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Abstract 

ACTIVITY-DEPENDENT PHOSPHORYLATION OF DYNAMIN 1 AT 

SERINE-857 IN MOUSE HIPPOCAMPUS 

--Implications for Learning and Memory 

by 

Wen Xie 

Advisor: Professor Andrzej Wieraszko 

 

Dynamin 1 (Dyn1) is a brain-enriched large GTPase which participates in 

endocytosis, a process required for synaptic vesicle recycling and receptor 

internalization. Dyn1 is a phospho-protein whose level of phosphorylation is 

dependent on cell membrane potentials. Thus, the function of Dyn1 

phosphorylation in synaptic transmission has been proposed and studied.  Dyn1 

is primarily phosphorylated at Serine-857 (S857) by minibrain / dual specificity 

tyrosine phosphorylation regulated kinase 1A (Mnb/Dyrk1A), which is linked to 

mental retardation of Down syndrome (DS). Phosphorylation at S857 regulates 

the interactions of Dyn1 with many endocytic accessory proteins in vitro. I chose 

the system of neuronal transmission in the Schaffer collateral / commissural - 

CA1 pathway from mouse hippocampus to investigate the regulation of Dyn1 

phosphorylation at S857 in vivo. I found that the phosphorylation / 

dephosphorylation of Dyn1 was a dynamic physiological event that correlated 

with neuronal activity. Dyn1 was highly phosphorylated in nonstimulated slices, 

while the level of phosphorylation changed in response to different types of 
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electrical stimulation. The dephosphorylation was Ca2+/calcineurin dependent 

and was mediated by AMPA/kainate receptors. An immunohistochemical study 

revealed that the distribution pattern of phosphorylated Dyn1 was also dependent 

on neuronal activity. In addition, as the primary kinase phosphorylating Dyn1 at 

S857, Mnb/Dyrk1A was also activated by neuronal activity. Together, these 

studies demonstrate that the phosphorylation of Dyn1 at S857 by Mnb/Dyrk1A is 

dynamically regulated by synaptic connections in mouse hippocampus. 

  

To explore the involvement of Mnb/Dyrk1A in the learning and memory 

deficits of DS, a potential Mnb/Dyrk1A inhibitor, (-)-Epigallocatechin-3-Gallate 

(EGCG), was evaluated for its ability to alter neuronal plasticity in mouse 

hippocampus. EGCG had a promoting effect on LTP induction in wild-type 

mouse. Most strikingly, EGCG restored the impaired LTP induction in Ts65Dn 

mouse, the most studied mouse model for DS. Ts65Dn mouse over-expresses a 

group of genes that are syntenic to those in human chromosome 21 including the 

gene of Mnb/Dyrk1A. Although the mechanism(s) underlying the effect are still 

missing, the study not only implicates Mnb/Dyrk1A in DS, but also demonstrates 

a possible pharmacological intervention for DS. 
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CHAPTER 1 

 

Introduction 

 

Dynamin 

 

Dynamin belongs to a large (about 100 kDa) GTPase family which 

participates in the endocytic pathways of eukaryotic cells (Praefcke and McMahon, 

2004). Endocytosis, a process allowing extracellular materials to enter the cell, 

involves the invagination and pinching-off of pieces of the plasma membrane 

(Conner and Schmid, 2003). A type of endocytosis named clathrin-mediated 

endocytosis (CME) is initiated by the localized formation of clathrin coated pits on 

the cytoplamic side of the plasma membrane. The pits are internalized and then 

released into the cytoplasm by the fission of budding coated vesicles from the 

membrane (Figure 1.1). Endocytosis is crucial for intercellular communications. 

In the central nervous system, specifically, CME is required for the efficient 

recycling of synaptic vesicle membrane proteins after neurotransmission (Ryan, 

2006) and modulating the efficacy of neurotransmission by controlling the 

trafficking of ion channels or transmitter receptors (Malinow and Malenka, 2002). 

CME is assisted by numerous accessory proteins (Brodin et al., 2000). 

 

Three different dynamin genes exist in mammals. Dynamin 1 (Dyn1) is the 

dominant species in the mammalian brain; dynamin 2 is ubiquitous (Sontag et al., 
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1994); and dynamin 3 is mostly present in testis (Nakata et al., 1993), but is also 

expressed in heart, brain and lung. Multiple isoforms of each dynamin gene have 

been found. Dyn1, for example, contains two alternatively spliced sites; one is in 

the middle of the protein (two splicing forms: a and b) and the other is at the 

C-terminus (four splicing forms: a, b, c, and d). Together, they give 8 splicing 

isoforms (Cao et al., 1998) (Figure 1.2). There are five identified domains in 

dynamin starting from its N-terminus. There is a GTPase domain, a middle 

domain, a PH (pleckstrin-homology) domain, a GED (GTPase effector domain) 

and a PRD (proline-rich domain) (Figure 1.2). 

 

Dynamin-like family members can be found in many organelles across 

species (Praefcke and McMahon, 2004), indicating its fundamental role in cell 

function. In animal cells, in addition to clathrin-coated vesicles and caveolae at the 

plasma membrane, they are involved in the trans-Golgi network, endosomes, 

mitochondrial membrane, smooth endoplasmic reticulum, and in perixisomes. In 

plants, dynamin homologues are expressed in the cell-plate tubular network, 

plastids, and in chloroplasts. 

 

Dyn1 was first purified from bovine brain before its recognition as part of 

the dynamin superfamily. Sequence analysis revealed that it is a homologue of 

the Drosophila shibire gene. A mutation in shibire results in the interruption of the 

synaptic vesicle endocytosis and neurotransmission, which causes paralysis 

(Schmid et al., 1998). The inhibition in endocytosis was also found in mammalian 
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cells when dominant-negative dynamin mutants were over-expressed (Conner 

and Schmid, 2003). These results suggest a role for Dyn1 in neurotransmission. 

During neurotransmission, exocytosis (neurotransmitter-filled synaptic vesicles 

fusing with the presynaptic membranes) and endocytosis must be well balanced 

to ensure the continuity of neurotransmission during the different phases of 

synaptic activity. In addition to its presynaptic function in synaptic vesicle recycling, 

Dyn1 also plays a role in the internalization of receptors (Carroll et al., 1999) and 

signal transduction (Kranenburg et al., 1999) postsynaptically. 

 

Two models of Dyn1 function have been proposed: a mechanochemical 

enzyme or a regulatory protein (Song and Schmid, 2003). Under physiological 

conditions, Dyn1 spontanously self-assembles into rings or spirals around the 

neck of invaginated synaptic vesicles or pits in neuronal cells in the presence of 

GTP (Sever et al., 2000). In the mechanochemical model, it was postulated that 

GTP hydrolysis mediated by Dyn1’s GTPase domain causes a force-generating 

conformational change, which leads directly to either constriction of the 

assembled structure or expansion of the helical pitch that pinches off the vesicles. 

On the other hand, Dyn1 may function as a classical GTPase with a regulatory 

role. In this model, Dyn1 recruits effectors to the coated pit, which in turn mediate 

coated vesicle formation. As the neck narrows and vesicle formation completes, 

Dyn1 triggers GTP hydrolysis to terminate its interaction with these effectors.  
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Dyn1 interacts with many proteins. The PRD of Dyn1, where up to one in 

every three amino acids is proline, binds to Src homology 3 (SH3) domains. SH3 

domains can be found in many endocytic accessory proteins (such as 

amphiphysin, endophilin, syndapin, and intersectin), proteins associated with the 

cytoskeleton (such as actin binding protein1) and signal transduction related 

proteins (such as growth factor receptor-bound protein 2, Grb 2). The interactions 

with endocytic accessory proteins recruit Dyn1 to endocytic process on the 

plasma membrane. Amphiphysin I, for example, is the major Dyn1 binding partner 

in brain extracts (Grabs et al., 1997). Full-length amphiphysin I forms dimers in 

vivo. The dimers have a higher affinity for Dyn1 oligomers than does the 

monomeric isolated amphiphysin SH3 domain (Wigge et al., 1997). The 

dynamin-amphiphysin interaction stimulates Dyn1 GTPase activity (Yoshida and 

Takei, 2005). This interaction is inhibited by Dyn1 phosphorylation (Huang et al., 

2004) and both proteins are dephosphorylated at the onset of exo/endocytosis 

(Cousin and Robinson, 2001).  

 

Dyn1 belongs to a group of phospho-proteins whose state of 

phosphorylation depend on the cell membrane potential (Cousin and Robinson, 

2001; Huang et al., 2004). This group also includes amphiphysin 1 and 2, 

synaptojanin, AP180, Epsin, Eps15 and AP2 (Cousin and Robinson, 2001). Dyn1 

is phosphorylated in the resting state. Upon depolarization, it is rapidly 

dephosphorylated (in less than 2 s). Subsequently, the protein undergoes a 

slower rephosphorylation (t1/2 ~40s) before it can respond to the next stimulation 
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(Robinson et al., 1987) (Figure 1.3). In cultured cells, such as PC12 cells, the 

dephosphorylation can be triggered by a high extracellular concentration of K+ ion 

(Huang et al., 2004). Dephosphorylation of Dyn1 is calcium dependent and is 

mediated by calcineurin (Lai et al., 1999; Cousin and Robinson, 2001), a 

calcium-dependent phosphatase2B (Winder and Sweatt, 2001).  

 

Additionally, Dyn1 has been shown to be phosphorylated on various sites 

by multiple kinases, such as minibrain / dual specificity tyrosine phosphorylation 

regulated kinase 1A (Mnb/Dyrk1A), Cyclin-dependent kinase 5 (Cdk5) and protein 

kinase C (PKC), in (Table 1).  

 

Mnb/Dyrk1A primarily phosphorylates Dyn1 at serine-857 (S857) 

(Chen-Hwang et al., 2002). It is found to co-localize with Dyn1 in growing dendritic 

trees in chick embryo (Hammerle et al., 2003) and in differentiating hippocampal 

cell lines HN2-5 (unpublished data from Dr. Tatyana Adayev). The level of 

phosphorylation on this site changes with membrane potential in PC12 cells 

(Huang et al., 2004). This phosphorylation is the basis for regulating the 

interactions of Dyn1 with various endocytotic accessory proteins, such as 

amphiphysin 1, endophilin 1 and Grb 2 (Huang et al., 2004) (Figure 1.4). The 

interactions are essential for recruiting Dyn1 into the endocytotic complexes 

(McClure and Robinson, 1996). The S857 residue exists in only the 1aa and 1ba 

isoforms, thus the designation of Dyn1xa will be used to represent both isoforms 

throughout the text.  



 

Sites Kinase Testing system Functions 

Serine 774 

and 778 

Cdk5  

(cyclin-dependent kinase 5) 

Synaptosomes regulates the recruitment of syndapin I 

for synaptic vesicle endocytosis 

(Anggono et al., 2006) 

Threonine 

780 

Cdk5 in vitro blocks Dyn1 binding to amphiphysin 

(Tomizawa et al., 2003) 

PKC  

(protein kinase C) 

in vitro prevents the association of Dyn1 with 

phospholipids (Powell et al., 2000) 

Serine 795 

Mnb/Dyrk1A in vitro n/a 

Serine 857 Mnb/Dyrk1A PC12 cell (Huang et al., 2004) 

Rat brain extracts(Huang et 

al., 2004) 

Mouse hippocampus 

regulates the binding of Dyn1 to 

amphiphysin 1 and Grb 2 (Huang et al., 

2004) 

 

Table 1. Dyn1 Phosphorylation sites. Phosphorylation sites in PRD domain. n/a: no function was found. 

 6
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Cyclin-dependent kinase 5 (Cdk5) is another kinase which phosphorylates 

Dyn1. Cdk5 plays an inhibitory role in synaptic vesicle endocytosis, as it is evident 

that inhibition of Cdk5 enhances the electric stimulation–induced endocytosis in 

hippocampal neurons (Tomizawa et al., 2003). In synaptosomes, Dyn1 

phosphorylation of serine-774 and serine-778 by Cdk5 (Tan et al., 2003) reduce 

Dyn1’s binding to syndapin (Anggono et al., 2006) and endophilin (Anggono and 

Robinson, 2007). Furthermore, phosphorylation of threonine-780 by Cdk5 blocks 

Dyn1’s binding to amphiphysin in a cell-free system (Tomizawa et al., 2003). 

 

PKC also regulates dynamin-dependent endocytosis (Cousin et al., 2001). 

It phosphorylates Dyn1 at serine-795 (S795) in vitro and S795 phosphorylation 

abolishes Dyn1’s binding to phospholipids (Powell et al., 2000). S795 is also a 

minor phosphorylation site of Mnb/Dyrk1A. In addition, Dyn1 can also be 

phosphorylated by extracellular signal-regulated kinase 2 (ERK2) in vitro, although 

the site has not been identified yet (Earnest et al., 1996). The phosphorylation 

weakens Dyn1’s binding to microtubules and inhibits the GTPase activity of Dyn1. 
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Mnb/Dyrk1A and Down syndrome (DS) 

 

DS is the most common cause of mental retardation. The incidence of DS 

is about 1 per 800-1000 live births (incidence, 2006). Besides cognitive 

impairment, patients with DS often suffer from characteristic physical features, 

congenital heart defects, high risk of leukemia, immune deficiencies, Alzheimer’s 

disease, etc (Epstein, 1986; Epstein et al., 1991). DS is a genetic disorder caused 

by the presence of all or part of an extra chromosome 21 (HSA21) (Lejeune et al., 

1959; Petersen et al., 1990). Its symptoms are generally thought to originate from 

a 1.5-fold increase in the dosage of genes within HSA21 (Epstein, 1986; Epstein 

et al., 1991). Based on the analysis of rare cases of partial trisomy 21, a segment 

around long arm (q22) of chromosome 21 has been designated as Down 

syndrome critical region (DSCR) (Shapiro, 1999). The Mnb/Dyrk1A gene is 

localized in the DSCR of HSA21 (Chen and Antonarakis, 1997). Mnb/Dyrk1A and 

many other genes located in DSCR are candidates for causing the 

neurobiological deficits associated with DS. A few HSA21 genes are listed in 

Table 2. 

 

Mnb/Dyrk1A is the vertebrate orthologue of Drosophila minibrain kinase 

(Mnb), which is required for the proliferation of neuroblasts during post-embryonic 

neurogenesis (Tejedor et al., 1995). The name minibrain came from the fact that 

the Mnb mutation causes a reduction in brain size of adult flies. Similar to the 
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outcomes of Mnb mutation in Drosophila, mice with a single Mnb/Dyrk1A gene 

knock-out also display region-specific brain size reduction (Fotaki et al., 2002).  

 

In addition to its role in embryonic neurogenesis, the expression of 

Mnb/Dyrk1A is persistent throughout adulthood in selected brain regions that are 

affected most severely in DS, including the entorhinal cortex, olfactory bulb, 

cerebellum and the hippocampus (Marti et al., 2003; Wegiel et al., 2004). The 

distribution of Mnb/Dyrk1A suggests it has an important role in the functioning of 

adult brains. The level of expression of Mnb/Dyrk1A is elevated in DS brains 

(Tassone et al., 1999; Dowjat et al., 2007). Several lines of transgenic mice 

expressing an extra copy of Mnb/Dyrk1A gene have been established to mimic 

the Mnb/Dyrk1A imbalance in DS. All lines show deficits in motor function, spatial 

memory and synaptic plasticity associated with learning (Branchi et al., 2004; 

Martinez de Lagran et al., 2004; Ahn et al., 2006). Those studies support the 

hypothesis that the abnormal expression of Mnb/Dyrk1A plays an important role in 

learning and memory impairments associated with DS. 

 

Mnb/Dyrk1A is highly conserved among different organisms (Becker and 

Joost, 1999; Hämmerle et al., 2002; Raich et al., 2003). Besides a protein kinase 

domain, the protein contains a nuclear targeting signal sequence, a leucine zipper 

motif, and a 13-consecutive-histidyl residue sequence (Song et al., 1996). It can 

phosphorylate its own tyrosine residues (Kentrup et al., 1996). Toward exogenous 

substrates, however, Mnb/Dyrk1A phosphorylates exclusively at serine/threonine 
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residues (Becker and Joost, 1999). It prefers a site containing the sequence: 

Arginine(R)–Proline(P)-X-Serine(S) /Threonine(T)-Proline(P) (Himpel et al., 2000). 

The primary Mnb/Dyrk1A phosphorylation site of Dyn1, RPES(857)P, matches the 

preferred sequence.  

 

On the cellular level, the endogenous Mnb/Dyrk1A can be found in both the 

nucleus and cytoplasm. Mnb/Dyrk1A has been shown to phosphorylate and 

regulate several transcription factors, such as CREB (Branchi et al., 2004), Gli 1 

(Morita et al., 2006), and NFAT (Arron et al., 2006). In addition, it can 

phosphorylate some splicing factors indicating that it may be involved in the 

regulation of pre mRNA-splicing (de Graaf et al., 2006). On the other hand, 

cytoplasmic Mnb/Dyrk1A is mainly found in neuronal processes and synapses, 

implying a role for Mnb/Dyrk1A in synaptic functions (Hammerle et al., 2003). In 

fact, the majority of the kinase is found to associate with the cytoplasmic 

membrane fraction of the brains (unpublished observations), suggesting a 

membrane-associated functions such as recycling of the synaptic vesicles and 

the trafficking of neurotransmitter receptors. 

 

The connection between Mnb/Dyrk1A and learning/memory in transgenic 

mice suggests that Mnb/Dyrk1A may play an important role in regulating synaptic 

activity. The identification of Dyn1xa as Mnb/Dyrk1A’s substrate suggests a 

possible underlying mechanism. 

 



 

Gene Location Functions in DS 
APP 
(amyloid beta precursor protein) 

21q21.3 Altered APP metabolism was found in Down syndrome (Kwak et al., 2006); 
High levels of Abeta1-42 peptide are associated with earlier onset of 
dementia in DS (Schupf and Sergievsky, 2002). 

DSCR1  
(Down syndrome critical region 
1) 

21q22.12 Interacts with calcineurin and inhibits calcineurin-dependent signaling 
pathways (Harris et al., 2005); 
Interacts with Mnb/Dyrk1A leading to reduced NFAT activity and many of 
the features of DS (Arron et al., 2006). 

SIM2 
(single-minded homolog 2 of 
Drosophila) 

21q22.13 Encoded protein is a master regulator of fruit fly neurogenesis (Thomas et 
al., 1988); 
Expressed in human CNS development and in the region correspond to 
the altered structures in DS patients (Rachidi et al., 2005). 

Mnb/Dyrk1A 21q22.13 Involved in signaling pathways regulating cell proliferation and brain 
development (Galceran et al., 2003; Kelly and Rahmani, 2005); 
Bridging between beta-amyloid production and tau phosphorylation in 
Alzheimer disease (Kimura et al., 2007); 
phosphorylation of amphiphysin I at serine-293 (Murakami et al., 2006) 
and Dyn1 at S857 (Chen-Hwang et al., 2002). 

KCNJ6 
(potassium inwardly-rectifying 
channel, subfamily J, member 
6) 

21q22.13
-q22.2 

Expressed in the human cerebellum during development (Thiery et al., 
2003). 

KCNJ15 
(potassium inwardly-rectifying 
channel, subfamily J, member 
15) 

21q22.2 Expressed in development in both mice and humans brain (Thiery et al., 
2003); 
Interact with calcium-sensing receptor and decrease their currents (Huang 
et al., 2007). 

 

Table 2. Genes in HSA 21. Some genes in long arm (q) of HSA 21 could be related to the mental retardation associated 

with DS. 1
1
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Hippocampus 

 

The hippocampus lies under the temporal lobe on each side of the 

mammalian brain. It forms a part of the limbic system and plays a part in memory 

and spatial navigation. In general, it has an essential role in forming declarative 

memory, which stores facts. Damage to the hippocampus usually results in 

profound difficulties in forming new memories, and also affects access to 

memories prior to the damage (Scoville and Milner, 1957).  

 

The hippocampus consists of the dentate gyrus (DG), the cornu ammonis 

fields CA1-CA3 (and CA4, frequently called the hilus and considered part of the 

DG), and the subiculum (Sb) (Figure 1.5). Information flowing through the 

hippocampus proceeds from the DG to CA3 to CA1 to Sb, with additional input 

information at each stage and outputs at each of the two final stages (Figure 1.5 

and details below).  

 

The perforant path is the major input to the hippocampus. The axons of the 

perforant path arise principally in layers II and III of the entorhinal cortex (EC), 

with minor contributions from the deeper layers IV and V. Axons from layers II/IV 

project to the granule cells of the DG and pyramidal cells of the CA3 region, while 

those from layers III/V project to the pyramidal cells of the CA1 and the Sb. The 

main output pathways of the hippocampus arise from the CA1 and Sb to the 

cingulum bundle and fimbria/fornix of EC. 
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There are two major pathways involving the two hippocampi from both 

hemispheres, the Mossy Fiber Pathway and the Schaffer Collateral/Commissural 

Pathway. The mossy fibers are the axons of DG granule cells. They extend from 

the dendate gyrus to CA3 pyramidal cells in the same hippocampus. On the other 

hand, the Schaffer Collateral/Commissural Pathway is derived from axons that 

project from the CA3 region to the CA1 region. The axons either come from CA3 

neurons in the same hippocampus (Schaffer Collateral fibers) or from an 

equivalent structure in the opposite hemisphere (Commissural fibers). The 

hippocampus also receives a number of subcortical inputs, including the 

amygdala, the thalamus, the lateral preoptic and lateral hypothalamic areas, the 

raphe nuclei, etc. It is widely accepted that each of these regions has a unique 

functional role in the information processing of the hippocampus. 

 

The Schaffer Collateral -CA1 pathway in mouse hippocampal slices is one 

of the most widely used model systems for studying neuronal functions. The 

efficiency of transmission in this pathway can be strengthened by a brief, 

high-frequency stimulation (Bliss and Lomo, 1973; Bliss and Collingridge, 1993) 

that mimics normal firing patterns (Douglas, 1977). This phenomenon was 

defined as Long-Term Potentiation (LTP). The long-lasting change in synaptic 

function is believed to be the cellular basis of learning and memory (Hebb, 1949; 

Alkon and Nelson, 1990; Kandel, 1997). Since the hippocampus is involved in the 

highest-order of memory, LTP in this structure is the most extensively 

characterized example of synaptic plasticity (Soderling and Derkach, 2000).  
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The neuronal activity in the Schaffer Collateral -CA1 pathway is mediated 

primarily by the activation of glutamate on two types of ionotropic receptors: 

AMPA (alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) and NMDA 

(N-methyl-D-aspartate) receptors. The AMPA receptor (AMPAR) opens in 

response to glutamate and mediates most of the rapid excitatory postsynaptic 

current (Isaac, 2003). The NMDA receptor (NMDAR) opens in response to 

glutamate only when the postsynaptic membrane is concomitantly depolarized 

and Mg2+ channel blocker is removed (Sheng and Kim, 2002). It is accepted that 

the triggering of LTP requires synaptic activation of postsynaptic NMDARs in 

Schaffer Collateral-CA1 pathway (Malenka and Nicoll, 1999).  

 

Since the observation of LTP induction in brain slices, a debate whether 

LTP is expressed pre- or post-synaptically has ensued. The studies showing a 

decrease in the synaptic failure rate following the induction of LTP argue for an 

increase in the probability of transmitter release (Bekkers and Stevens, 1990). 

These presynaptic changes may include an increase in the number of vesicles 

released (Atwood and Karunanithi, 2002) or a change in the mode of glutamate 

release (presumably from kiss-and-run to full fusion) (Ryan, 2003). In pre-synaptic 

neurons, high rates of action potential firing during LTP induction require efficient 

machineries to recover a limited number of synaptic vesicles and replenish the 

vesicle pool in order to sustain the flow of information across the synapse over 

time. By studying the time course of synaptic vesicle fusion, three distinct types of 

pathways have been proposed (Aravanis et al., 2003; Gandhi and Stevens, 2003). 
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In the first, vesicles are recycled quickly (less than a second) in a 

dynamin-independent manner, which may represent pure membrane retrieval by 

simple fusion pore closure. It is referred as kiss-and-run. The second type of 

fusion is slower, with vesicles are recycled after 8-21 seconds. It is a 

dynamin-mediated but presumably non-clathrin-mediated retrieval pathway, 

referred as fuse-pinch-linger (Ryan, 2003). In the third, the vesicles remain fused 

with the membrane for more than 45 seconds and are recycled by CME. This is 

referred to as fuse-and-collapse. Since it is involved in both fuse-pinch-linger and 

fuse-and-collapse pathways, Dyn1 may function as a regulatory component in 

pre-synaptic portion of LTP. 

 

However, other studies also implicate a post-synaptic modification for LTP 

expression, including receptor trafficking (Collingridge et al., 2004) and signal 

transduction pathways (Sheng and Kim, 2002). It is generally agreed that 

postsynaptic AMPAR function makes an important contribution to the expression 

of LTP. AMPAR is highly dynamic, as there is evidence showing that HFS induces 

the movement of AMPAR to the surface of the dendritic shaft and spines (Shi et 

al., 1999). Because AMPAR itself lacks a motor domain, the receptor must 

associated with protein partners that assist in its trafficking (Bredt and Nicoll, 

2003). The removal of AMPARs from synapses, as part of trafficking, is regulated 

by dynamin-dependent endocytosis (Carroll et al., 1999). Furthermore, the ERK 

pathway is one of the most important signaling pathways regulating synaptic 
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plasticity (Thomas and Huganir, 2004). The process leading to ERK activation 

also requires dynamin-dependent endocytosis (Kranenburg et al., 1999). 

 

Regardless of the debate between the pre- vs. post- synaptic LTP schools, 

Dyn1 dependent endocytosis could be involved in both parts. Thus, Dyn1 and 

other endocytosis-related proteins might be crucial factors in synaptic plasticity, 

such as LTP. 
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Objective of the study 

 

Although the S857 phosphorylation of Dyn1 by Mnb/Dyrk1A has been 

studied in vitro, the effect of Dyn1xa S857 phosphorylation in a physiological 

process has not been determined. In this study, the synapses in the Schaffer 

Collateral-CA1 pathway of mouse hippocampal slices were chosen to assess how 

Dyn1xa S857 phosphorylation is regulated following different types of neuronal 

activity. 
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Figure 1.1 The involvement of dynamin in endocytosis. A. Cartoon model of 

synaptic vesicle recycling in the presynaptic neurons (Sudhof, 1995). After 

neurotransmitters are released from the presynaptic neurons upon the Ca2+ influx, 

the vesicle membranes are coated with clathrin and are internalized into the 

cytoplasm with the assistance of endocytic accessory proteins. The coated pits 

are then uncoated and are fused with endosomes. After modification in 

endosomes, the neurotransmitter loaded vesicles buds off and are ready for the 
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next round of neurotransmission. B. The role of dynamin in vesicle internalization 

(Conner and Schmid, 2003). Clathrin triskelions, composed of three clathrin 

heavy chains (CHC) and three clathrin light chains (CLC), assemble the budding 

membrane vesicle. Adaptor complexes 2 mediate clathrin assembly. Dynamin 

(blue open circles) is found around the neck of invaginated vesicles to mediate 

membrane fission. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



20 

 

 

Figure 1.2 Structure and isoforms of Dyn1. GTPase domain binds and 

hydrolyses GTP providing energy for Dyn1 function. Middle domain and GED is 

involved in oligomerization and stimulation of GTPase activity. PH domain is 

responsible for interacting with lipids. PRD interacts with SH3 domains of other 

proteins. There are 2 variants (a,b) in the middle domain and 4 variants (a,b,c, 

and d) in the PRD domain. Together, they give rise to 8 splicing isoforms. 

Numbers indicate the locations of splicing sites. Alphabets, a, b, c and d, indicate 

splicing isoforms. 
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Figure 1.3 Phosphorylation cycle of Dyn1 in synaptosomes (Robinson et al., 

1987). Synaptosomal Dyn1 shows a high level of phosphorylation upon 

polarization (open circles). The phosphorylation level (black circle) decreases 

quickly upon depolarization (solid line). After repolariztion, the phosphorylation 

level recovers (dash line). 
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Figure 1.4. Model of the interaction of Dyn1 with its binding partners (Huang 

et al., 2004). The model depicts the regulation of Dyn1xa protein-protein 

interactions by Mnb/Dyrk1A phosphorylation. Unphosphorylated Dyn1xa could 

readily interact with endocytic accessory protein, amphiphysin. After S857 

phosphorylation by Mnb/Dyrk1A, however, Dyn1xa is now having a higher affinity 

for binding growth factor receptor-bound protein 2 (Grb 2) than amphiphysin. 
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Figure 1.5 Pathways in hippocampus. Perforant Path (PP-split to lateral and 

medial path, LPP and MPP): input from Entorhinal Cortex (EC) to Dentate Gyrus 

(DG); Mossy Fiber path (MF): connection between axons of DG (mossy fibers) 

and CA3 pyramidal neurons; Schaffer Collateral/Association Commissural path 

(SC/AC): axons of CA3 pyramidal neurons coming from either an ipsilateral 

hippocampus (Schaffer Collateral) or a contralateral hippocampus (AC) to the 

CA1 pyramidal neurons; Entorhinal Cortex (EC) path: the pathway from CA1 

pyramidal neurons to Subiculum (Sb) and out to the EC (EC-split to lateral and 

medial path, LEC and MEC). 
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CHAPTER 2 

 

Materials and Methods 

 

Reagents.  

 

Cyclosporine A, Kynurenic acid (KYA), D-2-Amino-5-phosphonopentanoic 

acid (APV), 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), ethylenediamine 

tetraacetic acid (EDTA), NaCl, MgCl2, okadaic acid, cypermethrin, sodium 

pyrophosphate, sodium orthovanadate, glycerol, bromine phenol blue, ethylene 

glycol tetraacetic acid (EGTA), NP-40, Triton X100, Tween 20 and 

paraformaldehyde were purchased from Sigma. BAPTA/AM and dithiothreitol 

(DTT) were purchased from Calbiochem. P81 membranes were purchased from 

Whatman International Ltd. Tris-HCl was purchased from Research Products 

International Corporation. Sodium dodecyl sulfate (SDS) was purchased from J.T. 

Baker. Complete EDTA-free phosphatase inhibitor cocktail tablets were 

purchased from Roche. Liquid-gel (acrylamide) was purchased from MP 

Biomedicals. Bovine serum albumin (BSA) was purchased from USB Corporation. 

Alkaline phosphatase-CDP-Star detection system was purchased from New 

England Biolabs. Calcineurin assay kit (catalog number: AK-816) was obtained 

from BioMol International. Ultralink protein A/G was purchased from Pierce. 

LipofectAMINE 2000 reagent, goat serum, and PBS were purchased from 

Invitrogen. QuikChange site-directed mutagenesis kik was purchased from 
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Stratagene. PVDF membranes (Immobilon P) were purchased from Millipore 

Corporation. Autoradiography film was purchased from Denville Scientific. TBS 

tissue freezing medium was obtained from Electron Microscopy Sciences. 

 

Mnb/Dyrk1A clones.   

 

pcMnb, a pcDNA3-based vector for expressing full-length wild-type 

Mnb/Dyrk1A was constructed as described previously (Chen-Hwang et al., 2002).  

Mnb/Dyrk1A containing the K188R and the D306N substitution was constructed 

by the QuikChange site-directed mutagenesis kit and subsequently spliced into 

the pcDNA3 vector as full-length mutant Mnb/Dyrk1A similarly as described 

(Huang et al., 2004; Adayev et al., 2006). 

 

Antibodies.  

 

Mouse anti-Dyn1xa pS857 monoclonal antibody (3D3) was produced as 

described previously (Huang et al., 2004). Rabbit anti-Dyn1xa isoforms antibody 

(R53) was raised by using conjugated unphosphorylated Dyn1xa-specific peptide 

(PSRSGQASPSR) as the antigen (Figure 2.1). Mouse anti-Mnb/Dyrk1A 

monoclonal antibody (7F3) was produced as described previously (Wegiel et al., 

2004). Mouse anti-dynamin monoclonal antibody (Hudy-1) was purchased from 

Upstate Biotechnology Inc. Mouse anti-MAP-2 monoclonal antibody (MAP-2) and 

anti-actin monoclonal antibody (actin) were purchased from Sigma. Goat 
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polyclonal Mnb/Dyrk1A (G19), Dyrk2, and Dyrk3 antibodies were obtained from 

Santa Cruz Biotechnology. Sheep polyclonal anti-pS774 and pS778-Dyn1 

antibodies were obtained from Zymed Laboratories Inc. Goat anti-mouse and 

anti-rabbit IgG (alkaline phosphatase conjugated) were obtained from Sigma. 

Donkey anti-sheep IgG (alkaline phosphatase conjugated) was obtained from 

Santa Cruz Biotechnology. Alexa fluor 488 Goat anti-mouse and anti-rabbit IgG 

were obtained from Invitrogen. 

 

Determining the level of S857 phosphorylation.   

 

Purified rat brain Dyn1 was phosphorylated with GST-Mnb/Dyrk1A at molar 

ratio of 4:1 (Dyn1: Mnb/Dyrk1A) for 40 min at 30 oC as described (Chen-Hwang et 

al., 2002). The progress of S857 phosphorylation was monitored at several time 

points by antibody 3D3 staining. The level of phosphorylation at S857 (pS857) 

reaches a plateau in about 10-15 min under the specified assay conditions. The 

“fully” phosphorylated Dyn1 was then mixed with the unphosphorylated Dyn1 to 

create a series of Dyn1 standards, with 20, 40, 60, and 80 % pS857. Unknown 

samples to be determined (lysate containing 10-20 µg Dyn1xa pre-estimated by 

R53 staining) were processed together with all four Dyn1 standards in the same 

blot. Two identical blots were prepared for each experiment, one each for staining 

with 3D3 and R53. The data for standards from the 3D3 stained blot were plotted 

and used to determine the apparent level of S857 phosphorylation for the 
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unknowns. These numbers were subsequently corrected for the difference in the 

level of Dyn1xa protein (from the R53 stained blot) to give the final values. 

 

Slice preparation.  

 

One- to three-month-old CD-1 mice were used in my investigations. The 

animals were kept on an automatic 12-hr light–dark cycle (lights on at 0600 h; 

lights off at 1800 h), with food and water ad libitum. Following decapitation, the 

brains were quickly removed and placed into ice-cold Ringer’s solution. The 

Ringer’s solution consists of 124 mM NaCl, 3.1 mM KCl, 1.3 mM KH2PO4, 1.3 mM 

MgSO4, 3.1 mM CaCl2, 25.2 mM NaHCO3, and 10.0 mM Glucose (pH 7.4) and 

was oxygenated with a CO2:O2 (5 %:95 %) mixture prior to use. Both hippocampi 

were dissected out, placed into ice-cold Ringer’s and sliced on a manual tissue 

chopper into 350 µm individual slices. The slices were pre-incubated for at least 1 

hr in oxygenated Ringer’s buffer at 33 oC before recording. All protocols for animal 

care and use were approved by the Animal Welfare Committees of the College of 

Staten Island and the City University of New York. NIH guidelines were followed 

for all protocols.  

 

Electrophysiological recordings.   

 

A single hippocampal slice was placed in an interface recording chamber 

(containing 1.5 ml of Ringer’s) maintained at 33 oC with constant oxygenation. A 
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bipolar, stimulating electrode was placed on the Schaffer Collateral/Commissural 

fibers and the extracellular recording electrode was placed in the stratum 

pyramidal cell layer under a dissecting microscope (Olympus SZ-40) (Figure 2.2). 

To measure neuronal excitability, expressed as the magnitude of the population 

spike, the slices were stimulated electrically with a frequency of 0.033 Hz 

throughout the entire experiment except during brief periods of high-frequency 

stimulation (HFS) (100 Hz for 1 sec, 3 times every 10 sec) used to induce LTP. 

The amplitude of the population spike was measured on-line with the LTP 

Program. The strength of the stimulation was adjusted to give approximately 50 % 

of the maximal response. The baseline recording was usually followed for at least 

10 min before applying HFS. Five sweeps taken immediately prior to HFS were 

averaged and used as the baseline for all chemically and electrically induced 

changes in the amplitude of the population spike. The potential after LTP 

induction was followed for 10 min after HFS. An amplification of the potential by at 

least 15 % was accepted as LTP (El-Sherif et al., 2003).  

 

Hippocampal slice extract preparation.  

 

Extracts from hippocampal slices were prepared by homogenizing a single 

hippocampal slice in a disposable micro tissue grinder attached to a motor driver 

in a lysis buffer containing 50 mM Tris-HCl (pH 8.0), 20 mM EDTA, 150 mM NaCl, 

0.05 % SDS, 1X Roche Complete protease inhibitor cocktail, 0.2 µM okadaic acid, 

4 µM cyclosporine A, 5 µM cypermethrin, 2.5 mM sodium pyrophosphate, and 1 
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mM sodium orthovanadate. After removing cell debris by centrifugation (12,000 

Xg for 6 min), the supernatant was mixed with sample buffer (8 % SDS, 40 % 

glycerol, 0.25 M Tris-HCl pH 6.8, 40 mM DTT, 0.05% bromine phenol blue) and 

boiled for 5 min before using for Western blotting. The protein concentration in 

each sample was determined by the Bradford dye assay (Bradford, 1976). 

 

Western blotting.  

 

All samples were separated in 8 % SDS-PAGE gel (1 M Tris-HCl pH 8.45, 

0.1 % SDS, and 8 % liquid-gel acrylamide) at 90 V for 90 min. The proteins were 

then transferred onto PVDF membranes at 70 mA / gel for 100 min with a 

semi-dry transfer device. All membranes were processed as follows: (a) incubate 

the membrane with blocking buffer (5 % BSA or 2 % milk, 1 X PBS, and 2.5 mM 

Tween 20 ) at room temperature for 1 hr; (b) incubate the membrane with primary 

antibodies diluted in the same blocking buffer at 4 oC overnight; (c) wash the 

membrane with PBST (1 X PBS and 2.5 mM Tween 20) 20 min with three 

changes; (d) incubate the membrane with secondary antibodies diluted in 2 % 

milk blocking buffer for 1 hr at room temperature; (e) wash the membrane with 

alkaline buffer (10 mM Tris-HCl pH 9.5, 10 mM NaCl and 10 mM MgCl2) for at 

least 1 hr with multiple changes. Protein detection was then visualized on X-ray 

film using the chemiluminescent reagent CDP-Star. Quantification of the scanned 

X-ray film images was performed using NIH image 1.6 software.  
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Drug treatment.  

 

Cyclosporine A was dissolved in ethanol to obtain a stock solution of 40 

mM; BAPTA/AM was dissolved in DMSO to obtain a stock solution of 5 mM; KYA 

was dissolved in water to obtain a stock solution of 50 mM; APV was dissolved in 

water to obtain a stock solution of 12.5 mM; and CNQX was dissolved in water to 

obtain a stock solution of 5 mM. All drugs were diluted to the desired 

concentrations in Ringer’s solution (2 µM for Cyclosporine A, 10 µM for 

BAPTA/AM, 2.5 mM for KYA, 50 µM for APV, and 50 µM for CNQX) and used 

immediately. Half of the prepared slices were picked up randomly and transferred 

into a separated but adjacent holder containing the drug in Ringer’s solution in the 

same incubation chamber. After at least 1 hr incubation with drugs, each slice was 

placed in an interface-recording chamber containing the same concentration of 

drug in Ringer’s solution and recorded as described in Electrophysiological 

recordings. 

 

Calcineurin activity assay.  

 

Phosphatase assays were performed by following the supplier’s 

instructions briefly as described below. Hippocampal slices were homogenized on 

ice in lysis buffer containing 50 mM Tris (pH 7.5), 0.1 mM EDTA, 0.1 mM EGTA, 1 

mM DTT, 0.2 % NP-40 and 1X Roche Complete protease inhibitors cocktail. After 

sedimentation at 150,000 Xg in centrifuge at 4oC for 45 min, the supernatant was 
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collected and passed through a re-hydrated resin column to remove free 

phosphate and nucleotides. The prepared lysate was then incubated with 

calcineurin substrate, a peptide derived from cAMP-dependent protein kinase 

(PKA) regulatory subunit type II (RII) with the sequence Asp(D) – Leu(L) – Asp(D) 

– Val(V) – Pro(P) – Gly(G) – Arg(R) –  Phe(F) – Asp(D) – Arg(R) – Arg(R) – 

Val(V) – pSer(S) – Val(V) – Ala(A) – Ala(A) – Glu(E) (MW=2192.0), at 30 oC for 30 

min. The detection of free-phosphate (Pi) released by calcineurin is based on a 

Malachite green assay read at OD 620 nm. The enzymic activity was expressed in 

nmol Pi released / min / mg protein from the substrate. The protein concentration 

in each sample was determined by the Bradford dye assay (Bradford, 1976). To 

minimize individual animal variation, an entire set of experiments including 

nonstimulated control, HFS and LTP-induced slice was prepared from the same 

animal. 

 

Immunofluorescence staining.  

 

After recording, the slices were fixed in 4 % paraformaldehyde for 12 hrs. 

Then the slices were embedded in tissue freezing medium on dry ice and 

sectioned into 25 µm pieces on a cryostat microtome (Vibratome UltraPro 5000) 

at -20oC. The sections were processed as follows: (a) block in 2 % non-fat dry 

milk, 0.2 % Triton X100 and 10 % goat serum at room temperature for 1 hr; (b) 

incubate with primary antibody (3D3, Hudy-1 or MAP-2) in 2 % non-fat dry milk 

and 2 % goat serum at 4 oC overnight; (c) rinse with PBS 3 times for 10 min each 
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time; (d) block in 2 % non-fat dry milk and 2 % goat serum at room temperature for 

1 hr; (e) incubate with secondary antibody in 2 % non-fat dry milk and 2 % goat 

serum at room temperature for 1 hr; (f) rinse with PBS 3 times for 10 min each 

time; (g) mount the sections on gelatin coated slides and cover with cover-slips. 

Fluorescence from images was detected with a NIKON PCM 2000 dual 

laser-scanning confocal microscope (Nikon, Melville). Sequences of 30-40 

sections in 0.6 µm steps were taken using successive (z) scans. The maximum 

projections from the z-stack of images were analyzed by AutoDeblur V93 plus 

AutoVisualize U93 software.  

 

Time-course phosphorylation assay.  

 

Extracts from mouse hippocampus were prepared from the fractions of 

hippocampi in lysis buffer containing 50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 0.9 

% Triton X100, and 1X Roche Complete protease inhibitor cocktail. After 

removing cell debris by centrifugation (12,000 Xg for 6 min), aliquots (40 µl per 

reaction) of the supernatant were incubated in phosphorylation mixtures 

containing 5 mM ATP and phosphatase inhibitors (0.2 µM okadaic acid and 4 µM 

cyclosporine A) at 30 oC. The reactions were terminated at 0, 20, 40, 60, and 90 

min by adding sample buffer to the reaction mixtures and boiling them for 5 min. 

The reaction samples along with a sample of unphosphorylated hippocampal 

extract were then subjected to immunoblotting against antibodies 3D3 and R53. 
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Immunodepletion.  

 

Antibody coating was prepared by mixing 75 µl of Ultralink protein A/G with 

200 µg of G19, Dyrk2 or Dyrk3 antibody overnight at 4 oC. The antibodies coated 

protein A/G were then blocked with 2 % BSA for 2 hrs. Mouse hippocampi were 

homogenized in buffer containing 50 mM Tris-HCl, (pH 8.0), 150 mM NaCl, 0.9 % 

Triton X100, and 1X Roche Complete protease inhibitor cocktail. The lysates were 

incubated with either protein A/G or the immobilized antibody at 4 oC for 3 hrs. 

The mixtures were sedimented and the recovered supernatants were incubated 

with 5 mM ATP and phosphatase inhibitors (0.2 µM okadaic acid and 4 µM 

cyclosporine A) at 30 oC to promote the phosphorylation. After 30-min reaction (as 

described in Time-course phosphorylation assay), phosphorylation was 

terminated by adding sample buffer to the reaction mixture and boiling them for 5 

min. The immunodepleted samples with and without phosphorylation were 

subjected to immunoblotting against antibodies 3D3 and R53. 

 

Kinase activity assay.  

 

(a). Mnb/Dyrk1A activity in HN2-5 cells was determined as follows. HN2-5 

cells were first transfected with pcDNA3, pcMnb/Dyrk1A (WT), pcMnb/Dyrk1A 

(K188R), pcMnb/Dyrk1A (D306N) or a mixture of pcMnb/Dyrk1A WT (1:3 ratio) 

with either pcMnbK/Dyrk1A (188R) or pcMnb/Dyrk1A (D306N) by using the 
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Lipofectamine 2000 reagent. Transfection was performed by adding the mixture 

consisting of 3-4 µg total DNA and Lipofectamine 2000 (1 µg DNA per 2.5 µl 

reagent) directly to 1x106 undifferentiated HN2-5 cells in suspension. The cells 

were then placed in a 6-well plate immediately, incubated for 5 hrs, followed by a 

media change. The transfected cells were allowed to recover for 24 hrs and 

differentiated by treating with 5 µM retinoic acid for an additional 24 hrs. Cells 

were lysed directly in well with 200 µl freshly prepared buffer containing 50 mM 

Tris pH 8.0, 20 mM EDTA, 150 mM NaCl, 1 % NP-40, and 1 mM EGTA 

supplemented with 1XRoche Complete protein inhibitor cocktail and phosphatase 

inhibitors (0.2 µM okadaic acid, 4 µM cyclosporine, and 1 mM sodium 

orthovanadate). A clear lysate was obtained from the homogenate by 

centrifugation at 12,000 Xg for 5 min. Mnb/Dyrk1A was immunoprecipitated with 1 

µg immobilized Mnb/Dyrk1A antibody G19 from 1 µg cell lysates (total protein) for 

1.5 hrs. The precipitated kinase was washed once with the kinase buffer (25 mM 

HEPES pH 7.5, 100 mM NaCl, and 5 mM MgCl2) and then subjected to kinase 

reaction. Kinase reactions were performed in a 30 µl reaction mixture containing 

the kinase buffer, 4 µCi 32P-ATP (specific activity 0.33 mCi/mmole), 1 µg dynatide 

3 (a Dyn1 C-terminal peptide containing the sequence ASPSRPESPRPP), and IP 

pellets similarly as described (Huang et al., 2004). The reaction was allowed to 

proceed at 30 oC for 30 min with shaking. Phosphorylated dynatide 3 was 

measured by P81 phophocellulose membrane binding as described previously 

(Huang et al., 2004). 
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(b). For measuring hippocampal Mnb/Dyrk1A activity in hippocampus, 

hippocampal slices from control, HFS, or LTP-induced group were homogenized 

on ice in buffer containing 50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 0.9 % Triton 

X100, 1X Roche Complete protease inhibitor cocktail, 0.2 µM okadaic acid, 4 µM 

cyclosporine A, and 5 µM cypermethrin. A clear lysate was obtained from 

homogenate by centrifugation at 12,000 Xg for 5 min. Mnb/Dyrk1A was 

immunoprecipitated from clear lysates with antibody G19 coated protein A/G for 

1.5 hrs at 4 oC. After washing with kinase buffer (25 mM HEPES pH 7.5, 100 mM 

NaCl, 5 mM MgCl2, and 5 mM MnCl2), the immunoprecipitation complexes were 

incubated in a 50 µl reaction mixture containing a kinase buffer, 1 µg dynatide 3, 6 

µCi of 32P-ATP and 2 µg ATP. The reactions were allowed to proceed at 30 oC for 

35 min. A 10 µl aliquot of the reaction mixure was withdrawn and the extent of 32P 

incorporation was determined by P81 phophocellulose membrane binding.  

 

Synaptosome preparation.  

 

Synaptosomes were prepared from CD1 mice hippocampus according to a 

published procedure (Muzzolini et al., 1997). Briefly, both hippocampi were 

homogenized in ice-cold 0.32 M sucrose buffer at pH 7.4 supplemented with 1 

mM MgSO4. The homogenate was centrifuged at 900 Xg for 10 min at 4oC. The 

synaptosomal fraction was obtained by centrifuging the supernatant at 12,000 Xg 

for 20 min. The pellets were then re-suspended in oxygenated (CO2:O2, 5 %:95 %) 

Ringer’s solution. Aliquots of synaptosomes were either lysed immediately 
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(marked as time 0) or incubated in Ringer’s solution maintained at 33 oC with 

constant oxygenation for 15 min or 1 hr. Those synaptosomes were lysed in 

sample buffer and boiled for 5 min before using for western blotting. 

 

Statistics. 

 

For all experiments, data were presented as mean±SEM. n representes 

the number of slices or independent trials analyzed in a given experiment. In 

comparisons between two groups with equal n numbers, the student’s t test was 

used. In all other comparisons, one-way ANOVA followed by a post-hoc multiple 

comparisons Student-Newman-Keuls test was used. P values less than 0.05 were 

considered significant. 
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Figure 2.1 Dyn1xa antibodies. The peptides (sequence underlined) used for 

raising antibodies R53 and 3D3 were derived from the C-terminal sequences of 

Dyn1xa. To raise 3D3 antibody, a pS857-specific antibody, the antigenic peptide 

was extensively phosphorylated by Mnb/Dyrk1A in vitro before using for antibody 

preparation. 
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Figure 2.2 Stimulation and recording in hippocamal slices. A. Schematic 

cartoon shows the position of the electrodes. Population spikes are recorded if the 

recording electrode is placed in pyramidal cell layer and excitatory postsynaptic 

potentials (EPSPs) are recorded if the recording electrode is place in Schaffer 

Collateral/Commissural fibers. DG, Dentate Gyrus; EC, Entorhinal Cortex; PP, 

Perforant Path. B. Stimulating and recording positions in an actual slice (40 X). 

The recording electrode is guided into pyramidal cell layer seen in the picture as a 

darker line. The bipolar, stimulating electrode is located on the fibers of Schaffer 

Collateral/Commissural located further towards the center of slice. 
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CHAPTER 3 

 

Results 

 

Dyn1xa is highly phosphorylated at S857 in nonstimulated hippocampal 

slices.  

 

To determine the level of phosphorylated S857 (pS857) Dyn1xa in 

hippocampal slices, a semi-quantitative method for measuring the level of 

phosphorylation was developed. Briefly, purified rat brain Dyn1 was 

phosphorylated extensively with Mnb/Dyrk1A until the level of phosphorylation 

reached a plateau (Figure 3.1 A). Phosphorylation at this stage was considered 

to be 100 % if the reaction was performed with high Mnb/Dyrk1A to Dyn1 ratio 

(Chen-Hwang et al., 2002). Then 100 % pS857 Dyn1 was mixed with known 

amounts of un-phosphorylated Dyn1 (0 %) to create a series of pS857 Dyn1xa 

standards ranging from 20-80 %. Unknown samples (crude hippocampal lysates) 

were immuno-blotted together with these standards and probed with a Dyn1 

pS857-specific antibody, 3D3. The level of pS857 was calculated based on the 

pS857 standard curve (Figure 3.1 C) and corrected for the amount of total 

Dyn1xa used in the assay as determined in a second immunoblotting using 

antibody R53, which is not sensitive to S857 phosphorylation. According to this 

method, S857 of Dyn1xa in nonstimulated control hippocampal slices was 

estimated to be 66.8 ± 5.4 % (n = 5) phosphorylated (Figure 3.1 B). This result 
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indicates that the endogenous Dyn1xa S857 phosphorylation is high in 

hippocampus. 

 

Phosphorylation of Dyn1 at S774 and S778 was previously studied in the 

synaptosomes (Tan et al., 2003; Tomizawa et al., 2003; Anggono et al., 2006). 

Synaptosomes are isolated synapses obtained after the homogenization and 

fraction of nerve tissues. They contain the molecular machinery necessary for the 

uptake, storage, and release of neurotransmitters. They are commonly used as a 

model for studying pre-synaptic function. However, synaptosomes exhibited weak 

S857 phosphorylation even afer a prolonged incubation in oxygenated buffer 

(Figure 3.2 S1: 9.3 ± 2.0 %; S2: 12.5 ± 1.2 %; S3: 15.2 ± 3.9 %). The inability to 

support substantial S857 phosphorylation as compared to hippocampal slices 

disqualified synaptosomes as a suitable system for studying the physiological 

consequences of Dyn1xa phosphorylation at S857. 

 

The level of pS857 Dyn1xa changes with neuronal activities. 

 

Hippocampal slices were divided into four groups and treated accordingly: 

the nonstimulated (control) group, the low frequency stimulation (LFS) group, the 

high frequency stimulation (HFS) group and LFS/HFS group (Figure 3.3). In the 

LFS group, stimulation was applied to each slice every 30 sec (0.033 Hz) for 20 

min. In the HFS group, each slice received only the HFS stimulations (3 times 100 

Hz stimulations for 1 sec with 10 sec interval). In the LFS/HFS group, each slice 
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was first stimulated every 30 sec for 10 min to get a stable baseline potential. 

Then, after applying HFS, each slice underwent another 10 min of 0.033 Hz 

stimulation to determine whether LTP was induced.  

 

The state of phosphorylation in the LFS group remained essentially the 

same as that in the control group (0.96 ± 0.13, n = 6, p > 0.5, LFS slices vs. 

control slices) (LFS in Figure 3.4 B). However, a drastic reduction in pS857 (0.29 

± 0.05, n = 6, p < 0.0001, HFS slices vs. control slices) was observed in the slices 

taken for analysis immediately (less than 2 sec) after the application of HFS (HFS 

in Figure 3.4 B). In the LFS/HFS group, where LTP could be induced, the level of 

pS857 was also reduced (0.69 ± 0.05, n = 17, p < 0.0001, LFS/HFS slices vs. 

control slices) (LFS/HFS in Figure 3.4 B). These results show that the level of 

pS857 Dyn1xa is regulated by electrical stimulation. Interestingly, the reduction of 

pS857 did not directly correspond to the duration of stimulation as the level of 

pS857 Dyn1xa in the LFS/HFS group was significantly higher than that in the HFS 

group, which received a less stimulation than the LFS/HFS group. 

 

LFS/HFS is intended to induce LTP; however, not every slice in the 

LFS/HFS group displayed LTP (defined as at least a 15 % enhancement of 

potential over the base line 10 min after HFS). To determine whether the actual 

LTP induction affected the level of pS857 Dyn1xa, slices in the LFS/HFS group 

were separated into two sub-groups based on whether or not LTP was induced. In 

the sub-group of slices which demonstrated LTP, the pS857 level was found to be 



42 

significantly higher than in the non-LTP induced group (0.77 ± 0.06, n = 10 vs. 

0.58 ± 0.06, n = 7, p < 0.05) (Figure 3.5). This indicates that LTP induction may 

induce the change in pS857 levels.  

 

Dephosphorylation of Dyn1xa at S857 is dependent on Ca2+/calcineurin. 

 

Calcium and calcineurin (protein phosphatase 2B, a calcium-dependent 

phosphatase) have been implicated in the dephosphorylation of Dyn1 (Lai et al., 

1999; Cousin and Robinson, 2001). To determine the specific involvement of 

Ca2+/Calcineurin in S857 Dyn1xa dephosphorylation in hippocampus, slices were 

pre-incubated with either cyclosporine A (calcineurin inhibitor) or BAPTA/AM 

(membrane permeable calcium chelator) for 1 hr and then stimulated with HFS. 

The pS857 level in the cyclosporine A - treated slices was the same as in those 

nonstimulated controls (0.90 ± 0.10, n = 7, p > 0.5 vs. nonstimulated slices treated 

with cyclosporine A) (cyclosporine A in Figure 3.6). A similar result was also 

found in the BAPTA/AM - treated group (1.07 ± 0.21, n = 7, p > 0.5 vs. 

nonstimulated slices treated with BAPTA/AM) (BAPTA/AM in Figure 3.6). These 

results indicate that the HFS - stimulated Dyn1xa dephosphorylation at S857 is 

dependent on Ca2+/Calcineurin.  

 

 

 

 



43 

The activity of calcineurin doesn’t change upon HFS. 

 

If calcineurin is involved in HFS or LFS/HFS induced Dyn1xa 

dephosphorylation, its activity might be regulated by the stimulation. To determine 

the calcineurin activity directly, I measured enzymatic dephosphorylation of a 

calcineurin substrate in slice homogenates. The inorganic phosphate (Pi) 

released from the labeled calcineurin substrate by the nonstimulated slices 

homogenates remained the same as those that had received HFS (1.041 ± 0.152, 

n = 6) and expressed LTP induction (1.075 ± 0.120, n = 6) (Figure 3.7). The 

results indicate that the overall calcineurin activity is not significantly altered by 

these different stimulations. 

 

Dyn1xa dephosphorylation at S857 is mediated by AMPA/Kainate glutamate 

receptors. 

 

The synaptic activity in the Schaffer collaterals-CA1 region of hippocampus 

is mediated through glutamate receptors. To investigate whether glutamate 

receptors are involved in Dyn1xa dephosphorylation, slices incubated with KYA (a 

general glutamate receptor antagonist) were subject to LFS/HFS stimulation. 

Those slices display no potential at all. The S857 phosphorylation level of Dyn1xa 

remained unchanged compared to the control (1.10 ± 0.08, n = 6, vs. the 

nonstimulated slices treated with KYA, p > 0.25) (KYA in Figure 3.8). This 
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suggests that the dephosphorylation of Dyn1xa S857 is mediated by glutamate 

receptors. 

 

There are two main subtypes of ionotropic glutamate receptors: NMDA and 

AMPA/Kainate receptors. Postsynaptic NMDA receptors are activated during LTP 

induction, while AMPA/Kainate receptors mediate basal synaptic activity. To 

further distinguish which sub-type of glutamate receptor is responsible for pS857 

dephosphorylation in the LTP group, two selective ionotropic glutamate receptor 

blockers were tested: APV (a selective antagonist for NMDA receptors) and 

CNQX (a selective antagonist for AMPA/Kainate receptors). Slices treated with 

APV displayed basal potential but failed to induce LTP, while slices incubated with 

CNQX displayed no potential at all. In the APV treated slices, the level of pS857 

Dyn1xa was significantly reduced by the HFS/LFS (0.48 ± 0.13, n = 5, vs. the 

nonstimulated slices treated with APV, p < 0.02) (APV in Figure 3.8). However, 

the CNQX treated slices had nearly the same pS857 as the control (1.17 ± 0.17, n 

= 6, vs. the nonstimulated slices treated with CNQX, p > 0.3) (CNQX in Figure 

3.8). This result suggests that the dephosphorylation of S857 Dyn1xa during LTP 

is mediated through AMPA/Kainate glutamate receptors.  

 

The distribution of pS857 Dyn1xa changes with neuronal activity. 

 

To investigate the cellular distribution of pS857 Dyn1, hippocampal slices 

were immuno-stained with Dyn1xa pS857-specific antibody (3D3). 3D3 appeared 
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to stain most pyramidal neurons, especially in the CA1 region (Figure 3.9). A 

similar staining pattern was also observed for MAP-2 antibody in the CA1 region 

(Figure 3.10). Since MAP-2 is a dendritic marker, the result of 3D3 staining 

indicates that 3D3 recognizes the pyramidal neurons. 3D3 staining showed that 

pS857 Dyn1xa was evenly distributed in both CA1 pyramidal cell bodies and the 

entire length of apical dendrites in nonstimulated hippocampus (control in Figure 

3.11 A). Some sections also showed basal dendrite staining (data not shown). 

  

Upon HFS, the number of pS857 positive neurons was drastically reduced 

compared to the control slices. However, the pattern of pS857 staining in a few 

stained neurons was similar to the control slices (HFS in Figure 3.11 A).  This 

observation is consistent with the significantly reduced pS857 levels observed in 

slices stimulated with HFS (HFS in Figure 3.4 B). This indicates that most 

neurons in the CA1 area are globally dephosphorylated upon HFS.  

 

Interestingly, LTP induction produced a drastically different pS857 Dyn1xa 

distribution. The staining in the distal parts of apical dendrites disappeared.  As 

the result, pS857 Dyn1xa was restricted to cell bodies and to the proximal regions 

of apical dendrites (LTP-induced in Figure 3.11 A). To quantify the results, the 

number of pS857 Dyn1xa positive neurons in three different regions, somas of the 

pyramidale cell layer (SP), dendrites in the proximal and distal parts of apical 

dendrites (pSR and dSR) were counted (Figure 3.11 B). The numbers in the 

three areas decreased upon HFS, while the LTP-induced slices displayed a 
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distance-dependent reduction in staining number. The largest reduction in 

number occurred in dSR. 

 

The change in the pS857 Dyn1xa staining pattern in LTP-induced slices 

could be due either to regional dephosphorylation of pS857 Dyn1xa in the distal 

area of apical dendrites or to a redistribution of Dyn1 from the distal apical 

dendrites toward the soma. Further immunohistochemical staining with an 

anti-Dyn1 antibody Hudy-1, which is not sensitive to S857 phosphorylation, 

showed the same staining pattern among control, HFS, and LTP-induced slices 

(Figure 3.12). This indicates that the change in pS857 Dyn1xa in the 

LTP-induced slices is caused by a regional dephosphorylation in the distal part of 

apical dendrites rather than the redistribution of Dyn1. The result also suggests 

that Dyn1xa is re-phosphorylated at S857 in the cell bodies and the proximal 

apical dendrites during the transition from HFS to LTP.  

 

The Mnb/Dyrk1A is the primary enzyme phosphorylating Dyn1xa at S857. 

 

Previous work done by Dr. Tatyana Adayev in Dr. Yu-Wen Hwang’s lab 

has shown that Mnb/Dyrk1A is the primary enzyme phosphorylating Dyn1xa at 

S857 in hippocampal cell lines. I will describe their work on dominant negative 

(DN) Mnb/Dyrk1A briefly below. Briefly, two types of DN Mnb/Dyrk1A mutants that 

can inhibit endogenous Mnb/Dyrk1A were constructed and used. The DN 

property of a kinase-deficient Mnb/Dyrk1A mutant, K188R, has been described 
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(Yang et al., 2001). The second potential DN mutant, D306N, was constructed 

based on the analogy of Mnb/Dyrk1A to other kinases (van den Heuvel and 

Harlow, 1993). These two mutants inhibit the activity of wild-type Mnb/Dyrk1A 

specifically when co-expressed (Figure 3.13).  

 

Subsequently, the consequences of expressing the DN mutants on pS857 

in endogenous Dyn1xa was examined in HN2-5 cells, a hippocampal cell line 

(Banerjee et al., 1993). Transfection of WT Mnb/Dyrk1A produced a large 

elevation in Mnb/Dyrk1A levels (Figure 3.14 A) but only a moderate increase in 

the level of pS857 (Figure 3.14 B). This is understandable, because endogenous 

Dyn1xa is already highly phosphorylated at S857 (approximately 70 % in HN2-5 

cells according to the pS857 Dyn1xa standards). The introduction of either the 

K188R or the D306N mutant also led to an increase in the level of Mnb/Dyrk1A 

(Figure 3.14 A), but both mutants caused a significant reduction in pS857 (Figure 

3.14 B). This result demonstrates that Mnb/Dyrk1A is the major enzyme 

responsible for phosphorylating Dyn1xa S857 in HN2-5 cells. It should be pointed 

out that neither the K188R nor the D306N mutant affects neuronal differentiation 

of HN2-5 cells under present assay conditions. (The results described in Figures 

3.13 and 3,14 are unpublished data kindly provided by Dr. Tatyana Adayev). 

 

Mouse hippocampal extracts prepared without phosphatase inhibitors 

could regain some level of S857 phosphorylation after incubating with ATP and 

phosphatase inhibitors (Figure 3.15). The level of pS857 Dyn1xa reached 37.2 ± 
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3.1% (n = 3) after 60 min phosphorylation. To demonstrate the involvement of 

Mnb/Dyrk1A in the phosphorylation of Dyn1xa at S857 in mouse hippocampal 

extracts, an extract was immunodepleted of Mnb/Dyrk1A by incubating with 

immobilized anti-Mnb/Dyrk1A antibody. Then its ability to phosphorylate Dyn1xa 

was evaluated. As controls, hippocampal extracts were also mixed with protein 

A/G, immobilized antibodies against Dyrk2 and Dyrk3 (all are goat polyclonal 

antibodies from the same supplier). The hippocampal extract adsorbed with 

anti-Mnb/Dyrk1A antibody produced lower levels of pS857 than the extracts 

absorbed with immobilized protein A/G, anti-Dyrk2 or anti-Dyrk3 (Figure 3.16). 

Together with the result of DN mutant in the HN2-5 cell line, these finding indicate 

that Mnb/Dyrk1A is the primary, if not the only kinase, phosphorylating Dyn1xa at 

S857 in vivo. 

 

Mnb/Dyrk1A is activated by neuronal activities. 

 

Since Mnb/Dyrk1A is the primary kinase phosphorylating Dyn1xa at S857, 

I examined whether the elevation in pS857 in LTP-induced slices was due to an 

increase in Mnb/Dyrk1A activity. To examine the kinase activity, Mnb/Dyrk1A was 

immunoprecipitated from slices and used to phosphorylate a substrate peptide in 

a direct kinase assay (Huang et al., 2004). The LTP-induced slices showed an 

increase in Mnb/Dyrk1A activity (150.7 ± 18.0 %, n = 5, p < 0.05 vs. the control 

slices) (LTP-induced in Figure 3.17). However, slices stimulated with HFS also 

exhibited an increase in Mnb/Dyrk1A activity (185.5 ± 19.2 %, n = 4, p < 0.03 vs. 
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the control slices) (HFS in Figure 3.17), despite the fact that the HFS group has 

the lowest pS857 level among all treated slices (HFS in Figure 3.4 B).  The 

result indicated that Mnb/Dyrk1A activity was elevated at the beginning of HFS 

and was apparently not specifically related to LTP-induction. Furthermore, the 

increase in activity was not due to an increase in the total amount of Mnb/Dyrk1A 

protein (Figure 3.18). This result suggests that the elevation of Mnb/Dyrk1A 

activity is due to enzymatic activation rather than protein expression. 
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Figure 3.1 Measurement of pS857 Dyn1xa levels. A. Time-course 

phosphorylation of purified Dyn1 at S857 by Mnb/Dyrk1A. Dyn1 was 
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phosphorylated by Mnb/Dyrk1A as described in Materials and Methods. The 

reaction was initiated by adding Dyn1 and allowed to proceed at 30 oC. At the 

indicated times, an aliquot (50 ng Dyn1 per lane) of the reaction mixture was 

withdrawn and analyzed for S857 phosphorylation (3D3). B. Analysis of the 

pS857 level. Extracts prepared from the nonstimulated control slices (slices) were 

processed together with four standards with known pS857 level (20-80%). The 

pS857 level of the unknown was calculated by first deriving the value from the 

standard curve (3D3) and then corrected for the total level of Dyn1xa (R53). C. 

Phosphorylation standard curve. Curve was plotted from the values of pS857 

standards. The pS857 levels in the sample (slice in B) to be analyzed was 

calculated based on this curve. 
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Figure 3.2 pS857 Dyn1xa levels in hippocampus. Extracts (slice) from 

nonstimulated control slices were prepared in the presence of phosphatase 

inhibitors as described. Extracts from Synaptosomes incubated in Ringer’s 

solution either without oxygenation (S1) or with oxygenation for different times (S2: 

15 min and S3: 60 min) were prepared as described in Materials and Methods. 

pS857 Dyn1xa levels were determined as described in Figure 3.1. Data 

represented the average (±SEM) from the total numbers (n) of slices or 

independent trials. Slice (n=5); S1 (n=3); S2: (n=3); S3: (n=3).  
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Figure 3.3 Different types of stimulation. The drawings (not to the scale) depict 

the frequency and duration for each of the stimulations. LFS, 2 ms stimulation was 

delivered at 30 sec interval for 20 min. HFS, three trains of 100 Hz stimulation for 

1s with 10 sec interval. LFS/HFS, two sets of 10 min LFS were sandwiched by 

one set of HFS. 

 

 

 

 

 

 

 

 

 

 



54 

 

 

 

Figure 3.4 Dephosphorylation of pS857 in hippocampal slices upon 

stimulation. A Typical blots from each assay in B are shown. B The relative 

levels of pS857 Dyn1xa in stimulated slices. Hippocampal extracts from each 

stimulation group and nonstimulated (control) slices were prepared in the 

presence of phosphatase inhibitors as described. S857 phosphorylation in each 
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stimulated slice was determined as a pair with a nonstimulated (control) slice. The 

relative level of pS857 was then determined by setting the level of pS857 in the 

control as one. Data represent the average (±SEM) of the total number (n) of 

slices. LFS (n=6), HFS (n=6) and LFS/HFS (n=17). Star, p<0.05. 

 

 

 

 

 

 

 



56 

 

 

Figure 3.5 Dephosphorylation of pS857 in hippocampal slices upon LTP 

induction. The LFS/HFS group as shown in Figure 3.4 was sub-divided based on 

the presence of LTP induction. Data represent the average (±SEM) of the total 

number (n) of slices. LTP-induced group (n=10) and non-LTP induced group 

(n=7). Star, p<0.05. 
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Figure 3.6 Dephosphorylation of pS857 requires Ca2+/Calcineurin. Slices 

were incubated with the indicated chemical (2 µM cyclosporine or 10 µM 

BAPTA/AM) in oxygenated Ringer’s solution at 33 oC for 60 min and then 

stimulated with HFS as described in Figure 3.3. S857 phosphorylation in each 

group was determined as a pair with a chemical-treated nonstimulated (control) 

slice. The control was set to one. Data represent the average (±SEM) of the total 

number (n) of slices. Cyclosporine (n=7) and BAPTA/AM (n=7). HFS was the 

same data as in Figure 3.4 re-plotted for comparison. Star, p<0.05. 
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Figure 3.7 Calcineurin activity in slices exposed to different stimulations. 

Pi-labeled PKA-RII peptide, a calcineurin substrate, was dephosphorylated by 

hippocampal slice extracts prepared from nonstimulated group (control), HFS 

group (HFS) and LTP-induced group (LTP-induced). The amount of Pi released in 

each group was determined by the malachite green assay. Data represent the 

average (±SEM) of the total number (n) of slices. Control (n=6), HFS (n=6), and 

LTP-induced (n=6).  
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Figure 3.8 Dephosphorylation of pS857 Dyn1xa is mediated by ionotropic 

glutamate receptors. Slices were treated with the indicated chemicals (2.5 mM 

for KYA, 50 µM for APV, or 50 µM for CNQX) in oxygenated Ringer’s solution at 

33 oC for 60 min and then stimulated with LFS/HFS as described in Figure 3.3. 

S857 phosphorylation in each group was determined as a pair with a control slice; 

the control was set to one. Data represent the average (±SEM) of the total 



60 

number (n) of slices. KYA (n=6), APV (n=5), and CNQX (n=6). LTP-induced and 

non-LTP induced groups were the same data as in Figure 3.5 re-plotted for 

comparison. Star, p<0.05. 
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Figure 3.9 Distribution of pS857 Dyn1xa in hippocampus (200 X). A control 

slice was probed with pS857 Dyn1xa antibody (3D3). A composite of six images 

taken from different regions of a slice is shown. 3D3 stained both the pyramidal 

cell bodies and their dendrites. DG, Dentate Gyrus; CA1 and CA3 regions are 

marked. 
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Figure 3.10 Distribution of MAP-2 in the CA1 region of the hippocampus. A 

control slice was probed with anti-MAP-2 antibody. MAP-2 stained both the 

pyramidal cell bodies and their dendrites in the CA1 region. Left, 200 X; right, 400 

X. SR, stratum radiatum; SP, stratum pyramidale; SO, stratum oriens. 
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Figure 3.11 Distribution of pS857 Dyn1xa in the CA1 region. A Pattern of 

pS857 Dyn1xa distribution. Slices were stimulated as indicated and then probed 

with 3D3 to reveal the distribution of pS857 Dyn1xa. Pictures shown are the CA1 

region of those slices. Control, nonstimulated slices; HFS, slices with HFS; 

LTP-induced; slices with LTP induction. SO: stratum oriens; SP: stratum 
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pyramidale; pSR: proximal portion of stratum radiatum; dSR: distal portion of 

stratum radiatum; B Quantitative analysis. The number of pS857 positively 

staining neurons in the SP area and pS857 positively staining dendrites in 

proximal and distal portions of apical dendrites (pSR and dSR) was counted in a 

90000 µM2 area of the CA1 region from control, HFS, and LTP-induced groups. 

Data represent the average (±SEM) of three slices from each group. 
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Figure 3.12 Distribution of total Dyn1 in the CA1 region. Slices were 

stimulated as indicated and then probed with Hudy-1 to reveal the distribution of 

Dyn1. Pictures shown are the CA1 region of those slices. Control, nonstimulated 

slices; HFS, slices with HFS; LTP-induced; slices with LTP induction. SR, stratum 

radiatum; SP, stratum pyramidale; SO, stratum oriens. 
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Figure 3.13 Specificity of the Mnb/Dyrk1A DN mutants. Two different 

Mnb/Dyrk1A DN mutants (K188R and D306N) were constructed. HN2-5 cells 

were transfected with the plasmids as indicated. The relative Mnb/Dyrk1A activity 

(normalized to vector transfection, pC) was determined in the transfected cells as 

described. Data represent the average (±SEM) of three independent trials. DN, 

dominant negative; pC, pCDNA3, the cloning vector; R, Mnb/Dyrk1A-K188R; N, 

Mnb/Dyrk1A-D306N; WT, Wild-type Mnb/Dyrk1A. 
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Figure 3.14 Inhibition of endogenous S857 Dyn1xa by Mnb/Dyrk1A DN 

mutants in HN2-5 cells. A Mnb/Dyrk1A expression. HN2-5 cells were 
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transfected with the plasmids as indicated and then analyzed for the level of 

Mnb/Dyrk1A in Western blotting against antibody 7F3. B Analysis of Dyn1. 

Endogenous Dyn1 was immunoprecipitated from extracts of transfected cells and 

the levels of pS857 Dyn1xa (3D3) and total Dyn1 (Hudy-1) were determined as 

described. C Relative pS857 Dyn1xa level. Data represent the average (±SEM) of 

three independent trials. DN, dominant negative; pC, pCDNA3; R, 

Mnb/Dyrk1A-K188R; N, Mnb/Dyrk1A-D306N; WT, Wild-type Mnb/Dyrk1A. 
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Figure 3.15 Time-course in vitro phosphorylation in hippocampus. A. S857 

Dyn1xa phosphorylation. Hippocampal extracts prepared without phosphatase 

inhibitors were incubated either without ATP (-ATP) or with ATP and phosphatase 

inhibitors (+ATP and PI). The phosphorylation level at different times (0, 20, 40, 

60, 90 min) was determined using pS857 Dyn1xa antibody 3D3. The same 

samples were also immuno-blotted with Dyn1xa antibody R53 as loading controls. 

B. Time course phosphorylation curve. The relative level of pS857 Dyn1xa 

(normalized to time 20) was shown. 
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Figure 3.16 Immunodepletion of Mnb/Dyrk1A in hippocampus reduces the 

level of S857 phosphorylation. Hippocampal extracts prepared without 

phosphatase inhibitors were first absorbed with antibody coated protein A/G 

(Mnb/Dyrk1A, Dyrk2 or Dyrk3). Extracts absorbed with immobilized protein A/G 

(A/G) were used as an absorption control. Each immunodepleted sample was 

split in half. One half was incubated with ATP and phosphatase inhibitors (+ATP) 

to initiate in vitro phosphorylation and the other half was incubated without ATP 

and phosphatase inhibitors (-ATP) as the negative control. The level of pS857 

Dyn1xa and total Dyn1xa was determined with antibodies 3D3 and R53, 

respectively. 
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Figure 3.17 Mnb/Dyrk1A activity in slices exposed to different stimulations. 

Slices were stimulated as described. Mnb/Dyrk1A was then immunoprecipitated 

from slice extracts and used to phosphorylate dynatide 3. The relative activity of 

Mnb/Dyrk1A (normalized to the control slices) was determined in HFS and 

LTP-induced group. Data represent the average (±SEM) of total number (n) of 

slices. HFS (n=4) and LTP-induced (n=5). 
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Figure 3.18 Expression level of Mnb/Dyrk1A in slices exposed to different 

stimulation. A. Mnb/Dyrk1A expression in stimulated slices. Extracts from 

Control, HFS and LTP-induced slices were probed with Mnb/Dyrk1A antibody 7F3. 

The same extracts were also probed with actin antibody as a loading control. C, 

control slice; H, HFS slice; L, LTP-induced slice. B. The relative levels of 

Mnb/Dyrk1A. The relative Mnb/Dyrk1A level (normalized to the control slices) was 

determined in the HFS and LTP-induced group. Data represent the average 

(±SEM) of three slices from each group. 
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CHAPTER 4 

 

Discussion 

 

Dyn1 cycles between phosphorylation and dephosphorylation states in 

response to membrane potential (Robinson et al., 1987; Huang et al., 2004). 

Together with its function in endocytosis (Praefcke and McMahon, 2004), a role of 

Dyn1 phosphorylation in synaptic activity is suggested. This study focused on the 

S857 found only in Dyn1xa isoforms (Chen-Hwang et al., 2002), one of several 

Dyn1 phosphorylation sites identified in vitro and in vivo. It was shown previously 

that the level of S857 phosphorylation changed with membrane potential in a 

neuronal cell line (Huang et al., 2004). Here, I determined the regulation of 

Dyn1xa S857 phosphorylation in hippocampal neurons.  

 

Dyn1xa S857 is highly phosphorylated in the hippocampal slices (Figure 

3.1-2). The pS857 level is dependent not only on electrical stimulation (Figure 3.4) 

but also on neuronal activity (Figure 3.5). S857 dephosphorylation upon 

stimulation requires calcium/calcineurin (Figure 3.6) and is mediated through 

AMPA/Kainate glutamate receptors (Figure 3.8). The immunohistochemical study 

confirms the HFS-promoted dephosphorylation and reveals a redistribution of 

pS857 in response to LTP induction (Figure 3.11-12). S857 of Dyn1xa is primarily 

phosphorylated by Mnb/Dyrk1A (Figure 3.13-16). The activity of Mnb/Dyrk1A is 

also regulated by neuronal activity (Figure 3.17-18). 
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Choice of Synapses: 

 

Synapses in CA3-CA1 regions of mouse hippocampus were chosen for the 

study. This pathway is a well characterized and widely used model system for 

investigating the mechanisms of learning and memory at molecular level. The 

hippocampal slice has a stereotyped circuit diagram in which these connected 

areas are easy to spot under microscope (Figure 2.2 B). Although the 

depolarization areas on the slices are tiny, the stimulation can actually evoke 

action potentials all the way along the pyramidal cell line. This wide ranging effect 

makes the biochemical detection of the whole slices possible. In addition, a much 

higher pS857 level is found in hippocampal slices compared to other systems 

such as synaptosomes (Figure 3.2), making the slices a better system for 

investigating the phosphorylation / dephosphorylation of Dyn1. Although slice 

transfer from the electrical stimulation chamber to dry ice or fixation buffer for the 

further biochemical processing may take some time, this delay (within 5 second) 

is much shorter than the time of Dyn1 rephosphorylation (more than 1 minute) 

(Robinson et al., 1987). The relative slow rephosphorylation allows the accurate 

detection of Dyn1 dephosphorylation upon stimulation.  

 

Specificity of antibodies: 

 

In this study, pS857 Dyn1xa was recognized by mouse monoclonal 

antibody 3D3. 3D3 was produced (Huang et al., 2004) (Figure 2.1) by using 
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Mnb/Dyrk1A-phosphorylated Dynatide 3, a peptide containing S857 of Dyn1xa, as 

the antigen. 3D3 is highly selective for the Mnb/Dyrk1A-phosphorylated dynatide 

3 and Dyn1xa. It has no reactivity against un-phosphorylated dynatide 3 and 

Dyn1xa. Immunocytochemical staining of a hippocampal cell line showed the 

staining of 3D3 co-localizes with that of Hudy-1, a well-characterized anti-Dyn1 

antibody (unpublished observation by Dr. Tatyana Adayev). 

 

The Dyn1xa isoform of Dyn1 was also recognized by rabbit antibody R53. 

R53 was raised using an non-phosphorylated Dyn1xa-specific peptide 

(PSRSGQASPSR) (Figure 2.1) as the antigen. Antibody R53 is specific for 

Dyn1xa and its reactivity with Dyn1xa is not affected by S857 phosphorylation 

(unpublished observation by Dr. Yu-Wen Hwang).  

 

S857 phosphorylation in resting stage: 

 

S857 of Dyn1xa is highly phosphorylated in resting hippocampal slices with 

approximately 70 % of total (endogenous) Dyn1xa containing pS857. The 

determination of this value was achieved by a combination of two immunoblots 

with pre-determined phosphorylation standards. So far, this is the first time that 

the near-absolute level of dynamin phosphorylation (at any given site) in vivo has 

been assessed. Immunohistochemical staining also reveals that pS857 Dyn1xa is 

present in most neurons of hippocampal slices. The involvement of a large 
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majority of endogenous Dyn1xa suggests that S857 phosphorylation is a 

physiological event.  

 

S857 phosphorylation during neuronal activity: 

 

The physiological significance of S857 phosphorylation is further 

strengthened by the finding that pS857 is dynamically regulated by neuronal 

activity. LFS, which excites the pre-synaptic neurons and subsequently 

depolarizes the post-synaptic neurons in the CA3-CA1 pathway, doesn’t change 

the level of S857 Dyn1xa phosphorylation. While this finding seems to contradict 

the result that Dyn1 is dephosphorylated upon depolarization, is should be 

remembered that each stimulation in LFS lasts for only 2 millisecond. Thus, LFS 

is probably not intense enough to induce a detectable dephosphorylation in the 

whole slice. Also since the dephosphorylation is transient and lasts less than 2 

seconds (Robinson et al., 1987), a slow but full rephosphorylation during the 

30-sec interval between stimulations in LFS probably keeps the phosphorylation 

seemingly unchanged.  

 

  HFS causes short-term, intense membrane depolarization. This type of 

stimulation, which is used to induce LTP, immediately causes a 70 % reduction in 

pS857 levels in tissue lysates and a drastic decrease in total number of pS857 

Dyn1 positive neurons. Ca2+/calcineurin are required for Dyn1 dephosphorylation. 

The involvement of Ca2+/calcineurin is consistent with previous findings. One, a 
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rapid elevation of Ca2+ from the proximal to the distal parts of apical dendrites was 

observed upon HFS (Regehr and Tank, 1992); and second, calcineurin is 

expressed in CA1 region, especially in the apical dendrites of pyramidal neurons 

(Morioka et al., 1997). Therefore, this overall dephosphorylation probably occurs 

via a Ca2+ influx throughout the pyramidal neurons and a subsequent activation of 

calcineurin over a wide area. 

  

The pS857 level in LFS/HFS exposed slices was significantly greater than 

that in HFS slices. This was particularly evident for slices expressing LTP and 

indicates that it is not the electrical stimulation itself, but the neuronal activity 

induced by LFS/HFS which correlates with the state of S857 phosphorylation. In 

addition, since all LTP-induced slices were previously exposed to HFS (Figure 

3.3), it is reasonable to assume that the pS857 Dyn1xa in LTP-induced slices 

represents a progression from that of slices stimulated only by HFS. 

 

Similar to the results of immunoblotting, the results from the 

immunohistochemistry studies further confirm that there are higher levels of 

pS857 in the LTP-induced slices than that in the HFS-stimulated slices. The 

distribution pattern of pS857 Dyn1xa in the LTP-induced slices sharply contrasts 

to that of resting and HFS slices. Since there is no evidence to support that Dyn1 

redistributes, the patterns of pS857 Dyn1xa in the LTP-induced slices must result 

from Dyn1xa rephosphorylation with the exception of those proteins located in the 
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distal apical dendrites, the region forming synapses with the impinging axons of 

the CA3 neurons.  

 

Mnb/Dyrk1A and S857 phosphorylation: 

 

Although it has not been directly demonstrated, the results obtained from 

comparable systems, hippocampal cell lines and phosphorylated (hippocampal) 

extracts, indicate that Mnb/Dyrk1A is likely the primary enzyme phosphorylating 

Dyn1xa S857 in the hippocampus (Figure 3.13-16).  

 

Mnb/Dyrk1A is activated upon HFS and remains activated during LTP, 

even though Dyn1xa shows an overall reduction in pS857 in both HFS and 

LTP-induced slices. In HFS-stimulated slices, the reduction of pS857 despite 

Mnb/Dyrk1A activation is most likely due to a much quicker activation of 

calcineurin as a result of a transient and large amount of Ca2+ influx. Although the 

increased Mnb/Dyrk1A activity is maintained during a subsequent progression 

from HFS to LTP, the level of increase (~ 50%) is small and is probably not 

sufficient to solely account for the large scale rephosphorylation if cytoplasmic 

Ca2+ is not dissipated. Thus, it is most likely that the apparent distribution pattern 

of pS857 Dyn1xa during LTP reflects the elevation of Mnb/Dyrk1A activity as well 

as the re-distribution of cytoplasmic Ca2+.  
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Ca2+/Calcineurin and S857 dephosphorylation: 

 

S857 dephosphorylation depends on both Ca2+ and calcineurin (Figure 

3.6). It is interesting that the Ca2+ accumulation upon HFS is not evenly distributed 

in the apical dendrites (Regehr and Tank, 1992) The areas showing greater Ca2+ 

elevation spatially match the areas where pS857 Dyn1xa is dephosphorylated 

during LTP. Since the rise and fall of cytoplasmic Ca2+ in response to stimulation 

is extremely rapid and may only takes a few seconds (Alford et al., 1993), it is 

likely that a relative slow rephosphorylation of Dyn1 in LTP-induced slices reflects 

the previous cytoplasmic distribution of Ca2+ in apical dendrites.  

 

The transient activation of calcineurin that occurs during the Ca2+ influx 

upon HFS has been documented (Lu et al., 2000). However, I was unable to 

detect a change in calcineurin activity in slices exposed to different stimulations. 

This failure is probably due to limitations of the technique. Since the activation of 

calcineurin is transient and highly dependent on Ca2+, the best way to monitor 

calcineurin activity is in live neurons. The method used in this study actually 

measured the total amount of calcineurin from each slice. The results only 

suggest that no additional calcineurin is delivered or synthesized upon HFS and 

LTP induction. 
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Receptors and S857 dephosphorylation: 

 

Since LTP induction in the Schaffer Collateral-CA1 pathway is triggered by 

post-synaptic Ca2+ elevation, Dyn1xa dephosphorylation at S857 could be one of 

the downstream processes of calcium signaling for the induction and 

maintenance of LTP. NMDAR mediated Ca2+ influx into post-synaptic neurons is 

believed to be the main source of synaptically evoked Ca2+ transients. However, 

the finding that dephosphorylation of Dyn1xa S857 during LTP is not affected by 

an NMDAR antagonist but is mediated by AMPA/Kainate receptors indicates the 

involvement of mechanism(s) other than the NMDAR participation. There are 

several possible mechanisms (Figure 4). 

 

1. AMPAR hypothesis: Ca2+ influx through AMPARs activates calcineurin 

and dephosphorylates S857.  

 

Increasing evidence shows that LTP is expressed as an increase AMPAR 

response to HFS, which is part of postsynaptic modifications. AMPARs, which are 

permeable to Na+ and K+, mediate fast synaptic transmission at excitatory 

synapses in the CNS, including hippocampal circuits. An increase in the number 

of synapses labeled with AMPAR, but not with NMDAR, is found in the adult rat 

hippocampus after HFS-induced LTP (Moga et al., 2006). The activity-dependent 

changes in AMPAR function after LTP induction may also include changes of 
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each channel conductance (Benke et al., 1998) or changes of the receptor 

number (Andrasfalvy and Magee, 2004).  

 

AMPARs are tetrameric assemblies of subunits GluR1–4, which are 

encoded by separate genes and differentially expressed throughout the CNS 

(Dingledine et al., 1999). It has been shown that AMPARs containing GluR2 are 

impermeable to Ca2+, while AMPARs lacking GluR2 are permeable to Ca2+ 

(Jonas et al., 1994). Since the principal neurons in the hippocampus express 

GluR2-containing Ca2+ impermeable AMPARs (Geiger et al., 1995), the 

S857dephosphorylation in LTP-induced slices seems unlikely to be mediated by a 

Ca2+ influx through AMPARs. However, the subunit composition and Ca2+ 

permeability of AMPARs are not static but dynamically remodeled in response to 

neuronal activity. LTP in CA1 pyramidal neurons has been shown to cause an 

immediate switch from GluR2-containing Ca2+ impermeable AMPARs to 

GluR2-lacking Ca2+ permeable AMPARs upon HFS and the existence of Ca2+ 

permeable AMPARs can last for about 25 minutes (Plant et al., 2006).  

 

In addition, AMPAR distribution along the apical dendrites corresponds to 

the distribution of pS857 Dyn1xa after LTP-induction. It has been shown that 

AMPARs expression in CA1 pyramidal neurons is higher in the distal part than in 

the proximal part of apical dendrites, while synaptic NMDARs expression does not 

change with distance from soma (Nicholson et al., 2006). In addition, HFS can 

induce the movement of AMPAR to the surface of dendritic shafts and dendritic 
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spines (Shi et al., 1999). Together, Ca2+ influx through AMPARs, specifically the 

Ca2+ permeable AMPARs, which are physiologically expressed during LTP, could 

be the one of the pathways leading to S857 dephosphorylation in LTP. Also the 

dynamic distribution of AMPAR during LTP is consistent with the distribution 

pattern of pS857 in LTP-induced slices. 

 

2. VGCC (Voltage-Gated Calcium Channel) hypothesis: Ca2+ influx 

through VGCC activates calcineurin and dephosphorylates S857.  

 

VGCCs mediate calcium influx in response to membrane depolarization 

and regulate various intracellular processes including neurotransmission and 

synaptic plasticity. There are several different types of VGCC in neurons, muscle 

and endocrine cells, which are classified based on their response to specific 

antagonists (Dolphin, 2006). In the hippocampus, VGCC and NMDAR coexist and 

account for different types of LTP (Grover and Teyler, 1990; Huang and Malenka, 

1993). For instance, LTP induced by a tetanic stimulation, 200 Hz trains for 0.5 s 

with 5 s interval (Little et al., 1995) (which is quite different from the HFS using in 

this study), requires an increase of intracellular post-synaptic calcium 

concentration (Grover and Teyler, 1990). This L-type VGCC dependent LTP turns 

out be NMDA independent (Huber et al., 1995).  

 

Therefore, it is possible that VGCC could be activated by depolarization 

mediated through AMPA/Kainate receptors with blocked NMDAR, even though 
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Ca2+ influx through VGCC is unable to induce LTP. In contrast, no Ca2+ channel 

would open in the presence of AMPA/Kainate receptors antagonist. This would 

explain the unchanged pS857 level following the blocking of AMPA/Kainate 

receptors.  

 

3. CRIS (Calcium release from Intracellular Storage) hypothesis: Ca2+ 

released from intracellular storage activates calcineurin and dephosphorylates 

S857. 

 

The endoplasmatic reticulum (ER) which forms a continuous network in 

dendritic shafts as well as dendritic spines, is one of the sites for neuronal calcium 

storage. The release of calcium from the ER can be triggered by the activation of 

two classes of receptors: the ryanodine receptor (RyR) and the inositol 

1,4,5-trisphosphate (IP3)-gated receptor (IP3R) (Rose and Konnerth, 2001). At 

excitatory synapses, the RyR is activated by calcium influx through ionotropic 

glutamate receptors or VGCCs (Calcium Induced Calcium Release, CICR) and 

releases calcium. IP3Rs are activated by IP3 produced with the binding of 

glutamate to metabotropic receptors (mGluRs).  

 

In NMDAR antagonist treated slices, calcium influx through channel(s) 

other than NMDAR or activation of mGluR could induce calcium release from 

calcium stored in the ER and keep calcineurin activated during stimulation. This 

would explain the S857 dephosphorylation upon blocking of NMDAR. The calcium 
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concentration contributed by CRIS will still be below the threshold to induce LTP. 

It is consistent with the finding that calcium release from storage does not 

contribute significantly to synaptic calcium transients in dendrite spines of acute 

hippocampal slices (Mainen et al., 1999). In AMPA/Kainate receptors antagonist 

treated slices, however, no calcium influx or release from intracellular storage is 

induced without basal synaptic transmission. Thus the S857 phosphorylation 

remains unchanged. Further, calcium release in CA1 pyramidal neuron spines 

and dendrites probably occurs through different mechanisms because of the 

differential distributions of RyRs and IP3Rs. The ER in dendritic shafts is equipped 

with both receptor types, whereas dendritic spines are devoid of IP3Rs but 

possess RyRs (Svoboda and Mainen, 1999). This might account for the 

distribution pattern of pS857 in LTP-induced slices. 

 

4. KAR (Kainate receptors) hypothesis: regulation of post-synaptic Ca2+ 

concentration by KARs is responsible for the S857 dephosphorylation. 

 

Similar to AMPARs, KARs can also be found throughout the CNS 

(Huettner, 2003), including hippocampal circuits. There are five types of KAR 

subunits, GluR5-7 and KA1-2 (Hollmann and Heinemann, 1994), which can be 

arranged in different combinations to form tetramers. All those subunits share a 

weak sequence homology with subunits of AMPAR and NMDAR. In hippocampal 

slices, both pre-synaptic and post-synaptic actions of KARs were shown in the 

CA1, CA3 or interneurons (Chittajallu et al., 1996; Castillo et al., 1997; Clarke et 
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al., 1997; Frerking et al., 1998). So far, only pre-synaptic actions of KARs were 

found in the Schaffer collaterals-CA1 pathway (Chittajallu et al., 1996). The 

neurotransmitter release modulated by pre-synaptic KARs could affect the Ca2+ 

influx in the post-synaptic neurons and indirectly mediate the dephosphorylation 

of Dyn1xa at S857.  

 

S857 phosphorylation and learning and memory: 

 

In summary, this study confirms the existence of S857 phosphorylation in 

synapses and its regulation by synaptic plasticity. Studies in vitro have shown that 

S857 phosphorylation regulates the interactions of Dyn1xa with several endocytic 

accessory proteins (Chen-Hwang et al., 2002; Huang et al., 2004). The regulation 

of the pS857 levels could control the recruitment of Dyn1 into endocytic 

complexes (McClure and Robinson, 1996). Therefore, further determination of 

these complexes and their components in synapses will shed light on the 

mechanism of Dyn1 function in learning and memory.  

 

The phosphorylation of Dyn1xa at S857 in synapses is a dynamic process 

resulting from the balancing of Mnb/Dyrk1A-mediated phosphorylation and 

calcineurin-mediated dephosphorylation. Mnb/Dyrk1A is known to be one of the 

candidates for the neurobiological impairments in Down syndrome (Chen and 

Antonarakis, 1997). Calcineurin may be also involved in DS indirectly via 

interaction with the Down syndrome critical region 1 (DSCR1), a calcineurin 
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inhibitor (Harris et al., 2005). Interestingly, the increase in Mnb/Dyrk1A and 

DSCR1 expression produces development impairments in mice similar to DS 

(Arron et al., 2006; Gwack et al., 2006). In those studies, Mnb/Dyrk1A was shown 

to work together with calcineurin in regulating the nuclear factor of activated 

T-cells (NFAT) pathway (Arron et al., 2006; Gwack et al., 2006), which is required 

for vertebrate development and organogenesis (Graef et al., 2001). Therefore, 

similar to the NFAT pathway in development, the S857 phosphorylation of Dyn1xa 

could also be regulated together by Mnb/Dyrk1A and calcineurin, which 

subsequently controls synaptic plasticity. Further studies in transgenic mice 

mimicking the genetic background of DS will help to determine the function of 

Dyn1xa S857 phosphorylation in learning and memory. 
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Figure 4 Model of calcium flux during LTP. Intracellular calcium increase 

(shown in red arrows), activating calcineurin and de-phosphorylating S857 

Dyn1xa, might come from different sources. 1. AMPAR hypothesis: calcium influx 

through Ca2+ permeable AMPAR; 2. VGCC hypothesis: calcium influx from VGCC 

activated by depolarization through AMPAR; 3. CRIS hypothesis: calcium release 

from intracellular storage; 4. KAR hypothesis: calcium influx regulated by 
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pre-synaptic glutamate release. KAR, kainate recepto; NMDAR, 

N-methyl-D-aspartate receptor; AMPAR, 

alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; VGCC, 

Voltage-Gated Calcium Channel; RyR, ryanodine receptor; ER, Endoplasmatic 

reticulum; mGluR, metabotropic glutamate receptor; IP3R, inositol 

1,4,5-trisphosphate (IP3)-gated receptor. 
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CHAPTER 5 

 

Supplemental study 

 

To correlate Mnb/Dyrk1A function with the learning and memory deficits in 

DS, I also evaluated the neuronal plasticity of a DS mouse model in the presence 

of a potential inhibitor to Mnb/Dyrk1A. 

 

 

Introduction 

 

Ts65Dn mouse 

 

DS is caused by the presence of all or part of an extra chromosome 21 

(Lejeune et al., 1959; Petersen et al., 1990). Since 80 % of HSA21 and mouse 

chromosome 16 (MMU 16) were syntenic (Hattori et al., 2000), several mouse 

models mimicking DS with various length of partial trisomic MMU 16 have been 

created (Figure 5.1) (Antonarakis et al., 2004). One widely studied model is the 

Ts65Dn mouse (Reeves et al., 1995). The extra MMU16 region encompasses 

about 130 genes (Baxter et al., 2000; Akeson et al., 2001) and includes the 

Mnb/Dyrk1A gene (Galdzicki and Siarey, 2003).  
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The Ts65Dn mouse survives into adulthood and displays multiple 

phenotypic abnormalities that are similar to DS. Specific skeletal malformations 

corresponding directly to the craniofacial dysmorphogenesis in DS (Richtsmeier 

et al., 2000) are presen. Other phenotypic abnormalities in the Ts65Dn mouse 

include reduced birth weight, postnatal developmental delay, muscular trembling 

and male sterility (Reeves et al., 1995; Baxter et al., 2000; Richtsmeier et al., 

2000). Ts65Dn mice can perform simple learning tasks as shown in DS patients in 

spite of their low IQ (Caycho et al., 1991). However, Ts65Dn mice are impaired in 

the Morris water, radial arm mazes and passive avoidance tests. This is 

consistent with the fact that DS patients have difficulties with more complex 

cognitive tasks, particularly when spatial cues need to be used (Seregaza et al., 

2006). Deficits in learning and memory spatial tasks suggest a dysfunction in the 

hippocampus (Escorihuela et al., 1998). 

 

Hippocampal impairment has been further demonstrated using 

electrophysiological measurements. Hippocampal LTP is reduced while LTD is 

elevated in the Ts65Dn mice (Siarey et al., 1997; Siarey et al., 1999; 

Kleschevnikov et al., 2004; Costa and Grybko, 2005). Kleschevnikov et al. show 

that the enhanced GABA (Gamma-aminobutyric acid) -ergic inhibitory circuitry in 

the dentate gyrus may contribute to the abnormal synaptic transmission 

(Kleschevnikov et al., 2004). This hypothesis has been strengthened by the 

finding that both the altered synaptic plasticity and behavior deficits in Ts65Dn 

mice can be reversed by the administration of a GABA antagonist (Kleschevnikov 
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et al., 2004; Costa and Grybko, 2005). In addition, many signal transduction 

pathways that have shown to be involved in synaptic plasticity are also altered in 

the Ts65Dn hippocampus (Siarey et al., 2006). Therefore, the Ts65Dn mouse is 

one of the best models for investigating neuronal circuitry and behavior patterns 

that can underlie the more complex neurological and cognitive dysfunction found 

in DS individuals. 
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EGCG 

 

(-)-Epigallocatechin-3-Gallate (EGCG) (Figure 5.2), the most abundant 

polyphenolic compound in tea (Yang et al., 2002), has been suggested to 

efficiently inhibit the activity of Mnb/Dyrk1A (Adayev et al., 2006), although it can 

also inhibit many other kinases (Bain et al., 2003). Its anti-oxidative and 

anti-inflammatory properties have been implicated in preventing cancer and 

cardiovascular disease (Lin et al., 1999; Yang et al., 2002; Higdon and Frei, 2003; 

Mandel et al., 2004; Mandel et al., 2005). Behavioral studies on both aged 

wild-type mice and a mouse model with an accelerated brain senescence have 

shown that long-term consumption of EGCG exhibits various neuroprotective 

effects (Mandel et al., 2004; Mandel et al., 2005) and, most interestingly, 

improves cognitive learning (Haque et al., 2006; Kuriyama et al., 2006). Especially, 

the enhanced spatial memory and delayed memory regression can be directly 

attributed EGCG enhancement of hippocampus-dependent learning and memory. 

 

Despite its potential neuro-pharmacological benefits, the mechanisms of 

EGCG are still unknown. Many factors and signal transduction pathways that play 

the essential roles in gene expression, cell growth and apoptosis have been 

suggested as the targets of EGCG (Lin et al., 1999; Yang et al., 2002; Mandel et 

al., 2004). 
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Signal transduction pathways 

 

To study the mechanism of learning and memory, hippocampal slices was 

used as a model to study neuronal plasticity. Several signaling pathways are 

involved in the induction and expression of synaptic plasticity. The 

mitogen-activated protein kinase (MAPKs) cascade plays a key role in cellular 

responses to external stimuli. The core of this signal cascade consists of three 

evolutionarily conserved and sequentially activated protein kinases. The 

activation of MAPK requires phosphorylation on conserved tyrosine and threonine 

residues by a dual-specificity MAPK kinase (MAPKK), and the MAPKK itself is in 

turn activated by phosphorylation on conserved serine and threonine residues by 

an upstream MAPKK kinase (MAPKKK). One of the best characterized MAPK 

cascades, the extracellular signal-regulated kinase (ERK) pathway consisting of 

Raf (MAPKKK) – MEK (MAPKK) – ERK (MAPK), was originally associated with 

cell growth and differentiation (Chang and Karin, 2001).  

 

The MAPK pathway has now emerged as one of the most important signal 

pathways for regulating synaptic plasticity (Thomas and Huganir, 2004). In 

general, the stimulation of NMDAR triggers ERK activation (English and Sweatt, 

1996) and ERK inhibitors have shown to impair not only synaptic plasticity but 

also memory and learning (Selcher et al., 1999; Selcher et al., 2003). A functional 

ERK pathway has been found in both presynaptic and postsynaptic neurons. 
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Active ERK is present in dendrites, indicating that the ERK cascade controls 

phosphorylation of targets close to synapses (Thomas and Huganir, 2004). In 

addition, serotonin induced long-term facilitation in Aplysia requires the activation 

of MAPK in presynaptic neurons (Hu et al., 2004).  

 

The process leading to ERK activation requires dynamin-dependent 

endocytosis, as a dominant-negative dynamin mutant (harboring the K44A 

mutation) was shown to disrupt ERK activation promoted by numerous receptors 

such as the nerve growth factor (NGF) receptor and many G-protein coupled 

receptors (GPCRs) (McPherson et al., 2001). The dynamin-dependent step 

appears to be localized between MEK and ERK (Kranenburg et al., 1999). 

Recently, Mnb/Dyrk1A was shown to function as a negative regulator modulating 

the flow of signals from receptor to ERK and, intriguingly, the site of Mnb/Dyrk1A 

action was apparently localized between MEK and ERK (Adayev, T., et al, 

manuscript in preparation). 

 

Besides the ERK pathway, calcium/calmodulin-dependent kinase II 

(CaMKII) is another key component that regulates LTP (Lisman et al., 2002). 

CaMKII is found in high concentrations in the postsynaptic density (Kennedy, 

1997). Inhibitors of CaMKII or genetic deletion of a critical CaMKII subunit block 

the induction of LTP. Additionally, synaptic transmission is enhanced and LTP is 

occluded by increasing the concentrations of active CaMKII. These experiments 

showed that CaMKII plays a direct and causal role in LTP (Malenka and Nicoll, 
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1999). An important property of CaMKII is its autophosphorylation, which occurs 

on threonine 286. This autophosphorylation occurred after the triggering of LTP 

and replacing endogenous CaMKII with a form of CaMKII containing a point 

mutation at threonine 286 blocked LTP (Giese et al., 1998). The discovery of 

other CaMKII substrates, such as the AMPA receptor, NMDA receptor and K+ 

channel, also indicate the involvement of CaMKII in LTP (Malenka and Nicoll, 

1999). 
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Objective of the study 

 

Neuronal plasticity in hippocampal slices, such as LTP, is a widely used 

model to study memory and learning. To investigate a possible connection 

between Mnb/Dyrk1A and memory deficits in DS, I used the synapses between 

Schaffer collateral/commissural axons and CA1 pyramidal neurons to examine 

the effect of EGCG on LTP induction in both wild-type and Ts65Dn mouse. Two 

signal transduction pathways that I previously described as affecting LTP 

expression, as well as the inhibitory circuits were also investigated to explore the 

potential mechanisms of the effect. 
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Materials and Methods 

 

Animals.  

 

One- to four-month-old CD-1 and one to six-month-old Ts65Dn strains of 

mice and their littermates were used. The Ts65Dn mice were identified by PCR as 

previously described (Ramakrishna et al., 2005). For experiments involving 

Ts65Dn mice, a pair of age-matched animals (one Ts65Dn mouse and is normal 

littermate 2N) was always evaluated on the same day. All protocols for animal 

care and use were approved by the Animal Welfare Committees of the College of 

Staten Island, the City University of New York, and the New York State Institute 

for Basic Research in Developmental Disabilities. NIH guidelines were followed 

for all protocols.  

 

Electrophysiological recordings.  

 

Hippocampal slices were prepared and recorded as described in Chapter 

2 with the following modifications. The same LFS/HFS was applied to each slice 

except that the potentials after HFS application were followed for 30 min instead 

of 10 min. Paired-pulse inhibition (PPI) was induced by paired stimuli delivered in 

rapid succession (delay ranged from 6 to 12 msec) with the frequency of 0.03 Hz 

(Kleschevnikov et al., 2004). The amplitudes of both population spikes (PS1 and 

PS2) were recorded continuously from each slice starting from 10 min before and 
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80+ min after EGCG administration. The magnitude of PPI was expressed as the 

ratio between the amplitude of the population spikes recorded in response to the 

second (PS2) and the first (PS1) stimulus, respectively.  

 

EGCG treatment.  

 

EGCG was purchased from Sigma (cat. No. E4143) and used without 

further purification. EGCG was prepared as 10 mM stock solution in sodium 

acetate buffer (1 mM, pH 4.5) and stored at –20 oC. EGCG was diluted fresh in 

Ring’s solution from stock solution on the day of use. Half of the prepared slices 

were randomly selected, transferred into a separate but adjacent holder 

containing EGCG/Ringer’s solution, and incubated for 1 h before starting 

electrophysiological recordings. For EGCG-treated slices, the recording was 

performed in Ringer’s solution supplemented with the same concentration of 

EGCG. 

 

EGCG stability analysis.  

 

Samples of EGCG / Ringer’s solution (10 µM) were collected at 0, 10, 30, 

and 60 min. EGCG was first purified from 4 ml EGCG / Ringer’s solution by 

passing it three times through a C18 Sep-Pak cartridage. Bound EGCG was 

eluted with 90% acetonitrile (with 1 mM sodium acetate, pH 4.5). This procedure 

consistently yielded acout 80% of the original input. After drying in a 
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speed-vacuum, the EGCG was dissolved in sodium acetate buffer (1 mM, pH 4.5) 

and was analyzed by reverse-phase HPLC similarly as described (Bronner and 

Beecher, 1998). The HPLC system consisted of a Hewlett-Packard AminoQuant 

system attached to a Varian 5 µm C18 Microsorb-MV column (4.6 mm X 25 cm). 

The chromatography was performed at ambient temperature with a 10-min 0.5 ml 

/ min 5-40 % linear acetonitrile gradient (in 1 mM sodium acetate, pH 4.5) and was 

monitored continuously at wavelengths 200-450 nm by a diode array detector. 

The amount of sample analyzed in each chromatography was equivalent to 1.25 

ml original EGCG/Ringer’s solution. The area of EGCG elution peak obtained at a 

wavelength of 210 nm was used for relative amount calculation. 

 

Slices extract preparation and immunoblotting.  

 

Extracts from hippocampal slices were prepared as described (Chapter 2). 

Anti-p-CaMKIIa (Thr286) (Santa Cruz Biotech, cat. no.sc-12886) and anti-CaMKII 

(M-176) (Santa Cruz Biotech, cat. no. sc-9035) antibodies were used for detecting 

phospho- and total CaMKII, respectively. Phospho-ERK was detected by 

anti-phospho-ERK (T202/Y204) antibody (Cell Signaling Technlogy, cat. no. 

9106), while anti-ERK2 antibody (Santa Cruz Biotech, cat. no. sc-154) was used 

to detect total ERK. The quantification of immunoblots was performed as 

described (Chapter 2). 
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Statistics.  

 

For all experiments, data are presented as Mean ± SEM. n represented the 

number of slices. In the comparisons between two groups with equal n number, 

the student’s t test was used. In all other comparisons, one-way ANOVA followed 

by a post-hoc multiple comparisons Student-Newman-Keuls test was used. When 

p value was less than 0.05, it was considered significant. 
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Results 

 

EGCG enhances LTP induction in CD-1 mice.  

 

The magnitude of LTP recorded from CD-1 mice was 130.5 ± 8.1% after 

HFS (n = 6 from 3 animals, p < 0.01 vs. pre-HFS) (Figure 5.3 A and B). The 

magnitude of LTP was greatly enhanced in the slices incubated with 10 µM 

EGCG for 60 min prior to the electrophysiological recordings (171.8 ± 25.0 %, n=6 

from 3 animals, p < 0.01 vs. untreated slice, n = 6 from 3 animals). Over 75 % of 

all slices treated with 10 µM EGCG displayed a significant LTP enhancement. The 

effect of EGCG in LTP elevation required the combination of EGCG and HFS, as 

EGCG alone produced no measurable differences in recording potentials. In 

addition to the population spikes, the effect of EGCG on LTP was also evaluated 

as a change in excitatory postsynaptic potentials (EPSPs). LTP expressed either 

as the amplitude of the population spike, or the amplitudeof EPSP, was enhanced 

in a similar way. Interestingly, EGCG at a concentration of 5 µM had no effect on 

LTP induction, while EGCG applied at higher concentrations (20 and 40 µM) 

eliminated the ability of the slice to express LTP following HFS (Figure 5.3 A). 

None of the concentrations used (5, 10, 20, and 40 µM) had any effect on the 

population spikes evoked by low-frequency stimulation (0.03 Hz).  
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Effects of EGCG on LTP induction in Ts65Dn mice.  

 

The analysis of the effects of EGCG was then extended to hippocampal 

slices prepared from the Ts65Dn mice. Breeding Ts65Dn mice inevitably 

produces diploid and partial chromosome 16 trisomic progeny on the same 

genetic background. These animals will be referred to as 2N and Ts65Dn, 

respectively.  

 

Hippocampal slices prepared from 2N animals expressed LTP (123.7 ± 

10.0%, n = 5 from 3 animals, p < 0.05 vs. pre-HFS) (Figure 5.4 A and B) upon 

HFS, while the same stimulation failed to evoke LTP in slices prepared from 

Ts65Dn mice (102.4 ± 10.2%, n = 6 from 3 animals, p > 0.5 vs. pre-HFS) (Figure 

5.5 A and B). As observed in the slices prepared from CD-1 mice, EGCG (10 µM) 

enhanced the amplitude of LTP in 2N mice (Figure 5.4 A and B) (147.8 ± 11.2%, 

n = 5 from 3 animals, p < 0.05 vs. untreated slices, n = 5 from 3 animals). Similar 

to CD-1 slices, over 70 % of 2N slices treated with 10 µM EGCG displayed LTP 

enhancement.  

 

The most striking effect of EGCG was observed on slices obtained from 

the Ts65Dn mice. While the slices from these animals normally do not express 

LTP, incubation with 10 µM EGCG resulted in the expression of LTP following 

HFS (Figure 5.5 A and B) (172.3 ± 28.9%, n = 6 from 3 animals, p < 0.05 vs. 

untreated slices, n = 6 from 3 animals). In fact, the level of LTP in the 2N and 
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Ts65Dn slices was indistinguishable following exposure to 10 µM EGCG. As in 

CD-1 slices, over 70 % of Ts65Dn slices treated with 10 µM EGCG expressed 

LTP.    

 

The stability of EGCG during electrophysiological recording.  

 

As an anti-oxidant reagent, EGCG is fairly unstable. The stability of EGCG 

is strongly influenced by light, pH, temperature, and oxygen (Sang et al., 2005). 

EGCG is more stable in a low pH, cool and less oxygenated environment. Since 

hippocampal slices were maintained at 33 oC and pH 7.4 with constant 

oxygenation, it was necessary to determine the stability of EGCG in such an 

environment. EGCG was found to have a half-life less of 10 min in oxygenated 

Ringer’s solution. Thus, at the end of one hr of incubation, only a small fraction of 

the original EGCG remains (Figure 5.6).  

 

Effects of EGCG on LTP-induced ERK1/2 and CaMKII phosphorylation.  

 

To investigate the mechanism of EGCG’s effect on LTP induction, ERK 

and CaMKII, two major signal transduction pathways involved in synaptic 

plasticity, were examined.  

 

ERK1/2 phosphorylation at threonine-202 (T202) and tyrosine-204 (Y204) 

was measured as the indicator of ERK1/2 activation. Phosphorylation at 
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T202/Y204, which is prerequisite for ERK1/2 activation, has been correlated with 

LTP (Thomas and Huganir, 2004). I observed that LTP induction was 

accompanied by more than 2-fold increase in pT202/pY204 ERK1/2 (pERK1/2) in 

CD-1 hippocampal slices (2.34 ± 0.34, n = 6 from 4 animals, p < 0.01 vs. 

untreated slices without HFS) (Figure 5.7 A and B). However, EGCG treatment 

caused a reduction rather than an enhancement (Figure 5.7 B) in ERK 

phosphorylation (1.50 ± 0.33, n = 6 from 4 animals, p < 0.05 vs. untreated slices, 

n = 6 from 4 animals) even though the treatment raised the level of LTP 

expression (Figure 5.3 A). In Ts65Dn mice, HFS produced no significant 

elevation in ERK phosphorylation (1.47 ± 0.18, n = 5 from 2 animals; p > 0.05 vs. 

untreated slices without HFS). The level of ERK phosphorylation was essentially 

not changed by EGCG treatment (1.46 ± 0.31; n = 4 from 2 animals, p > 0.5 vs. 

untreated slices, n = 5 from 2 animals) (Figure 5.7 B). 

 

Threonine-286 (T286) phosphorylation was used to monitor CaMKII 

activation as the phosphorylation at this site, an event induced by LTP, could 

render CaMKII independent of Ca2+/calmodulin for activity (Lisman et al., 2002). A 

nearly 2-fold increase in pT286 CaMKII (pCaMKII) was observed in CD-1 

hippocampal slices that expressed LTP (1.82 ± 0.22, n = 6 from 3 animals, p < 

0.05 vs. untreated slices without HFS) (Figure 5.8 A and B). However, 

pre-incubating slices with 10 µM EGCG had little effect on the level of basal as 

well as LTP-induced pCaMKII (1.85 ± 0.51, n = 6 from 3 animals, p > 0.5 vs. 

untreated slices, n = 6 from 3 animals) (Figure 5.8 B). In addition, HFS, which did 
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not induce LTP in slices prepared from Ts65Dn mice, produced no significant 

change in the level of pCaMKII (1.41 ± 0.41, n = 4 from 2 animals; p > 0.1 vs. 

untreated slices without HFS) (Figure 5.8 B). EGCG treatment, which promotes 

LTP in Ts65Dn slices (Figure 5.5 A), caused a reduction in the level of pCaMKII 

upon exposure to HFS (0.32 ± 0.05, n = 4 from 2 animals, p < 0.05 vs. untreated 

slices, n = 4 from 2 animals) (Figure 5.8 B). 

 

EGCG does not alter paired-pulse inhibition.   

 

Activation of the pyramidal neurons could trigger inhibitory neurons, 

attenuating the response of pyramidal neurons to succeeding stimuli. This 

feedback inhibitory circuit is largely mediated by the hippocampal GABAergic 

system (Rock and Taylor, 1986; Kapur et al., 1989). In fact, the LTP deficit in 

Ts65Dn mice has been attributed to overactive GABAergic activity (Kleschevnikov 

et al., 2004; Costa and Grybko, 2005). Therefore, I examined whether the 

enhanced LTP by EGCG was mediated by suppressing the feedback inhibition 

circuit by measuring the effect of EGCG on PPI. Pairs of stimuli with an 

interstimulus interval ranging from 6-12 milliseconds were administrated to the 

Schaffer collateral, and the ratio of the response to the second stimulus over the 

response to the first stimulus was calculated as PPI. The results show that EGCG 

had no effect on the level of PPI regardless of whether the slices were prepared 

from CD-1 mice or Ts65Dn mice (Figure 5.9).  
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Discussion 

 

The most striking finding in this study is that EGCG not only enhances LTP 

in normal mice but also induces expression of LTP in Ts65Dn mouse, which 

normally do not express LTP. Furthermore, the EGCG-induced enhancement of 

neuronal plasticity in normal and mutant mice did not correlate with the activation 

of two signaling pathways which are considered crucial for LTP expression nor did 

it equate with the modification of GABA-mediated synaptic inhibition. 

 

The effects of EGCG on neuronal plasticity were tested by the standard 

paradigm of synaptic transmission involving the Schaffer collateral-CA1 of mouse 

hippocampus. EGCG at certain concentration (10 µM) was found to function as a 

positive modulator for LTP induction (Figure 5.3-5) in different mouse strains 

(CD1 and 2N). Most interestingly, Ts65Dn mouse which is deficit in LTP induction 

can express LTP as well as the 2N littermates following EGCG treatment. The fact 

that EGCG enhanced LTP expressed as both the amplitude of the population 

spike and the amplitude of EPSP suggests that it strengthens both synaptic 

transmission and the excitability of pyramidal neurons (Hogan et al., 2001). 

However, as LTP was followed for up to 30 min after HFS, it is still unclear how 

EGCG affects late phase of LTP.  

 

The hippocampal slices obtained from Ts65Dn mice did not express LTP 

following application of HFS under my experimental conditions. This observation 
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is consistent with the findings of many others (Siarey et al., 1997; Kleschevnikov 

et al., 2004). Costa and Grybko, on the other hand, demonstrated that LTP could 

be induced in Ts65Dn mice by one train of 1-sec 100Hz HFS but not by Theta 

Burst Stimulation (Costa and Grybko, 2005). The difference in the HFS paradigm 

employed (three trains vs. one train 100 Hz pulse) for the LTP induction might 

explain the inconsistencies.  

 

Although EGCG has a very short half-life in oxygenated Ringer’s solution, 

slices with several hrs EGCG incubation in such environment still display the 

effect on LTP induction. Several mechanisms, either alone or in combination, may 

account for this observation. It is possible that EGCG effect is rapid and not easily 

reversible. This property would sustain the effect long after EGCG in the solution 

has been removed. On the other hand, the oxidation of EGCG doesn’t necessarily 

mean the loss of function. If the primary EGCG oxidation products have the 

similar function as EGCG on LTP, a reduction in the amount of EGCG in Ringer’s 

solution would not change the outcome. Furthermore, it is possible that the 

concentration required for triggering the effects is much lower than the 

administrated concentration. This would allow EGCG to achieve an effective 

concentration in hippocampal slices even though it is promptly degraded in 

oxygenated solution.  

 

EGCG can promote LTP magnitude regardless of genetic backgrounds 

(Figure 5.3-5). This suggests that EGCG may influence common pathway(s) 
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leading to LTP induction. This is consistent with the findings that some LTP 

modulators are directly or indirectly affected by EGCG (Sweatt, 1999). Although 

both ERK and CaMKII were activated during LTP induction (Figure 5.7-8), there 

was no positive effect of EGCG on either pathway in this study. Therefore, it is 

unlikely that the LTP–promoting effect of EGCG involves these signal pathways 

directly. However, LTP is a complex phenomenon involving numerous other 

signal transduction pathways, such as cAMP-dependent protein kinase (PKA), 

phosphatidylinositol 3-kinase (PI3K), protein kinase M zeta, etc (Malenka and 

Bear, 2004). Many of these pathways are known to be affected by EGCG (Lin et 

al., 1999; Yang et al., 2002; Mandel et al., 2004). Therefore, it was no surprise 

that an EGCG “over-dose” (as with 20 µM EGCG and higher) inhibited LTP 

response. Some of these pathways affected by EGCG are also altered in the 

hippocampus of the Ts65Dn mouse (Siarey et al., 2006). This suggests some 

rational starting points to search for EGCG targets on LTP enhancement.  

 

It should be emphasized that although EGCG appears to similarly affect 

both 2N and Ts65Dn mice, it may utilize different mechanisms for promoting LTP 

in 2N and Ts65Dn mice. Because the lack of LTP expression could be 

suppressed by the administration of the GABA receptor antagonist, picrotoxin, 

this LTP deficiency in Ts65Dn mice has been attributed to the overactive 

GABAergic system (Kleschevnikov et al., 2004; Costa and Grybko, 2005). EGCG 

incubation does not alter the level of PPI in CD-1 or Ts65Dn mice (Figure 5.9). 
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This result indicates that the LTP–promoting effect of EGCG is probably not 

mediated through restraining the inhibitory circuit of the GABAergic system. 

 

This study, combining electrophysiological techniques with molecular 

biology approach, represents a first attempt to investigate further EGCG’s 

benefits on the cognitive and memory enhancement. The rescue of LTP deficit in 

Ts65Dn mouse by EGCG, a potential Mnb/Dyrk1A inhibitor (Adayev et al., 2006) 

further connect Mnb/Dyrk1A to the DS, although the detailed mechanism(s) still 

need to be discovered. Further investigations whose aim is to identify these 

EGCG targets will not only broaden our understanding of the molecular 

mechanisms underlying LTP induction, but also provide more information about 

mental retardation in DS. More importantly, the results in this study, together with 

the finding with GABA antagonist (Kleschevnikov et al., 2004; Costa and Grybko, 

2005; Fernandez et al., 2007), demonstrate that the LTP impairment and 

behavioral deficits in Ts65Dn mouse can be pharmacologically manipulated. 
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Figure 5.1 Schematic representation of mouse chromosome 16 fragments in 

some of the DS mouse models (Galdzicki and Siarey, 2003). Locations of 

chromosome fragments in several DS mouse model are shown. Various regions 

of MMU16 are syntenic to fragments of several human chromosomes (numbers 

on the left). Selected genes in the extra chromosome present of the Ts65Dn 

mouse genome corresponding to HSA21 homologous are shown. App, amyloid 

precursor protein; Girk1, glutamate receptor subunit 5; Sod1, superoxide 

dismutase-1; Cbr, carbonyl reductase; Sim2-single-minded 2; Kcnj6, potassium 

inwardly rectifying channel subfamily J member 6; Ets2, E26 avian leukemia 

oncogene 2, 30 domain; Pcp4, Purkinje cell protein 4; Mx1, myxovirus 

resistance-1, Tmprss2, transmembrane protease, serine 2. 
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Figure 5.2 Chemical structure of EGCG. 
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Figure 5.3 EGCG enhances LTP induction in CD-1 mice. A. The amplitude of 

LTP. A 10-min baseline (stimulated with 0.03–Hz pulse) recording was followed 

by the HFS (marked by an arrow) and the recording was continued for an 
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additional 30 min. Each point was the average of 2-min recording. The change in 

potentiation was plotted as the percentage of baseline (set as 100%) for the entire 

40-min duration. The data represent the average (± SEM) of the total number of 

slices (n = 6 from 3 animals). (), untreated group; (�), 10 µM EGCG-treated 

group; (�), 20 µM EGCG-treated group. A significant difference was found 

between untreated and 10 µM EGCG-treated samples 30 min after the 

administration of HFS (p < 0.01). B. Representative recordings: potentials were 

recorded before (solid) and 30 min after (dash) HFS for CD-1 (left panel) and 

CD-1+EGCG (10 µM) (right panel) slices. 
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Figure 5.4 EGCG enhances LTP induction in 2N littermates of Ts65Dn 

mouse. A. The amplitude of LTP. The experiments were performed and recorded 
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similarly as described in Figure 5.3. The data represent the average (± SEM) of 

the total number of slices (n = 5 from 3 animals).  (), untreated group, and (�), 

10 µM EGCG-treated group. A significant difference was found between control 

and EGCG-treated samples 30 min after the administration of HFS (p < 0.05). B. 

Representative recordings: potentials were recorded before (solid) and 30 min 

after (dash) HFS for 2N (left panel) and 2N+EGCG (10 µM) (right panel) slices. 

 

 

 

 

 

 

 

 

 

 



116 

 

 

Figure 5.5 EGCG promotes LTP induction in Ts65Dn mice. A. The amplitude 

of LTP. The experiment was performed and recorded similarly as described in 
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Figure 5.3. The data represent the average (± SEM) of the total number of slices 

(n = 6 from 3 animals). (), untreated group, and (�), 10 µM EGCG-treated 

group. A significant difference was found between control and EGCG-treated 

samples 30 min after the administration of HFS (p < 0.001). B. Representative 

recordings: potentials were recorded before (solid) and 30 min after (dash) HFS 

for Ts65Dn (left panel) and Ts65Dn+EGCG (10 µM) (right panel) slices.  
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Figure 5.6 The stability of EGCG in Ringer’s solution. 10 µM EGCG in 

Ringer’s solution was incubated in the slice preparation chamber at 33 oC with 

constant oxygenation. EGCG in Ringer’s solution was concentrated at different 

times (10, 30, 60 min) and analyzed by reverse-phase HPLC as described. The 

area of the EGCG elution peak was used as the amount in each sample. The 

relative amount of EGCG at each time point (●) was calculated as the percentage 

of the total amount of EGCG without incubation (sample at 0 min). Each point was 

the average of two independent trials. The results show a more than 80% 

reduction of EGCG with 10 min incubation. 



119 

 

 

Figure 5.7 Effect of EGCG on LTP-induced ERK1/2 phosphorylation. A. 

Determination of total and pT202/pY204 ERK1/2 (pERK1/2). Hippocampal slices 

were stimulated and recorded for 30 min post–HFS to ensure LTP expression. 
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The slices were prepared and analyzed for pERK1/2 (upper panel) and total ERK 

(low panel) by immunoblotting as described. Representative blots obtained with 

the control (nonstimulated slices) and LTP-induced slices from the (EGCG) 

untreated CD-1 mouse group are shown. B. LTP-induced changes in pERK of 

CD-1 and Ts65Dn hippocampal slices. The ratio of pERK1/2 was calculated by 

dividing the level of pERK1/2 in the LTP-induced sample by that of the control 

sample and then corrected for the total amount of ERK1/2 used in the assay. For 

EGCG treatment, the slices were incubated with 10 µM EGCG for 60 min before 

experimenting. The data represent the average (± SEM) of the total number of 

slices (n). (–), untreated; (+), EGCG-treated; open bar, CD-1 (n = 6 from 3 

animals); solid bar, Ts65Dn (n = 5 from 2 animals). A significant difference was 

found between the untreated and the EGCG-treated groups (p < 0.05) of CD-1 

mice but no significant difference was found between untreated and 

EGCG-treated groups (p > 0.5) of Ts65Dn mice. 

 



121 

 

 

Figure 5.8 Effect of EGCG on LTP-induced CaMKII phosphorylation. A. 

Determination of total and pT286 CaMKII (pCaMKII). Hippocampal slices were 

stimulated and recorded for 30 min post–HFS to ensure LTP expression. The 
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slices were processed and analyzed for pCaMKII (upper panel) and total CaMKII 

(low panel) by immunoblotting as described in Figure 5.7. Representative blots 

obtained with the control (nonstimulated slices) and LTP-induced slices from the 

(EGCG) untreated CD-1 mouse group are shown. B. LTP-induced changes in 

pCaMKII of CD-1 and Ts65Dn hippocampal slices. The ratio of pCaMKII was 

calculated by dividing the level of pCaMKII in LTP-induced sample by that of the 

control sample and then corrected for the total amount of CaMKII used in the 

assay. For EGCG treatment, the slices were incubated with 10 µM EGCG 60 min 

before experimenting. The data represent the average (± SEM) of the total 

number of slices (n). (–), untreated; (+), EGCG-treated; open bar, CD-1 (n = 6 

from 3 animals); solid bar, Ts65Dn (n = 4 from 2 animals). No significant 

difference was found between the untreated and the EGCG-treated groups (p > 

0.5) of CD-1 mice but a significant difference was found between untreated and 

EGCG-treated groups (p < 0.05) of Ts65Dn mice. 
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Figure 5.9 The effect of EGCG on PPI. A. PPI recording. PPI was measured as 

described, by recording continuously from the same slice first for 10 min without 

EGCG and then for 80+ min following EGCG application. The point of EGCG 
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addition (marked by an arrow) was set as time 0. The data represent the average 

(± SEM) of the total number of slices (n). (�), CD-1 slices (n = 4 from 4 animals); 

(), Ts65Dn slices (n = 4 from 1 animals). B. Representative potential from a 

Ts65Dn slice. The synaptic response to a single paired-stimulus with an 

inter-stimulus interval of 11 millseconds was recorded. The response at 

approximately 5 min before (left panel) the addition of 10 µM EGCG and 70 min 

after (right panel) the addition of 10 µM EGCG are shown. 
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