neuropharmacology 52:215-227. 

Silva AJ, Stevens CF, Tonegawa S, Wang Y (1992a) Deficient hippocampal long-term 

potentiation in alpha-calcium-calmodulin kinase II mutant mice. Science 257:201-

206. 

Silva AJ, Paylor R, Wehner JM, Tonegawa S (1992b) Impaired spatial learning in alpha-

calcium-calmodulin kinase II mutant mice. Science 257:206-211. 

Silva AJ, Kogan JH, Frankland PW, Kida S (1998) CREB and memory. Annu Rev 

Neurosci 21:127-148. 

Singer O, Marr RA, Rockenstein E, Crews L, Coufal NG, Gage FH, Verma IM, Masliah 

E (2005) Targeting BACE1 with siRNAs ameliorates Alzheimer disease 

neuropathology in a transgenic model. Nat Neurosci 8:1343-1349. 

Small SA, Duff K (2008) Linking Abeta and tau in late-onset Alzheimer's disease: a dual 

pathway hypothesis. Neuron 60:534-542. 



 

 159 

 

Smith KE, Gibson ES, Dell'Acqua ML (2006) cAMP-dependent protein kinase 

postsynaptic localization regulated by NMDA receptor activation through 

translocation of an A-kinase anchoring protein scaffold protein. J Neurosci 

26:2391-2402. 

Snyder EM, Nong Y, Almeida CG, Paul S, Moran T, Choi EY, Nairn AC, Salter MW, 

Lombroso PJ, Gouras GK, Greengard P (2005) Regulation of NMDA receptor 

trafficking by amyloid-beta. Nat Neurosci 8:1051-1058. 

Song I, Huganir RL (2002) Regulation of AMPA receptors during synaptic plasticity. 

Trends Neurosci 25:578-588. 

States BA, Khatri L, Ziff EB (2008) Stable synaptic retention of serine-880-

phosphorylated GluR2 in hippocampal neurons. Mol Cell Neurosci 38:189-202. 

Stefan K, Wycislo M, Gentner R, Schramm A, Naumann M, Reiners K, Classen J (2006) 

Temporary occlusion of associative motor cortical plasticity by prior dynamic 

motor training. Cereb Cortex 16:376-385. 

Stent GS (1973) A physiological mechanism for Hebb's postulate of learning. Proc Natl 

Acad Sci U S A 70:997-1001. 

Steward O, Worley PF (2001) A cellular mechanism for targeting newly synthesized 

mRNAs to synaptic sites on dendrites. Proc Natl Acad Sci U S A 98:7062-7068. 

Steward O, Wallace CS, Lyford GL, Worley PF (1998) Synaptic activation causes the 

mRNA for the IEG Arc to localize selectively near activated postsynaptic sites on 

dendrites. Neuron 21:741-751. 

Sun Y, Olson R, Horning M, Armstrong N, Mayer M, Gouaux E (2002) Mechanism of 

glutamate receptor desensitization. Nature 417:245-253. 

Sutton MA, Schuman EM (2006) Dendritic protein synthesis, synaptic plasticity, and 

memory. Cell 127:49-58. 

Suzuki N, Cheung TT, Cai XD, Odaka A, Otvos L, Jr., Eckman C, Golde TE, Younkin 

SG (1994) An increased percentage of long amyloid beta protein secreted by 

familial amyloid beta protein precursor (beta APP717) mutants. Science 

264:1336-1340. 

Swanson GT, Kamboj SK, Cull-Candy SG (1997) Single-channel properties of 

recombinant AMPA receptors depend on RNA editing, splice variation, and 

subunit composition. J Neurosci 17:58-69. 

Sze CI, Troncoso JC, Kawas C, Mouton P, Price DL, Martin LJ (1997) Loss of the 

presynaptic vesicle protein synaptophysin in hippocampus correlates with 

cognitive decline in Alzheimer disease. J Neuropathol Exp Neurol 56:933-944. 

Tada T, Sheng M (2006) Molecular mechanisms of dendritic spine morphogenesis. Curr 

Opin Neurobiol 16:95-101. 

Takumi Y, Ramirez-Leon V, Laake P, Rinvik E, Ottersen OP (1999) Different modes of 

expression of AMPA and NMDA receptors in hippocampal synapses. Nat 

Neurosci 2:618-624. 

Tanaka J, Horiike Y, Matsuzaki M, Miyazaki T, Ellis-Davies GC, Kasai H (2008) Protein 

synthesis and neurotrophin-dependent structural plasticity of single dendritic 

spines. Science 319:1683-1687. 

Tanzi RE (2005) The synaptic Abeta hypothesis of Alzheimer disease. Nat Neurosci 

8:977-979. 



 

 160 

 

Tanzi RE, Bertram L (2005) Twenty years of the Alzheimer's disease amyloid 

hypothesis: a genetic perspective. Cell 120:545-555. 

Tavalin SJ, Colledge M, Hell JW, Langeberg LK, Huganir RL, Scott JD (2002) 

Regulation of GluR1 by the A-kinase anchoring protein 79 (AKAP79) signaling 

complex shares properties with long-term depression. J Neurosci 22:3044-3051. 

Terashima A, Cotton L, Dev KK, Meyer G, Zaman S, Duprat F, Henley JM, Collingridge 

GL, Isaac JT (2004) Regulation of synaptic strength and AMPA receptor subunit 

composition by PICK1. J Neurosci 24:5381-5390. 

Terry RD, Masliah E, Salmon DP, Butters N, DeTeresa R, Hill R, Hansen LA, Katzman 

R (1991) Physical basis of cognitive alterations in Alzheimer's disease: synapse 

loss is the major correlate of cognitive impairment. Ann Neurol 30:572-580. 

Thiagarajan TC, Lindskog M, Tsien RW (2005) Adaptation to synaptic inactivity in 

hippocampal neurons. Neuron 47:725-737. 

Thiel G, Czernik AJ, Gorelick F, Nairn AC, Greengard P (1988) Ca2+/calmodulin-

dependent protein kinase II: identification of threonine-286 as the 

autophosphorylation site in the alpha subunit associated with the generation of 

Ca2+-independent activity. Proc Natl Acad Sci U S A 85:6337-6341. 

Thiels E, Norman ED, Barrionuevo G, Klann E (1998) Transient and persistent increases 

in protein phosphatase activity during long-term depression in the adult 

hippocampus in vivo. Neuroscience 86:1023-1029. 

Thinakaran G, Sisodia SS (2006) Presenilins and Alzheimer disease: the calcium 

conspiracy. Nat Neurosci 9:1354-1355. 

Toni N, Buchs PA, Nikonenko I, Bron CR, Muller D (1999) LTP promotes formation of 

multiple spine synapses between a single axon terminal and a dendrite. Nature 

402:421-425. 

Toomim CS, Millington WR (1998) Regional and laminar specificity of kainate-

stimulated cobalt uptake in the rat hippocampal formation. J Comp Neurol 

402:141-154. 

Torres R, Firestein BL, Dong H, Staudinger J, Olson EN, Huganir RL, Bredt DS, Gale 

NW, Yancopoulos GD (1998) PDZ proteins bind, cluster, and synaptically 

colocalize with Eph receptors and their ephrin ligands. Neuron 21:1453-1463. 

Tsubokawa H, Oguro K, Masuzawa T, Nakaima T, Kawai N (1995) Effects of a spider 

toxin and its analogue on glutamate-activated currents in the hippocampal CA1 

neuron after ischemia. J Neurophysiol 74:218-225. 

Turner PR, O'Connor K, Tate WP, Abraham WC (2003) Roles of amyloid precursor 

protein and its fragments in regulating neural activity, plasticity and memory. 

Prog Neurobiol 70:1-32. 

Turrigiano GG, Nelson SB (2004) Homeostatic plasticity in the developing nervous 

system. Nat Rev Neurosci 5:97-107. 

Vanhoose AM, Winder DG (2003) NMDA and beta1-adrenergic receptors differentially 

signal phosphorylation of glutamate receptor type 1 in area CA1 of hippocampus. 

J Neurosci 23:5827-5834. 

Vassar R (2002) Beta-secretase (BACE) as a drug target for Alzheimer's disease. Adv 

Drug Deliv Rev 54:1589-1602. 

Vassar R, Bennett BD, Babu-Khan S, Kahn S, Mendiaz EA, Denis P, Teplow DB, Ross 

S, Amarante P, Loeloff R, Luo Y, Fisher S, Fuller J, Edenson S, Lile J, Jarosinski 



 

 161 

 

MA, Biere AL, Curran E, Burgess T, Louis JC, Collins F, Treanor J, Rogers G, 

Citron M (1999) Beta-secretase cleavage of Alzheimer's amyloid precursor 

protein by the transmembrane aspartic protease BACE. Science 286:735-741. 

Verdoorn TA, Burnashev N, Monyer H, Seeburg PH, Sakmann B (1991) Structural 

determinants of ion flow through recombinant glutamate receptor channels. 

Science 252:1715-1718. 

Vyazovskiy VV, Cirelli C, Pfister-Genskow M, Faraguna U, Tononi G (2008) Molecular 

and electrophysiological evidence for net synaptic potentiation in wake and 

depression in sleep. Nat Neurosci 11:200-208. 

Walsh DM, Selkoe DJ (2004) Deciphering the molecular basis of memory failure in 

Alzheimer's disease. Neuron 44:181-193. 

Walsh DM, Klyubin I, Fadeeva JV, Cullen WK, Anwyl R, Wolfe MS, Rowan MJ, Selkoe 

DJ (2002) Naturally secreted oligomers of amyloid beta protein potently inhibit 

hippocampal long-term potentiation in vivo. Nature 416:535-539. 

Wang H, Song L, Laird F, Wong PC, Lee HK (2008) BACE1 knock-outs display deficits 

in activity-dependent potentiation of synaptic transmission at mossy fiber to CA3 

synapses in the hippocampus. J Neurosci 28:8677-8681. 

Wang JH, Feng DP (1992) Postsynaptic protein kinase C essential to induction and 

maintenance of long-term potentiation in the hippocampal CA1 region. Proc Natl 

Acad Sci U S A 89:2576-2580. 

Wang XB, Yang Y, Zhou Q (2007a) Independent expression of synaptic and 

morphological plasticity associated with long-term depression. J Neurosci 

27:12419-12429. 

Wang Y, Greig NH, Yu QS, Mattson MP (2007b) Presenilin-1 mutation impairs 

cholinergic modulation of synaptic plasticity and suppresses NMDA currents in 

hippocampus slices. Neurobiol Aging. 

Ward B, McGuinness L, Akerman CJ, Fine A, Bliss TV, Emptage NJ (2006) State-

dependent mechanisms of LTP expression revealed by optical quantal analysis. 

Neuron 52:649-661. 

Washburn MS, Numberger M, Zhang S, Dingledine R (1997) Differential dependence on 

GluR2 expression of three characteristic features of AMPA receptors. J Neurosci 

17:9393-9406. 

Weingarten MD, Lockwood AH, Hwo SY, Kirschner MW (1975) A protein factor 

essential for microtubule assembly. Proc Natl Acad Sci U S A 72:1858-1862. 

Weiss JH, Pike CJ, Cotman CW (1994) Ca2+ channel blockers attenuate beta-amyloid 

peptide toxicity to cortical neurons in culture. J Neurochem 62:372-375. 

Wenthold RJ, Petralia RS, Blahos J, II, Niedzielski AS (1996) Evidence for multiple 

AMPA receptor complexes in hippocampal CA1/CA2 neurons. J Neurosci 

16:1982-1989. 

Whitehouse PJ, Price DL, Struble RG, Clark AW, Coyle JT, Delon MR (1982) 

Alzheimer's disease and senile dementia: loss of neurons in the basal forebrain. 

Science 215:1237-1239. 

Whitlock JR, Heynen AJ, Shuler MG, Bear MF (2006) Learning induces long-term 

potentiation in the hippocampus. Science 313:1093-1097. 



 

 162 

 

Willem M, Garratt AN, Novak B, Citron M, Kaufmann S, Rittger A, DeStrooper B, 

Saftig P, Birchmeier C, Haass C (2006) Control of peripheral nerve myelination 

by the beta-secretase BACE1. Science 314:664-666. 

Wolfe MS, Xia W, Ostaszewski BL, Diehl TS, Kimberly WT, Selkoe DJ (1999) Two 

transmembrane aspartates in presenilin-1 required for presenilin endoproteolysis 

and gamma-secretase activity. Nature 398:513-517. 

Wong HK, Sakurai T, Oyama F, Kaneko K, Wada K, Miyazaki H, Kurosawa M, De 

Strooper B, Saftig P, Nukina N (2005) beta Subunits of voltage-gated sodium 

channels are novel substrates of beta-site amyloid precursor protein-cleaving 

enzyme (BACE1) and gamma-secretase. J Biol Chem 280:23009-23017. 

Wong ST, Athos J, Figueroa XA, Pineda VV, Schaefer ML, Chavkin CC, Muglia LJ, 

Storm DR (1999) Calcium-stimulated adenylyl cyclase activity is critical for 

hippocampus-dependent long-term memory and late phase LTP. Neuron 23:787-

798. 

Wu G, Malinow R, Cline HT (1996) Maturation of a central glutamatergic synapse. 

Science 274:972-976. 

Wu J, Anwyl R, Rowan MJ (1995) beta-Amyloid selectively augments NMDA receptor-

mediated synaptic transmission in rat hippocampus. Neuroreport 6:2409-2413. 

Xia W, Zhang J, Kholodenko D, Citron M, Podlisny MB, Teplow DB, Haass C, Seubert 

P, Koo EH, Selkoe DJ (1997) Enhanced production and oligomerization of the 

42-residue amyloid beta-protein by Chinese hamster ovary cells stably expressing 

mutant presenilins. J Biol Chem 272:7977-7982. 

Xia Z, Storm DR (2005) The role of calmodulin as a signal integrator for synaptic 

plasticity. Nat Rev Neurosci 6:267-276. 

Yi PL, Chang FC, Tsai JJ, Hung CR, Gean PW (1995) The involvement of metabotropic 

glutamate receptors in long-term depression of N-methyl-D-aspartate receptor-

mediated synaptic potential in the rat hippocampus. Neurosci Lett 185:207-210. 

Yin HZ, Sensi SL, Carriedo SG, Weiss JH (1999) Dendritic localization of Ca(2+)-

permeable AMPA/kainate channels in hippocampal pyramidal neurons. J Comp 

Neurol 409:250-260. 

Yin Y, Edelman GM, Vanderklish PW (2002) The brain-derived neurotrophic factor 

enhances synthesis of Arc in synaptoneurosomes. Proc Natl Acad Sci U S A 

99:2368-2373. 

Yuste R, Bonhoeffer T (2001) Morphological changes in dendritic spines associated with 

long-term synaptic plasticity. Annu Rev Neurosci 24:1071-1089. 

Zaman SH, Parent A, Laskey A, Lee MK, Borchelt DR, Sisodia SS, Malinow R (2000) 

Enhanced synaptic potentiation in transgenic mice expressing presenilin 1 familial 

Alzheimer's disease mutation is normalized with a benzodiazepine. Neurobiol Dis 

7:54-63. 

Zhao D, Watson JB, Xie CW (2004) Amyloid beta prevents activation of 

calcium/calmodulin-dependent protein kinase II and AMPA receptor 

phosphorylation during hippocampal long-term potentiation. J Neurophysiol 

92:2853-2858. 

Zhao L, Ma QL, Calon F, Harris-White ME, Yang F, Lim GP, Morihara T, Ubeda OJ, 

Ambegaokar S, Hansen JE, Weisbart RH, Teter B, Frautschy SA, Cole GM 



 

 163 

 

(2006) Role of p21-activated kinase pathway defects in the cognitive deficits of 

Alzheimer disease. Nat Neurosci 9:234-242. 

Zhou Q, Homma KJ, Poo MM (2004) Shrinkage of dendritic spines associated with long-

term depression of hippocampal synapses. Neuron 44:749-757. 

Zhou Y, Wu H, Li S, Chen Q, Cheng XW, Zheng J, Takemori H, Xiong ZQ (2006) 

Requirement of TORC1 for late-phase long-term potentiation in the hippocampus. 

PLoS ONE 1:e16. 

 

 


