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Abstract 

Investigating the role of Eph receptors and their molecular binding partners in 
anxiogenesis. 
 

Benjamin Kenneth Attwood 

 

Psychological stress leads to the enhancement of anxiety and can trigger a 
variety of psychiatric disorders. The mechanisms by which stress regulates 
anxiety are unclear. Eph receptors and their ligands, Ephrins, are attractive 
candidates to consider due to their multifaceted functions and high expression 
in the limbic system. Eph/Ephrins have been shown to regulate both functional 
and structural neuronal plasticity as well as hippocampus-dependent 
behaviour in mice. Thus, the aim of this study was to investigate the roles of 
Eph/Ephrins in the hippocampus and the amygdala and their interaction with 
molecular partners upon stress.  
 
First, I found that plasmin, a stress-related protease, cleaves EphA4 with high 
specificity. Mass spectrometry and bioinformatic analyses revealed the 
cleavage site is located within the fibronectin-like repeats of EphA4. EphA4, 
highly expressed in the hippocampus, interacts with EphrinB2. Following stress 
their interaction increases, as does the expression of EphrinB2. Studies in 
mice in which EphrinB2 was conditionally deleted in forebrain neurons 
demonstrated that EphrinB2 signalling is critical to the formation of anxiety-like 
behaviour. Furthermore, EphrinB2 mediates stress-related potentiation of 
contextual fear conditioning. These findings implicate the 
EphrinB2/EphA4/plasmin pathway as a new player in hippocampal regulation 
of anxiety.  
 
Second, I found that in the amygdala an extracellular serine protease, 
neuropsin, cleaves EphB2 shortly after stress. This molecular event alters 
EphB2 membrane expression and promotes a dynamic interaction of EphB2 
with NMDA receptors. Consistent with the role of EphB2 in the stress 
response, bilateral amygdala infusion of anti-EphB2 antibody before stress 
prevents the development of stress-induced anxiety. The anxiolytic phenotype 
of neuropsin-deficient mice is rescued by the infusion of neuropsin into the 
amygdala before stress, confirming the effect of neuropsin is acute and not 
developmental, and pointing to the amygdala as the locus of the neuropsin’s 
effect. Taken together these findings implicate the acute, stress related 
cleavage of EphB2 by neuropsin in the amygdala as a key event in the 
development of anxiety-related behaviour. 
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Stress and pathology 

The term ‘stress’ was first used in a biological context by Hans Selye in 1926 

when he was a medical student. Selye observed that, although many patients 

suffered from different ailments, they had a number of similar symptoms 

unrelated to their diagnosis.  The symptoms were unspecific and included loss 

of appetite, decreased muscular strength and lack of ambition, which he called 

the ‘syndrome of just being sick’.  During laboratory work ten years later, he 

published an article in Nature describing ‘a syndrome produced by diverse 

nocuous agents’ where he first used the term ‘stress’.  This name originated 

from the physics nomenclature that described the result of strain applied to a 

system (Selye, 1956). 

 

Broadly, stress can be divided into three different categories (Herman & 

Cullinan, 1997/2; Van de Kar & Blair, 1999/1):  

 

Processive psychogenic- psychological stressors based on a learned 

response to the threat of an impending adverse condition (i.e. fear, anxiety, 

exposure to a novel or uncontrollable environment). 

 

Processive neurogenic- stressors that consist of a physical stimulus and 

have a strong psychological component (i.e. pain, footshock). 

   

Systemic- stressors which challenge cardiovascular homeostasis (i.e. 

haemorrhage, orthostatic stress/upright tilt, exercise, heat exposure).  
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The systemic stressors require an immediate allostatic response that is 

mediated by the paraventricular nucleus (PVN) of the hypothalamus.  The 

other two forms of stress do not necessarily require an instantaneous 

response for survival and therefore higher processing is utilised before 

activation of the hypothalamus (Herman & Cullinan, 1997/2). This processing 

is performed by the limbic system.  

 

The adaptation of the body to stress is termed ‘allostasis’, which "maintains 

homeostasis through change" (McEwen, 2000). The term ‘allostasis’ was first 

introduced by Sterling and Eyer, and characterizes the regulation of the vital 

body functions (blood pressure, respiratory rate and the glucocorticoid level 

etc.) after stress.  These changes are beneficial and give the organism the 

capacity to meet and overcome stressful events.  However, severe or 

prolonged stress may result in mismanagement of allostasis and failure of the 

coping mechanisms.  The sum of the negative effects of stress on the body is 

called allostatic load (McEwen, 2000). 

 

In the majority of cases, allostatic load is not the sole causative factor of an 

disease. However, it often contributes to the pathogenesis, prolongation or 

exacerbation. The mechanisms by which this occurs are better understood in 

some diseases than others. For example, the finding that stress is a risk factor 

for cardiovascular disease has been validated by an understanding of how 

stress affects the molecular mechanisms of the disease. In animal studies, the 

activation of the sympathetic – adrenal – medullary (SAM) system causes 

coronary artery disease, as the inflammatory, endothelial and coagulatory 
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pathways induced by the activation of the SAM system cause the pathology 

underlying the disease (Krantz & McCeney, 2002). In contrast, an illness such 

as chronic fatigue syndrome that has no identified pathology only has a 

correlative relationship with stress (Cohen et al., 2007). Depression and 

anxiety also have a strong association with stress: approximately 25% of 

people who experience a major stress event develop depression and the 

severity of the stressful event predicts the duration of the depression (Cohen et 

al., 2007). Although the molecular mechanisms of depression and anxiety are 

poorly understood compared to cardiovascular disease, there is mounting 

evidence that neuronal pathology in the limbic system underpins these 

illnesses. 

 

It is known that the amygdala plays a role in formation of emotions, in 

particular fear and anxiety.  Lesions to the amygdala in monkeys lead to the 

loss of fear and anger, increased exploration and hyperorality (Kluver-Bucy 

syndrome). In animal models the amygdala and the hippocampus have also 

been shown to regulate different anxiety states (Chotiwat & Harris, 2006; 

Davis, 1998). 

 

The hippocampus  

The hippocampus is a continuation of the cortex that has a well-defined 

laminar structure.  The hippocampal formation contains the hippocampus 

proper, the dentate gyrus, the subiculum and the enterohinal cortex.  The 

hippocampus proper can be further divided into four regions, CA1-CA4, with 

CA1 and CA3 being the largest. The laminar structure of the hippocampus 
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implicates the unidirectional nature of most connections.  Information flow 

within the hippocampus is mediated by a trisynaptic excitatory circuit.  First, 

input to the granular cells of the dentate gyrus comes via the perforant path 

from the enterohinal cortex.  The perforant path also projects to the CA1 and 

CA3.  Second, synapses are formed by the dentate gyrus connections to the 

pyramidal cells of the CA3 via the mossy fibres.  Finally, the CA3 connects to 

the CA1 via the Schaffer collateral pathway.  The output is directed to the 

subiculum and the contralateral hippocampus (Figure 1). This is a simplified 

view of hippocampal circuitry given the multiple interconnecting pathways of 

the subfields (Yeckel & Berger, 1990). There is also mounting evidence that 

the dorsal and ventral regions play distinct roles in both memory and the stress 

response (Reviewed in (Fanselow & Dong, 2010). 

 

 

Figure 1.  The trisynaptic excitatory circuit of the hippocampus  

(Centre for Synaptic Plasticity: University of Bristol 2003). 

PP – Perforant pathway (medial and lateral) 
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DG – Dentate gyrus 

MF – Mossy fibres 

AC – Associational commissural fibres 

SC – Schaffer collateral fibres 

SB – Subiculum 

 

The amygdala 

The amygdala (or amygdaloid complex) is a group of about 13 nuclei that are 

located in the mid-temporal lobe.  It is a subcortical structure central to the 

function of the limbic system.  It is possible to divide the nuclei into groups 

according to function, connections and cytoarchitecture.  This most commonly 

results in four major groups; the basolateral, the central, the cortical and the 

medial (Figure 2).  The afferent information comes to the amygdala from 

sensory (cortex), cognitive (cortex and hippocampus), autonomic 

(hypothalamus and brain stem) and behavioural systems.  It receives 

information from all sensory modalities, mainly through the ipsilateral cortex 

(Sah et al., 2003).  The amygdala has substantial projections to the 

hippocampus and other limbic areas from the lateral nuclei.  The stimulation of 

the lateral group enhances LTP in the dentate gyrus of the hippocampus 

(Akirav & Richter-Levin, 1999).  The amygdala also has efferent connections to 

the cortex, hypothalamus and brainstem.  The largest proportion of these is to 

the hypothalamus reflecting the control of physiological allostatic responses. 
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Figure 2. The functional groups of nuclei in the amygdaloid complex 

(DeFelipe, 2011). 

The relative positions of the functional groups of amygdaloid nuclei are 

highlighted on a coronal section of a mouse brain. 

 

The limbic molecular mechanisms of the stress response 

The basic communicative element of the brain is the synapse, whose 

modifications underlie learning and memory. The change in number, 

morphology and function of synapses in response to stimuli is called synaptic 

plasticity.  In response to stress the hippocampus and the amygdala show 

alterations in synaptic plasticity. These changes are likely to underlie the 

behavioural change of the organism in response to stress. Stress has 

  

 

 

  

Basolateral 

Central 

Medial 

Cortical 
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consistently been shown to impair long term potentiation (LTP), the 

electrophysiological correlate of learning, in the hippocampus (Kim & Diamond 

2002). The limbic structures contain the highest expression of glucocorticoid 

receptors in the brain, particularly in the hippocampus (Aronsson et al., 1988; 

McEwen et al., 1986; Diorio et al., 1993). The effect of glucocorticoids are to 

impair LTP and this partially explains the effects of stress on LTP in the 

hippocampus (Kim & Diamond 2002). The deficit LTP also correlates with 

memory impairments in response to stress (Kim & Diamond 2002). 

 

The alterations of neuronal plasticity during stress in the hippocampus and 

amygdala are also observed in morphological remodelling. The ability to 

regulate spine morphology and morphogenesis is an important component of 

synaptic plasticity.  It is thought that the ability of spines to rapidly change 

morphology (in seconds to minutes) facilitates synaptic plasticity (Bonhoeffer & 

Yuste, 2002/9/12). Dendritic atrophy is seen following chronic immobilisation 

with a reduction in dendritic length and branch point in CA3 pyramidal neurons 

(Vyas et al., 2002). It has also been shown that CA1 and dentate gyrus 

dendritic retraction is caused by prolonged chronic stress (4 weeks). Even 

acute stress (a single 5 hour stress protocol) results in a disruption of 

hippocampal spine integrity (Chen et al., 2010). In contrast to the dendritic 

retraction described in the hippocampus and medial prefrontal cortex, chronic 

restraint stress causes an increase in length and branch points of basolateral 

amygdala pyramidal and stellate neurons (Vyas et al., 2002).  
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Eph proteins, neuropsin and the tPA/plasminogen system and limbic 

stress related molecular mechanisms 

The molecules investigated in this thesis have been targeted because of their 

involvement in the molecular mechanisms of the stress response in the limbic 

system. Eph proteins, neuropsin, tPA and plasmin are all expressed in the 

hippocampus and the amygdala. In the case of neuropsin it is striking for its 

limbic system expression (Chen et al., 1995). Crucially these molecules 

regulate electrophysiological and morphological plasticity in the limbic system. 

They also have been shown to alter stress related behaviour or hippocampal 

dependent behaviour. Furthermore, in the case of neuropsin and the 

tPA/plasminogen system, their expression and function has been shown to be 

altered by stress. Eph proteins and the neuronal proteases of interest are 

reviewed below. 

 

Eph Receptors and Ephrins 

Erythropoietin-Producing human Hepatocellular (Eph) receptors were 

discovered in 1987 and constitute the largest known family of receptor tyrosine 

kinases (Hirai et al., 1987). They have been the subjects of intense research 

since their discovery. Their widespread pattern of expression, involvement in a 

variety of important cellular phenomena and unique mode of action has 

stimulated interest across biological and medical domains. Recent advances 

suggest that Ephs play an important role in the development of brain 

pathologies.  
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Unlike most receptor tyrosine kinases, Eph receptors do not bind soluble 

ligands but ligands that are membrane bound.  These are called Ephrins after 

‘Eph family receptor interacting proteins’ or the Greek name Ephoros, 

meaning overseer or controller (Lemke, 1997). An exceptional property of the 

Eph proteins is that they signal bidirectionally: receptor / ligand binding leads 

to signalling events in both the cell expressing the receptor and the cell 

expressing the ligand. 

 

In the mammal, the Eph protein family is made up of fourteen receptors and 

eight ligands.  The receptors are divided into two classes, A and B, determined 

by their sequence conservation and binding affinity, which coincide (Lemke, 

1997).  There are nine A class receptors which bind to five A class ligands and 

five B class receptor which bind to three B class ligands (Pasquale, 2004).  

Each receptor binds promiscuously to the ligands in its class.  In addition, 

EphA4 binds EphrinB2 and EphrinB3 and EphB2 binds to Ephrin A5 (Figure 

3).  This lack of specificity is commonly considered an indication of functional 

redundancy within the family.  However, this is contested by binding studies 

and gene targeted mutations that provide evidence for specific receptor-ligand 

interactions effecting specific biological functions (Blits-Huizinga et al., 2004; 

Haramis & Perrakis, 2006; Henkemeyer et al., 2003). 
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 Figure 3. Dendrogram showing the binding preferences of the Eph receptors.  

The yellow and purple indicate the binding preference of the Eph protein.  A-

class receptors bind A-class ligands; B-class receptors bind B-class ligands.  

In addition, EphA4 binds EphrinB2 and EphrinB3, and EphB2 binds EphrinA5.  

The lengths of the horizontal branches are proportional to sequence 

divergence between proteins and the arrangement of the branches indicates 

putative phylogenetic relationships (Pasquale, 2004). 
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Eph receptor structure 

With the advent of new drug-design technologies, the molecular structure of 

the Eph proteins becomes increasingly important to instruct the design of 

therapeutic agents (Figure 4). The extracellular domain of Eph receptors 

includes two fibronectin repeats, a cysteine-rich region and a one hundred and 

eighty amino acid N-terminus sequence (Himanen et al., 1998). The N-

terminus is conserved within the class (A or B) and forms the ligand-binding 

domain (LBD) which determines the binding properties of the receptor. In 

particular, the H-I loop along with certain residues confer the class specificity 

and play the major role in ligand binding. The D-E and J-K loops show the 

largest conformational change when the ligand is bound, forming the ligand-

binding channel (Himanen et al., 2004; Himanen et al., 2001). 

 

The cysteine-rich domain contains a sushi (complement control protein) 

domain followed by an epidermal growth factor-like domain (Seiradake et al., 

2010). These regions and the fibronectin repeats play a role in receptor 

dimerization (Lackmann et al., 1998), higher order clustering (Seiradake et al., 

2010), and interaction with NMDA receptors (Dalva et al., 2000).  They are 

also a common extracellular motif and allow the receptor to bind the ligand at a 

distance from the cell (Murai & Pasquale, 2004). 

 

The intracellular domain of the receptor includes a juxtamembrane sequence 

(JM), a tyrosine kinase domain, a sterile-α-motif (SAM) and a binding site for 

proteins containing a ‘post-synaptic density-95/discs-large/zona occludens 1’ 

(PDZ) domain.  The kinase active site is inhibited by the non-phosphorylated 
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JM domain, which structurally distorts the kinase domain. Upon auto-

phosphorylation, this inhibition is relieved and the kinase becomes active. The 

phosphorylated JM domain also serves as a docking site for downstream 

signalling proteins (Himanen et al., 2001; Himanen & Nikolov, 2003; Murai & 

Pasquale, 2003).   

 

Ephrin structure  

The Ephrin ligand’s extracellular structure forms the receptor-binding domain in 

which various sequences are responsible for tetramerization, ligand-receptor 

docking and interaction with the Eph receptor ligand binding channel (Himanen 

et al., 2001). The A class ligands are entirely extracellular and tethered to the 

membrane by a glycosylphosphoinositol (GPI) anchor (Figure 5). The B class 

ligands are transmembrane and have a cytoplasmic tail of eighty amino acids. 

This tail is highly conserved (approx. 95% homology across the class), 

contains a PDZ binding domain and five tyrosine residues, which become 

phosphorylated upon ligand binding (Bundesen et al., 2003; Tanaka et al., 

2005; Gauthier & Robbins, 2003/12/5). 

 

Eph-Ephrin binding  

Prior to receptor-ligand binding, Eph receptors and Ephrins are associated with 

particular microdomains in the membrane that are rich in glycosphingo-lipids 

and cholesterol (lipid rafts) and form low affinity Eph-Eph or Ephrin-Ephrin 

dimers (Blits-Huizinga et al., 2004).  As cell-cell contact occurs, the receptor 

binding domain of the ligand interfaces with Eph receptors in a number of 
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ways.  Principally it forms a dimer with one receptor.  This involves the docking 

of the ligand to the receptor, relying on hydrogen bond networks for binding 

and recognition.  Docking enables the hydrophobic binding loop of the ligand 

to become enveloped into the hydrophobic binding channel on the receptor in 

an action powered by van der Waals forces.  Further to dimer formation, the 

ligand also interfaces with a second receptor to form a tetramer.  This second 

interaction involves hydrogen bonds and van der Waals forces but has a much 

lower affinity (Himanen et al., 2001).  Not all receptor-ligand complexes are 

capable of forming tetramers as demonstrated by crystallography of the 

EphB2-EphrinA5 complex (Himanen et al., 2004).  However, it is likely that the 

formation of tetramers is critical to the development of Eph signalling (Smith et 

al., 2004). A high concentration of receptor-ligand tetramers drives the 

formation of higher order clusters. The low affinity cis interactions prior to 

Ephrin bindings occur between the LBD and the sushi regions of the Eph 

receptors. Following Ephrin binding, the interaction between the cis Eph 

receptors alters to LBD-LBD and sushi-sushi interactions allowing the 

oligomerization to stabilise (Seiradake et al., 2010). Once higher order clusters 

form, Eph receptors are recruited without further Ephrin binding (Wimmer-

Kleikamp et al., 2004). There is also evidence to suggest that the protease 

dependent degradation of the Eph receptors requires higher order clusters to 

form (Seiradake et al., 2010). 

 

Eph signalling: forward and reverse 

The binding of the Ephrin causes conformational changes to the intracellular 

region of the Eph receptor.  The catalytically repressed kinase domain of one 
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receptor phosphorylates inhibitory regions of the other receptor and the kinase 

becomes active.  The phosphorylation of the juxtamembrane domain also 

allows for binding to other signalling proteins, such as those that contain SH2 

domains (Zisch et al., 2000). The forward signalling induced by Eph receptor 

activation includes important signalling pathways in the regulation of the cell 

cytoskeleton, activation of Rho family small GTPases, Ras-MAP kinases and 

Src family kinases, as well as other molecules involved in regulating 

experience driven plasticity in the adult brain (Murai & Pasquale, 2003; 

Vearing & Lackmann, 2005). 

 

In keeping with the multifunctional properties of Eph receptors, forward 

signalling is regulated by a number of mechanisms in addition to direct ligand 

binding. For example, during neuronal development, the signalling of Eph 

receptors and Ephrins is regulated by their location in the cell membrane. 

Within the same axonal segment, Eph receptors and Ephrin ligands are 

separated to non-overlapping microdomains (Marquardt et al., 2005). By 

regulating the microdomain specificity of Eph receptors and Ephrins, the cell 

can control the balance between trans and cis interactions (Kao & Kania, 

2011). The trans interactions facilitate forward signalling and, depending on 

the identity of Eph receptors and Ephrins involved, serve as either repulsive or 

attractant cues for axonal guidance. The cis interactions attenuate the forward 

signalling, allowing the cell to precisely control the axonal trajectory 

(Hornberger et al., 1999).  The functional significance of the microdomain 

location and cis interaction of Eph receptors and Ephrins in adult neurons has 

yet to be determined. 
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The cellular expression levels of the Eph protein family also drive the signalling 

of the Eph-Ephrin interaction. For example, EphB1 mediated cell attachment 

during axonal guiding only occurs once the ligand density has surpassed a 

particular level (Huynh-Do et al., 1999). The cell attachment in this study was 

dependent on EphB1 kinase signalling, indicating that the density of the ligand 

was critical in initiating downstream signalling rather than simple Eph-Ephrin 

binding. Furthermore, the density required to initiate signalling was reduced by 

pre-clustering the Ephrin molecules, indicating that the formation of higher 

order clustering determines the phosphorylation-dependent signalling of Eph 

receptors (Huynh-Do et al., 1999). Indeed, in vitro stimulation of Eph receptors 

leading to signal transduction requires pre-clustering of the Ephrin ligand 

(Stein et al., 1998), whilst monomeric Ephrin molecules act as antagonists 

(Lackmann et al., 1998). The composition of the higher order Eph clusters also 

plays a role in Eph downstream signalling. Eph receptors of different classes 

can work together in the same cluster, independent of ligand binding. In EphA3 

clusters, stimulated by exclusive EphA3 ligand binding, EphB2 receptors are 

recruited to the cluster and trans-phosphorylate EphA3 receptors (Janes et al., 

2011). The ability of Eph receptors to form clusters enables a much greater 

level of control over the Eph phosphorylation status and consequently, the 

signalling mechanisms (Janes et al., 2012). 

 

The Eph overall expression profile of the cell also determines the Eph 

signalling pathway and functional consequence of the Eph interaction. In a 

prostate cancer cell line, the invasive nature of the cell is determined by the 
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expression pattern of EphA receptors and EphB receptors. In these cells, the 

inhibition of invasion is mediated by the EphA-EphrinA interaction. However, 

this is lost due to the elevated expression of EphB receptors, which drive the 

invasive nature of the cell upon binding to EphrinB ligands. If the EphB 

expression level is reduced, the cells lose their invasive properties, indicating 

that the function of the Eph-Ephrin interaction is determined by expression 

pattern of the particular cell (Astin et al., 2010). 

 

Ephrin reverse signalling 

The B class of Ephrins are transmembrane and can signal in two ways.  First, 

they can bind PDZ domain proteins.  A number of these have been identified 

as binding to EphrinBs, but the only one that has been shown to contain a 

catalytic domain is PDZ-RGS3 (Lu et al., 2001) for review: (Schmucker & 

Zipursky, 2001). Reverse signalling has been shown to occur through the PDZ 

domain independently of Eph receptor binding. In isolated vascular endothelial 

cells, over-expression of EphrinB2 alone increases the motility of the cells 

without binding of Eph receptors (Bochenek et al., 2010). The second mode of 

action is the phosphorylation of cytoplasmic residues. Tyrosine residues are 

phosphorylated by Src family kinases which results in recruitment of Grb4, a 

scaffolding protein that alters the actin cytoskeleton and regulates plasticity-

related structural rearrangements (Cowan & Henkemeyer, 2001). A serine 

residue is also phosphorylated, which leads to regulation of AMPA receptors at 

hippocampal synapses (Essmann et al., 2008).  
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Reverse signalling also occurs through Ephrin A molecules.  Despite having no 

intracellular domain, the ligand communicates signals inside the cell and 

activates a Src family kinase for review (Aoto & Chen, ; Gauthier & Robbins, 

2003/12/5).  It is proposed that the GPI linkage of EphrinA to the cell 

membrane confers signalling specificity.  Through association with particular 

lipid rafts, Ephrin A operates through messengers distinct to EphrinB signalling 

pathways.  This is consistent with specific subpopulations of lipid rafts 

associating with different molecules involved with intracellular signalling.  A 

common downstream effect of EphrinAs and B’s activation is modulation of 

actin cytoskeleton with subsequent structural rearrangement of neurites 

(Gauthier & Robbins, 2003/12/5). 

 

The Eph receptors and hippocampal synaptic plasticity 

In the adult limbic system, the Eph receptors are involved in both adaptive and 

maladaptive mechanisms affecting neuronal plasticity. This includes regulating 

both synaptic and morphological plasticity. 

 

In the hippocampus, EphB2 regulates LTP at the dentate gyrus, CA3 and CA1 

synapses. At the mossy fibre – CA3 synapses, the disruption of EphB2 binding 

to pre-synaptic EphrinB2 inhibits LTP (Contractor et al., 2002). This is 

dependent on the PDZ binding capabilities of EphB2 in the dendritic spine. 

Similarly, LTP in the dentate gyrus synapses and at the CA1 synapses is 

reduced in EphB2 knockout mice (Grunwald et al., 2001; Henderson et al., 

2001). However, at these synapses, EphB2 function is independent of the 

kinase domain, suggesting that the extracellular portion of EphB2 and its 
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ligand-binding abilities drive the function (Grunwald et al., 2001; Henderson et 

al., 2001). In addition, EphB2 null mice show significant cognitive deficits in 

hippocampus-dependent memory tasks, which is consistent with the role of 

this receptor in synaptic plasticity, learning and memory (Grunwald et al., 

2001).  

 

At the mossy fibre synapses, LTP is known to be NMDA-independent. 

Disrupting the PDZ-related downstream signalling of EphB2, or blocking the 

binding of EphB2 to EphrinB, inhibits mossy fibre LTP (Contractor et al., 2002).  

Further studies reveal the importance of the reverse signalling in this form of 

LTP and a particularly critical role of EphrinB3 in this process.  Experiments by 

Armstrong et al. demonstrate that replacing the C-terminal signalling domain of 

EphrinB3 with its truncated form significantly impairs LTP (Armstrong et al., 

2006).  The importance of Ephrin-mediated reverse signalling in synaptic 

plasticity, LTP and LTD, is also observed in CA1 neurons, which unlike other 

regions express Ephrins postsynaptically (Grunwald et al., 2004). 

 

The EphA receptors also regulate neuronal plasticity in the hippocampus. 

Although EphA4 does not interact with NMDA receptors (Dalva et al., 2000), it 

mediates early phases of LTP (Grunwald et al., 2004). This is achieved 

through, EphA4 / EphrinA3 interaction modulating astrocytic modulation of 

LTP. Astrocytes regulate neuronal plasticity by controlling extracellular 

glutamate levels. In order to protect neurons from excitotoxicity, astrocytic 

glutamate transporters remove excess glutamate from the synapse. Astrocytic 

EphrinA3, activated by dendritic CA1 EphA4, reduces glutamate transporter 
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levels, regulating LTP at the CA1-CA3 synapse (Filosa et al., 2009). EphA5 

also regulates hippocampal LTP although the mechanism is not known. At the 

Shaffer collateral – CA1 synapses, the application of an EphA5 inhibitor to 

hippocampal slices impairs LTP and the application of an EphA5 agonist 

partially mimics it (Gerlai et al., 1999; Gao et al., 1998/8).  To further 

investigate its role in plasticity, mice were infused with an EphA5 antagonist 

and subjected to behavioural tests sensitive to hippocampal function.  The 

infusion of the agonist markedly impaired learning in both the T-maze and 

context dependent fear conditioning (Gerlai et al., 1999). The effect of EphA5 

on hippocampus-dependent memory was confirmed by inducing a retrograde 

amnesia in mice trained in a context-dependent fear conditioning. EphA5 

agonists significantly ameliorated loss of memory in this learning paradigm 

(Gerlai & McNamara, 2000/3).  

 

Eph receptors and morphological plasticity 

Eph proteins are also important in morphological plasticity.  Similarly to growth 

cone motility, the formation and maturation of spines requires cytoskeletal 

remodelling, implicating Eph proteins in the process.  In fact, the formation and 

morphology of dendritic spines is dependent on Eph proteins; EphB1, EphB2 

and EphB3 work in concert to form mature spines.  The absence of one of the 

receptors does not affect spines, suggesting some functional redundancy, but 

loss of two of the receptors results in a dramatic reduction of spine maturation.  

Further studies reveal that the failure to form protrusions is caused by the 

inability of actin to accumulate in spines (Henkemeyer et al., 2003).  Although 

the full mechanism behind this phenomenon is not yet clear, it does involve 
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syndecan-2,as the phosphorylation of syndecan-2 by EphB2 is required for its 

clustering and the subsequent maturation of spines (Ethell et al., 2001).  

 

Multiple EphrinB molecules also regulate spine morphology through 

phosphorylation of their intracellular domains (Segura et al., 2007).  Rodenas-

Ruano et al provided further evidence for the involvement of EphrinBs in 

plasticity when their 2006 study found that the intracellular signalling domain of 

EphrinB3 regulates synapse number without affecting LTP in the CA1 region.  

 

Although EphA4 is not indispensable for spine formation, it does regulate spine 

morphology.  EphA4 knockout mice show abnormal spine anatomy, which is 

dependent on the lack of EphA4 kinase activity (Murai et al., 2003).  It is also 

likely EphA4-EphrinA3 signalling between neuron and glial cells modulate 

spine morphology; similar spine abnormalities are seen in mice in which the 

gene encoding EphrinA3 has been disrupted (Carmona et al., 2009). 

Furthermore, the addition of EphrinA3 to wild-type brain slices causes a 

reduction in spine length and density, which occurred through EphA4 

interaction (Murai et al., 2003).  
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Figure 4. Eph receptor and Ephrin A and B class ligand structure. The Eph receptor’s
extracellular structure includes the ligand binding domain (LB), a SUSHI domain (SUSHI), a
epidermal growth factor domain (EGF) and fibronectin repeats (FB). The intracellular structure
contains a juxtamembrane domain (JM), the tyrosine kinase (TK), a sterile-α-motif and a
postsynaptic density-95/Drosophila disc-large tumour suppressor/zona occludens 1 (PDZ)
domain. EphrinA ligands contain a receptor binding domain (RB) and are tethered to the cell
membrane by glycosylphosphoinositol (GPI) anchor. EphrinB ligands include an extracellular RB
domain and a cytoplasmic tail (CT) which contains a PDZ domain.
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Figure 5. Eph receptor and Ephrin clustering and signal propagation
Eph/Ephrin binding results in the formation in the removal of tyrosine kinase auto-inhibition. The
Eph-Ephrin dimers form a circular heterotetramer which leads to oligomerization which
determines the overall signalling outcome. Tyrosine phosphorylation is initiated following
conformational change and relief from auto-inhibition. The active tyrosine kinase domain trans-
phosphorylates cis Eph receptors and downstream targets. This can also occur as Eph receptors
join the oligomer without Ephrin binding. Conformational changes also propagate signalling
through molecular interactions. 40



 

 

Neuropsin 

Expression and activation 

Neuropsin is an extracellular protease essential for various aspects of 

neuronal physiology, particularly learning and memory. It is uniquely positioned 

to affect learning and memory due to its expression in the limbic system. Its 

highest mRNA expression is found in the CA1 and CA3 regions of the 

hippocampus and the lateral amygdala (Chen et al., 1995). Neuropsin is 

constitutively secreted as an inactive zymogen from neurites, enabling it to 

produce effects rapidly upon activation (Oka et al., 2002). It is converted to its 

active form by cleavage of a Lys-Ile bond removing a four amino acid peptide 

from its N-terminus (Shimizu et al., 1998). It is a serine protease with sequence 

homology to trypsin (Chen et al., 1995). The tertiary structure of neuropsin also 

contains similarities to trypsin but forms unique loops which create lysine and 

Arginine specific pockets (Kishi et al., 1999). In vitro experiments have 

confirmed that neuropsin cleaves lys-x and arg-x bonds (Shimizu et al., 1998). 

So far, the physiological substrates discovered for neuropsin are extracellular 

matrix proteins - fibronectin and L1CAM (Shimizu et al., 1998; Matsumoto-

Miyai et al., 2003).  

 

Role in neuronal plasticity 

Similarly to other proteases involved in neuronal plasticity, neuropsin gene 

expression increases following neuronal activity (Chen et al., 1995).  It is also 

altered following stress. Harada et al found that neuropsin mRNA was 

increased for at least 24 hours following 1 hour of restraint stress. 

Furthermore, the gene expression correlated temporally with CORT levels and 
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injection of CORT caused a similar rise in the neuropsin mRNA levels (Harada 

et al., 2008). Consistent with this finding, stress related behaviour is altered in 

neuropsin knockout animals. Animals missing the neuropsin gene display 

increased anxiety as measured by the elevated plus maze (Horii et al., 2008). 

Neuropsin deficient mice also display altered behaviour in memory related 

tasks. However, the results are not entirely clear as different groups found 

different results. Davies et al found no deficiency in neuropsin knockout 

animals performing the water maze (Davies et al., 2001) whilst Tamura et al 

found impaired performance in the same test (Tamura et al., 2006).  

 

The neuropsin knockout animals also display altered synaptic plasticity. Whilst 

there were no deficits in late LTP, the animals did display significant 

impairments in early LTP (E-LTP) (Davies et al., 2001; Tamura et al., 2006). 

Not only is the gene expression of neuropsin regulated by neuronal activity, 

but the activation of non-active pro-neuropsin follows neuronal activity. This 

activity-dependent activation of neuropsin is NMDA receptor-mediated, 

although the exact mechanism of activation has yet to be elicited (Matsumoto-

Miyai et al., 2003). Although early LTP is both NMDA and neuropsin-

dependent, neuropsin does not directly affect NMDA current in the 

hippocampus (Komai et al., 2000). Instead, the search for the mechanism 

through which neuropsin regulates E-LTP has focussed on the alterations of 

the extracellular matrix (ECM). As LTP occurs, changes in the morphology of 

dendritic spines accompany it (Yang et al., 2008). Furthermore, LTP is reduced 

by blocking interactions between the ECM and the synaptic membrane (Chun 

et al., 2001; Luthl et al., 1994). By proteolysis of fibronectin, neuropsin reduces 
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the interaction between fibronectin and α5β1 integrin and therefore allows 

cellular morphological changes to occur (Tani et al., 2001). Neuropsin also 

acts to facilitate formation and maturation of hippocampal synaptic boutons 

through L1CAM (Nakamura et al., 2006). Indeed L1CAM, which is known to 

modulate E-LTP, is cleaved by neuropsin during E-LTP (Luthl et al., 1994; 

Matsumoto-Miyai et al., 2003). Consistent with neuropsin regulating the ECM 

to affect neuronal morphology, neuropsin knockout animals have abnormalities 

in hippocampal synapses, with a decrease in asymmetric synapses being 

observed (Hirata et al., 2001).  

 

Recently, neuropsin has also been implicated in synaptic tagging. Through 

integrin/actin and subsequent L-type voltage dependent calcium channel 

(LVDCC) signalling, neuropsin permits late associative plasticity in the 

hippocampus (Ishikawa et al., 2008).  Furthermore, neuropsin acts to facilitate 

neuronal outside-in signalling resulting in phosphorylation of AMPA receptors 

and LVDCC signalling (Ishikawa et al., 2008; Tamura et al., 2006). 

 

The evidence thus far points to a critical role for neuropsin in neuronal 

plasticity in the limbic system. Its location, temporal expression, effects on LTP 

and its target substrates make it a good candidate for further investigation in 

stress induced neuronal plasticity. 
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The tPA Plasminogen system  

Expression and activation 

The tPA/plasminogen proteolytic role has been well characterised for its 

fibrinolytic action during haemostasis (Figure 6).  

 

 

 

Figure 6. The tPA/plasminogen system. Diagram to show the activation of 

plasminogen to plasmin and its cleavage of fibrin, resulting in its anti-coagulation 

properties. The coagulation cascade results in a blood clot by forming fibrin polymers. 

Plasminogen is activated by a number of agents, including tPA and acts to cleave 

fibrin polymers. Anti-coagulatory cleavage is indicated by . Pro-coagulatory 

activity modulating the tPA/plasminogen system is indicated by . 

Molecular change is indicaed by  . Catalyst reaction indicated by 

.(Coleman haemostasis and thrombosis, 2006; Osterwalder et al., 1996). 
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However, light has now been shed on its role in the central nervous system 

(CNS). Although tPA is more widely distributed throughout the brain than 

neuropsin, it also has a high expression in the limbic system. This includes the 

mossy fibre pathway of the hippocampus and the central and medial nuclei of 

the amygdala (Pawlak et al., 2003; Salles & Strickland, 2002). Like neuropsin, 

tPA can be described as an immediate early gene, as the gene expression is 

upregulated rapidly following neuronal activity (Qian et al., 1993). Using in situ 

zymography, it has been shown that the enzymatic activity of tPA also 

increases rapidly following neuronal activity, in the same anatomical location 

as the mRNA increases. This occurs in the hippocampus both after excitotoxic 

injury and glutamate stimulation but also in the amygdala following restraint 

stress (Salles & Strickland, 2002; Pawlak et al., 2003; Shin et al., 2004). Unlike 

neuropsin, tPA is not constitutively released to the extracellular milleu. Rather, 

it is stored in secretory granules and rapidly released into the synapse 

(Gualandris et al., 1996). This occurs from both axon terminals and dendritic 

spines (Baranes et al., 1998; Lochner et al., 2006). Although plasminogen is 

not found in large quantities in the CNS, its mRNA expression is found 

primarily in the hippocampus, cortex and cerebellum (Basham & Seeds, 2001; 

Salles & Strickland, 2002). Its expression is also rapidly upregulated following 

neuronal activity (Shin et al., 2004; Pawlak et al., 2003). 

 

Once in the extracellular space, tPA cleaves plasminogen to plasmin. Plasmin 

is a broad spectrum serine protease whilst tPA is more selective with relatively 

few substrates known (Ding et al., 1995; Melchor & Strickland, 2005). Plasmin 

is activated when it is converted from its inactive zymogen, plasminogen, by 
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tPA or uPA (Rijken & Groeneveld, 1991). Plasmin is a powerful protease 

because of its broad spectrum and fast activation, which is partly due to a 

positive feedback mechanism. Once activated by tPA, plasmin activates other 

members within its proteolytic cascade. Not only does it covert plasminogen to 

plasmin more efficiently than tPA or uPA, but it also enhances tPA activity. 

Plasmin cleaves single chain tPA molecules into two chain molecules that 

possess increased plasmin-activating ability (Coleman haemostasis and 

thrombosis, 2006).  The proteolytic action of tPA and plasminogen is tightly 

controlled by inhibitors, catalysers and scavengers. Serpin molecules - classic 

tPA and plasmin inhibitors - are expressed in the brain. Plasmin is inhibited by 

α-2 antiplasmin and tPA inhibited by plasminogen activator inhibitor-1. 

Furthermore, a neuronal specific tPA inhibitor, neuroserpin, has been 

described (Osterwalder et al., 1996). Whilst the serpins inhibit the action of the 

tPA/Plasminogen system, the annexin II complex catalyses it. Association of 

tPA and plasminogen with this complex increases the conversion of 

plaminogen to plasmin. tPA activity is also attenuated by the LRP1 receptor 

which scavenges the protease from the extracellular space. Further to its 

enzymatic activity, tPA acts in the CNS to transmit signals in a non-proteolytic 

manner. It acts as a non-proteolytic ligand to maintain LTP and promote 

neuronal outgrowth, through different receptors (Lee et al., 2007; Zhuo et al., 

2000). In this manner, tPA has neuroprotective, neurotrophic and microglial 

activating properties (Kim et al., 1999; De Petro et al., 1994; Rogove et al., 

1999).  
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Role in neuronal plasticity 

The tPA/plasminogen has been implicated in neuronal plasticity through a 

number of different mechanisms. LTP and LTD are both modulated by the 

tPA/plasminogen system.  In contrast to neuropsin, which affects the early 

phase of LTP, tPA and plasminogen act to promote late phase LTP (L-LTP) 

(Mizutani et al., 1996). In the hippocampus, the tPA gene expression increases 

during L-LTP and animals deficient in tPA display normal E-LTP but fail to 

establish L-LTP (Qian et al., 1993; Frey et al., 1996; Huang et al., 1996). The 

same effect is seen upon injection to the hippocampus of a tPA inhibitor, tPA 

STOP (Baranes et al., 1998). Indeed, tPA acts not only to maintain LTP but to 

enhance it. Injection of tPA or the overexpression of tPA results in a higher 

level of LTP (Baranes et al., 1998; Madani et al., 1999). In line with these 

results, mice lacking the tPA gene show deficits in hippocampal related 

memory tests. Although the mice did not display deficits in the Barnes circular 

and Morris water maze, they were impaired in step down inhibitory avoidance 

paradigm (Baranes et al., 1998; Pawlak et al., 2002). The overexpression of 

tPA further revealed a role for tPA in hippocampal based memory formation as 

the animals performed better at the Morris water maze and another 

hippocampus-dependent test, the homing hole board test (Madani et al., 

1999). A key effector of tPA/plasminogens L-LTP effects is brain-derived 

neurotrophic factor (BDNF). The L-LTP not only requires protein synthesis but 

plasmin cleavage of proBDNF to BDNF is a critical step in this pathway (Pang 

et al., 2004). However, the tPA/plasminogen system modulates neuronal 

plasticity in a number of ways. These include proteolytic events and non-

proteolytic events that can also be independent of plasminogen activation.   
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Further analysis of the tPA knockout animals revealed that they were deficient 

in certain NMDA-dependent hippocampal tasks, indicating a mechanism 

through which tPA may affect neuronal plasticity (Horwood et al., 2004). The 

evidence suggests that the tPA/plasminogen system acts through the NMDA 

receptor in a number of ways. Firstly, its interaction with the NMDA NR1 

subunit has been suggested. There is evidence tPA interacts with and forms a 

complex with the NR1 subunit leading directly to cleavage of the amino 

terminal of NR1 by tPA (Fernandez-Monreal et al., 2004). This causes a 

potentiation of NMDA-mediated calcium influx leading to an increase in 

neuronal cell death (Nicole et al., 2001). Furthermore, interfering with the 

interaction between the tPA and NR1 in vivo led to decreased cleavage and 

behavioural deficits similar to tPA deficient animals (Benchenane et al., 2007). 

However, this mechanism is controversial within the field. Whilst another group 

has demonstrated an interaction between tPA and NR1, other groups have 

been unable to show direct cleavage of NR1 by tPA (Kvajo et al., 2004; Matys 

& Strickland, 2003; Liu et al., 2004; Samson et al., 2008).  

 

As mentioned, tPA acts as a ligand for LRP1 which regulates tPA’s 

concentration in the extracellular space by endocytosis. However this receptor-

ligand interaction also influences LTP, as the enhancing effect of tPA on LTP 

is mediated by LRP1 signalling (Zhuo et al., 2000). The stimulatory effects of 

tPA on NMDA signalling result in activation of the MAP kinase pathway 

through ERK1/2 phosphorylation (Medina et al., 2005). Using LRP1 inhibitors 

and truncated PSD95 mutants, Martin et al discovered that the activation of 
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NMDA and downstream ERK phosphorylation relied on LRP1 interacting with 

NMDA. This occurred via PSD95, downstream from tPA binding LRP1 (Martin 

et al., 2008). Further evidence suggests that the binding of tPA to LRP1 that 

causes NMDA potentiation requires tPA activity, and that tPA forms a complex 

with a serpin before engagement with LRP1 (Samson et al., 2008). There is 

also evidence that astrocytic LRP1 also plays a role in tPA-NMDA LTP and so 

further discoveries in this pathway are still to be fully elicited (May et al., 2004). 

tPA also mediates synaptic plasticity through LRP1 by upregulating MMP9, an 

extracellular protease (Wang et al., 2003). MMP-9 is also indispensible for L-

LTP and enhances LTP whilst acting concomitantly to modulate spine 

morphogenesis (Wang et al., 2008; Nagy et al., 2006). tPA also influences 

NMDA action in a nonproteolytic manner through the NR2B subunit. During 

ethanol dependence, an adaptive form of neuronal plasticity, tPA acts to 

upregulate the NR2B subunit. This is promoted by tPA through a 

nonproteolytic interaction with the subunit (Pawlak et al., 2005). 

 

An alternate mechanism through which tPA may mediate NMDA function is 

through direct subunit cleavage by plasmin. This has been shown to cause 

either partial or complete degradation of the subunit (Samson et al., 2008; 

Matys & Strickland, 2003). The authors describing specific cleavage suggest 

that plasmin may regulate NR1 function directly although not through an 

increase in NMDA calcium influx (Samson et al., 2008).  

 

In contrast to the above, plasmin has been shown to potentiate NMDA current, 

although not through NR1 modulation. Firstly, it was demonstrated that 

49



 

 

plasmin potentiates NMDA current through its activation of PAR-1. Plasmin-

activated astrocytic PAR-1 leads to neuronal-astrocytic crosstalk which 

potentiates neuronal NMDA current (Mannaioni et al., 2008). Secondly, 

plasmin can potentiate neuronal NMDA current through direct cleavage of the 

NMDA NR2A subunit. Cleavage at the N-terminus of the NR2A removed the 

zinc binding site and consequently the zinc inhibition (Yuan et al., 2009).  

 

The involvement of plasminogen in NMDA cleavage has also been implicated 

in stress. Following chronic restraint stress, hippocampal NMDA level was 

reduced, an effect mediated by plasmin, which led to hippocampal-associated 

memory deficits (Pawlak et al., 2005). This effect was regulated by PAI-1 and 

illustrates the fine balance achieved by regulatory processes in the 

tPA/plasminogen system. Following acute restraint stress, tPA was inhibited by 

PAI-1, which led a decrease in NR2B phosphorylation resulting in NMDA 

internalisation. This change in plasticity results in hippocampal associated fear 

behaviour (Norris & Strickland, 2007). As described, the hippocampus and the 

amygdala act in concert during stress-induced plasticity. The tPA/plasminogen 

system also modulates stress-related plasticity and behaviour mediated by the 

amygdala, specifically the medial amygdala (Pawlak et al., 2003). 

Corticosterone releasing factor (CRF), released by the PVN, causes an 

upregulation of tPA activity in the amygdala following stress. This alters both 

pre- and post-synaptic markers of plasticity as well as disturbing the circulating 

corticosterone levels during recovery from stress (Pawlak et al., 2003; Matys et 

al., 2004).  Further to this, changes in spine morphology that accompany 

chronic stress in the medial amygdala are dependent on tPA activity (Bennur 
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et al., 2007/1/5). These plasticity related changes translate to a behavioural 

phenotype of reduced anxiety-like behaviour in mice deficient for tPA (Pawlak 

et al., 2003). 

 

The role of the tPA/plasminogen system in the CNS demonstrates the critical 

role that an extracellular protease can play in neuronal plasticity. Protease-

mediated cleavage of or interaction with ECM proteins, transmembrane 

receptors and ion channels drive the neuron’s ability to adapt to environmental 

stimuli.  
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Aims and objectives 

The aim of the work presented in this thesis is to describe the molecular 

interactions of Eph proteins with neuronal proteases and their role in 

anxiogenesis. To achieve this a processive stress model, mouse restraint, will 

be used. The neuroanatomical focus will be the hippocampus and the 

amygdala. The in vivo model will be complemented by in vitro studies that will 

enable study of molecular interactions.   

 

Objective 1: To investigate whether Eph proteins are susceptible to 

neuropsin, tPA or plasmin cleavage. This will be achieved using cellular lines 

that express Eph proteins and applying recombinant proteases to the culture 

medium. Cleavage events will be investigated further using Edman 

degradation, mass spectrometry, in vitro over-expression of Eph proteins and 

by using chimeric Eph proteins.  

 

Objective 2: To investigate whether cleavage events described above occur in 

vivo during stress. Genetically modified mice, deficient for the protease of 

interest will undergo stress and the effect on Eph proteins susceptible to 

cleavage will be measured using Western blotting. 

 

Objective 3: To investigate the Eph proteins and related molecular partners 

spatial expression in the hippocampus and amygdala using 

immunohistochemistry. Coronal mouse brain slices will be probed using 

appropriate antibodies and imaged using a confocal microscope. 
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Objective 4: To investigate the temporal expression in the hippocampus and 

amygdala of Eph proteins during stress. The gene and protein expression will 

be quantified, before and after restraint stress, in the hippocampus and 

amygdala. The gene expression will measured using qRT-PCR and the protein 

expression by Western blotting.  

 

Objective 5: To investigate the effect of neuronal proteases on Eph - Ephrin 

interactions. Eph receptors will be over-expressed in cell culture and 

fluorescently tagged Ephrin chimeric proteins will be added to the medium so 

that receptor ligand binding can be visualised in real time using confocal 

microscopy. Neuronal proteases will be added to the medium to investigate 

their effect on the receptor – ligand interaction.  

 

Objective 6: To investigate Eph protein molecular interactions during stress. 

Eph proteins will be immunoprecipitated from the hippocampus and amygdala. 

The interacting ligand that precipitates with the Eph proteins will then be 

quantified to analyse the effect of stress on the interaction.  

Immunoprecipitation of Eph proteins will also be used to investigate other, Eph 

interacting partners that are critical to neuronal plasticity. For example, EphB2 

has been shown to immunopreciptate with NMDA receptors. Their interaction, 

before and after stress, could be investigated using immunopreciptation.  

 

Objective 7: To demonstrate if Eph proteins and their interactions with 

neuronal proteases regulate anxiogenesis. Anxiety-like behaviour in mice that 

have been genetically modified to remove or under-express Eph proteins or 
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neuronal proteases will be measured. The effect of the stress on the behaviour 

of these mice will be also investigated. The behavioural tests used will include 

the open field or elevated plus maze. The time points at which behaviour will 

be measured will be dependent on the results from the molecular experiments 

described above. The direct effects of neuronal proteases on anxiety-like 

behaviour will be investigated using neuronal cannulae implanted to the mouse 

amygdala. The protease will be administered before stress and the anxiety-like 

behaviour measured as above. 
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Chapter 2. Materials and Methods 

  

55



 

 

Cell Culture 

SHSY-5Y cells (passage number <30) were incubated (37C, 5% CO2) in 

medium (MEM + EARLES, 5% fetal calf serum, 5% new-born calf serum, 2mM 

L-glutamine, 1% fungizone, 1% fem strep) until 80-90% confluence. They were 

washed with PBS (+Ca2+, +Mg2+) three times before being incubated with PBS, 

PBS + neuropsin (50nM; R&D), PBS + tPA (Alteplase, Genentech; 1µg/ml) or 

PBS + tPA (Alteplase, Genentech; 1µg/ml)  + plasminogen (R&D, 

0.5/1.5/10µg/ml) for fifteen minutes after which the dishes were placed on ice 

and protease inhibitors (Complete, Roche) were added. The cells were 

collected using a cell scraper and homogenised (Tris 50mM, NaCl 150mM, 

EDTA 5mM, EGTA 5mM, Triton-100 1%, NP40 0.5%, pH7.5). The resulting 

protein sample was analysed by Western blotting as described below. 

 

To further investigate the cleavage of EphB2 by neuropsin, SHSY-5Y cells and 

HEK293 cells were transfected with mouse EphB2-GFP (kindly donated by Dr. 

A. Kania, Montreal) using Lipofectamine 2000 (Invitrogen) as per the 

manufacturer’s instructions and the cells were incubated with PBS (+Ca2+, 

+Mg2+) or PBS (+Ca2+, +Mg2+)  + neuropsin (300nM) for 15 or 45 minutes. The 

reaction was stopped, the supernatant collected, the cells homogenised and 

proteins analysed by Western blotting as described above for initial cell culture 

experiment. 

 

For the imaging experiments, SH-SY-5Y cells were transfected with GFP, 

mouse EphB2-GFP and mouse EphA4-GFP (kindly donated by Dr. A. Kania, 

Montreal) using Lipofectamine 2000 (Invitrogen) and loaded with cell tracker 
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(Invitrogen). Images were taken with Zeiss LSM5 Exciter before and after 15-

minute incubation with neuropsin (50nM, R&D), converted to grayscale and 

fluorescent signal intensity was quantified using Scion Image.  

 

In a separate imaging experiment, SH-SY-5Y cells were transfected with GFP, 

mouse EphB2-GFP and mouse EphA4-GFP (kindly donated by Dr. A. Kania, 

Montreal) and loaded with cell tracker (Invitrogen). EphrinB2 Fc (R&D, 4µg/ml) 

was clustered with Cy-5 conjugated donkey anti-human IgG (Jackson 

ImmunoResearch, 0.75µg/ml) for one hour at room temperature. This was then 

incubated with transfected and non-transfected cells for 15 minutes (8µg/ml). 

The cells were washed with PBS (37°C) and images collected using Zeiss 

LSM5 Exciter confocal microscope 

 

Western blotting, cell fractionation and immunoprecipitation 

Control mice and mice subjected to restraint stress were anaesthetised using 

intraperitoneal sodium pentobarbital (50 mg/kg) and perfused transcardially 

with ice cold PBS. The brains were removed and hippocampi and amygdalae 

dissected from a slice, -0.58 to -2.3mm relative to Bregma using a brain matrix 

(Stoelting), frozen immediately on dry ice and stored at -80ºC.  

 

Samples were homogenized in 0.1M Tris, 0.1% Triton X-100, pH 7.4, 

containing phosphatase inhibitors (10mM NaF, 1mM Na3VO4) and protease 

inhibitors (Complete, Roche) and the protein concentration was adjusted to 2 

mg/ml using the Bradford method (Pierce). Reduced (DTT) and denatured 

(100°C for 5 minutes) samples (40µg per lane) were subjected to SDS-PAGE 

57



 

 

electrophoresis and transferred onto nitrocellulose membrane. After blocking 

(5% skim milk for 1h at RT) and washing with PBS-T (3x5mins), the 

membranes were probed with the following primary antibodies overnight at 

4°C:  goat anti- NCAM-L1 (SantaCruz Biotechnology, 1:300), goat anti-EphB2, 

anti-EphB6 and anti-EphrinB2 (R&D, 1:500, 1:500 and 1:300 respectively), 

mouse anti-EphA4 (Zymed, 1:1000, this was also used in blots to recognize 

the C-terminus of EphA4), EphA4-N-terminus (R&D, 1:500) rabbit anti pan-

cadherin (Abcam, 1:2000), rabbit anti-p75NGF receptor (Chemicon, 1:1000), 

rabbit anti-NR1 (Upstate, 1:250), rabbit anti-neuropsin (Dr. Helena C. Castro, 

Niterói, Brazil), rabbit anti-plasminogen (Molecular Innovations, 1:2000). The 

membranes were then washed in PBS-T (3 x 8 mins) before incubation with a 

relevant HRP-conjugated secondary antibody as appropriate (Vector Labs, 

1:1000, 1hr, RT).  The signal was developed, after washing with PBS-T (6 x 

8mins), using a Super Signal West Pico Chemiluminescent Substrate (Pierce).  

To normalise the results, the membranes were stripped using a stripping buffer 

(Pierce), blocked, washed as above and re-blotted using mouse anti-β-actin 

antibody (Sigma, 1:2500, 1hr, RT).  Again, the membranes were washed with 

PBS-T (6x8mins) before incubation with an anti-mouse HRP-conjugated 

secondary antibody (Vector Labs, 1:1000, 1hr, RT) and developed as 

described above.  To quantify the results, the band intensities were analysed 

using Scion Image software and normalized to the actin bands.  

 

When indicated, cellular fractions of the amygdalar samples were separated 

using a cellular protein fractionation kit (PerkinElmer) as per the 

manufacturer’s protocol, analysed using Western blotting and normalized to 
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pan-cadherin or EphrinB2 levels. The primary antibodies used to verify the 

purity of the subcellular fractions were rabbit anti-Calpain (Abcam, 1:500), 

rabbit anti-CREB (Cell signalling, 1:1000), mouse anti-EphA4 (Zymed 1:1000) 

and rabbit anti-Vimentin (Abcam 1:1000). 

 

For immunoprecipitation, amygdala and hippocampal samples were 

homogenized using HO buffer (50 mM HEPES-NaOH, pH 7.5, 1% Triton X-

100, 0.15 NaCl, 1 mM EGTA, 1.5 mM MgCl2, 10% glycerol) as previously 

described(Calo et al., 2005), with protease and phosphatase inhibitors 

(Complete - Roche, 50mM NaF, 1mM Na3VO4), pre-cleared using goat or 

mouse IgG (Sigma, 1µg), appropriate to the precipitating antibody, before 

incubation with either goat anti-EphB2 antibody, goat anti-EphB6, goat anti-

EphrinB2 (R&D, 2µg) or mouse anti-EphA4 (Zymed, 2µg) for 1 hour (4°C). The 

samples were then incubated with protein G-sepharose beads overnight 

before being washed with PBS four times and analysed by Western blotting. 

 

Eph brain homogenate cleavage 

Control mice were anaesthetised using intraperitoneal sodium pentobarbital 

(50 mg/kg) and perfused transcardially with ice cold PBS. The brains were 

removed and hippocampi and amygdalae dissected from a slice, -0.58 to -

2.3mm relative to Bregma using a brain matrix (Stoelting), frozen immediately 

on dry ice and stored at -80ºC.  

 

Samples were homogenized in buffer (0.1M Tris, 0.1% Triton X-100, pH 7.4), 

containing phosphatase inhibitors (10mM NaF, 1mM Na3VO4). The 
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homogenate (100µl) was incubated with tPA (1mg/ml) alone, tPA (1mg/ml) + 

plasminogen (0.5/1.5/10mg/ml) or without proteases for 15 minutes. The 

homogenate was placed on ice and proteases inhibitors were added to stop 

the reaction. The samples were then analysed by Western blotting as 

described above. 

 

EphA4 Fc cleavage 

EphA4 Fc (1mg/ml) was incubated with tPA (1mg/ml), tPA (1mg/ml) + 

plasminogen (1.5/10/20mg/ml) or without proteases in a HEPES-Tween buffer 

(0.1M HEPES, 0.01%Tween, pH 7.4) as previously described (Quagraine et 

al., 2005) for 15 minutes. The samples were placed on ice and protease 

inhibitors (Complete, Roche) were added to stop the reaction. The samples 

were then analysed by Western blotting as described above. For mass 

spectrometry analysis, the experiment was repeated but the samples were 

separated by SDS-PAGE and the gel prepared for mass spectrometry. The gel 

was washed for 30 seconds with deionized water, followed by (1x10minutes) 

under gentle agitation  (50mg Coomassie Blue R250 in 50 ml Methanol, 50 ml 

di-Water). The membrane was then de-stained (3x10minutes) under gentle 

agitation (Acetic Acid, 200 ml di-Water, 250 ml Methanol) and dried. Individual 

bands were excised from the gel and analysed by the University of Leicester 

Protein and Nucleic Acid Chemistry Laboratory. 
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Animals 

The experiments involving EphrinB2lx/lx and EphrinB2-CaMKII-Cre were 

performed on three-month-old mice. Generation of EphrinB2-CaMKII-Cre mice 

has been previously described(Grunwald et al., 2004). EphrinB2lx and CamKII–

cre mice were the kind gift by Professor R. Klein (Essmann et al., 2008). The 

EphrinB2lx and CamKII–cre mice were bred to produce EphrinB2-CaMKII-Cre 

mice. EphrinB2lx/lx-CamKcre mice were bred with EphrinB2lx/lx mice to produce 

EphrinB2lx/lx and EphrinB2-CaMKII-Cre littermates which were used for 

experiments. The EphrinB2lx/lx and EphrinB2-CaMKII-Cre were genotyped 

using the following method: DNA from mice tail samples was extracted by 

incubating the sample for 25mins in lysis buffer (30mM NaOH, 2mM EDTA) 

before adding neutralizing buffer (40mM Tris-HCl). The primers for the 

EphrinB2lx/lx genotype (forward 5’ CTT CAG CAA TAT ACA CAG GAT G 3’ 

and reverse 5’ TGC TTG ATT GAA ACG AAG CCC GA 3’) were bought from 

Invitrogen. The PCR program was as follows: 

 

94°C   2 min 

94°C  15 sec 

61°C  45 sec      40x 

72°C  45 sec 

72°C  10 min 

10°C   ∞ 

 

PCR products were separated on a 1.5% agarose gel, which produced a 

single band of 240bp for wildtype mice, a single band at 350bp for EphrinB2lx/lx 
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mice and a band at both 240bp and 350bp for EphrinB2lx mice (Figure 33). The 

primers for the CaMK-cre genotype (forward 5’ GCC TGC ATT ACC GGT CGA 

TGC AAC GA 3’ and reverse 5’ GTG GCA GAT GGC GCG GCA ACA CCA TT 

3’) were bought from Invitrogen. The RT-PCR program was as follows: 

 

94°C   5 min 

94°C  1 min 

67°C  1 min       40x 

72°C  2 min 

72°C  5 min 

10°C   ∞ 

 

PCR products were separated on a 1.5% agarose gel and CaMK-cre positive 

mice produced a single band at 800bp. Wild-type mice did not produce a band 

(Figure 33). 

 

Experiments using neuropsin deficient animals were performed on three-month 

old wild-type (C57/BL6) NP-/- mice backcrossed to C57/BL6 for 12 

generations.  To generate these animals, exons 1-3 of the neuropsin gene, 

including the protease active site, have been replaced by a neomycin 

resistance cassette, which resulted in a disruption of neuropsin proteolytic 

activity (Hirata et al., 2001). A lack of full-length neuropsin transcript and 

proteolytic activity in the brain of these animals was confirmed by RT-PCR and 

amidolytic assay (Hirata et al., 2001) respectively. NP-/- mice were genotyped 

as described (Matsumoto-Miyai et al., 2003).  
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All animals were housed three to five per cage in a colony room with a 12 hour 

light/dark cycle (lights on at 7AM) with ad libitum access to commercial chow 

and tap water.  The experiments were approved by the UK Home Office and 

the University of Leicester Ethics Committee. 

 

Restraint stress 

C57/BL6 J and NP-/- mice were kept undisturbed for at least one week in their 

home cages to become familiar with the environment. Restraint stress was 

performed during the light period of the circadian cycle. Mice were held in wire 

restrainers, secured at the head and tail end of the restrainer with clips, within 

their home cage for the required period of stress. Control animals were left 

undisturbed, and stressed animals were subjected to a single five minutes, 

fifteen minutes or six hours restraint stress in a separate room. In some cases, 

the animals were returned to their home cage for an eighteen-hour recovery 

period.  

 

qRT-PCR 

Primer design 

Primers were designed for the following molecules: EphA4, EphB1, EphB2, 

EphB3, EphB4, EphB6, EphrinB1, EphrinB2, EphrinB3 (Table 2). Exon 

sequences (as determined in NCBI and ENSEMBLE databases) for each of 

the above molecules were used to design the primer pairs using Primer3 

software, as previously described (Rozen, Skaletsky 2000).  To avoid binding 
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to residual DNA, the primers spanned an exon-exon boundary.  Specific 

parameters for the design of primers to be used in qRT-PCR were set in 

Primer3 as follows: the length of the primers between 70 and 120 base pairs, 

the melting temperature between 58 ºC and 60 ºC, the GC content between 

45% and 58%, a maximum self-complementarity of 4 and a CG clamp of 1.  

Using Operon software (Operon Biotechnology 2007), each primer was first 

plotted against itself for its potential to form hairpins or primer-dimers and then 

against the second primer for the potential to form primer-dimers.  Primer-

dimers were defined as four consecutive bases that were complementary on 

two primers and hairpins were defined as two sets of four bases that were 

complementary on the same primer.  The primers were then analysed for 

potential binding to other gene sequences in the mouse genome using 

nucleotide-nucleotide blast (NCBI Blast).  The custom DNA primers were then 

ordered from Invitrogen. In order to quantify gene expression, the target genes 

were compared against the actin gene as previously described (Salter & Fern, 

2005).    
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RNA extraction and conversion 

Control and stressed mice were anaesthetised intraperitoneally using sodium 

pentobarbital and perfused transcardially with ice cold PBS. The brains were 

removed and dissected in ice-cold PBS using a vibrating microtome (Campden 

Instruments).  To minimise RNA loss, equipment was treated with RNase 

erase (Biosystems).  Hippocampi and amygdalae were dissected from a 

coronal slice -0.58 to -2.3mm relative to Bregma and were stored in RNA Later 

(QIAgen) at 4 ºC until processed. Samples were homogenised in QIAzol lysis 

reagent (QIAgen) and total RNA was isolated using Mini Spin Columns 

according to the manufacturers’ instructions (RNeasy Lipid tissue mini kit, 

QIAgen). The RNA was treated with RNase-Free DNase (QIAgen) to remove 

any genomic DNA and RNA quantity was then measured using a 

spectrophotometer at absorption of 260nm.  A total of 2μg of RNA from each 

sample was converted to cDNA using Superscript III (Invitrogen) and oligo (dT) 

primers according to manufacturer’s instructions. To increase the sensitivity of 

the qRT-PCR, the cDNA was treated with RNase H (Invitrogen) to remove the 

RNA template. 

 

qRT-PCR reaction 

Triplicate wells contained 20μl of SYBR Green Master Mix (Applied 

Biosystems and BioRad), 250nM of the forward primer, 250nM of the reverse 

primer, 1μl of cDNA and nuclease-free water to a total of 40μl.  The PCR was 

performed using Chromo4/PTC-200 thermal cycler (MJ research) under the 

following conditions:  
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95 ºC for 15 minutes 

94 ºC for 15 seconds 

55 ºC for 30 seconds                 40x 

72 ºC for 30 seconds  

10°C   ∞ 

 

A melting curve analysis on the reaction was performed to assess specificity of 

the reaction.  Control reactions were performed without DNA template and/or 

with unconverted RNA as the template. To calculate the reaction efficiency for 

each primer pair, the standard curve of the logarithm of the template 

concentration was plotted against the number of cycles necessary to reach the 

fluorescence threshold (Ct). Serial dilutions of mouse cDNA (amount 0.001ng, 

0.01ng, 0.1ng and 1ng) were used.  The reaction efficiency was then 

calculated using the following formula: E = 10 -1/slope . An efficiency of between 

90% and 110% (-3.1 to -3.6 slope) was required for each primer pair. The 

products of the qRT-PCR were separated on a 0.8% agarose gel and the 

resulting band purified from the gel using DNA binding columns according to 

the manufacturers’ instructions (QIAquick gel extraction kit, QIAgen).  This 

DNA was then sent with the original primer pairs for sequencing.  The results 

were analysed using Finch software (FinchTV). 

 

Immunohistochemistry 

Mice were anaesthetised using intraoeritoneal sodium pentobarbital and 

perfused transcardially with ice-cold phosphate buffered saline (PBS) 
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containing protease inhibitors (Complete, Roche) followed by ice-cold 3% 

paraformaldehyde (Sigma). The brains were dissected and fixed in 3% 

paraformaldehyde in PBS overnight at 4°C.  The paraformaldehyde was 

washed out and 70μm thick coronal sections were collected on a vibrating 

blade microtome (Campden Instruments Vibroslice HA752) and stored at 4°C 

in PBS containing 0.002% sodium azide (Sigma). Before immunostaining, 

brain sections were pre-incubated in PBS-T  (PBS solution  containing 0.5% 

bovine serum albumin, 0.02% Triton X-100 and normal donkey serum at 

1:500) for 5 hours at room temperature. Sections were then incubated with 

mouse anti-EphA4 (1:200, Zymed) and goat anti-EphrinB2 (1:200, R&D) 

overnight at 4°C in PBST. Next, the sections were washed for 8-10 hours with 

PBST and incubated overnight with secondary antibodies (1:500, Molecular 

Probes), donkey anti-mouse Alexa Fluor 594 and donkey anti-goat Alexa Fluor 

488 in the same buffer.  Control sections were processed as above but the 

primary antibodies were omitted. Finally, sections were then washed in PBS-T 

for 5 hours, mounted on glass slides using Vectamount medium (Vector 

Laboratories), and photographed using Zeiss LSM5 Exciter confocal 

microscope.  

 

For triple Ephb2/neuropsin with NeuN and GFAP co-labelling, the same 

procedure above was followed except sections were incubated in PBST 

containing goat serum. Also, the primary antibodies used were goat anti-

EphB2 (1:300, R&D) or rabbit anti-neuropsin antibodies (1:200, kindly donated 

by Dr. Helena Castro; the antibody was pre-absorbed on acetone powder 

prepared from NP-/- brain for 1 hour at RT prior to use), along with the mouse 
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anti-NeuN (1:200, Chemicon) and chicken anti-GFAP (1:1000, Abcam), whilst 

the secondary antibodies (1:500, Molecular Probes) were donkey anti-goat 

Alexa Fluor 488 or goat anti-rabbit Alexa Fluor 488 (for EphB2 and neuropsin 

detection, respectively) along with goat anti-mouse Alexa Fluor 546 and goat 

anti-chicken Alexa Fluor 647 (for NeuN and GFAP detection, respectively) in 

the same buffer. 

 

For double EphB2/neuropsin co-labelling, the same procedure as above was 

followed except sections were incubated in PBS-T containing goat and donkey 

serum. Also, the primary antibodies used were rabbit anti-neuropsin (1:200) 

and goat anti-EphB2 (R&D, 1:300) whilst the sequentially applied secondary 

antibodies were donkey anti-goat Alexa Fluor 546 as well as anti-rabbit Alexa 

Fluor 488. To visualise cell nuclei, 1nM TOTO-3 iodide (Molecular Probes) was 

applied. 

 

Elevated Plus Maze 

The elevated-plus maze test was performed as previously described (Pawlak 

et al., 2003). The apparatus was made of four non-transparent black Plexiglas 

arms: two enclosed arms (50×10×30 cm) that formed a cross shape with the 

two open arms (50×10 cm) opposite each other. The maze was 55 cm above 

the floor and dimly illuminated. Wild-type and NP-/- mice were tested 18 hours 

after the restraint stress. Mice were placed individually on the central platform, 

facing an open arm, and allowed to explore the apparatus for 5 minutes. The 

behaviour was recorded with an overhead camera. The number of entries of 

the animal from the central platform (10×10 cm) to closed or open arms was 
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analysed with the ANY-MAZE software (Stoelting). The total number of entries 

into the four arms served as the indicators of total activity.  

 

Open Field 

Wild-type and NP-/- mice were placed in a 50x50x50 cm plexiglas box and 

were left free to move during 10 minutes. The box was cleaned with 70% 

alcohol after each session to avoid any odorant cues. A camera (Quickcam 

Sphere, Logitech) placed above the box recorded the session. Locomotor 

parameters were analysed with the ANY-MAZE software (Stoelting).  

 

Fear Conditioning  

EphrinB2lx/lx or EphrinB2-CaMKII-Cre mice were individually placed in the 

conditioning chamber (Coulbourn Instruments) for 2 minutes before they 

received three conditioned stimulus-unconditioned stimulus (CS-US) pairings. 

The last 2 seconds of the tone (CS, 30 seconds, 2.8 kHz, 85dB) were paired 

with the footshock (US, 2 seconds, 0.4mA) delivered through a grid floor. In 

control mice, the tone and footshock were delivered in a random manner. After 

training was completed, mice remained in the conditioning chamber for one 

more minute and were then moved to their home cage. The next day, the mice 

were placed back in the training chamber and freezing was monitored for 3 

minutes to assess context-dependent learning. Cued-conditioning was 

evaluated 48 hours after training. The mouse was placed in a novel context 

(chamber with flat plastic floor and walls) for 2 minutes, after which the CS was 
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delivered (2 minutes, 2.8 kHz, 85dB) and freezing was monitored. Data was 

analysed using FreezeView software (Coulbourn Instruments).  

 

Stereotaxic injections 

Wild-type and NP-/- mice were anaesthetized with ketamine/xylazine (100 and 

10 mg/kg respectively), placed in a stereotaxic apparatus and bilaterally 

implanted with stainless steel guide cannulae (26 gauge; Plastics One, 

Roanoke, VA) aimed above the basolateral complex of the amygdala (1.5 mm 

posterior to bregma, 3.0 lateral and 4.0 ventral from the surface of the scull). 

The cannulae were secured in place with dental cement. Dummy cannulae 

were inserted into all implanted cannulae to maintain patency. After one week, 

dummy cannulae were replaced with the injection cannulae (projecting 0.75 

mm from the top of the guide cannulae to reach the basolateral complex of the 

amygdala) and the mice were injected with either an inhibitory anti-EphB2 

antibody (R&D, 1 µl, 2 µg/ml) or recombinant neuropsin (R&D, 1 µl, 50nM) 

followed by 6-hour restraint stress in transparent plexiglass tubes. After the 

experiment, correct cannula placement was verified histologically by injecting 

1.5 µl of PBS with bromophenol blue and analysing slices under the 

microscope. 

 

Statistics  

Student T-test (when two groups were compared) or analysis of variance 

(ANOVA) followed by Tukey’s post-test were used as appropriate. P values of 

less than 0.05 were considered significant. The overall ANOVA p values are 
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reported in the text, the results of the post-test are indicated by the symbols of 

graphs. 
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Materials 

Material Company Serial no 

Acetic acid Sigma Aldrich  A6283 

Agarose Sigma Aldrich  A9539 

ANY-MAZE software Stoelting 60000 

Bovine serum albumin Sigma Aldrich A2153 

Brain matrix Stoelting 51380 

Bromophenol blue Sigma Aldrich B3269 

Camera - Quickcam sphere Logitech V-UCC22 

Cell tracker Invitrogen E34250 

Cellular protein fractionation kit PerkinElmer PRD101A001KT 

Chicken anti-GFAP antibody Abcam ab4674 

Chromo4/PTC-200 thermal cycler MJ research 
 Conditioning chamber Coulbourn Instruments 
 Coomassie Blue R250 Life Technologies 20278 

Cy-5 conjugated donkey anti-human IgG Jackson Immunoresearch 709-175-149 

di-Water Sigma-Aldrich 38796 

Donkey anti-goat Alexa Fluor 488 antibody Molecular probes A11055 

Donkey anti-goat Alexa Fluor 546 antibody Molecular probes A11056 

Donkey anti-mouse Alexa Fluor 594 antibody Molecular probes A21203 

Donkey serum Jackson ImmunoResearch 017-000-121 

Double guide cannulae Plastics One  C313G(2)-G11/SP 

DTT Thermo-scientific R0861 

EDTA Sigma-Aldrich E6758 

EGTA Sigma-Aldrich E3889 

Fetal calf serum Sigma-Aldrich F0804 

Finch software Perkin Elmer FinchTV 

Fungizone Life Technologies 15290-018 

Freezeview software Coulbourn Instruments ACT-100A 

Glycerol Thermo Scientific 17904 

Goat anti-chicken Alexa Fluor 647 antibody Molecular probes A-21449 

Goat anti-EphA4 (N terminus) antibody R&D AF641 

Goat anti-EphB2 antibody R&D AF467 

Goat anti-EphB6 antibody R&D AF611 

Goat anti-EphrinB2 antibody R&D AF496 

Goat anti-NCAM-L1 antibody SantaCruz biotechnology SC-1508 

Goat anti-mouse Alexa Fluor 546 antibody Molecular probes A11003 

Goat anti-rabbit Alexa Fluor 488 antibody Molecular probes A11008 

Goat IgG Sigma  I 5256 

Goat serum Vector Laboratories S-1000 

HEPES   Sigma-Aldrich H3375 

HEPES NaOH Sigma-Aldrich H7006 

HRP conjugated anti-mouse antibody Vector-labs PI-2000 
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HRP conjugated anti-goat antibody Vector-labs PI-9500 

HRP conjugated anti-rabbit antibody Vector-labs PI-1000 

Infusion dummy cannula C313DC/1/SPC C313DC/1/SPC 

Infusion internal cannula Plastics One  C313I/SPC 

L-glutamine Sigma-Aldrich G3126 

Lipofectamine 2000 Invitrogen 11668-019 

MEM + Earles Fisher Scientific 10454275 

MgCl2 Sigma-Aldrich M8266 

Mouse anti-B-actin Sigma A5441 

Mouse anti-EphA4 (C-terminus) antibody Zymed 37-1600 

Mouse EphA4Fc  R&D  641-A4 

Mouse EphrinB2-FC R&D 496-EB-200 

Mouse anti-neuN antibody Chemicon MAB377 

Mouse IgG Thermo scientific 31903 

NaCl Sigma-Aldrich S7653 

NaF Sigma-Aldrich S7920 

NaOH Sigma-Aldrich S8045 

Na3VO4 Sigma-Aldrich S6508 

New born calf serum Life Technologies 16010167 

NP40 Life technologies FNN0021 

Nuclease free water Life technologies AM9916 

Operon software Operon biotechnology 2007 
 Paraformaldehyde Sigma-Aldrich P6148 

PBS   Sigma-Aldrich P4417-50TAB 

PBS (+Ca2+ + Mg2+) Sigma-Aldrich D1283-6X500ML 

PCR primers Invitrogen (custom) 

Penicillin-Streptomycin Life Technologies 15070-063 

Pierce Coomassie Bradford protein assay  Life technologies 23200 

Plasminogen  R&D 1939-SE 

Primer 3 software Primer3  primer3.ut.ee 

Protease inhibitors Roche 1697498 

QIAquick gel extraction kit QIAgen 28704 

QIAzol lysis reagent QIAgen 79306 

Rabbit anti pan-cadherin antibody Abcam ab16505 

Rabbit anti-calpain Abcam ab28258 

Rabbit anti-CREB antibody Cell signalling #9192 

Rabbit anti-neuropsin antibody Dr. Helena C. Castro, Niteroi, Brazil 

Rabbit anti-NR1 antibody Upstate AB9864 

Rabbit anti-p75NGF antibody Chemicon AB1554 

Rabbit anti-plasminogen antibody Molecular innovations IASMPLG-GF-HT 

Rabbit anti-Vimentin Abcam ab45939 

Recombinant Neuropsin R&D 2025-SE 

RNA Later QIAgen 76104 

RNase Erase MP biomedicals 4821682 
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RNase H Invitrogen 18021-014 

RNase-Free DNase QIAgen 79254 

RNeasy lipid tissue mini kit QIAgen 74804 

Scion image Scion image 
 Skimmed milk Marvel 
 Sodium azide Sigma S2002 

Stripping buffer Pierce 21059 

Super signal west pico chemiluminescent substrate Pierce 34080 

Superscript III and oligo (dT) primers Invitrogen 18080-044 

SYBR green Master mix BioRad 179-8882 

TOTO-3 iodide Molecular probes T3604 

tPA (alteplase) Abcam ab92633 

Tris Sigma-Aldrich T1503 

Tris-HCL Sigma-Aldrich T5941 

Triton X-100 Sigma-Aldrich X100 

Tween 20 Sigma-Aldrich P1379 

Vectamount medium  Vector laboratories H-5000 

Vibrating vibrotome (Vibraslice) Campden instruments  HA752 

Xylazine Sigma-Aldrich X1126 

Zeiss confocal microscope Zeiss LSM5 exciter 
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Introduction 

 

Protease cleavage of Eph proteins 

The trans interaction between the Eph receptor and the Ephrin ligand is just 

one of numerous interactions that occur between cells or at the 

cell/extracellular matrix interface. When changes in the cellular morphology 

occur, following stress for example, these interactions are often altered. 

Extracellular proteases are critical in reorganising the extracellular matrix and 

modulating molecular interactions. Not only do they act permissively to allow 

morphological adaptations, but their actions activate mechanisms that drive 

cellular responses. 

 

 An example of such protease-dependent regulation is seen in the Eph system. 

By offering attractant or repellent guidance cues, Eph receptors ensure correct 

axonal guidance during development. How Eph-Ephrin cell-to-cell binding can 

cause rapid retraction of an axon growth cone poses an interesting biological 

question (Lackmann et al., 1997). One mechanism that allows this is 

endocytosis of the complete receptor-ligand complex by one cell (trans-

endocytosis), allowing the cells to retract whilst the Eph-Ephrin interaction 

remains intact (Marston et al., 2003; Zimmer et al., 2003). A second 

mechanism, that utilizes proteolysis, involves cleavage of EphrinA2 from its 

membrane tether by a transmembrane metalloproteinase, ADAM10. Upon 

EphA3 binding EphrinA2, ADAM10 cleaves the ligand, which initiates axon 

withdrawal (Hattori et al., 2000). ADAM10 also cleaves EphrinA5, an action 
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initiated by phosphorylation of the kinase domain of its binding partner, EphA3. 

The phosphorylation causes a conformational change in the EphA3 receptor 

as the kinase domain shifts away from the membrane, which in turn allows 

ADAM10 to engage more tightly with the EphA3-EphrinA5 complex (Janes et 

al., 2009). The proteinase domain of ADAM10 now has access to a molecular 

recognition motif that has been formed by the binding of EphrinA5 to EphA3. 

Following cleavage, the complex is internalised and growth cone retraction 

occurs (Janes et al., 2005). This mechanism ensures that cleavage of 

EphrinA5 is tightly regulated as ADAM10 only has access to the cleavage site 

upon receptor ligand binding.  

 

There is also evidence that proteolytic cleavage is utilised during EphrinB 

mediated growth cone retraction. Upon EphB2 binding EphrinB1/2, 

metalloproteinases cleave the extracellular domain of both receptor and ligand 

(Georgakopoulos et al., 2006; Litterst et al., 2007).  

 

Further evidence that EphrinBs were cleaved by proteases came from 

analysing presenilin 1 (PS1) knockout animals for potential substrates for γ-

secretase cleavage. Within the knockout animals, an accumulation of EphrinB 

intracellular domain was found, which could be mimicked by inhibition of γ-

secretase in wild-type cells (Georgakopoulos et al., 2006; Tomita et al., 2006). 

As γ -secretase is unable to cleave type 1 single span proteins in their full 

length form, it was evident that EphrinBs must undergo cleavage prior to the γ-

secretase processing (Kopan & Ilagan, 2004). Using the same presenilin 

knockout system, it was shown that EphrinBs underwent cleavage by matrix 
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metalloproteinases (MMP) prior to the γ-secretase processing 

(Georgakopoulos et al., 2006; Tomita et al., 2006). Further study mapped the 

MMP cleavage site of EphrinB1 and MMP 8 was found to be the key protease 

cleaving this ligand (Tanaka et al., 2007).  

 

Y-secretase processing of EphrinB1 provides an exciting mechanism through 

which proteases may initiate cell signalling. Not only is the extracellular 

cleavage of EphrinB a mechanism for ectodomain shedding, but it leads to 

signal transduction beyond the usual Ephrin reverse signalling. Although the 

EphrinB intracellular domain does not contain a nuclear localisation signal 

(NLS), it does contain a basic amino acid structure which can act as an NLS 

and, when the intracellular domain was over-expressed, it was found to 

accumulate in the nucleus (Tomita et al., 2006). Does it play any transcriptional 

roles? Although the EphrinB1 intracellular fragment has not been studied in 

this regard, other γ-secretase cleavage products both induce gene 

transcription and inhibit it (Kopan & Ilagan, 2004). Furthermore the γ-secretase 

cleavage of EphrinB2 leads to a direct interaction between the intracellular 

cleaved fragment and Src kinase. An EphrinB2 intracellular domain construct 

co-immunoprecipitates with Src kinase and acts to increase Src 

autophosphorylation. In turn, this acts as a negative feedback mechanism by 

causing EphrinB2 phosphorylation and thereby inhibiting its γ-secretase 

cleavage (Georgakopoulos et al., 2006). The functional significance of γ-

secretase cleavage of EphrinB2 is linked to alteration of cellular morphology 

through actin mobilisation. The EphrinB2 intracellular fragment induces the 

recruitment of Grb4 to EphrinB2 and the sprouting of endothelial cells. 
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However, Tomita et al found that the γ-secretase activity negatively regulated 

the protrusion of enriched F-actin processes from COS cells. Further evidence 

that the MMP cleavage of EphrinB alters cellular morphology has been shown 

in a cancer cell model. In pancreatic cancer cells, EphB2 binding causes 

EphrinB1 signalling to stimulate the release of MMP8 which in turn cleaves 

EphrinB1 along with degrading the extracellular matrix (Tanaka et al., 2007). 

Furthermore, it is likely that other intramembrane proteases cleave Ephrins to 

either regulate their expression or initiate intracellular signalling. For example, 

a human rhomboid protease (RHBDL2) cleaves EphrinBs (EphrinB3 in 

particular), although the functional consequence of this event has not been 

elicited (Pascall & Brown, 2004/4/23). 

 

Two studies have reported extracellular cleavage of EphB2 (Litterst et al., 

2007; Lin et al., 2008). The studies identify two different stimulations that 

initiate the proteolytic processing of EphB2. Firstly, both groups investigated 

EphrinB2 binding dependent cleavage of EphB2. Lin et al found that EphrinB2 

stimulation induces MMP-mediated cleavage of EphB2. Specifically, they 

demonstrate that MMP7 and MMP9 cleave EphB2 both in vitro and in vivo. 

This mechanism results in growth cone retraction and therefore describes an 

EphB2 process similar in function to the ADAM10 mediated EphrinA cleavage 

(Lin et al., 2008). Similarly Litterst et al also found EphB2 proteolysis following 

EphrinB2 stimulation; however, the proteolytic cleavage was subsequent to 

endocytosis of the receptor. Following EphrinB2 binding, the EphB2 receptor 

was endocytosed and processed in the endosomal system. The cleavage was 

not MMP-dependent but was negatively regulated by a peptide inhibitor, ZVLL, 
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indicating activity of an unknown protease (Litterst et al., 2007). It is possible 

that the proteolytic processing described by Litterst et al follows the alternative 

mechanism that allows EphB-EphrinB cell repulsion, where the receptor ligand 

complex is trans-endocytosed (Marston et al., 2003; Zimmer et al., 2003). 

 

The second stimulation that induces extracellular proteolytic cleavage of 

EphB2 does not require ligand binding for the mechanism to occur, but is 

triggered by cellular calcium influx. The association of NMDA receptors and 

EphB2 receptors not only leads to NMDA regulation but proteolytic processing 

of EphB2 (Litterst et al., 2007; Takasu et al., 2002). NMDA-mediated calcium 

influx induces the ectodomain shedding of EphB2 by ADAM10. The cleaved 

extracellular portion is stable, and although it has yet to be investigated, has 

potential to act as a soluble ligand and bind cell tethered Ephrins. The 

ADAM10 cleavage of the EphB2 extracellular domain turns the remaining 

transmembrane EphB2 receptor into a substrate for γ-secretase activity 

(Litterst et al., 2007). The presenilin processing of EphrinB produces an 

intracellular fragment that functions as a signalling peptide. The intracellular 

fragment released by γ-secretase cleavage still contains the kinase domain 

which was found to directly phosphorylate NMDA receptors and to increase 

their cell surface expression (Xu et al., 2009).  

 

Taken together, the literature shows that the extracellular cleavage of Eph 

proteins drives a number of processes that implicate this mechanism in 

neuronal plasticity. Through their cleavage the Eph proteins promote actin 

remodelling, extracellular matrix degradation, modulation of effector molecules 
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such as Src and regulation of NMDA receptors. This highlights the importance 

of proteolytic processing within the Eph/Ephrin system for facilitation of 

neuronal plasticity. 
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Figure 7. EphA4 is cleaved by plasmin in SHSY-5Y cells. tPA and plasminogen
was added to SHSY-5Y cells for 15 minutes. Protease function was then
inhibited, the cells homogenised and the protein expression analysed by
Western blotting. The expression level of protein was normalised using β-actin
and quantified. (a). The density of the EphA4 band showed a dose dependent
decrease indicating a high sensitivity to plasmin (F(3, 12)= 14.6; p<0.05 vehicle vs
plasmin 1.5µg/ml, p<0.001 vehicle vs plasmin 10 µg/ml). No other Eph proteins
showed a decrease at any concentrations of plasminogen. The trend towards a
decrease seen at the highest concentration of plasminogen for EphrinB2 and
the lower band of EphB2 represent unspecific cleavage. (b). Representative
blots for Eph proteins, p75NGFR and β-actin. *= P<0.05 ***=P<0.001. n= 4 in
each group.
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Figure 8. Eph receptors are not cleaved by tPA. tPA was added to SHSY-
5Y cells for 15 minutes. Protease function was then inhibited, the cells
homogenised and the protein expression analysed by Western blotting.
The expression level of protein was normalised using β-actin and
quantified. (a). The protease, tPA, did not cleave any of the proteins
blotted for. (b). Representative blots for Eph proteins, p75NGFR and β-
actin. Each lane represents one cell culture dish and alternate lanes are of
those incubated with tPA.
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Figure 9. Plasmin cleaves EphA4 in brain homogenate. Wildtype hippocampi
were homogenised and incubated with increasing concentrations of
plasminogen and tPA , with tPA alone, or without proteases. Western blotting
revealed that EphA4 was cleaved by plasmin in a concentration dependent
manner. A decrease in the native EphA4 band using antibodies against the n-
terminus and c-terminus of EphA4 was observed. Concomitant with the
decrease in the native band an increase in a c-terminus fragment of
approximately 40kDa and an increase in an n-terminus fragment of
approximately 70kDa was also observed. The samples were also blotted for
plasminogen which revealed native brain plasminogen. + tPA 1mg/ml
plasminogen 0.5mg/ml. ++ tPA 1mg/ml plasminogen 1.5mg/ml. +++ tPA
1mg/ml plasminogen 10mg/ml . – no protease
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Figure 10. Plasmin cleaves EphA4 Fc. EphA4 Fc was incubated
with increasing concentrations of plasminogen and tPA or
without proteases in a hepes–tween buffer. A decrease in the
native EphA4 band was accompanied with an increase of new
bands. The strongest two bands are at approximately 70kDa
and at approximately 37kDa. The smaller new band was
recognised only by an antibody against the c-terminal portion
of the Fc protein.
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Figure 11 Mass spectrometry of EphA4 FC cleavage by plasmin. (a) The products
from EphA4 Fc digestion by incubation with tPA and plasminogen were separated on
an agarose gel and stained with Coomassie colloidal. Two bands at approximately
70kDa (1 and 2) and one at 37kDa (3) were analysed by mass spectometry. (b).
Peptide mass fingerprinting of bands 1 and 2 revealed sequences, shown in red, from
the extracellular domain of EphA4. The sequence closest to the carboxy-terminal was
nine amino acids from the trans-membrane domain. Comparison with known plasmin
cleavage sites indicated that Arg520-Ile520 (indicated by the box) is the putative
cleavage site. Band 3 consisted of sequences, shown in green, from the IgG sequence
of EphA4 Fc. The linker sequence is shown in blue. (c) The peptide map for band 1.
The peaks represent protein fragments produced by trypsin degradation of band 1.
Each peak is analysed to identify its protein sequence.
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100kDa

Neuropsin Neuropsin

Figure 12. EphB2 is cleaved by neuropsin in SHSY-5Y cells. Neuropsin
(50nM) was added to SHSY-5Y cells for 15 minutes. Protease function was
then inhibited, the cells homogenised and the protein expression analysed by
Western blotting. The membranes were incubated with antibodies against
Eph proteins, p75NGFR and visualised using appropriate secondary
antibodies. (a). The expression level was normalised using β-actin and
quantified. Neuropsin treated groups relative to vehicle are plotted.
Neuropsin caused a significant reduction in the lower native EphB2 band (F(3,

18)= 11.24; p<0.001 EphB2 lower band vehicle vs neuropsin treated). (b).
Representative blots for Eph proteins, p75NGFR and β-actin. *** = p<0.001.
Numbers within bars represent n for each condition.
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Figure 13. Neuropsin cleaves overexpressed EphB2-GFP . To confirm neuropsin-
mediated cleavage of EphB2 we expressed free GFP (a, d, g) EphB2-GFP (b, e, h)
or EphA4-GFP (c, f, i) in SH-SY-5Y cells, treated them with neuropsin for 15
minutes and analysed the intensity of membrane-associated GFP signal pre- and
post-neuropsin. Cell tracker (red, Molecular Probes) was added to highlight
cellular morphology. Neuropsin treatment resulted in a 45% loss of the
membrane-associated EphB2 (T-test; p<0.05), while EphA4 and free GFP signals
remained unchanged. High magnification of the framed areas for GFP, EphB2-GFP
and EphA4-GFP (g, h, i, respectively). Results are shown as mean ±SEM. Digits
inside columns indicate the number of observations. * = p<0.05
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b.

Figure 14. Overexpression of EphB2-GFP in SHSY-5Y cells
and HEK cells. SHSY-5Y cells (a) and HEK cells (b) were
transfected with EphB2-GFP vector and images were taken
24 hours post transfection. Note the distribution of the
receptor both following the shape of the cellular membrane
and also within intracellular stores
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Figure 15. Cleavage of overexpressed EphB2-GFP reveals
extracellular EphB2 fragment. SHSY-5Y and HEK293 cells were
transfected with EphB2-GFP vector and incubated with neuropsin
(300nM) for 15 minutes or 45 minutes. The proteins from the
supernatant and cell homogenate were analysed by Western
blotting. Extracellular domain fragments at approximately 70kD
were detected in the buffer supernatant.
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Figure 16. A Putative neuropsin cleavage site in EphB2. A scheme to show the
structure of EphB2. It was previously demonstrated that neuropsin cleaves
fibronectin thus making the fibronectin type III domain of EphB2 likely target for
neuropsin-mediated proteolysis. Within this sequence we found a critical amino
acid pair Gly-Arg at position 517 of EphB2 (orange box), consistent with the
cleavage site found in fibronectin. Furthermore this sequence was not present in
the fibronectin type III sequences of other Eph receptors, indicating specificity.
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Figure 17. Membranous EphB2 increases shortly after stress, in the amygdala
membrane of Neuropsin knockout mice. (a). Neuropsin+/+ and neuropsin-/-
mice underwent 15minutes of stress, their amygdalae were dissected and the
cellular fractions were separated. The membrane fraction was blotted for
EphB2 and normalised used pan cadherin and Ephrin B2. An increase in
membrane EphB2 was observed in neuropsin-/- mice but not in neuropsin+/+
mice (F(3, 12) = 6.40; p<0.01 NP-/- control vs NP-/- stressed). (b). A representative
blot against EphB2 in amygdala samples taken from neuropsin+/+ and
neuropsin -/- mice. The EphB2 levels were normalised against levels of pan-
cadherin and EphrinB2. ** = p<0.01
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Figure 18. EphB2 gene expression is increased 6 hours following
stress. Neuropsin+/+ and neuropsin-/- mice underwent 6 hours of
stress and their amygdalae were dissected. mRNA was extracted,
converted to cDNA and qRT-PCR was performed using EphB2
specific primers. A two fold increase in the EphB2 gene expression
was observed in neuropsin+/+ mice (F(3, 23)= 13.48; p<0.001 NP+/+
control vs NP+/+ stressed) not observed in neuropsin deficient
animals. *** = p<0.001
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Figure 19. Neuropsin does not cleave L1CAM in the amygdala following
stress. neuropsin+/+ and neuropsin-/- mice underwent 15minutes of stress
and their amygdalae were dissected, and the cellular fractions were
separated. The membrane fraction was blotted for NCAM-L1 and
normalised used pan cadherin. (a). The levels of NCAM-L1, a known
neuropsin substrate, did not change following stress in both neuropsin+/+
or neuropsin-/- mice. (b) A representative blot against NCAM-L1 in
amygdala samples taken from neuropsin+/+ and neuropsin -/- mice. The
NCAM-L1 levels were normalised against levels of pan-cadherin.
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Figure 20. Neuropsin does not alter the membranous levels of
EphrinB2 in the amygdala following stress. Neuropsin+/+ and
neuropsin-/- mice underwent 15minutes of stress and their
amygdalae were dissected, and the cellular fractions were
separated. The membrane fraction was blotted for EphrinB2 and
normalised used pan cadherin. (a). The levels of EphrinB2, did
not change following stress in both neuropsin+/+ or neuropsin-
/- mice. (b). A representative blot against EphrinB2 in amygdala
samples taken from neuropsin+/+ and neuropsin -/- mice. The
EphrinB2 levels were normalised against levels of pan-cadherin

Ep
hB

2 
fo

ld
 c

ha
ng

e 
(r

el
at

iv
e 

to
 c

on
tr

ol
)

4 4 44

a.

97



 

 

Results 

 

Eph receptors are cleaved by neuronal proteases 

To examine if the tPA/plasmin system or neuropsin alter neuronal physiology 

through the Eph receptor system a number of Eph receptors were screened for 

sensitivity to tPA, plasmin or neuropsin cleavage. SHSY-5Y cells were 

incubated with either tPA alone, tPA and increasing doses of plasminogen or 

with recombinant neuropsin. After fifteen minutes of incubation, the protease 

activity was inhibited and the cells were homogenized. The homogenate was 

analysed by Western blotting with Eph receptor antibodies to reveal if the 

protease cleaved any of the receptors.  

 

EphA4 is cleaved by plasmin 

After incubation with tPA and increasing doses of plasminogen, the levels of 

EphA4 decreased dramatically indicating a strong sensitivity to cleavage by 

plasmin (Figure 7; F(3, 12)= 14.6; p<0.05 vehicle vs. plasmin 1.5µg/ml, p<0.001 

vehicle vs. plasmin 10 µg/ml). The decrease was dose-dependent and, at the 

highest concentration of plasminogen, the native EphA4 band was no longer 

present. In comparison, the levels of the other Eph molecules (Figure 7; 

EphB2 F (3, 12) = 1.70; p>0.05, EphB2 lower; F (3, 12) = 2.26; p>0.05, EphB6; F 

(3, 12) = 1.77; p>0.05 and EphrinB2; F (3, 12) = 2.40; p>0.05) did not decrease 

significantly with increasing concentrations of plasminogen, indicating that the 

cleavage of EphA4 was specific. The level of the p75-NGF, which was used as 

a control, was also unaltered (Figure 7; F (3, 12) = 0.89; p>0.05). At the highest 
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concentration of plasminogen, the levels of the Eph receptors did show a trend 

towards a decrease, most likely due to unspecific cleavage by this broad-

spectrum protease. Following incubation of the cells with tPA alone, the level 

of all the Eph receptors or p75-NGF were unaltered relative to the level of β-

actin (Figure 8; EphB2 F (3, 12) = 5.52; p>0.05, EphB2 lower; F (3, 12) = 5.52; 

p>0.05, EphA4; T-test p>0.05, EphB6; T-test p>0.05 and EphrinB2; T-test 

p>0.05). Taken together, the screening experiment reveals a sensitivity of 

EphA4 to plasmin cleavage. 

 

To confirm the sensitivity of EphA4 to plasmin cleavage, a similar experiment 

was performed using mouse brain tissue. Hippocampi were extracted from the 

brain of non-stressed wild-type mice and homogenized. They were then 

incubated with tPA and increasing doses of plasminogen. Following 15 

minutes of incubation, the protease was inhibited and the protein analysed for 

EphA4 using Western blotting. Similarly to EphA4 in SHSY-5Y cells, the level 

of EphA4 decreased with increasing doses of plasminogen, confirming its 

sensitivity to plasmin cleavage (Figure 9).  

 

To gain more information about the cleavage, the cleaved material was probed 

with one antibody recognizing an epitope at the c-terminus of the receptor 

(intracellular domain) and one recognizing an epitope towards the n-terminus 

of the receptor (extracellular domain). This revealed a single cleavage sites 

within EphA4, which generated a C-terminal fragment of approximately 40kDa 

and an N-terminal fragments of approximately 70kDa. This would correlate 

with an extracellular cleavage site close to the cell membrane. The blot was 
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also probed with an antibody against plasminogen, which showed that there 

was a small amount of native plasminogen present in the hippocampi 

homogenate. Incubating the hippocampi with tPA alone did not cause a 

decrease in the native EphA4 band confirming that tPA does not cleave EphA4 

(Figure 9).  

 

The plasmin cleavage site of EphA4 is close to the transmembrane 

domain 

In order to characterize the plasmin cleavage site, EphA4 Fc was incubated 

with tPA and plasmin. EphA4 Fc is a recombinant protein containing the 

extracellular domain of EphA4 fused to the Fc fragment of human IgG. The 

cleavage pattern obtained following incubation with tPA and plasmin was very 

similar to that seen in hippocampal homogenate (Figure 10). The native EphA4 

Fc band decreased with increasing plasminogen concentration, whilst a novel 

C-terminal band was identified at approximately 37kD. Closer inspection 

revealed two N-terminal bands of approximately 70kDa (Figure 10). The ability 

of plasmin to cleave EphA4 Fc allowed the sequences of three cleaved protein 

fragments to be identified by mass spectrometry.  Following incubation with 

tPA and plasminogen, EphA4 Fc fragments were separated by electrophoresis 

and stained using Coomassie colloidal blue stain. Two bands identified at 

70kDa and one at 37kDa were then excised from the gel and analysed by 

mass spectrometry (Figure 11, appendix 1 and appendix 2). Peptide mass 

fingerprinting of the band at 37kDa (Band 3) identified sequences from the 

human IgG portion of the chimeric protein, whilst the two bands at 70kDa 

identified sequences from the extracellular domain of EphA4. The fragment 
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closest to the transmembrane domain was just nine amino acids from the 

transmembrane domain of the EphA4 sequence, providing further evidence 

that the cleavage occurs close to the cell membrane. 

       

EphB2 is cleaved by neuropsin 

To investigate if neuropsin modulated Eph receptors the SHSY-5Y model was 

used again. The cells were incubated with recombinant neuropsin for fifteen 

minutes and Western blotting was used to analyse the Eph receptors. The 

density of each Eph band was normalized against the density of the actin 

band; controls (untreated samples) were compared to neuropsin-incubated 

samples. Whilst p75-NGF, EphrinB2, EphB6 and EphA4 showed no decrease 

in their levels following neuropsin incubation (Figure 12; T-test p>0.05), EphB2 

receptor showed a significant decrease in the density of its native band 

indicating sensitivity to cleavage (Figure 12; F(3, 18)= 11.24; p<0.001 EphB2 

lower band control vs. neuropsin treated).  The EphB2 receptor is expressed 

as two splice variants by SHSY-5Y cells. Following neuropsin incubation, the 

lower molecular weight splice variant (EphB2-S; Uniprot accession no. 

P29323-2) decreased in density levels by forty one percent.  

 

To confirm the sensitivity of EphB2 to neuropsin cleavage, EphB2-EGFP, 

EphA4-EGFP or EGFP alone was expressed in SHSY-5Y cells and treated 

with recombinant neuropsin. The fluorescence intensity before and after 

neuropsin treatment was compared using confocal microscopy. This revealed 

a 45% decrease in the intensity of the GFP signal in cells that were expressing 

EphB2-EGFP (Figure 13; T-test p<0.05) but no change in the signal intensity 
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from the cells expressing either EphA4-EGFP (Figure 13; p>0.05 T-test) or 

EGFP (Figure 13; p>0.05 T-test) alone. The cellular morphology was 

highlighted by the use of cell tracker dye which showed the membranous 

location of the Eph receptor EGFP constructs and diffuse cytoplasmic 

distribution of the empty EGFP construct (Figure 13 and Figure 14). This 

distribution was also observed when HEK cells were transfected with the same 

EphB2 construct (Figure 14).  

 

The neuropsin cleavage site of EphB2 is close to the transmembrane 

domain 

When either SHSY-5Y or HEK293 cells that were expressing the EphB2-EGFP 

construct were treated with neuropsin, an extracellular fragment of 

approximately 70kDa was observed in the medium by Western blotting (Figure 

15). Closer inspection revealed that there were two bands, one at 70kDa and 

one just smaller. Both fragments increased in density the longer the cells were 

incubated with neuropsin. The release of a 70kDa fragment to the medium 

would correlate with a neuropsin cleavage site in the EphB2 sequence close to 

the cell membrane within the fibronectin type III repeat sequences of the 

extracellular domain (Figure 4). Western blotting using the homogenate from 

the same cells revealed the presence of the EphB2-GFP construct 5-10kDa 

larger than the native EphB2 receptor (Figure 15). 

 

It has been previously demonstrated that fibronectin is a cleavage substrate for 

neuropsin (Tani et al., 2001) and so the known neuropsin cleavage sites were 

compared with the EphB2 fibronectin type III sequence for similarities. This 
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revealed a critical amino acid pair, Glycine - Arginine at position 517 of EphB2 

(Figure 16). Comparison of this sequence with other Eph receptors showed 

that it is unique to EphB2 and explains the specificity of the cleavage. This 

indicates a putative cleavage site for neuropsin at Gly517-Arg518 of EphB2. 

In neuropsin deficient mice stress leads to an increased membrane 

EphB2 level in the amygdala 

To Investigate if EphB2 is cleaved in vivo following stress, wild-type (NP+/+) 

and neuropsin-deficient (NP-/-) mice were subjected to fifteen minutes of 

restraint stress and their amygdalae dissected. The tissue was then separated 

into cellular fractions (Appendix 3 – courtesy of S. Patel) and the membrane 

fraction was analysed for the quantity of EphB2 by Western blotting (Figure 

17). Without stress, there were no differences between membranous levels of 

EphB2 in wild-type and NP-/- mice. However, following stress, the levels of 

EphB2 in NP-/- mice increased, whilst in wild-type mice, they stayed constant 

(Figure 17; F(3, 12) = 6.40; p<0.01 NP-/- control vs. NP-/- stressed).  

To examine the Eph2 gene expression following stress, wild-type and NP-/- 

mice were subjected to six hours of restraint stress and the mRNA extracted 

from their amygdalae. Following conversion to cDNA, a qRT-PCR was 

performed using EphB2 specific primers. This revealed that the EphB2 gene 

was upregulated following stress (Figure 18; F(3, 23)= 13.48; p<0.001 NP+/+ 

control vs. NP+/+ stressed), which was not observed in neuropsin deficient 

animals.  
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Previous data had shown that neuropsin cleaves L1CAM during E-LTP 

(Matsumoto-Miyai et al., 2003). To investigate if neuropsin also cleaves 

L1CAM following stress, the levels of membranous L1CAM in NP+/+ and NP-/- 

mice were measured fifteen minutes after stress. The levels of L1CAM were 

not altered at this time point consistent with EphB2-specific neuropsin activity 

in vivo (Figure 19; F (3, 12) = 0.8754; p>0.05). To examine other mechanisms 

that may influence the membranous levels of EphB2 following stress, the 

membranous levels of EphB2 binding partner, EphrinB2 were measured. 

However EphrinB2 levels were not altered following stress in either genotype 

(Figure 20; F (3, 12) = 0.31; p>0.05) 
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Discussion  

 

Summary 

This chapter has described the identification of two previously unknown 

protease cleavage sites in Eph receptors implicated in stress-related neuronal 

plasticity. Firstly, plasmin cleaves EphA4 in a specific and dose-dependent 

manner. Secondly, neuropsin cleaves EphB2 in vitro and in response to stress 

in vivo. The Eph cleavage events share some common characteristics. They 

are both specific to particular Eph receptors as the proteases do not cleave 

other Eph receptors in vitro. Both are indicative of a process called shedding, 

as the cleavage sites are close to the cell membrane. This results in the 

release of a large proportion of the Eph receptor’s extracellular domain. These 

cleavage events are likely to influence neuronal plasticity during stress, as 

both the protease and the cleavage target have been implicated in experience-

dependent neuronal plasticity. Both plasmin and neuropsin have also been 

previously implicated in stress-related neuronal physiology. 

 

Cleavage of EphA4 by plasmin 

To my knowledge, the literature does not record any cleavage of EphA4 by a 

protease. The experiments presented here indicate that the extracellular 

domain of EphA4 is highly sensitive to plasmin cleavage. This is likely to occur 

in the hippocampus in vivo as hippocampal EphA4 is highly prone to plasmin 

cleavage in vitro (Figure 9). Both our work and other studies indicate that 

EphA4 is the most highly expressed Eph receptor in the hippocampus (Liebl et 
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al., 2003), preliminary data). EphA4 expression in the hippocampus spatially 

co-localises with the activity of the tPA-plasmin system (Appendix 4, 

collaborative data with Professor Wilczynski). The tPA activity within the brain 

is tightly restricted, but the hippocampus is one of the regions where its activity 

is prominent (Pawlak et al., 2003; Sappino et al., 1993).  

 

Although tPA influences neuronal plasticity itself, our model suggests that 

activation of plasminogen is needed for EphA4 processing as tPA alone does 

not cleave this receptor. Plasminogen is mainly produced in the liver and 

exported to the blood to exert fibrinolytic activity. To play a role in neuronal 

physiology, it must either be transported across the blood brain barrier or be 

produced by neuronal tissue. Small amounts of plasminogen mRNA have 

been found in the hippocampus, suggesting that it may be produced by 

neuronal cells (Sappino et al., 1993). Using a more accurate method of mRNA 

measurement, Tsirka et al studied the neuronal tPA and plasminogen 

synthesis in detail (Tsirka et al., 1997).  Within the hippocampus, tPA mRNA 

was found along the neuronal cell layers but appeared to be expressed by 

microglia. Plasminogen mRNA was also found along the hippocampal cell 

layers but was only expressed by neurons. Furthermore the authors observed 

plasminogen mRNA in the dendrites, indicating a local post-synaptic 

production and release (Tsirka et al., 1997). The presence of plasminogen 

protein in the hippocampus has also been confirmed by immunohistochemistry 

(Basham & Seeds, 2001). Our immunohistochemistry indicates that EphA4 is 

also predominantly expressed in post-synaptic neuronal processes (Chapter 

4). Previous work has also shown that EphA4 is located to both dendritic 
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spines (Murai et al., 2003) and astrocytic processes (Tremblay et al., 2007). 

Taken together, EphA4 expression in the hippocampus spatially co-incides 

with tPA/plasmin system activity.  

 

Functional studies have shown that plasminogen can be converted to plasmin 

in the hippocampus, most strongly in the CA1 region (Pawlak et al., 2005). 

Importantly the tPA-plasminogen is upregulated in the hippocampus following 

chronic stress (Salles & Strickland, 2002; Pawlak et al., 2005). The levels of 

plasminogen protein in the hippocampus have been observed to increase 

following excitotoxic injury. This increase was observed in the mossy fibre 

pathways and the hilus of the dentate gyrus. However, the authors could not 

exclude that this was due to plasminogen leakage from the bloodstream due to 

the nature of the injury (Salles & Strickland, 2002). Nevertheless, this line of 

evidence reiterates co-localization of the tPA-plasminogen activity in the 

hippocampus and EphA4 expression. Along with the cleavage studies I have 

performed, this suggests that stress is likely to induce modulation of EphA4 

through direct cleavage by plasmin. 

 

Plasmin-mediated cleavage of EphA4 and synaptic plasticity 

EphA4 plays multiple roles in hippocampal neuronal functioning including the 

modulation of neuronal plasticity. EphA4 plays a crucial role in maintaining 

normal dendritic spine morphology. It is expressed on dendritic tips and 

interacts with astrocytic EphrinA3 to alter spine morphology (Murai et al., 

2003). Inhibiting the interaction between EphA4 and EphrinA3 resulted in 

spines with an irregular shape and with thinner spines heads (Murai et al., 
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2003). Potentially, plasmin may provide a rapid, transient, activity-dependent 

mechanism of altering dendritic spine morphology by modulating the EphA4-

EphrinA3 interaction.  

 

This modulation may directly alter hippocampal plasticity. Following stress, the 

increase in plasmin activity in the hippocampus leads to a decrease in NMDA 

levels (Pawlak et al., 2005). This modulation of NMDA levels could at least in 

part be due to an increase in synaptic glutamate levels following stress (Lowy 

et al., 1995). Astrocytes are the main regulator of glutamate in the extracellular 

space. They contain glutamate transporters, which remove excess glutamate 

from the synapse in order to prevent glutamate excitotoxicity (Bergles & Jahr, 

1998). The EphA4 – EphrinA3 interaction reduces the glutamate transporter 

current and thereby facilitates hippocampal plasticity (Filosa et al., 2009). 

Thus, plasmin could alter NMDA levels and neuronal plasticity following stress 

by modulating the EphA4-EphrinA3 regulation of astrocytic glutamate 

transporters.  

 

EphA4 may also mediate neuronal plasticity through its interaction with 

EphrinB2. The LTP mediated by EphrinB2 is dependent on the 

phosphorylation of its tyrosine residues (Bouzioukh et al., 2007). The data from 

our studies suggests that cleavage of EphA4 by plasmin reduces the 

phosphorylation of EphrinB2 (Unpublished data from our lab). It is therefore 

possible that stress-induced plasmin activity could modulate the hippocampal 

stress response through cleavage of EphA4 to reduce EphrinB2 

phosphorylation and therefore LTP. This mechanism is congruent with the 
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impairment in LTP that can occur in the hippocampus following stress (Wiegert 

et al., 2006; Foy et al., 1987). The relationship between stress, LTP and 

cognitive functions is not well understood. A number of factors including the 

type of LTP, level of sympathetic drive, area of the brain, the stage of stress 

and nature of the individual experiencing the stress all influence the level of 

LTP following stress (Joels & Krugers, 2007). Given this complexity and the 

range of neuronal mechanisms that Eph receptors regulate, it is likely that the 

modulation of EphA4 by a stress-induced protease will regulate the stress 

response in a number of different ways.  

 

A putative plasmin cleavage site in EphA4 

The experiments, of whose results are shown in figures nine, ten and eleven, 

were designed to gain more information about the cleavage of EphA4 by 

plasmin. Plasmin cleaved EphA4 in hippocampal homogenate producing 

bands at approximately 70kDa and 40kDa, whilst the native band decreased 

(Figure 9). This pattern is indicative of a single cleavage site in the extracellular 

domain of EphA4. In contrast the cleavage of EphA4 FC by plasmin indicated 

more than one cleavage site as two bands at approximately 70kDa were 

produced (Figure 10). Thre may be a number of reasons for this difference. It 

may be that the EphA4 splice variant sequence used for EphA4 FC production 

is different to that which is expressed in the hippocampus. Alternatively EphA4 

from the hippocampus may have interacting partners that mask plasmin 

cleavage sites. It may also be that the Western blotting resolution did not allow 

identification of two bands at 70kDa. 
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To identify a putative cleavage site the two bands at approximately 70kDa and 

the band at approximately 40kDa were analysed by mass spectrometry.  The 

peptide mass fingerprinting of the two bands at approximately 70kDa identified 

peptides in the extracellular domain of EphA4. The fragment closest to the 

transmembrane domain, identified in both bands, was nine amino acids from 

the transmembrane domain (Figure 11 and appendix 1). The inference from 

this is that the putative cleavage site would be between Arg520-Thr529. To 

identify a putative cleavage site this sequence was analysed for matching 

plasmin cleavage consensus sequences using the MEROPS and Cutdb 

databases. This revealed that Arg520-Ile520 was the only matching cleavage 

site.   

 

Cleavage of EphA4 by plasmin at this site is in keeping with other features 

characterizing plasmin activity, particularly cleavage at P1 Arginine sites. 

Arginine is the most common P1 amino acid (sixty five cleavage targets) in 

plasmin cleavage events (MEROPS database). The plasmin cleavage site in 

tPA is an Arginine – isoleucine bond that cleaves pro-tPA into two active tPA 

molecules (Pohl et al., 1984). Plasmin is most known for its fibrinolytic action to 

maintain the haemostasis/fibrinolysis balance within blood circulation. This is 

achieved rapidly because plasminogen binds to fibrin at lysine and Arginine 

residues, and when activated to plasmin, cleaves the molecules C-terminally of 

these residues (Cesarman-Maus & Hajjar, 2005).  

 

The putative cleavage site in EphA4 is found within a fibronectin domain N-

terminal to the transmembrane domain. Our experimental data indicated that 
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the other Eph receptors tested were not sensitive to plasmin proteolysis.  

Analysis of the sequences of other Eph proteins revealed an absence of the 

Arginine-isoleucine bond in this domain, which is likely to explain why the other 

Eph receptors tested were not cleaved by plasmin (Figure 7).  

 

Plasmin demonstrates specificity similar to trypsin, which shows preferential 

cleavage at arginyl bonds (Morris et al., 1981). This highlights the limitations of 

this method to identify a cleavage site. The mass spectrometry employed in 

the experiments described above uses trypsin to cleave the initial protein 

fragment into smaller fragments which are subsequently analysed to identify 

the amino acid sequence. The modified trypsin used cleaves at the c-terminal 

side of Lysine and Arginine bonds, except when the following amino acid is 

Proline. Therefore it cannot be ruled out that the identified putative cleavage 

site is a result of trypsin cleavage rather than plasmin cleavage.  

 

Apart from the 3 fragments analysed by mass spectrometry, the Comassie 

blue stain of the gel following plasmin cleavage of EphA4 Fc (Figure 10) 

reveals that there is likely to more than one plasmin sensitive cleavage site in 

EphA4. Therefore it cannot be excluded that plasmin cleaves EphA4 at other 

neighbouring putative cleavage sites (e.g. Arg 498-Thr 499). 

 

A putative neuropsin cleavage site in EphB2 

The extracellular cleavage site of EphA4 by plasmin is located close to the cell 

membrane. This phenomenon is also shared in the second novel proteolytic 
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event I report, namely that of EphB2 cleavage by neuropsin. As with EphA4, 

this was initially indicated by the size of the novel bands generated by 

incubation of cells with the protease. Similarly, the size of the EphB2 

extracellular band found in the medium correlated with a cleavage site close to 

the cell membrane, approximately 70kD. One of the first neuropsin substrates 

described was fibronectin (Shimizu et al., 1998). The extracellular domain 

closest to the cell membrane in the EphB2 sequence is the fibronectin repeat 

domain, indicating that it may be sensitive to neuropsin cleavage (Figure 4). 

Analysis of this region revealed a Gly-Arg sequence similar to a previously 

published neuropsin cleavage sequence (Shimizu et al., 1998). Similarly to 

EphA4, this target sequence is absent from this domain in other Eph receptors.  

 

Shedding of the extracellular receptor domain 

In both Eph receptor cleavage events, the majority of the extracellular domain 

of the Eph receptor is released to the extracellular compartment. Shedding an 

extracellular fragment may result in an active molecule altering neuronal 

physiology. Our experimental data indicates that this would be more likely in 

the case of EphB2 than EphA4. In the medium an EphB2 extracellular 

fragment from cells treated with neuropsin was identified (Figure 15). However, 

in the case of EphA4, it appeared that plasmin caused further degradation of 

the released EphA4 fragment (Figure 9). The literature describes a number of 

mechanisms by which shedding alters molecular signalling. The release of the 

Eph extracellular fragment would contain the ligand binding domain and would 

signal in a distinct way to the intact transmembrane receptor. It may act as a 

competitive inhibitor of cognate Ephrin ligands, a phenomenon seen in 
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interleukin-1 and TNF signalling (Rose-John & Heinrich, 1994). This would also 

explain the use of Ephrin and Eph-Fc molecules to inhibit Eph receptors’ 

function. Alternatively, the cleaved fragment may also act as an agonist, 

precipitating Ephrin-mediated reverse signalling. This has been observed in 

LPS signalling when the LPS receptor binds to cells and renders them 

sensitive to LPS signalling (Bazil, 1995).  

 

The role of EphB2 and neuropsin in the early stress response  

The ability of proteases to respond to rapidly changing physiological conditions 

has marked them as promising candidates for driving experience-dependent 

neuronal plasticity. Matsumoto-Miyai et al demonstrated that neuropsin is 

released in the hippocampus in vivo following LTP induction (Matsumoto-Miyai 

et al., 2003). Following theta burst stimulation of the Shaffer collaterals, 

neuropsin was rapidly and transiently activated. The peak activity was at five to 

six minutes following stimulation (Matsumoto-Miyai et al., 2003). Over a longer 

period stress upregulates neuropsin expression in the hippocampus. Following 

acute restraint stress, neuropsin mRNA is elevated for at least twenty-four 

hours following cessation of the stress (Harada et al., 2008). The amygdala is 

a critical brain structure in co-ordinating the stress response and shows high 

neuronal activity following stressful events (Akirav et al., 2001). In addition to 

the hippocampus, the highest expression of neuropsin is observed in the 

lateral amygdala (Chen et al., 1995). Indeed, investigations in our laboratory 

have found that neuropsin protein is elevated in the amygdala following six 

hours of restraint stress (Attwood et al., 2011). Taken together, the literature 

and the finding that neuropsin cleaves EphB2 in vitro indicates that this 
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cleavage event may occur on the amygdala over the minutes following stress. 

To test this hypothesis the membrane quantity of EphB2 was measured before 

and after stress in wildtype and neuropsin knockout mice. The predicted result 

would be a decrease in membrane EphB2 in wildtype mice but not in 

neuropsin knockout animals. However this was not observed (Figure 17). 

Rather, no differences in the membrane level of EphB2 was observed in the 

wildtype mice, whilst in mice deficient for neuropsin the level of membrane 

EphB2 increased. This indicates that neuropsin acts in the first 15 minutes 

following stress to regulate the membrane level of EphB2. This may be directly 

through cleavage of EphB2 or through indirect mechanisms.   

 

If it were through direct cleavage it would infer that in the fifteen minutes 

following stress EphB2 receptors being trafficked to the cell membrane, whilst 

over the same time period neurospin cleaves a proportion of membranous 

EphB2. This would indicate the dynamism of neuronal physiology following 

stress and is consistent with the role of EphB2 being trafficked to the 

membrane to regulate synaptic plasticity. In the hippocampus, NMDA 

receptors are rapidly inserted in the postsynaptic membrane after LTP 

(Grosshans et al., 2002). Nolt et al have recently shown that EphB2 receptors 

regulate the amount of synaptic NMDA receptors and also NMDA Ca2+ 

desensitisation (Nolt et al., 2011). Furthermore, cleavage of EphB2 by 

ADAM10 protease leads to an increase in membrane NMDA receptors (Xu et 

al., 2009). Work from our laboratory shows that neursopsin knockout animals 

have decreased NMDA currents (Attwood et al., 2011). The literature 

discussed and the result in Figure 17 could indicate this deficit is due to lack of 
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neurospin cleavage of EphB2 trafficked to the membrane. The interaction of 

EphB2 and NMDA receptors are explored further in the next chapter. 

 

The trafficking of EphB2 to the membrane and regulation through direct 

cleavage could also play a role in stress-induced regulation of neuronal 

morphology. Following acute stress, amygdala neurons increase spine density 

(Vyas et al., 2002). The increase in spine density is likely to be secondary to 

increased glucocorticoid levels in the amygdala (Mitra & Sapolsky, 2008). 

EphB2 may play a downstream role in the glucocorticoid pathway, modulating 

spine morphology through its interaction with Glutamate Receptor Interacting 

Protein 1 (GRIP1). This is a multi-PDZ domain scaffold protein that regulates 

the trafficking of AMPA receptors. It is likely to play a role in the glucocorticoid 

regulation of AMPA receptors following stress (Krugers & Hoogenraad, 2009). 

The trafficking of EphB2 from the Golgi apparatus to the cell membrane is 

regulated by GRIP1. When Hoogenrad et al inhibited GRIP1, they observed 

that dendritic morphology was not maintained and EphB2 accumulated in the 

Golgi membrane (Hoogenraad et al., 2005). Thus, the possible stress-related 

trafficking of EphB2 to the membrane (Figure 17) could underlie the stress-

induced morphological changes through its interaction with GRIP1. 

 

Indirectly it may be that the Neuropsin deficient mice have a stress induced 

requirement for increased membranous EphB2 receptors. As discussed above 

neuropsin knockout mice have decreased NMDA currents in the amygdala and 

this may result in compensation after stress requiring an increase in membrane 

EphB2.  
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The lack of neuropsin may also cause an indirect upregulation of membrane 

EphB2 through previously described LTP regulation. Matsumoto Miyai et al 

discovered that neuropsin activation in the hippocampus resulted in the 

cleavage of the synaptic adhesion molecule L1CAM within ten minutes 

following NMDA stimulation (Matsumoto-Miyai et al., 2003). As this synaptic 

adhesion molecule contributes to E-LTP, they reasoned that this was the 

mechanism through which neuropsin regulates LTP in the hippocampus 

(Komai et al., 2000; Luthl et al., 1994). This is less likely be the cause of the 

increased membrane EphB2 in nuropsin knockout mice. Whilst EphB2 

regulates the late phase of LTP (L-LTP), neuropsin regulates the early phase 

of LTP. Furthermore, in vitro application of neuropsin did not alter the NMDA 

mediated current in the hippocampus. In contrast, the NMDA current was 

reduced in EphB2 knockout mice at the dentate granule neurons (Henderson 

et al., 2001). Furthermore in the amygdala, the levels of L1CAM do not change 

after fifteen minutes of restraint stress in either wildtype or Neuropsin knockout 

mice (Figure 19).  

 

The role of neuropsin in EphB2 gene upregulation 

The differences in EphB2 regulation by stress beteen wildtype and neuropsin 

knockout mice are also reflected in the gene expression of EphB2 in the 

amygdala following stress. Following six hours of restraint stress, it was 

discovered that the EphB2 gene was upregulated whilst in neuropsin knockout 

mice it was unaltered (Figure 18). It is possible that this indicates that EphB2 

receptors were cleaved by neuropsin in the early period (5-15minutes) 

following stress. Although there is no evidence that the intracellular domains of 
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EphB2, or indeed EphA4, could act as a transcription factor, an EphrinB1 

fragment does demonstrate this potential. Following γ-secretase processing, 

an EphrinB1 intracellular fragment is released, which contains a sequence of 

basic amino acids which can act as an NLS explaining its accumulation in the 

nucleus (Tomita et al., 2006). However the gene upregulation may be 

unrelated to a possible cleavage event and related to other factors involved in 

the neuropsin dependent neuronal stress response. 

 

The role of neuropsin in modulating EphB2 - EphrinB2 interaction 

A principle ligand for EphB2 is EphrinB2. Although this interaction has not 

been studied in the amygdala, both receptor and ligand are expressed in the 

amygdala (Liebl et al., 2003). As the EphB2 receptor dynamism is increased 

during the first fifteen minutes of stress, it is possible that this may also 

regulate the membrane levels of EphrinB2. However, our data indicates that 

the membranous levels of EphrinB2 do not change in the first fifteen minutes 

of stress in either wild-type or neuropsin deficient mice (Figure 17). This is 

consistent with our in vitro studies, indicating that neuropsin specifically 

cleaves EphB2 and not other Eph receptors or EphrinB2. It also makes it less 

likely that the mechanisms that drive the increase in membrane EphB2 in the 

neuropsin knockout animals involve EphrinB2.  
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Chapter 4. Eph receptors, their binding partners and stress 
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Introduction 

 

Eph receptor localization 

The localisation of Eph proteins in the mature nervous system was studied by 

a number of investigators, including the author of this thesis. Information 

regarding the gene expression of Eph receptors can be found from projects 

targeted to describing the expression of all genes in the mouse brain (Lein et 

al., 2007; Magdaleno et al., 2006; Heintz, 2004). In addition, there have been 

studies dedicated specifically to the description of Eph receptors in both the 

mouse and the nonhuman primate (Liebl et al., 2003; Xiao et al., 2006).  

 

The Eph receptors are essential for neuronal development and as such, their 

gene expression in the brain during embryonic stages is widespread, although 

they vary between the different receptors and ligands. The expression of 

EphB2, for instance, is vastly reduced during early postnatal period but re-

appears by postnatal day 10 (P10), co-inciding with synaptogenesis 

(Henderson et al., 2001). This is also accompanied by the change in 

subcellular location of EphB2 from axonal to dendritic compartments 

(Henderson et al., 2001). Furthermore, as neurons mature, EphB2 becomes 

increasingly restricted to dendritic spines (Dalva et al., 2000; Li & Sheng, 

2003).  This change in Eph receptor function throughout a lifespan is also 

demonstrated by EphA4; at P10, hippocampal EphA4 shows high leveIs of 

constitutive phosphorylation, whilst in adulthood, the levels are considerably 

lower (Murai et al., 2003).  
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In the adult mouse, some brain areas lose Eph gene expression, including 

much of the midbrain and preoptic area, but in highly plastic areas, including 

the amygdala and hippocampus, the expression is enriched (Lein et al., 2007; 

Liebl et al., 2003; Magdaleno et al., 2006).  Similarly to the mouse, EphA4 and 

EphrinB2 showed enriched expression in highly plastic areas of the macaque 

brain (Xiao et al., 2006). Studies of the Eph receptor expression in the adult 

mouse hippocampus has revealed that different Eph receptors and Ephrins 

have well defined expression patterns in the hippocampus and their 

expression often overlaps  (Grunwald et al., 2001; Henderson et al., 2001; 

Martone et al., 1997).  For example, the EphA4 protein expression shows a 

distinct laminar distribution, reflecting hippocampal morphology. The pyramidal 

and granule cell layers containing neuronal cell bodies show very light staining 

whilst the layers containing neuronal projections show strong staining (Martone 

et al., 1997). In contrast, EphrinB1 shows heavier staining in the pyramidal cell 

layer and little staining in the CA1 neuropil (Wang et al., 2005). This signifies 

multiple Eph-Ephrin interactions as well as functional specificity.  

 

The Eph-Ephrin interactions occur at many different sites. Within the 

hippocampus, Eph proteins have been localised at dendritic spines, axon tips, 

dendritic shafts, neuronal cell bodies and astrocytic tips (Buchert et al., 1999; 

Murai et al., 2003; Armstrong et al., 2006; Aoto et al., 2007). At the synapse, 

consistent with a traditional view of receptor-ligand functioning, it was believed 

that the Eph receptors would function post-synaptically and Ephrins would act 

as presynaptic ligands. This is the case at the perforant path-dentate granule 

synapses, the mossy fibre-CA3 synapses and the Shaffer collateral-CA1 
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synapses with EphB receptors localised post-synaptically and EphrinB ligands 

spanning the presynaptic membrane (Contractor et al., 2002; Henderson et al., 

2001; Grunwald et al., 2001). However, at both the mossy fibre-CA3 and 

Shaffer collateral-CA1 synapses, the Eph-Ephrin also functions in reverse 

orientation. Here, EphrinB ligands are found post-synaptically and EphB 

receptors are found pre-synaptically, meaning that EphB receptors and 

EphrinBs are simultaneously expressed both pre- and post-synaptically 

(Grunwald et al., 2004; Armstrong et al., 2006).  The complexity of the system 

is further illustrated by the role that the EphA receptors play at the same 

synapses. At the CA1-CA3 synapses, EphA4 is expressed pre-synaptically 

and can therefore stimulate the post-synaptic EphrinB ligands (Grunwald et al., 

2004; Martone et al., 1997). Concomitantly, EphA4 interacts with EphrinA 

ligands found on astrocytic tips (Murai et al., 2003; Filosa et al., 2009).  EphA4 

has also been found on dendritic spines in the CA1, CA3 and dentate gyrus  

(Tremblay et al., 2007). The localization of Eph receptors in the adult 

hippocampus reflects their many roles in the central nervous system 

functioning. 

 

Eph receptors and NMDA receptors 

The post-synaptic membrane is a densely packed structure containing ion 

channels, structural proteins and transmembrane receptors. The many 

different components are highly organised and tightly regulated by both ECM 

proteins and transcellular scaffolding structures. The resulting formations must 

be able to respond rapidly, both morphologically and in composition to allow 

the organism to adapt to environmental stimuli. To enable this, various proteins 
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interact through common binding domains to organise the molecular 

composition of the synapse.  

 

Eph receptors possess a number of domains, both intracellularly and 

extracellularly, that allow molecular interactions with their binding partners. 

One binding partner of EphB receptors that is crucial for learning and memory 

is the NMDA receptor. Using transfected 293T cells, Dalva et al 

immunoprecipitated EphB1-4 receptors with the NR1 subunit (Dalva et al., 

2000). In cortical cultured neurons, the association of the EphB receptors was 

demonstrated following stimulation by clustered EphrinB1. This association 

was specific to EphB receptors, as EphA4 was unable to immunoprecipitate 

NR1 in both transfected 293T cells and cultured neurons (Dalva et al., 2000).  

The interaction has also been demonstrated in vivo by immunoprecipitation of 

EphB2 from hippocampal, cerebellum and cortical homogenates (Grunwald et 

al., 2001).  

 

The interaction domain between the two receptors has been identified using a 

series of mutated EphB2 and NR1 constructs. Neither the kinase activity nor 

any part of the intracellular EphB2 receptor is required. Rather, the 

extracellular domain of EphB2 acts with the EphrinB ligand to form a ternary 

complex with the NR1 extracellular domain (Dalva et al., 2000). The 

dispensability of the kinase domain in this function was also confirmed in vivo 

using mutant knock-in mice expressing a truncated EphB2 lacking the kinase 

domain (Grunwald et al., 2001). Although there is functional redundancy within 

the EphB receptor family, the EphB2 receptors’ interaction with NR1 is 
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essential for a proper composition of EphB/NR1 complexes. In mixed 

hippocampal-cortical neuronal cultures from EphB2 -/- mice, the stimulation of 

clustered EphrinB1 Fc resulted in the formation of 20% less EphB clusters. 

This also resulted in a 20% decrease in the quantity of NR1 that co-clustered 

with the EphB receptors (Grunwald et al., 2001). Furthermore, EphB receptors 

regulate the localisation and function of NR2B containing NMDA receptors in 

mature neurons (Nolt et al., 2011). 

 

The early work on EphB/NR1 interaction focused on the development of 

synapses. EphrinB-stimulated formation of EphB – NMDA clusters was 

hypothesised to serve as an early step in synapse formation. In line with this, 

the application of EphrinB or the overexpression of EphB2 in cultured neurons 

resulted in an increase of NMDA postsynaptic specialisations (Dalva et al., 

2000). Subsequently the role of EphB1, 2 and 3 was analysed using single, 

double or triple knock-out mice deficient for these receptors. These 

experiments confirmed that the receptors play a critical role in dendritic spine 

formation, morphogenesis and maturation (Henkemeyer et al., 2003).  It was 

also found that EphB2 also regulated the AMPA receptor localisation at 

excitatory synapses. This interaction occurs through the intracellular PDZ 

domain, distinct from its interaction with NMDA receptors (Kayser et al., 2006). 

The ability of EphB receptors, in particular EphB2, to regulate the organisation 

of glutamatergic synapses indicates a crucial role for the receptor during 

experience-driven neuronal plasticity.  
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The role of EphB2 in hippocampal plasticity has been well established. At both 

the CA3/CA1 synapses and the perforant path/dentate granule synapses, LTP 

is impaired in EphB2-/- mice, as is LTD (Grunwald et al., 2001; Henderson et 

al., 2001). It was also found that, at the perforant path/dentate granule 

synapses, the NMDA current was reduced (Henderson et al., 2001). Could 

EphB-NMDA mechanisms explain the plasticity deficits seen in these mice? 

Experiments thus far point towards either modulation of the NMDA receptor 

itself or activation of signalling pathways that alter plasticity-related gene 

expression and actin dynamics. Stimulation of EphB receptors results in the 

activation of Src kinases that are part of the NMDA complex. In turn, this 

activation results in the phosphorylation of NR2A and NR2B subunits 

(Grunwald et al., 2001; Takasu et al., 2002; Slack et al., 2008). The 

phosphorylation of the NMDA subunits may result in altered regulation of Ca2+ 

influx and therefore altered plasticity. Indeed, stimulation of EphB receptors 

causes immature neurons to display NMDA mediated Ca2+ influx (Takasu et 

al., 2002). Further to Src mediated phosphorylation of NMDA subunits, EphB2 

can phosphorylate NMDA subunits independently. As discussed in chapter 3, 

γ-secretase cleavage of EphB2 results in the liberation of an EphB2 fragment 

to the cytosol that contains the Eph kinase domain. This fragment then 

phosphorylates NMDA subunits directly and increases the surface expression 

of NMDA receptors (Xu et al., 2009). Additionally, EphB2 also recruits CamKII 

which is known to phosphorylate NMDA receptors, although this mechanism 

has yet to be demonstrated in vivo (Dalva et al., 2000; Leonard et al., 1999). 
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The interaction between EphB receptors and NMDA receptors also influences 

synaptic plasticity beyond direct modulation of the NMDA receptor. The 

activation of Src results in the phosphorylation of CREB, known to activate 

Ca2+ immediate early genes (IEG’s). Whilst both EphrinB stimulation and 

calcium influx through NMDA receptors results in a modest increase in CREB 

phosphorylation, when neurons are stimulated, they act synergistically to 

cause a greater CREB activation (Takasu et al., 2002). The potentiation of the 

glutamate-regulated gene expression by EphrinB upregulated specific IEG’s. 

In particular they were c-fos, BDNF and cpg15 which are all implicated in the 

modulation of the synapse (Takasu et al., 2002). Stimulation of EphB receptors 

also activates the ERK/MAP kinase pathway, which plays important functions 

during LTP. The glutamate-induced activation of the ERK/MAP kinase pathway 

was reduced by prior incubation of neurons with EphrinB Fc, showing the 

direct interaction between EphB and NMDA receptors affecting plasticity 

related signalling (Grunwald et al., 2001). NMDA receptors also regulate spine 

morphology through the guanine exchange factor, Tiam1 (Tolias et al., 2005). 

However, Tiam1 is also activated by EphB2, which results in the alteration of 

the actin cytoskeleton through Rac1 (Tolias et al., 2007).  

 

It is also worth noting that EphrinB ligands interact with NMDA subunits. 

Specifically, NR1 immunoprecipitated with EphrinB2 in the postnatal day 6-7 of 

the rat striatum, an interaction that is likely to be through a complex with group 

1 metatropic glutamate receptors (Calo et al., 2005). Furthermore, EphrinB 

ligands are located post-synaptically in CA1 dendrites in the hippocampus, 

where they facilitate NMDA-mediated long-term plasticity (Grunwald et al., 
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2004). The investigations so far have uncovered a role for EphB receptors 

modulating synaptic plasticity through their interaction with NMDA receptors. 

Therefore, this mechanism may be utilised by the organism to facilitate 

neuronal adaptations during stress. 

 

NMDA receptors 

Glutamate signalling in the brain is mediated through metabotropic (slow) and 

iontropic (fast) receptors. The former are G-protein coupled receptors, the 

latter are ligand gated ion channels. Along with Kainate and AMPA receptors, 

NMDA receptors make up the iontropic glutamate receptors. The structure of 

the NMDA receptor channel is as complex as its function. The receptor is 

named after the selective, synthetic agonist N-methyl-D-aspartate (NMDA) but 

its principal endogenous agonist is glutamate. Furthermore, simultaneous 

binding of a co-agonist potentiates NMDA activation. Classically, glycine is 

considered the major co-agonist but D-Serine is a more potent co-agonist and 

may be of more importance in vivo (Johnson & Ascher, 1987; Matsui et al., 

1995; Shleper et al., 2005). Due to its functional properties, the NMDA 

receptor is considered important in learning and memory (Riedel et al., 2003). 

The electrophysiological correlate of learning and memory, long-term 

potentiation (LTP), requires postsynaptic calcium influx. It occurs when both 

pre- and post-synaptic neurons are active, resulting in Hebbian plasticity (Bliss 

& Collingridge, 1993). The NMDA receptor contains a binding site for Mg2+ that 

blocks the channel at the resting membrane potential. Therefore, for the 

channel to open, agonist binding and membrane depolarisation must 

simultaneously occur (Mayer et al., 1984). Although the majority of calcium 
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influx into the post-synaptic membrane in response to glutamate is through 

voltage dependent Ca2+ channels, when glutamate release is paired with 

postsynaptic action potentials, the calcium influx is greatly potentiated by 

NMDA receptors (Schiller et al., 1998). Furthermore, the NMDA receptor has 

slow gating properties, meaning that the calcium influx is prolonged resulting in 

a large accumulation of calcium in the dendritic spine (Muller & Connor, 1991). 

Consequently, the NMDA receptor functions as a coincidence detector 

facilitating neuronal plasticity. In addition, the receptor’s function can be finely 

tuned to suit specific requirements by a number of modulatory agents. These 

include polyamines, phosphatases, kinases, redox agents and Zn2+ causing 

either an increase or decrease in the Ca2+ flow through the channel 

(Dingledine et al., 1999).  

 

The NMDA receptor is formed by a tetramer of membrane spanning subunits, 

consisting of the obligatory NR1 subunit along with NR2A-D subunits (Luo et 

al., 1997; Laube et al., 1998). Although less common, there are also NR3A-B 

subunits that replace an NR2 subunit (Chatterton et al., 2002). The 

composition of the subunits allows for differential regulation of the NMDA 

receptor. For example, the NR1/2A receptors are very sensitive to Zn2+ 

inhibition, whilst the NR1/2B receptors are antagonised by ifenprodil (Williams, 

1996). The NR3 subunit acts in a dominant negative fashion when 

incorporated into the receptor, by decreasing the Ca2+ current through the 

receptor (Sasaki et al., 2002; Nishi et al., 2001). 
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Despite the varied composition of subunits, all NMDA receptors share a similar 

membrane topology. The extracellular domain contains the ligand binding sites 

and a modulatory domain.  There are three transmembrane loops (M1, 3-4) 

with an intramembrane pore loop (M2), contributing to the formation of the ion 

channel and the Mg2+ binding site. Finally, there is an intracellular domain that 

varies in size depending on the specific subunit. This intracellular loop is 

subject to modulation by phosphorylation and contains sites for protein - 

protein interactions (Laube et al., 1998; Chatterton et al., 2002). 

 

NMDA receptors and stress 

The NMDA receptor’s functions and expression suggest its involvement in the 

neuronal stress response. It plays integral roles in both physiological and 

pathological mechanisms closely related to stress. For example, memory is 

closely related to the neuronal stress response and many patients with 

anxiety/stress disorders have learning and memory deficits (Mathews & 

MacLeod, 2005). The NMDA receptor is implicated in ischaemic and 

excitotoxic neuronal cell death, processes that result in similar damage to the 

hippocampus that severe stress causes (McEwen, 1999).  As discussed, the 

stress response results in glucocorticoids acting on limbic brain areas, with the 

hippocampus being a major target for glucocorticoids (Chapter 1). The 

excitatory neurotransmitter system, and in particular the NMDA receptor, is 

also involved in the hippocampal morphological and functional changes seen 

during stress. Following stress, the hippocampal glucose metabolism is raised 

(De Bruin et al., 1990). This increase is, at least in part, due to NMDA receptor 

activation, as the increase is attenuated by a NMDA receptor blocker 

128



 

 

(Schasfoort et al., 1988). Stress also increases excitatory glutamate 

transmission in the hippocampus, which is attenuated by adrenalectomy (Lowy 

et al., 1993). The effects of stress on glutamate signalling in the hippocampus 

are not just regulated by glutamate levels. Stress also alters the NMDA/AMPA 

receptor ratio in the hippocampus. Twenty-four hours following immobilization 

stress (two and a half hours), an increase in the NMDA NR1 and NR2B 

subunits mRNA and a decrease in the AMPA GluRA subunit mRNA was 

observed (Bartanusz et al., 1995). Subcutaneous implants of slow-release 

corticosteroid tablets for 10 days also resulted in a similar increase in the NR1 

and NR2B, but not the NR2A subunit mRNA, although the AMPA subunit 

mRNA was not measured (Weiland et al., 1997). The implant also resulted in 

an increase of the NMDA antagonist binding sites, indicating that the increased 

mRNA resulted in an increased NMDA receptor expression (Weiland et al., 

1997). Furthermore, dexamethasone (a synthetic glucocorticoid) increases the 

NMDA receptor activation, but not AMPA or kainate activation following 

interstriatal excitotoxin injection (Supko & Johnston, 1994).  

 

Hippocampal neurons also show increased excitability following chronic 

corticosterone administration and its deleterious effects on hippocampal 

neurons during ischaemia or seizures are NMDA mediated (Beck et al., 1994; 

Armanini et al., 1990). The alterations in NMDA signalling lead to a number of 

hippocampal changes seen following stress. As discussed, a number of 

different stressors lead to hippocampal neuronal atrophy (Chapter 1). 

Following restraint stress or corticosterone treatment, rats showed significant 

atrophy of CA3 pyramidal neurons, which was blocked by phenytoin 

129



 

 

(Watanabe et al., 1992). Phenytoin prevents glutamate release and therefore 

its effects are consistent with attenuating the increase in glutamate release 

following stress. Further investigation revealed that an NMDA receptor 

antagonist, but not an AMPA receptor antagonist, also abolished the dendritic 

atrophy (Magarinos & McEwen, 1995). Consistent with this, the upstream 

activator of the NMDA mediated atrophy appears to be corticosterone, as 

inhibition of its synthesis blocked the atrophy (Magarinos & McEwen, 1995). 

Pharmacological studies have also implicated other monoaminergic 

transmitters in the neuronal remodelling. Tianeptine, a serotonin reuptake 

enhancer, blocks dendritic atrophy, whilst serotonin reuptake inhibitors do not 

block dendritic atrophy (Watanabe et al., 1992; Magarinos et al., 1999). 

Furthermore, stress paradigms reduce the binding of the inhibitory serotonin 

receptor 5-HT1A and the serotonin transporter, whilst binding to and expression 

of 5-HT2 receptor is increased (McKittrick et al., 2000) As serotonin enhances 

NMDA receptor binding and activity, it is possible that the serotonin effects on 

the hippocampal morphology occur through the NMDA receptor (Rahman & 

Neuman, 1993).  

 

The modulation of NMDA receptor in the hippocampus leads to 

electrophysiological changes as well as morphological ones. Following stress, 

hippocampal LTP is impaired in rats and LTD is enhanced (Kim et al., 1996). 

This effect is blocked by a competitive NMDA antagonist administered before 

the stress. This preference towards a decrease in synaptic strength following 

stress fits with an increased excitability in the hippocampus during stress 

(McEwen, 1999). Corroborating the decrease in LTP formation in the 
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hippocampus is the impaired performance of stressed animals in hippocampal 

dependent behavioural tests (de Kloet et al., 1999).  The effect of 

glucocorticoids enhances glutamate signalling in the hippocampus during 

stress and regulates dentate gyrus neurogenesis through NMDA excitability 

(Gould et al., 1997). An increase in stress and therefore glucocorticoids leads 

to a decrease in neurogenesis (Mirescu & Gould, 2006). This is important to 

consider in our studies as EphB receptors also regulate hippocampal 

neurogenesis. In particular, EphB1 and EphB2 double knockout mice had 

significantly less neural progenitor cells and a reduced dentate gyrus volume 

when compared to wild-type controls (Chumley et al., 2007). Altered 

neurogenesis is an important factor in the development of stress-related 

disorders, including depression (reviewed by (Balu & Lucki, 2009).  

 

The stress-induced neuronal remodelling of the hippocampus leads to a 

decrease in the NMDA receptor expression (Pawlak et al., 2005). By 

examining the molecular interaction of NMDA receptors and extracellular 

proteins, Pawlak et al demonstrated that tPA-knockout mice and plasminogen-

knockout mice did not show the same NMDA receptor decrease or dendritic 

atrophy. The potential molecular mechanism for regulating NMDA receptors in 

stress involves the direct cleavage of NMDA receptors by plasmin and possibly 

tPA (Pawlak et al., 2005). 

 

The NMDA receptor also plays a central role in the amygdala stress response. 

Glutamate turnover rate increases in the amygdala following footshock 

(Rainnie et al., 1991; Miyauchi et al., 1988). The increase in glutamatergic 
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signalling during stress is likely to be mediated, at least in part, by the NMDA 

receptor. Pharmacological inhibition of the NMDA receptor in the 

lateral/basolateral nuclei blocks stress-induced classical conditioning (Shors & 

Mathew, 1998). The blockade of NMDA receptors in the basolateral amygdala 

also inhibited the anxiety-like behaviour seen in the elevated plus maze by rats 

following exposure to a cat (Adamec et al., 1999). In this study, the authors 

discovered that the NMDA-dependent initiation of different stress responses 

varied depending on which hemisphere the amygdala NMDA was inhibited 

(Adamec et al., 1999).  

 

The role of NMDA in the amygdala is closely associated with plasticity-like 

changes. LTP in the amygdala, dependent on NMDA functioning, underlies 

fear memory formation (reviewed by (Adamec, 1997). The crosstalk between 

different regions of the fear circuitry associated with the amygdala also 

depends on NMDA signalling during stress. For example, the LTP effects seen 

in the hippocampus depend on NMDA receptors in the amygdala (Ikegaya et 

al., 1995). NMDA receptors have also been shown to be critical in the 

formation of spike firing in the amygdala during the acquisition phase of the 

memory (Goosens & Maren, 2004).  

 

The amygdala and hippocampus display differing neuronal changes following 

stress. Unlike the hippocampus, which displays neuronal atrophy following 

stress, the amygdala displays an increase in dendritic branching (Mitra et al., 

2005). Both the hippocampus and amygdala effects have been linked to tPA 

signalling and modulation of NMDA receptors (Mitra et al., 2005). However, 
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unlike the hippocampus, the mechanism through which this occurs does not 

appear to be plasminogen-dependent (reviewed by (Skrzypiec et al., 2008).  
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Figure 21. Eph gene expression in the hippocampus and amygdala following stress
(preliminary data). Mice were subjected to 6 hours of restraint stress and the
hippocampi and amygdala were dissected and homogenised. The RNA was
extracted, converted to cDNA and qRT-PCR was performed. The gene expression
after stress is shown relative to control gene expression. (a and b). After stress the
Eph2 gene expression increased 11 and 2 fold (t-test p<0.001) in the hippocampus
and amygdala, respectively. EphB6 gene expression increased 5 and 9 fold (t-test
p<0.05, t-test p<0.001) in the hippocampus and amygdala respectively. EphrinB2
gene expression increased 2.1 and 2.8 fold (t-test p<0.05) in the hippocampus and
amygdala, respectively. The other genes did not change expression after stress (t-test
p>0.05). * = p<0.05 *** = p <0.001
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Figure 22. Hippocampal Eph protein expression following stress, with different
recovery periods (preliminary data). (a). Western blotting for control samples, 6
hours of stress, 6 hours of stress plus 6 hours of recovery (6hs + 6hR) and 6 hours
of stress plus 18 hours of recovery (6hS + 18hR) were quantified using Scion image.
Each sample was normalised to β-actin and the protein expression of the stressed
groups shown relative to the control protein expression. None of the Eph proteins
showed any change after 6 hours of stress (F= p>0.05). EphrinB2 shows an
increase of 4.7- and 5.8-fold after 6 and 18 hours of recovery, respectively (F =
p<0.05 and p<0.01, respectively). EphB2 shows a decrease (F = p<0.05) after 18
hours recovery. (b). Representative Western blots showing protein expression
from mouse hippocampal homogenates from control, 6hS+6hR and 6hS+18hR
mice. * = p<0.05 ** = p<0.01
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Figure 23. Amygdala Eph protein expression following stress, with different
recovery periods (preliminary data). (a) Western blotting for control samples, 6
hours of stress, 6 hours of stress plus 6 hours of recovery (6hs + 6hR) and 6
hours of stress plus 18 hours of recovery (6hS + 18hR) were quantified using
Scion image. Each sample was normalised to β-actin and the protein
expression of the stressed groups shown relative to the control protein
expression. None of the Eph proteins showed any change after 6 hours of stress
(F = p>0.05). EphrinB2 shows an increase of 2.1 fold after 18 hours of recovery
(F = p<0.05). (b) Representative Western blots showing protein expression
from mouse amygdalae homogenates from control, 6hS+6hR and 6hS+18hR
mice. * = p<0.05 ** = p<0.01

b.

a.

137



37kDa

37kDa

115.5kDa

115.5kDa

115.5kDa

β-actin

EphrinB2

EphB6

EphB2

EphA4

control 6hS

Amygdala

Figure 24. Eph protein expression in the hippocampus and amygdala following
stress (preliminary data). Western blotting was performed on samples from mice
that had not undergone stress (control) and mice that had undergone 6 hours of
stress (6hS). (a) Representative Western blots for Eph proteins and actin from
hippocampal samples (b) Representative Western blots for Eph proteins and actin
from amygdalae samples. None of the Eph proteins showed any change after 6 hours
of stress (figures 21 and 22).
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Figure 25. EphrinB2 binds to both EphA4 and EphB2. SHSY-5Y cells were
transfected with either EGFP (b), EphB2-EGFP (g) or EphA4-EGFP (l) constructs
and the cell morphology was visualised using orange cell tracker (a,f and k).
Whilst cells expressing EGFP show a diffuse cytoplasmic distribution of GFP (c),
those transfected with either EphB2-EGFP or EphA4-EGFP display a membranous
and intracellular vesicular distribution (h and m). EphrinB2-Fc was clustered using
Cy-5 conjugated anti human IgG and incubated with the transfected cells (d, j and
n), (15 mins, 8μg/ml). Excess EphrinB2 complex was removed by washing and
images were captured. Pre-clustered EphrinB2 locates to SHSY-5Y cells and
preferentially co-localises with EphB2-EGFP (j) and EphA4-EGFP (o) compared to
EGFP (e).
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Figure 26. EphrinB2 protein immunoprecipitates with EphA4 but not
EphB2 or EphB6. Hippocampal (h) and amygdalae (a) samples were
homogenised and either EphA4, EphB2 or EphB6 was
immunoprecipitated. The resulting precipitates were analysed by Western
blotting for EphrinB2 as well as the original precipitating receptor. When
the samples were stained for EphrinB2 a band corresponding to the
correct size was only found in the EphA4 precipitates.
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Figure 27. EphrinB2 and EphA4 display reciprocal distribution in the
hippocampus and amygdala. Whole mice brains were fixed in PFA and coronal
slices of 70µm were cut. The slices were double stained for EphA4 and EphrinB2
and imaged using a confocal microscope. The staining of EphrinB2 revealed
strong immunoreactivity within the stratum pyramidale and stratum
granulosum, of the CA1/CA3 regions and dentate gyrus of the hippocampus (a).
Greater magnification revealed EphrinB2 to be located at the membrane of
neuronal cell bodies (arrows in d and h), and on the dendrites extending to the
soma, particularly in the CA1 region (a and arrows in d). EphA4 staining revealed
strong immunoreactivity that reflected the structure’s laminar organisation (b).
1. Stratum oriens
2. Stratum pyrimadale
3. Stratum radiatum
4. Stratum lacunosum - moleculare
5. Hippocampal sulcus
6. Stratum moleculare
7. Stratum granulosum
In contrast to the EphrinB2 staining the stratum pyramidale and stratum
granulosum were striking in their absence of staining. Stratum oriens and
stratum radiatum, particularly in the CA3 region, showed the strongest
immunoreactivity. Again, in contrast with EphrinB2 staining, greater
magnification revealed an absence of EphA4 from the cell body (arrows in e and
I) and strong staining in axons, particularly in the CA3 region. When the stains
were overlaid (f and j) and a spatial histogram charted (c) the reciprocal nature
of the EphrinB2 EphA4 staining became clear. Neuronal cell bodies were
identified with TOTO (g and k). A similar pattern of expression is seen in the
amygdala. EphrinB2 staining is found in the lateral/basolateral and central
amygdala (l). Again, EphrinB2 is located at the membrane of cell bodies (arrows
in o). EphA4 reactivity is stronger in the surrounding neuropil (m and p).
Overlaying the images demonstrates the reciprocal relationship between ligand
and receptor (n and q). The brain regions that the images (a,b, d-q) were taken
from them are shown on a coronal section of mouse brain (http://mouse.brain-
map.org/viewImage.do?imageId=79611194) (r).
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a. b.

d.c.

Figure 28. Expression of EphB2 coincides with NeuN in the mouse
hippocampus. Whole mice brains were fixed in PFA and coronal slices of
70µm were cut. Slices were double stained for EphB2 and NeuN and
binding of fluorescent secondary antibodies visualised using confocal
microscopy. (a) and (b). Staining of EphB2 coincided with the staining of
NeuN indicating a predominantly neuronal expression of EphB2. The
staining of EphB2 revealed an expression within the stratum pyramidale
and stratum granulosum, of the CA1/CA3 regions and dentate gyrus.
Higher magnification at the CA1 region (c) revealed EphB2 expression at
the neuronal cell body and extending into the dendrites (d).
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Figure 29. EphrinB2-EphA4 interaction increases after a recovery period following
stress. (b). Control mice or mice were subjected to 5 minutes of stress, 15 minutes
of stress or 6 hours of stress and an 18 hour recovery then their hippocampi were
dissected and homogenised. EphrinB2 was immunoprecipitated and the resulting
precipitates were analysed by Western blotting for EphA4 and EphrinB2. (a)
Quantification revealed an increase in the interaction between EphrinB2 and
EphA4 after 6 hours of stress and 18 hours recovery (F (3, 12) = 6.42; p<0.05 control
vs 6hS +18hR). * = p<0.05
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Figure 30. Neuropsin and EphB2 co-localise in neurons of the
basolateral complex of the amygdala. With help from M. Mucha.
Free-floating sections containing the amygdala were prepared from
wild-type mouse brains and fixed with paraformaldehyde.
Immunohistochemistry revealed high expression of EphB2 (green; a
and e) in the lateral/basolateral and central (arrows in a-d) amygdala.
To investigate which cell types express EphB2 in the amygdala we
performed multiple co-labelling using antibodies against neuronal
(NeuN; red) and astrocytic (GFAP; blue) markers in conjunction with
the EphB2 staining. EphB2 highly co-localized with NeuN (a, b and
merged in d; higher magnification in e and f; arrows) and to a lesser
extent with with GFAP (a, c and merged in h; higher magnification in e
and g; arrows) indicating that EphB2 is expressed by both neurons and
astrocytes. (b) Neuropsin immunohistochemistry revealed high levels
of this receptor in the lateral/basolateral and central amygdala (arrows
in i and m) where EphB2 was highly expressed (a and i). Co-labelling
with cell-specific markers demonstrated that neuropsin was expressed
in neurons (i and j; higher magnification in m-n; arrows) but not in
astrocytes (i and k; higher magnification in m and o; arrowheads). High
levels of neuropsin were also observed in the neuropil which is
consistent with its role as an extracellular protease (I, m and q).
Double immunohistochemistry for neuropsin (q and u) and EphB2 (r
and v) showed that they highly co-localize in the same cells in the
lateral amygdala (s and w). Arrows point to EphB2-rich clusters where
high levels of neuropsin were detected. Neuronal cell bodies were
identified with TOTO (t)
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Figure 31. Neuropsin influences
EphB2-NR1 interaction following
stress. Neuropsin+/+ and
neuropsin-/- mice underwent 15
minutes of restraint stress and
their amygdalae dissected and
homogenised. EphB2 was
immunoprecipitated using an
EphB2 specific antibody. (a). The
resulting precipitates were
analysed by Western blotting
using NR1 and EphB2 antibodies.
(b). After 15 minutes of stress the
association between EphB2 and
NR1 decreased in neuropsin +/+
mice but not in neuropsin -/- mice
(F (3, 19) = 4.20; p<0.05 NP+/+
control vs NP+/+ stressed). * =
p<0.05.
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Figure 32. Neuropsin does not alter the membranous levels of the NMDA
subunit NR1. Neuropsin+/+ and neuropsin-/- mice underwent 15minutes of
restraint stress and their amygdalae were dissected and the cellular
fractions were separated. The membrane fraction was blotted for NR1 and
normalised using pan cadherin. (a). The levels of NR1 did not change
following stress in both neuropsin+/+ or neuropsin-/- mice. (b) A
representative blot against NR1 in amygdala samples taken from
neuropsin+/+ and neuropsin -/- mice. The NR1 levels were normalised
against levels of pan-cadherin.
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Figure 33. Total amygdala NR1 levels are not altered either by
neuropsin or stress. Neuropsin+/+ and neuropsin-/- mice underwent 6
hours of restraint stress and their amygdalae were dissected and then
homogenised. The homogenate was analysed by western blotting for
NR1 and normalised using actin levels. (a) The levels of NR1 were the
same in mice of both genotypes and did not change following stress. (b)
A representative blot against NR1 in amygdala samples taken from
neuropsin+/+ and neuropsin -/- mice. The NR1 levels were normalised
against levels of actin.
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Results 

 

Eph gene expression following stress 

Preliminary work (figures 22-24) indicated that Eph proteins may be critically 

involved in the stress response. This was revealed by investigations of the Eph 

gene expression in the hippocampus and amygdala. A group of wild-type mice 

were subjected to restraint stress, whilst a control group remained unstressed 

and the Eph gene expression was compared (Figure 21). qRT-PCR revealed 

an increase in EphB2 (Figure 21; 11-fold; T-test p<0.001) EphB6 (Figure 21; 5-

fold; T-test p<0.05)  and EphrinB2 (Figure 21; 2.1 fold; T-test p<0.05) gene 

expression in the hippocampus after restraint stress. Similar increases were 

observed in the amygdala. Compared to the hippocampus, EphB2 had a 

slightly lower upregulation (Figure 21; 2 fold; T-test p<0.001), EphB6 a slightly 

higher upregulation (Figure 21; 9-fold T-test p<0.001) and EphrinB2 a similar 

upregulation (Figure 21; 2.8-fold; T-test p<0.05). The other Eph gene 

expressions were unchanged, in both brain regions, following stress.  

 

Eph protein expression following stress 

To investigate whether the gene expression resulted in a protein increase, 

mice underwent the same stress protocol, and the protein levels of the EphA4, 

EphB2, EphB6 and EphrinB2 were measured by Western blotting. At the same 

time point as the gene expression upregulation (6hS), Western blotting 

revealed no differences in the level of Eph receptors or EphrinB2 in the 
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hippocampus or amygdala compared to unstressed control mice (Figure 22, 

Figure 23, Figure 24; T-test p>0.05 for all molecules).  

 

To investigate whether a protein increase might be delayed relative to gene 

expression, wild-type mice were subjected to the same stress protocol but also 

allowed them to recover in their home cage for 6 hours or 18 hours before 

measuring the Eph protein level. When the protein expression was quantified 

in these samples, a 5.8- and 2.1-fold up-regulation of EphrinB2 in the 

hippocampus and amygdala, respectively, was observed (Figure 22; F = 

p<0.01 for the hippocampus and Figure 23; F = p<0.05 for the amygdala).  

This increase was more prominent after a longer duration of the recovery 

period (Figure 22; F = p<0.05 for 6hS + 6hR vs. p<0.01 for 6hS+18hR in the 

hippocampus and Figure 23; F = p<0.05 for 6hS + 18hR amygdala).  

 

The protein levels of EphA4, and EphB6 remained unchanged at all time-

points and regions examined (Figure 22 and Figure 23; F = ; p>0.05). 

Moreover, EphB2 showed a decrease in protein expression in the 

hippocampus (Figure 22; 6hS + 18hR; F = p<0.05).  

 

EphA4 binds EphrinB2 

To investigate EphrinB2 - Eph binding in vitro, EphA4-EGFP, EphB2-EGFP 

and EGFP alone were over-expressed in SHSY-5Y cells and incubated the 

cells with exogenous EphrinB2 Fc. Ephrin-Fc proteins contain the extracellular 

domain of the Ephrin protein, which is conjugated to an IgG fragment and is 

used to bind Eph receptors. Prior to the addition of EphrinB2 Fc, it was 
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clustered using Cy-5 conjugated anti-human IgG, which allowed for 

visualization of the exogenous Fc protein. Following fifteen minutes incubation, 

EphrinB2 clearly co-localised with clusters of both the EphB2-EGFP and 

EphA4-EGFP (Figure 25). In comparison, the EphrinB2 Fc associated 

uniformly with the cells that did not overexpress Eph receptors but were 

transfected with the empty EGFP construct (Figure 25). This confirms that 

EphrinB2 does act as a binding partner for both EphB2 and EphA4 in vitro.   

 

To investigate EphrinB2 interaction with the Eph receptors in vivo, a co-

immunoprecipitation experiment was performed. Antibodies specific to EphA4, 

EphB2 and EphB6 were used to immunoprecipitate the respective receptors 

from hippocampal and amygdala samples. The resulting material was then 

analysed by Western blotting, which revealed that EphrinB2 preferentially 

bound to EphA4 in both brain regions analysed (Figure 26). Successful 

immunoprecipitation of the receptors was demonstrated by a band of the 

correct molecular weight in the lanes where an Eph receptor antibody was 

used for the immunoprecipitation, whilst the absence of a band at the same 

molecular weight in the lane where unspecific IgG replaced the Eph-

precipitating antibody demonstrated the opposite.  When the same 

membranes were blotted for EphrinB2, a band was only found in the EphA4 

precipitates, indicating a strong in vivo ligand and receptor interaction.  

 

This relationship was further studied by immunohistochemistry to reveal the 

spatial distribution of EphA4 and EphrinB2 in the hippocampus and the 

amygdala. The hippocampus and the amygdala have elegant yet complex 
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morphology and cyto-architecture. The hippocampus is composed of four 

different regions, called CA1 to CA4, and is closely associated with the dentate 

gyrus. The amygdala is a group of several nuclei, which serve different 

functions.  These regions may work in concert to coordinate stress-related 

responses, but are often autonomous when it comes to the regulation of gene 

and protein expression. Thus, immunohistochemistry may reveal spatial 

information regarding the expression and potential interaction of proteins 

restricted to particular areas within the hippocampus or amygdala. Such 

information may have gone undetected by Western blotting, which utilises 

homogenates of the whole structure.  Our results show high levels of EphA4 

and EphrinB2 protein in the hippocampus and amygdala, but the expression 

was not uniform within these structures. The analysis by confocal microscopy 

revealed a clear reciprocal spatial distribution of EphA4 and EphrinB2 (Figure 

27).  

 

EphA4, EphB2 and EphrinB2 staining in the hippocampus 

Within the hippocampal formation, the expression of EphA4 was the strongest 

in CA3 region, intermediate in CA1-CA2 and the weakest in the dentate gyrus 

(Figure 27).  EphA4 expression followed the pattern of the laminar organisation 

of the hippocampus, with its levels differing significantly among various 

anatomical layers.  The strongest staining was observed in stratum oriens, 

which contains the basal dendrites of pyramidal neurons, as well as 

septal/commissural fibres from the contralateral hippocampus.  The signal was 

almost equally strong in stratum radiatum composed of axonal projections from 

the contralateral hippocampus, Schaffer collateral fibres projecting from CA3, 
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apical dendrites of pyramidal cells of CA1, and interneurons.  In particular, 

higher magnification revealed strong EphA4 staining on neuronal processes in 

CA3 region of the stratum radiatum. However, EphA4 levels were markedly 

lower in stratum lacunosum-moleculare which contains Schaffer collaterals and 

perforant path fibres projecting onto distal, apical dendrites of pyramidal cells.  

Relatively weak staining was observed in stratum moleculare of the dentate 

gyrus, the layer where commissural fibres from the contralateral dentate gyrus, 

perforant path processes and axonal inputs from the medial septum form 

synapses with the dendrites of the granule cells.  In fact, two bands of staining 

were seen here: the outer third, receiving input from the lateral enterohinal 

area, expressing less EphA4, and the inner two-thirds, receiving input from the 

medial enterohinal area, expressing more EphA4.  This result shows that the 

expression of EphA4 differs significantly among various hippocampal layers 

and is consistent with the expression of EphA4 in neuronal processes. 

Importantly, minimal staining of EphA4 was detected in stratum pyramidale or 

stratum granulosum, which harbour cell bodies of pyramidal cells/interneurons 

of the CA1-CA3 regions and granule cells of the dentate gyrus, respectively. 

This is in contrast and spatially complementary to EphrinB2 staining, which 

was strongest in the stratum pyramidale and granulosum. The staining was 

marginally weaker in the CA3 region reflecting the slightly less compact cell 

bodies in the CA3 region. Unlike EphA4 staining, EphrinB2 staining in the 

remaining strata - stratum oriens, radiatum, lacunosum-moleculare and 

moleculare – showed equal levels of staining, much weaker than staining from 

the stratum pyramidale and granulosum. Closer magnification revealed that 

the strong staining from the stratum pyramidale and granulosum was due to 
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strong EphrinB2 immunoreactivity from neuronal cell bodies. The cellular 

staining reflected that seen in transfection experiments of Eph receptor 

constructs (Figure 25). The fluorescence was localized towards the cell 

membrane, as expected from a transmembrane receptor. This was in contrast 

to EphA4 staining, which was absent from neuronal cell bodies. EphrinB2 

staining was also highly visible in neuronal processes projecting from CA1 cell 

bodies into the stratum radiatum. EphB2 staining revealed a similar pattern of 

staining to EphrinB2 (Figure 28). The strongest fluorescence appeared in the 

stratum pyramidale of the CA1 and CA3 regions, and the stratum granulosum 

of the dentate gyrus. The staining was particularly strong from the cell body but 

did extend to the dendrite. The predominantly neuronal staining was confirmed 

by co-localisation with NeuN, a marker for neuronal cells.  

 

EphA4 and EphrinB2 staining in the amygdala 

The amygdala can be roughly divided into four groups of nuclei: basolateral, 

central, medial and cortical.  While the lateral group has clear boundaries, the 

central, medial and cortical are less well-defined.  Moreover, the amygdala 

neurons do not have clear polarity typical for the hippocampal ones, and 

therefore the amygdala is lacking a laminar structure.  This makes it more 

difficult to interpret the expression pattern of a protein using histological 

methods.  When immunohistochemistry was performed, the expression of 

EphA4 was evident in all groups of amygdala nuclei, but the levels differed 

significantly.  The strongest signal was observed in the central amygdala, 

followed by the lateral/basolateral and medial/cortical amygdala (Figure 27).  

Unlike the hippocampus, the staining within the nuclei was uniform and diffuse, 
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making it difficult to associate the expression of EphA4 in the amygdala with 

any particular part of the cell. However, the absence of staining from the cell 

bodies, but presence of staining in the neuropil, reflecting staining within 

processes, was similar. Indeed, the reciprocal nature of the staining was the 

most striking similarity. EphrinB2 staining was also present in all the amygdala 

nuclei, although the medial nuclei showed the weakest staining. Although the 

cell bodies within the amygdala are not together, it was clear that they showed 

the highest EphrinB2 immunoreactivity. Higher magnification revealed the 

same neuronal body staining as the hippocampus. There was strong staining 

at the cell perimeter and intracellular puncta. Although the neuronal processes 

are not as easy to visualise in the longitudinal axis within the hippocampus, 

EphrinB2 staining was also found in neuronal processes. 

 

The EphA4 – EphrinB2 interaction is regulated by stress 

EphrinB2 was immunoprecipitated from hippocampal samples taken from mice 

at different time points after restraint stress. The precipitate was then probed 

for levels of EphA4 by Western blotting. At five minutes during the stress 

protocol, there were no differences in the interaction between EphA4 and 

EphrinB2; however, there appeared to be a trend towards a decrease in the 

interaction after fifteen minutes of stress (statistically non-significant). After 

eighteen hours following stress the interaction between EphrinB2 and EphA4 

increased (Figure 29; F (3, 12) = 6.4; p<0.05 control vs. 6hS +18hR).  
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EphB2 and neuropsin co-localise in vivo 

There is no previous evidence for an interaction between EphB2 and 

neuropsin in the literature. To further investigate this interaction, 

immunohistochemistry was performed and the amygdala was examined. In 

order to learn which neuronal cell type expressed both neuropsin and EphB2, 

brain tissue was also stained for neuronal markers and astrocytic markers. 

EphB2 and neuropsin both displayed strong expression in the amygdala 

(Figure 30 – with help from M. Mucha). Throughout the amygdalar nuclei, the 

staining of both molecules was similar. The basolateral, central, medial and 

cortical nuclei all show strong reactivity for both neuropsin and EphB2. Closer 

magnification revealed that EphB2 staining was confined to cell bodies with 

highest fluorescence found in puncta towards the edges of the cell bodies. As 

in the hippocampus, the majority of the EphB2 staining co-localised with the 

NeuN, which highlighted that the EphB2 staining was both membranous, and 

within intracellular puncta. Staining with the astrocytic marker, GFAP revealed 

the EphB2 staining was also within astrocytes, although at a lower level than in 

neurons. Like EphB2, neuropsin staining also showed a high level of co-

localisation with the NeuN. However, the staining is more evenly distributed 

throughout the cell body. Unlike EphB2, neuropsin staining does not co-

localise with GFAP, indicating that astrocytes do not synthesise neuropsin. 

Neuropsin staining throughout the amygdala shows a more diffuse pattern 

than EphB2. Fluorescence is also observed in the neuropil beyond the 

boundary of the cell body, consistent with its role as an extracellular protease. 

Double immunohistochemistry of EphB2 and neuropsin reveals a high degree 

of co-localisation. Both receptor and protease are expressed by the same 
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amygdala neurons and their puncta co-localise to a high degree. Higher 

magnification shows that the interaction occurs predominantly at the border of 

the neuron. The staining indicates a spatial relationship that is likely to 

maximise the opportunity for their interaction (Figure 30). 

 

The EphB2 and NMDA subunit interaction is regulated by stress 

EphB2-NMDA interaction in the amygdala was investigated using 

immunoprecipitation. An EphB2 specific antibody was used to 

immunoprecipitate material from homogenised amygdalae of wild-type and 

NP-/- mice. The immunoprecipitate was probed for the NR1 subunit of the 

NMDA receptor by Western blotting. In non-stressed mice, NR1 

immunoprecipitated with EphB2 in both wild-type and NP-/- mice (Figure 31). 

However following fifteen minutes of stress, this interaction was reduced in 

wild-type mice whilst remaining at the same level in NP-/- mice (Figure 31; F (3, 

19) = 4.2; p<0.05 NP+/+ control vs. NP+/+ stressed). The stress induced 

regulation of the EphB2 - NMDA interaction was not due to regulation of the 

total membranous NMDA receptor as this was unchanged following fifteen 

minutes of stress (Figure 32; F (3, 12) = 2.07; p>0.05). It was also hypothesised 

that the stress-induced modulation of the EphB2 – NMDA interaction may 

result in a regulation of the NMDA amygdala expression level at a later time 

point following stress. However, following 6 hours of stress, the total amygdala 

NMDA level was not altered in either wild-type or NP-/- mice (Figure 33; F (3, 12) 

= 0.77; p>0.05). 
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Discussion 

 

Summary 

Preliminary work had revealed that the gene and protein expression of Eph 

receptors and EphrinB2 was regulated by stress (Figure 21- 23). The discovery 

that plasmin cleaves EphA4 and that neuropsin cleaves EphB2 demanded that 

their role in stress was further investigated. This revealed different aspects of 

their function in different areas of the brain. The common theme in this chapter 

is the interactions between the receptors and their binding partners during 

stress. The Eph receptors display promiscuous ligand binding and physically 

interact with a number of partners at the cell membrane. Studies using an in 

vitro cell model revealed, in accordance with the literature, that EphrinB2 

bound to both EphB2 and EphA4 (Figure 25). Immunoprecipitation studies 

revealed that EphA4 shows a strong in vivo interaction with EphrinB2 (Figure 

26). When the in vivo positioning of the receptors and ligand were investigated 

immunohistochemically, it revealed that the majority of EphrinB2 was likely to 

interact with EphA4 (Figure 27). The EphA4-EphrinB2 interaction in the 

hippocampus was modulated by stress, increasing their interaction following 

stress (Figure 29).  

 

The investigations of EphB2 focused on its regulation by neuropsin in the 

amygdala. Immunohistochemistry revealed co-localisation of EphB2 and 

neuropsin at the neuronal membrane – extracellular interface (Figure 30). An 

important receptor in experience-dependent plasticity is the NMDA receptor, 
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which interacts with EphB2. Investigations revealed that neuropsin regulates 

the interaction between EphB2 and NMDA in the amygdala during stress. 

Immunoprecipitation revealed that, fifteen minutes following stress, the 

interaction is decreased (Figure 31). This change in interaction occurs without 

a change in the membranous quantity of NMDA receptors and do not result in 

stress induced regulation of NMDA receptors in the amygdala (Figure 32 and 

Figure 33). The results described in this chapter reveal that Eph receptors and 

their modulation by proteases are central candidates in the regulation of 

stress-related neuronal physiology.  

 

The Eph receptor and Ephrin gene expression changes 

Preliminary studies revealed that the EphB2, EphB6 and EphrinB2 genes were 

up-regulated following stress (Figure 21). Is this pattern of upregulation 

consistent with models in the literature in which Eph receptors are 

upregulated? Eph receptors are upregulated in a wide range of scenarios in 

mature cells. This includes bone remodelling and bone disease, cancerous 

cells (colorectal and breast cancer), hypoxic cells (skin and bone marrow), 

neuronal cells following injury, and inflammatory cells (for review (Pasquale, 

2008).  

 

The neuronal upregulation of Eph receptors was observed in two studies using 

a model of neuronal injury in the hippocampus. In these studies, the gene 

upregulation of the Eph receptors was seen at a later time point than observed 

in our stress model. Whereas our gene upregulation was observed at six hours 

following stress, the injury models observed the peak gene upregulation three 

161



 

 

and seven days following the injury (Wang et al., 2005; Moreno-Flores & 

Wandosell, 1999).  It is likely that the time frame in these cases reflect the 

different processes that are occurring in the different models. Wang et al and 

Moereno-Flores et al believe the Eph receptors are likely to be involved in 

axonal path finding, synaptogenesis or cell survival (Wang et al., 2005; 

Moreno-Flores & Wandosell, 1999). Due to the traumatic nature of the injury 

model, the cellular functions occurring are involved in the regeneration of 

synapses and neurons (Miranda et al., 1999). Our model may also contain 

elements of these functions, as stress results in neuronal and synaptic 

remodelling. For example, stress results in a modulation of synaptic plasticity, 

a process that may require morphological alteration of dendritic spines. There 

is overwhelming evidence for the Eph receptors to be involved in this process. 

However, the time frame for Eph function in the stress model is likely to be 

shorter, as the processes regulated by the Eph receptors in the injury models 

may only occur after inflammatory and reparative steps have been completed. 

It is also worth noting that upregulation of EphrinB1, but not EphrinB2, was 

seen in these models, perhaps indicating different signalling pathway. Other 

Eph molecules upregulated included EphB2, EphA5, EphA4 and EphrinA5, 

indicating coordinated molecular mechanisms, albeit different from those 

observed after stress.  

 

A very similar time frame of Eph receptor upregulation to that seen in our 

paradigm occurs in a model of hypoxic mouse skin. Here, the authors found 

that EphB4 mRNA was upregulated six hours after hypoxia followed by an 

increase in the protein twenty-four hours after the hypoxic insult (Vihanto et al., 
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2005). EphrinB2 mRNA was also upregulated and reached a peak at twenty-

four hours, whilst the protein was upregulated from six hours persisting to forty-

eight hours (Vihanto et al., 2005). Within this model, the Ephrins are 

upregulated due to their role in angiogenesis, and so their function in this 

model is different to their function in our model. Nevertheless, the time scale of 

gene and protein upregulation of EphrinB2 described here is consistent with 

the time frame of upregulation of Eph receptors observed in our stress model. 

 

Stress up-regulates the expression of EphrinB2 protein 

To gain a more comprehensive picture of the hippocampus and amygdala’s 

response to acute restraint stress, the regulation of the Eph proteins was 

measured (Figure 22-24). The protein expression of the genes that were 

significantly up-regulated (EphB2, EphB6 and EphrinB2) and also of EphA4 

was measured. Although EphA4 did not show an increase in gene expression, 

it was decided to quantify its protein expression. This was based on the finding 

of its high gene expression in the hippocampus and the amygdala (Preliminary 

work and (Liebl et al., 2003), its role in regulating spine morphology and 

plasticity, and the finding that protein abundance may increase without a 

preceding increase in mRNA (Ideker et al., 2001).  

 

Preliminary work revealed that significant increases in Ephrin mRNA levels 

after acute restraint stress did not necessarily lead to a corresponding increase 

in the Ephrin protein.  Of the four proteins examined, only EphrinB2 showed a 

significant increase in response to stress.  Furthermore this elevation did not 

immediately follow the mRNA increase indicating a delay in the translation of 
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the up-regulated mRNA.  The response was greater in the hippocampus than 

the amygdala.  EphB6 and EphA4 showed no significant change in protein 

concentration at any time period in both the hippocampus and the amygdala.  

Despite showing a robust increase in mRNA levels, the quantity of EphB2 

protein decreased after the acute restraint stress in the hippocampus.  

 

These results demonstrate the dissociation between gene and protein 

expression levels in biological systems, and highlight the importance of 

studying the central nervous system’s response to environmental challenge at 

multiple levels.  Most importantly, however, these results strengthen the 

possibility of EphrinB2 being an important mediator of the stress response. 

 

Regulation of a gene expression is an important, but not the sole, factor in 

determining the level at which the protein is present and active in the cell.  In 

fact, it has been shown that an up-regulation of a gene does not always lead to 

an increase in protein levels (Griffin et al., 2002). The correlation between 

mRNA and the corresponding protein expression has been studied previously.  

The experiments clearly suggest that the quantity of the mRNA is an unreliable 

indicator of the quantity of the protein (Gygi et al., 1999).  Moreover, when a 

change in the gene expression occurs, it is not necessarily followed by a 

change in the abundance of the protein.  In extreme circumstances, the 

increase in gene expression could be followed by a subsequent decrease in 

protein expression (Griffin et al., 2002).  Although these phenomena have 

mainly been studied in yeast, the mechanisms involved are also active in 
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eukaryotes (Gygi et al., 1999) and therefore may explain the lack of correlation 

between EphB2 and EphB6 mRNA and protein. 

 

One factor that could affect the translation of mRNA to protein is the availability 

of ribosomes.  As the quantity of mRNA increases, the availability of ribosomes 

becomes the limiting factor in the translation.  Furthermore, the cell is not able 

to increase the availability of ribosomal proteins rapidly as their mRNAs 

compete with the other mRNAs for binding to ribosomes (Lee et al., 2003). The 

above situation is analogous to that seen in yeast galactosidase that converts 

galactose to glucose 6-phosphate.  The presence of galactose causes a 500-

fold increase in the GAL2 gene expression followed by only 10-fold rise in the 

protein levels (Griffin et al., 2002).  Other mechanisms of post-transcriptional 

regulation include the control of mRNA binding to ribosomes and the control of 

mRNA degradation (for review see (McCarthy, 1998). 

 

The lack of an increase in EphB6 and a decrease in EphB2 protein levels 

could reflect an accelerated protein turnover and degradation.  It has been 

demonstrated at the growth cone that the EphB-EphrinB complex is 

endocytosed to remove it from the cell membrane (Zimmer et al., 2003).  

Furthermore, it has been shown that upon neuron-astrocyte contact full length 

EphB2 is trans-endocytosed from the neuron to the astrocyte (Lauterbach & 

Klein, 2006).  It is possible that stress induces an increase in EphB2 protein 

synthesis, but also its subsequent degradation, resulting in a decrease in 

overall EphB2. This may be related to neuropsin cleavage of EphB2 (Figure 

12-16). As discussed, the increase in EphB2 gene expression is neuropsin-
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dependent (Figure 18. EphB2 gene expression is increased 6 hours 

following stress.). In the amygdala, neuropsin cleaves EphB2 in the first 

fifteen minutes following stress. However, it is possible that the neuropsin-

dependent mechanisms of plasticity in the amygdala and hippocampus are 

different (Matsumoto-Miyai et al., 2003; Attwood et al., 2011). In the 

hippocampus, this may result in cleavage of EphB2 at a latter time point, 

correlating with the decrease in the EphB2 protein eighteen hours following 

stress, seen only in the hippocampus (Figure 22). 

 

Composition of EphrinB2/Eph assemblies in vitro and in vivo  

In order to understand the role of EphrinB2 during stress, it was attempted to 

establish its predominant Eph binding partner. Initially, an in vitro SHSY-5Y cell 

culture model over-expressing EphA4-GFP and EphB2-GFP was used. 

Following addition of soluble EphrinB2, it was clear that EphrinB2 showed high 

binding affinity to both EphA4 and EphB2 (Figure 25). This is in accordance 

with crystallography studies, which have characterized the binding interactions 

between EphrinB2 and the EphB2 and EphA4 receptors, as well as in vitro and 

in vivo studies that have indicated the function of these interactions (Himanen 

et al., 2001; Qin et al., 2010).  

 

Although no quantification was performed, EphrinB2 bound to the 

overexpressed EphA4 and the overexpressed EphB2 in high abundance. This 

indicates that perhaps the weaker binding interaction of EphrinB2 and EphA4 

shown by crystallography does not affect the interaction in this model. The 

crystallographic findings show the EphA4-EphrinB2 binding constant to be 
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approximately ten times weaker than the EphB2-EphrinB2 binding constant 

(Qin et al., 2010). However, as the receptor was overexpressed and a liberal 

amount of EphrinB2 Fc was added to the medium, there is not likely to be 

significant competition between the native EphA4 and the overexpressed 

EphB2 (Figure 25).  

 

Our functional in vivo interaction studies suggest that EphA4-EphrinB2 binding 

is more prominent compared to that of EphB2-EphrinB2 in the hippocampus 

and amygdala. The spatial expression, as determined by 

immunohistochemistry, and the functional binding, as determined by 

immunoprecipitation, indicate the predominant EphA4 interacting partner is 

EphrinB2 (Figure 26-28). The majority of Ephrin ligands that bind to Eph 

receptors in the brain are membrane-associated/tethered Ephrin molecules. 

This receptor-ligand interaction is therefore dependent on cellular Ephrin 

expression and must be taken into account when considering crystallography 

studies or our in vitro model, which use soluble Ephrin-Fc molecules. For 

example, in the hippocampus, the EphrinB2 staining can be seen in the 

dendrites of CA1 neurons that form synapses with axons projecting from CA3 

neurons. The dendritic EphrinB2 staining appears to cut its way through the 

strong EphA4 stratum radiatum staining. This reciprocal distribution of EphA4 

and EphrinB2 raises the possibility that the above molecules could, at least in 

part, interact trans-synaptically as the receptor and ligand. In comparison the 

EphB2 and EphrinB2 staining occur in the same neurons indicating a less 

prominent role in trans-synaptic signalling.  
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Further evidence for the interaction between EphA4 and EphrinB2 has been 

provided by our collaborators. Using in situ zymography together with 

immunohistochemistry Professor Wilczynski has shown that EphA4 and 

EphrinB2 co-localize in the hippocampus at sites of plasmin activity (Appendix 

4). This techniques allows the activity of plasmin to be studied alongside the 

location of molecular targets in a coronal section of brain (Gawlak et al., 2009) 

 

Overexpression of a particular Eph receptor in vitro is unlikely to reflect the 

precise and diverse interactions of the Eph receptors in vivo. For example, the 

in vitro neuronal cultures do not accurately model the complex environment in 

which hippocampal neurons exist. A stunning lay analogy that encapsulates 

this is the calculation that there is greater processing power within a single 

human brain than there is in all of the computers in the world combined 

(Micheva et al., 2010). This is achieved by the number of synaptic connections, 

precisely organised through maturation from embryo to adult. The 

hippocampal structure is key in determining its function. Embryologically, it can 

be distinguished from thirteen to fourteen weeks, before folding into its 

characteristic laminar organisation over the following weeks (Kier et al., 1997). 

The structural organisation allows the sequential connectivity of the 

hippocampal neuronal subtypes and thus the flow of information, creating the 

trisynaptic function. Although this classical model is simplified, it underlines the 

importance of structural positioning to the function of the neuronal cells. Each 

of the anatomically organised neuronal subtypes (CA1, CA3, dentate gyrus) 

possesses distinct molecular and functional characteristics. This is reflected in 

the Eph expression in the hippocampus, with pre- and post- synaptic Eph 
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protein expression regulating different neuronal functions (Chapter 1). The in 

vitro cultures can result in false representations of the in vivo function (Hensch 

et al., 1998). The in vitro cellular models exist within an altered extracellular 

matrix without the complexity and brain circuitry observed in vivo. An important 

factor regulating neuronal function are neuroglia, which are critical for correct 

neuronal functioning. They regulate excitatory and inhibitory transmission as 

well as LTP (Theodosis et al., 2008). In vitro cultures of neuronal cells do not 

maintain the same neuronal glia relationships that are critical in vivo. Indeed, 

the SHSY-5Y cell culture does not contain neuroglia at all and does not 

develop into a mature neuronal phenotype unless stimulated to do so 

(Agholme et al., 2010). This cell line may also misrepresent the physiological 

state due to their inherent characteristics as neuroblastoma cells. They have 

pathological gains and losses in their chromosomes and fail to express a 

number of neuronal features (Agholme et al., 2010). 

 

Despite these differences, the in vitro cellular model does allow us to observe 

the interaction between the overexpressed Eph receptors and the EphrinB2 

ligand. These findings, however, must be verified in vivo. In the context of my 

studies, it confirms that both EphA4 and EphB2 do bind to EphrinB2, and that 

at the concentrations used, their binding appears roughly similar. This is also 

useful in confirming the binding capabilities of the Eph receptors constructs, 

allowing confidence in further functional studies in which they may be used. 
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Regulation of EphA4 and EphrinB2 interaction by stress 

The data presented in this thesis indicate that limbic Eph proteins are 

regulated in both the early stages and later stages of the stress response. 

Changes in the membranous EphB2 levels are seen following fifteen minutes 

of stress indicating a molecular dynamism at the neuronal membrane (Figure 

17). Later in the stress response the Eph protein expression  is also regulated 

with a rise in EphrinB2 protein in the hippocampus and amygdala  eighteen 

hours following 6 hours of restraint stress (Figures 22 and 23). To investigate 

the molecular interactions over time, following the stress response, 

immunoprecipitation was used (Figure 29). This revealed that the interaction 

between EphrinB2 and EphA4 increased eighteen hours following six hours of 

restraint stress. The aim of the experiment was to normalise the quantity of 

EphA4 preciptated with EphrinB2 to EphrinB2 allowing analysis of the 

EphrinB2-EphA4 binding at different time points following stress. The time 

where the increase in interaction is observed is the same time point at which 

EphrinB2 expression is increased in the hippocampus (Figure 22). Although 

the experiment design does not allow for an inter-group comparison of 

EphrinB2 and therefore no definite conclusion can be made, it appears there is 

not the clear increase in the amount of EphrinB2 immunoprecipitated 

inkeeping with the Western blotting results at this time point (Figures 22 and 

29). This may be due to a methodological cause or it may indicate that the rise 

in EphrinB2 protein described in Figures 22 has not been robustly replicated.  

 

The immunoprecipitation experiment uses a different homogenisation buffer to 

that used for Western blotting, which may lead to a different quantity of 
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EphrinB2 extracted from the sample. A number of lysis buffers can be used for 

immunoprecipitation and the ‘HO’ buffer used was the third used by this 

investigator in order to gain robust immunoprecipitation. It may also be that the 

quantity of EphrinB2 pulled down by immunopreciptation is not representative 

of the total quantity of EphrinB2 in the sample. This could be caused by failure 

of the EphrinB2 antibody to efficiently immunoprecipitate EphrinB2 complexes 

formed during stress conditions. To investigate this alternative EphrinB2 

antibodies could be used to immunopreciptaed the EphrinB2 complexes. The 

experiment could also be repeated immunopreciptationg  EphA4 and probing 

for EphrinB2, such as demonstrated in an earlier experiment (Figure 26). 

EphA4 protein expression in the hippocampus was stable following stress and 

so the levels immunoprecipitated would not be expected to vary (Figure 22). 

However, given the immunoprecipitation result it may be prudent to re-test the 

hypothesis that EphrinB2 expression increases in the hippocampus at this time 

point. The Western blotting experiments could be repeated with more animals 

or an alternative method for measuring stress induced protein upregulation 

could be used. For example immunofluorescent staining for EphrinB2 in the 

hippocampus at similar timepoints following stress could be utilised.  

 

The importance of subcellular location of Eph proteins 

Without stress, EphA4 and EphrinB2 are prominent binding partners (Figure 

29). As the animal undergoes stress the interaction between EphA4 and 

EphrinB2 increases (Figure 29). This indicates that both molecules must be 

located in the same cellular compartment for the interaction to occur. This may 

involve mobilization of EphA4 or/and EphrinB2 from their intracellular stores, 
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redistribution from other compartments, or novel molecular interactions that 

facilitate their binding. Due to the relatively weak binding between EphrinB2 

and EphA4, it is less likely that EphA4 preferentially binds to EphrinB2 over 

EphrinA ligands (Qin et al., 2010). Despite EphA4 being the most highly 

expressed Eph receptor in the hippocampus, most of it is not constitutively 

active (Tremblay et al., 2007; Murai & Pasquale, 2003). In hippocampal 

neurons, much of EphA4 is stored in intracellular vesicles and the 

membranous expression of EphA4 is a dynamic process. Bouvier et al found 

that EphA4 is expressed in various vesicular organelles, including many 

synaptic vesicles at excitatory synapses. Furthermore the EphA4 cell 

membrane expression is increased following potassium depolarisation, 

indicating an experience-dependent membrane expression (Bouvier et al., 

2010). This is consistent with a sub-population of EphA4 that is transported to 

the membrane following stress, where it interacts with the increased EphrinB2 

ligand. In the hippocampus, this is likely to be at the synapse, given its 

expression in synaptic vesicles and strong association with PSDs (Bouvier et 

al., 2008). 

 

The role of the EphA4-EphrinB2 interaction in synaptic plasticity 

The alteration in EphA4-EphrinB2 interaction following stress may indicate the 

molecular mechanisms that regulate stress induced neuronal plasticity. Both 

EphA4 and EphrinB2 are required for hippocampal plasticity, but their specific 

interaction has never been shown to be critical in this respect. At the CA1-CA3 

synapses, post-synaptic EphrinB2 is required for NMDA-mediated LTP 

(Grunwald et al., 2004). At the same synapses, the extracellular, but not 
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intracellular, domains of EphA4 and EphB2 are also required for plasticity 

(Grunwald et al., 2001). Therefore, it is possible that these receptors act as 

presynaptic partners activating EphrinB2. To investigate the role of EphA4 at 

the CA1 synapses, Filosa et al used conditional knockout animals in which 

EphA4 has been disrupted either in CA1 or CA3. This revealed that only the 

CA1, post-synaptic EphA4 was required for LTP (Filosa et al., 2009). The 

authors attributed this effect to EphA4 interaction with astrocytic EphrinA3 to 

decrease glutamate transport resulting in LTP modulation, rather than to trans-

synaptic interactions (Filosa et al., 2009). This data poses an intriguing 

question: what is the function of presynaptic EphA4? Although it is not critical 

for LTP at these synapses, our data indicates it is still likely to interact with 

EphrinB2. The binding of EphrinB2 by EphA4 is likely to induce its 

phosphorylation.  

 

At CA1-CA3 synapses, the LTP is dependent on the phosphorylation of 

EphrinB2 (Bouzioukh et al., 2007). The mechanisms by which EphrinB2 

regulates synaptic plasticity may occur through its intracellular domain: both its 

phosphorylated tyrosine residues, and its PDZ domain. When EphrinB2 is 

activated, five tyrosine residues are phosphorylated by Src kinases (Palmer et 

al., 2002). This modification is critical for LTP but not for LTD. Rather, the PDZ 

domain is critical for both LTP and LTD (Bouzioukh et al., 2007). The precise 

mechanisms by which the EphrinB2 reverse signalling differently affects LTP 

and LTD are not known. It may be due to differences in the activation of 

distinct NMDA subunits during LTP vs. LTD. The activation of Src family 

kinases by phosphorylated EphrinB2 is likely to lead to phosphorylated NR2A 
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NMDA sub-units (Lu et al., 1998). The preferential activation of particular 

NMDA subunits has been shown to determine whether LTP or LTD is formed. 

Activation of NR2A subunits is implicated in the formation of LTP but not LTD, 

whilst the activation of NR2B subunits the formation of LTD but not LTP (Liu et 

al., 2004). Less clear, but perhaps equally important, are the physical 

interactions between EphrinB2 and NMDA as the receptor has been shown to 

immunoprecipitate with the NR1 NMDA subunit (Calo et al., 2005). A further 

mechanism by which EphrinB2’s activation may regulate plasticity is through 

its interaction with AMPA receptors. The formation of LTD is also associated 

with the turnover of AMPA receptors at the synapse (Lee et al., 2002). Upon 

activation, a critical serine residue on the intracellular tail of EphrinB2 is 

phosphorylated and leads to a glutamate interacting protein (GRIP) binding to 

the EphrinB2 PDZ domain (Essmann et al., 2008). GRIP proteins also interact 

with AMPA receptors and the interaction between AMPA receptors acts to 

stabilize the glutamatergic receptor at the cell membrane. Therefore, by 

regulating the membranous AMPA receptors, EphrinB2 is likely to regulate 

plasticity (Essmann et al., 2008). 

 

The role of the EphA4-EphrinB2 interaction in morphological plasticity 

The increased EphA4-EphrinB2 interaction following stress may also regulate 

neuronal plasticity through alteration in neuronal morphology. An integral part 

of neuronal plasticity is the ability of dendritic spines to alter their shape.  

Spines are formed from filopodia and progress through a number of stages 

before forming a mature mushroom shape (Lippman & Dunaevsky, 2005). This 

shape allows the neck to isolate calcium close to the synapse, separate from 
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the dendritic shaft. The morphogenesis of dendritic spines is highly dynamic, 

often occurring over a matter of minutes (Penzes et al., 2003). Furthermore, 

the geometry of a spine correlates with its synaptic strength (Matsuzaki et al., 

2001). EphrinB reverse signalling promotes spine morphogenesis. Segura et al 

showed EphrinB ligands influence the Rac signalling pathway to increase 

mature mushroom shaped spines in relation to immature filopodia. They 

discovered that stimulation of EphrinB ligands led to the recruitment of the G-

protein coupled receptor kinase interacting protein 1 (GIT1) to synapses 

through the adaptor protein Grb4 (Segura et al., 2007). As GIT1 is a known 

regulator of Rac, they hypothesise that EphrinB signalling acts to localise Rac1 

at the synaptic membrane to drive spine morphogenesis. Indeed, they showed 

that interference with either the binding of EphrinB to Grb4 or Grb4 to GIT1 

impairs the EphrinB-mediated spine maturation (Segura et al., 2007). A 

separate mechanism by which EphrinB2 signalling can alter morphology has 

been described. This is through the MAP kinase c-Jun NH2-terminal kinase 

(JNK) and is independent of the EphrinB2 tyrosine residues (Xu et al., 2003). 

JNK is implicated in spine morphology through RAP kinases. These promote 

the growth of spines and mediate LTD and thus link EphrinB2 reverse 

signalling to rapid changes in dendritic spine functioning. 

 

EphA4 is also known to regulate spine morphology in the hippocampus. 

Although the studies to date have investigated EphrinA stimulation of EphA4, it 

is possible that the stimulation by EphrinB2 leads to similar EphA4 mediated 

signalling and alterations in plasticity. As described above, EphA receptors are 

candidates for regulating astrocytic influence on neuronal plasticity. EphrinA3 
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is expressed in the hippocampus exclusively on astrocytic tips whilst its binding 

partners such as EphA4 or EphB2 are expressed in dendritic spines(Murai et 

al., 2003). EphA4 knockout mice show abnormal spine morphology. Their 

dendritic spines are disorganised and irregular in shape and the irregularities 

couldn’t be corrected by application of EphrinA3 (Murai et al., 2003). Together 

with the finding that similar spine abnormalities are seen in EphrinA3 knockout 

mice, this indicated that EphA4 was the likely mediator of EphrinA3 induced 

spine changes (Carmona et al., 2009). When the authors added EphrinA3 to 

wild-type brain slices, it caused a reduction in spine length and spine density 

(Murai et al., 2003). The downstream molecular mechanism for these 

morphological changes implicates the RhoA GTPase. Fu et al found that 

EphrinA1 mediated spine retraction coincided with the activation of RhoA and 

could be abolished by inhibition of cyclin dependent kinase 5 (Cdk5). Indeed 

EphrinA1 had no influence on spine morphogenesis in Cdk5 knockout mice. 

EphrinA1 caused the recruitment and phosphorylation of Cdk5 which in turn 

activated a GEF, Ephexin1. The association between Ephexin1 and EphA4 is 

abolished in Cdk5 knockout animals and Cdk5 is necessary for EphA4 

mediated RhoA activation (Fu et al., 2007). The activation of RhoA explains 

how EphA signalling may control actin dynamics. However, the group led by 

K.Murai has discovered a parallel pathway that may also explain how EphA4 

signalling causes spine retraction. They found that a phospholipase C (PLC) 

inhibitor prevented EphrinA mediated spine retraction. They demonstrated that 

EphA4 interacts with PLCγ1 and that it induces its phosphorylation (Zhou et 

al., 2007). The effect of this signalling pathway was to alter the membrane 

associated fraction of cofilin. The authors suggest that the decrease in 
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membrane associated cofilin indicates its release in order to depolymerize 

actin filaments and therefore allow for the spine reduction seen following 

EphrinA stimulation (Zhou et al., 2007).  A further signalling pathway that the 

EphA-EphrinA interaction impacts is the β1-integrin signalling pathway. Murai’s 

group have shown that EphrinA stimulation of EphA4 causes a decrease in 

phosphorylation of a number of proteins within the β1-integrin pathway. 

Furthermore, the inhibition of this signalling pathway leads to similar 

morphological effects on dendritic spines as the EphA4 mediated effects 

(Bourgin et al., 2007). Taken together, it is clear that the EphA4 and EphrinB2 

are centrally placed to mediate spine morphogenesis. There appears to be a 

number of pathways through which this effects, whether it is modulation of the 

actin cytoskeleton, or allowing morphological changes through altering the 

cells interaction with the extracellular matrix through the integrin system. 

 

Co-localisation of EphB2 and Neuropsin in the amygdala 

The staining of EphB2 and Neuropsin (Figure 30) is consistent with the 

literature, which has focused on their hippocampal location. The expression 

pattern of EphB2 was found to localise to dendritic regions of CA1 and dentate 

neurons, particularly those sub-compartments with a high NMDA receptor 

expression (Henderson et al., 2001). Similarly, the hippocampal expression of 

neuropsin is likely to be in regions where NMDA receptors are active 

(Matsumoto-Miyai et al., 2003). In situ hybridization shows that the highest 

expression of neuropsin in the hippocampus is in the CA1 and CA3 regions. 

The signal was weaker in the CA2 region and was not present in the stratum 

radiatum (Chen et al., 1995). Studies using neuropsin-deficient mice found that 
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particular cells and synapses within the hippocampus were regulated by 

neuropsin. Consistent with the expression pattern of the neuropsin gene, CA1 

and CA3 pyramidal cells were most affected, showing larger, elongated cell 

soma. The most marked changes were in the CA1 subfield of the stratum 

radiatum (Hirata et al., 2001). 

 

 

Stress disrupts the Ephb2-NMDA interaction through neuropsin activity 

EphB2 is known to interact NMDA receptors (Dalva et al., 2000). This 

interaction occurs in the amygdala and is altered following stress. Acute stress 

results in a decrease in the interaction between EphB2 and NMDA receptors, a 

process dependent on neuropsin (Figure 31). As the extracellular domain of 

EphB2 is necessary to mediate the EphB2 -NR1 interaction, it is logical that 

the EphB2- NMDA interaction will decrease following neuropsin cleavage of 

EphB2 (Dalva et al., 2000) In the immunoprecipitation experiments described 

in this thesis the decrease in interaction was measured using an antibody that 

bound to the intracellular domain of EphB2. Therefore, our measurement will 

only show the interaction between full length EphB2 receptors and NR1 

subunits. As the cleavage of EphB2 by neuropsin liberates an extracellular 

fragment most likely consisting of all but 23 amino acids of the EphB2 

extracellular domain it is possible that EphB2 exodomain cleaved off by 

neuropsin maintains its interaction with NR1 subunits. However Dalva’s work 

showed that the interaction between EphB2 and NR1 involves the EphrinB2 

ligand in a ternary complex and may involve additional proteins. These factors 
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may stabilise the interaction, but once the extracellular fragment is liberated, it 

is unlikely that the complex will maintain its integrity. 

 

A snapshot of the dynamic membrane following stress 

It was reasoned that critical stress-related neuronal functions would occur 

within fifteen minutes of the stressful insult. The amygdala is activated 

following stress, as demonstrated by an increase in immediate- early gene, c-

fos, following thirty minutes of restraint stress (Cullinan et al., 1995). 

Furthermore, proteases are ideally poised to act rapidly in the neuronal 

environment. tPA is activated in the amygdala showing a four- fold increase in 

activity following thirty minutes of restraint stress (Pawlak 2003). Neuropsin 

also shows a rapid increase in activity following theta burst stimulation of 

hippocampal neurons. In this case, the peak activity of neuropsin occurs five to 

six minutes following stimulation (Matsumoto-Miyai et al., 2003). Choosing a 

fifteen-minute time point has allowed us to observe rapid stress induced 

alterations in neuropsin, EphB2 and NMDA. However, given the dynamic 

nature of the membrane, it is important to consider that only a snapshot of the 

ongoing process has been taken. Although at fifteen minutes EphB2 receptors 

demonstrate a decreased interaction with NMDA receptors, it may be that at 

later time-points, the interaction continues to change. Given the number of 

ways in which EphB2 may modulate LTP, and the fluidity of the synaptic 

membrane, the observation that neuropsin disrupts the EphB2-NMDA 

interaction may not fully describe their relationship to neuronal physiology 

following stress. 
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The role of the EphB2-NMDA interaction in stress induced synaptic 

plasticity 

The dynamic nature of the EphB2 - NMDA interaction is likely to reflect the 

synaptic activity in the amygdala following stress. During the first fifteen 

minutes of stress, neuropsin regulates membranous EphB2 (Figure 17). 

Furthermore, the interaction between EphB2 and NMDA receptors is 

decreased.   

 

These changes may underlie the role of neuropsin in amygdala LTP. Mice 

deficient for neuropsin have a deficit in early LTP and decreased NMDA 

currents (Attwood et al., 2011). What are the possible mechanisms that would 

underlie the regulation of LTP and NMDA function through EphB2 cleavage by 

neuropsin? Following NMDA activity, the extracellular protease, ADAM10, 

cleaves EphB2 (Litterst et al., 2007). The remaining transmembrane and 

cytoplasmic domains are subjected to further proteolytic processing by γ-

secretase, which leads to the release of an intracellular EphB2 fragment 

(Litterst et al., 2007; Xu et al., 2009). The liberated intracellular fragment 

contains the tyrosine kinase domain, which directly phosphorylates NMDA 

receptors (Xu et al., 2009). The phosphorylation, which includes tyrosine 

residues on the NR1, NR2A and NR2B subunits, increases the surface 

expression of NMDA receptors (Xu et al., 2009). However, it may also lead to 

an increase in the NMDA receptor activity (Sala & Sheng, 1999). As neuropsin 

cleaves EphB2 close to the cell membrane, it may activate this mechanism. 

The cleavage of EphB2 may also regulate its physical interactions with other 
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molecules. EphB2 binds to NMDA receptors and regulates their clustering 

(Takasu et al., 2002). This interaction is studied in the context of our stress 

model and described in the next chapter of this thesis. 

 

Previously, EphB2 receptors have been reported to cluster NMDA receptors, 

which leads to calcium influx in immature neurons (Takasu et al., 2002). This is 

not likely to be occurring fifteen minutes following stress, as there is a 

decrease in the EphB2-NMDA interaction. However, EphB receptors are 

critical in regulating the localisation of NMDA receptors (Nolt et al., 2011). 

Could the decrease in the interaction between EphB2 and NMDA reflect a 

reorganisation of NMDA receptors to enable their function at targeted 

synapses and neurons? Although the total quantity of membranous NR1 

subunits does not change during fifteen minutes of stress (Figure 32), the 

decrease in the interaction may represent NMDA trafficking at the synapse. 

The dynamism of NMDA receptors is an integral part of the fluidity of the post-

synaptic complex. NMDA receptors are trafficked laterally in the membrane 

between synaptic and extra-synaptic pools (Tovar & Westbrook, 2002). This 

movement varies depending on the subunit expression of NMDA receptors 

with NR2A-containing receptors showing more stability at the synapse, whilst 

NR2B containing- receptors are more mobile (Groc et al., 2006). This 

movement allows for the distribution of NMDA receptors to their final synaptic 

site or for internalisation. Lateral to the PSD are clatharin coated pits that 

mediate the endocytosis of NMDA receptors (Blanpied et al., 2002). The 

internalisation and membrane insertion of NMDA receptors is tightly regulated 

in order to influence synaptic transmission. In the adult hippocampus Shaffer 
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collateral- CA1 synapses, LTP results in the rapid insertion of NMDA to the 

postsynaptic membrane (Grosshans et al., 2002). The insertion of NMDA 

receptors to the membrane is regulated by their phosphorylation (Scott et al., 

2001). Importantly, the phosphorylation of Ty-1472 on the NR2B NMDA 

subunit is critical for amygdala function. This tyrosine residue regulates the 

correct amygdala synaptic distribution of NMDA receptors, LTP formation and 

the expression of fear-mediated behaviour (Nakazawa et al., 2006). As 

discussed, EphB2 is able to regulate the phosphorylation of NMDA receptor 

subunits, both indirectly through Src kinase (Grunwald et al., 2001; Takasu et 

al., 2002; Slack et al., 2008) and directly following γ-secretase processing (Xu 

et al., 2009). Thus, the stress-induced modulation of the EphB2- NMDA 

interaction may represent the functional necessity of the amygdala to regulate 

NMDA receptor subunit composition, synaptic mobility, and the balance 

between membrane insertion and internalisation. 

 

The regulation of amygdala LTP and NMDA function may also occur through 

the dynamic trafficking of EphB2 receptors following stress. In neuropsin deficit 

mice, stress may result in the trafficking of EphB2 to the neuronal membrane 

(Figure 17). If this is occuring the EphB2 receptors that are trafficked to the 

membrane do not interact with NMDA receptors at this time point (Figure 31). It 

may be that an increase in the EphB2- EphrinB interaction could follow the 

increased trafficking of the EphB2 receptors. The literature indicates that 

NMDA function is facilitated by stimulation of EphB2 by EphrinB ligands (Dalva 

et al., 2000). The stimulation of EphB2 receptors leads to the activation of Src 

kinase and phosphorylation of NMDA subunits (Grunwald et al., 2001; Slack et 
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al., 2008). As discussed, the trafficking of NMDA receptors to the cell 

membrane following LTP is also regulated by Src phosphorylation (Grosshans 

et al., 2002). Therefore the trafficking of EphB2 receptors to the membrane 

following stress may lead to NMDA-mediated LTP, through the activation of 

Src kinases and subsequent phosphorylation of NMDA receptors. The 

activation EphB receptors have also been shown to activate the ERK 

subfamily of MAP kinases which are critical in forming LTP (Kelleher et al., 

2004). 

 

The regulation of NMDA receptors subunit composition  

Neuropsin regulates the surface expression of EphB2 after fifteen minutes of 

stress and the EphB2 gene expression six hours following stress. However, 

the total membranous quantity of NR1 NMDA subunits remain stable at both 

fifteen minutes and six hours points following stress, with or without neuropsin 

activity (Figure 32 and Figure 33). As discussed, this may reflect the trafficking 

of the NMDA receptors during the initial stages of amygdala activity. Part of 

this may reflect regulation of the subunit composition of the membranous 

NMDA subunits. It is known that the localisation of NR2B containing NMDA 

receptors at the synapse is regulated by EphB2 (Nolt et al., 2011). This data in 

this thesis indicates that, at the amygdala neuronal membrane, the proportion 

of NR1 subunits would remain similar. However, the proportion of NR2A and 

NR2B may change significantly. The regulation of the subunit composition 

allows the neuron to alter synaptic transmission. An increase in the proportion 

of NR2A subunits leads to a decrease in the NMDA- mediated current (Monyer 

et al., 1994). Furthermore, at hippocampal CA1 synapses, NR2B subunits are 
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required for LTD whilst NR2A subunits are required for LTP (Liu et al., 2004). 

The alteration of NMDA subunit composition has been observed in response to 

experience. Rats that were reared in the dark showed a lower level of NR2A 

protein levels compared to those reared with a normal light/dark cycle. This 

difference could be completely reversed within 24 hours of exposing the rats to 

a normal light/dark cycle, showing the ability of the cells to alter the subunit 

composition of the NMDA receptors (Quinlan et al., 1999). When examined for 

shorter periods, the investigators found that the changes started occurring 

following just one hour of light exposure and continued to redress the subunit 

composition over the following few hours (Quinlan et al., 1999). The rapid 

alterations in subunit expression and the distinct synaptic transmission 

properties that are regulated by subunit ratios indicate that the measurement 

of NR1 subunit membranous levels may not fully describe the activity and 

composition of NMDA receptors following stress.  

 

Whole nuclei vs. circuit-specific effects 

To be able to understand the synaptic dynamism that occurs following stress, 

biochemical analysis needs to focus on specific circuits rather than the 

amygdala as a whole. Experience-driven activity in the amygdala can result in 

the activation of specific neuronal subpopulations that form distinct neuronal 

circuits. Depending on which subset of neurons is activated, distinct 

behavioural states result (Herry et al., 2008). A limitation of our experiments is 

that the amygdala has been analysed as a single entity. It is possible that the 

EphB2 receptors that are trafficked to the membrane following stress are 

targeted to a particular subset of neurons or synapses that require their 
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function. This may be an increase in their interaction with NMDA receptors, 

whilst, at other neurons or synapses, neuropsin facilitates a decrease in their 

interaction. Depending on the balance this could result in an observed 

decrease in the interaction between EphB2 and NMDA receptors. whilst failing 

to identify an increase in interaction in a particular subset of synapse/neurons.  

 

Genetic regulation following neuropsin activity 

The cleavage of EphB2 by neuropsin also leads to a regulation of EphB2 and 

NMDA-mediated gene expression (Attwood et al., 2011). A genome wide 

micro- array found that the FKBP5 gene was differentially regulated in 

neuropsin knock out animals and that there was a neuropsin-dependent 

component to its upregulation following stress (Attwood et al., 2011). The 

FKBP5 gene, which encodes FKBP51 protein, a molecular chaperone of the 

glucocorticoid receptor and its expression, has been linked with the 

development of anxiety, depression and post-traumatic stress disorder (Binder, 

2009; Binder et al., 2008; Binder et al., 2004). Furthermore, the FKBP5 gene 

has previously been shown to be regulated by interference with EphB2 

signalling (Genander et al., 2009). In vitro, the addition of EphB2 antibodies 

inhibit the neuropsin-dependent component of stress-induced upregulation of 

the FKBP5 gene, implicating the neuropsin dependent cleavage of EphB2 in 

FKBP5 gene regulation. Furthermore, NMDA receptor stimulation mimicked 

the FKBP5 gene upregulation confirming the involvement of these receptors in 

the neuropsin pathway (Attwood et al., 2011). This closely resembles the 

change in IEG gene expression observed by Takasu et al following EphB2-

mediated NMDA clustering and increased calcium influx (Takasu et al., 2002). 
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The EphB2 cleavage by neuropsin triggers a cascade of molecular events 

critical for the stress response. 
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Chapter 5. Eph receptors and anxiety-like behaviour 
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Introduction 

 

Animal models of psychiatric pathology 

The mouse restraint stress model used in this study not only leads to 

neurophysiological change, but also to behavioural change. In this chapter, the 

stress-dependent behaviour of mice, in which Eph proteins or neuronal 

proteases are altered, is investigated. 

 

The psycho-social nature of psychiatric disorders has meant that the 

development of animal models has been difficult and their validity is limited. 

This has resulted in models that mimic specific aspects of that condition or its 

treatment rather than the disease itself (Van der Staay et al., 2009; Belzung & 

Lemoine, 2011). In order to be considered relevant, a model of a psychiatric 

disorder must meet certain criteria. The basis of these criteria is built on those 

set out in 1984 by Willner in reference to depression (Belzung & Lemoine, 

2011). Therefore, it is useful to discuss briefly predictive validity, construct 

validity and face validity. 

  

Construct validity can be defined as the accuracy with which the model 

measures what it is intended to measure (Gould & Gottesman, 2006). In 

practice, this is rarely fulfilled and yet it is often argued to be the most 

important validation. A more helpful description of construct validity is the 

‘experimental substantiation of the theory underlying the disorder, its 

pathophysiology, neuronal and behavioural components’ (van der Staay et al., 
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2009). Construct validity will therefore evolve as the theory about the disorder 

evolves and the model is refined. The work described in this chapter is 

construct validation: the behavioural models are used to evaluate the 

molecular mechanisms described in the previous two chapters. 

  

In the broader definition, predictive validity refers to the model’s ability to make 

accurate predictions about the disorder in question. In psychiatric models, and 

as defined by Willner, it is the ability of the model to identify successful 

pharmacological agents. In other words, the pharmacological agent that 

relieves the symptoms of the patient also reverses the behaviour modelled by 

the animal (Belzung & Lemoine, 2011). 

  

Face validity describes the phenomenological similarities between the model 

and the disorder. For example, a model of depression in which the animal 

appears to lose interest in an activity that would normally give it pleasure 

would have face validity, as a core symptom of clinical depression is 

anhedonia. The subjective component of psychiatric disorders precludes a 

model being developed on face validity alone. It is argued that, although 

behaviours between species may appear similar, their purpose may be 

different and therefore not represent the same biological or psychological 

mechanisms (Matthews et al., 2005). Furthermore, a dependence on face 

validity excludes phylogenetically lower organisms and introduces the risk of 

anthropomorphism regarding the animal’s behaviour (Sufka et al., 2006; 

Matthews et al., 2005). 
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Stress and animal behaviour 

Mouse models have gained popularity in the age of molecular biology, largely 

due to the ability to manipulate the mouse genome in order to allow 

observation of the behavioural effect of a single gene (Holmes, 2001). To date, 

there are a wide range of behavioural models for examining the mouse 

response to stress. These can be divided into models that rely on either 

conditioned or unconditioned responses, and further subdivided into conflict or 

non-conflict, and actual versus potential exposure (Rodgers & Dalvi, 1997; 

Sousa et al., 2006). Typically, the models involve observation of innate 

behavioural responses to stressful stimuli. For example, when a mouse is 

exposed to a predator odour, it is more likely to be immobile (freezing 

behaviour); immobility can therefore be used as a measure of anxiety (Hebb et 

al., 2002). 

  

The models used in this study focus on anxiety and fear-related behaviour. 

Fear and anxiety are thought to be distinct but overlapping emotional states. A 

key difference between these emotional states is that, whilst anxiety is aroused 

by nonspecific dangers or unconscious impulses, fear is the result of a specific 

danger (Davis, 1998). The open field (OF) and elevated plus maze (EPM) 

measure anxiety-like behaviour; unconditioned, non-conflict responses in 

which the animal experiences potential exposure to stress. Both the EPM and 

OF measure behaviour which is reproducibly altered by stress (such as the 

restraint stress model).  
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By contrast, fear conditioning measures conditioned, non-conflict responses 

where the animal is exposed to a threat. The responses measured in this 

model represent a different state to that potentiated by the elevated plus maze 

or OF. The experience of a noxious stimulus and re-exposure to that specific 

threat gives rise to both fear and anxiety. Fear conditioning has face validity as 

a model for stress-related disorders, as a neutral stimulus (the tone or 

chamber) is associated with a stimulus that induces a state of fear or anxiety 

(Davis, 1992; LeDoux, 2003).  

 

The three tests described will allow investigation of overlapping molecular, 

genetic and behavioural pathways (Ramos, 2008; Turri et al., 2001). It is 

important to employ more than one behavioural model to assess anxiety as it 

will result in a more comprehensive assessment of the animal’s state and a 

subtler analysis of the differences between groups of animals (Ramos, 2008; 

Menard & Treit, 1999). 

  

The Elevated Plus Maze 

The origins of the elevated-plus maze lie in studies by Montgomery who 

investigated conflict theory. He found that the strength of fear/anxiety in rats 

negatively correlated with their exploratory behaviour. Montgomery used open 

and closed alleys to investigate rat exploratory behaviour and observed that 

rats preferred the closed alleys (Montgomery & Monkman, 1955). A 

standardized test utilizing this behaviour was then developed in the 1980s. The 

predictive validity of an x-maze with two open arms and two closed arms was 
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demonstrated as anxiolytic drugs increased the proportion of open arm entries 

made by rats (Handley & Mithani, 1984). The test was then adapted to its 

current ‘plus’ shape and validated by confirming its sensitivity to anxiolytic 

drugs as opposed to antidepressants (Pellow et al., 1985). The test is also 

sensitive to stress. In rodents, prior exposure to stress results in more 

pronounced anxiety-like behaviour in the open arms, more defaecation, and 

reduced number of open arm entries. The elevated-plus maze has since been 

adapted for mice, guinea pigs, gerbils and voles (Lister, 1987; Rex et al., 1994; 

Varty et al., 2002; Hendrie et al., 1997). 

  

The EPM has a number of advantages compared to other anxiety models. 

Firstly, it is simple, cheap and avoids lengthy training. Furthermore, it does not 

rely on pain, thirst or appetite which the more traditional models, such as the 

Geller-Seifter or Vogel conflict tests utilize (Crawley, 2000). The elevated-plus 

maze is one of the models described as ethological as it relies on innate 

responses to ‘natural stimuli’ (Dawson & Tricklebank, 1995). Mice are naturally 

wary of well lit, open areas but are also exploratory, foraging animals. The test 

relies on this inner conflict between the urge of exploring novel environments 

and aversion towards risk exposure. This makes the elevated-plus maze an 

attractive test to model human anxiety for a number of reasons. Firstly, human 

anxiety is often based on a phobia of a novel situation or place. Secondly, 

inner conflict is a feature of psychodynamic theories of psychiatric pathology. 

Thirdly, the test measures a number of different behaviours, which measure 

different aspects of stress related behaviour. 
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The anxiety indices are calculated by the ratio of time spent in, or entries to, 

the open arm against the total time or total entries. An important confounding 

factor in the elevated-plus maze is locomotor activity. A lower number of 

entries to the open arm may be caused because of a lower activity level rather 

than higher anxiety (Pellow et al., 1985). To control for this, the ratio of time 

spent in the closed arms (or number of entries to the closed arms) to the total 

time in the maze (or total number of entries made) is calculated. It is also 

standard practice to measure the motor activity of the rodents using the hole 

board or the OF in addition to the elevated-plus maze (Lister, 1987; Walf & 

Frye, 2007). 

  

As the literature on the EPM has grown, a debate on the measurements of the 

animals’ behaviour during the trials has emerged. The symptoms of anxiety are 

complex and overlap with other psychological illnesses. It has therefore been 

proposed that different types/aspects of anxiety can be detected within the 

EPM (File et al., 1993). When rats are subjected to a second trial of the 

elevated-plus maze, they do not display the same anxiolytic benefits of 

benzodiazepines. This one trial tolerance is thought to represent a different 

anxiety state (File et al., 1993).  

 

To provide a more comprehensive analysis of anxiety behaviour in the EPM, 

defensive behaviours may also be measured (Rodgers & Johnson, 1995; 

Blanchard et al., 2001). These behaviours include freezing, attack and flight 

typically seen in the presence of immediate danger (Blanchard et al., 2001).  

There are also subtler defensive behaviours that are observed during the 
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elevated-plus maze testing which have been described as ethological 

behaviours. These include sniff duration, head dips and stretch attend 

postures. (Carola et al., 2002; Rodgers & Johnson, 1995). It is argued that 

these parameters can provide a greater insight into the emotional state of an 

animal. There is evidence that suggests they correlate better than 

spatiotemporal behaviour with the animals’ corticosterone response and show 

more sensitivity to some anxiolytic drugs (Rodgers et al., 1999; Setem et al., 

1999). However, despite being described in the mid 1990s, they are not 

commonly utilized by most investigators using the EPM (Carobrez & Bertoglio, 

2005). There is a lack of uniformity with regard to which ethological behaviours 

are used and how they are analysed (Wall & Messier, 2001). Furthermore, 

there is debate as to how to analyse a large number of behavioural indices and 

how they relate to anxiety (Wall & Messier, 2001). For these reasons, the 

author of this thesis has not used these measurements. 

 

Stress and the Elevated Plus Maze 

A wide range of stressors have been used to potentiate anxiety in the 

elevated-plus maze. These include predator odour, social defeat and forced 

swim but the key factor is that the stress must be inescapable (Korte & De 

Boer, 2003). The anxiety in the elevated-plus maze is robustly increased by 

restraint stress. This has been observed in rats, guinea-pigs and mice 

(Mamczarz et al., 2009; Heinrichs et al., 1994; Dunn & Swiergiel, 1999). 

Although an increase in anxiety behaviour in the elevated-plus maze in 

response to restraint stress depends on the species investigated and duration 

of the restraint, mice reproducibly demonstrate this feature (Table 2). 
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The inconsistencies seen in the results between laboratories are likely to be 

caused by methodological differences (Rodgers & Dalvi, 1997). A number of 

factors have been shown to alter behaviour in the elevated-plus maze. To 

improve consistency, all the animals should face the same arm at the start of 

the test (Pellow et al., 1985). The illumination level, the time of day and 

circadian phase affect performance and so must be consistent between tests 

(Walf & Frye, 2007; Jones & King, 2001). It is established that the elevation of 

the maze is not the anxiogenic stimulus but results in the absence of spatial 

cues. It is helpful to have a small ledge at the edge of the open arms but the 

height of this correlates with the open arm exploration (Treit et al., 1993). Our 

ledge is 5mm high, consistent with other set ups (Komada et al., 2008). A 

range of other factors that must remain consistent include prior handling, 

single caging and prior maze experience (Walf & Frye, 2007; Brett & Pratt, 

1990; Rodgers & Dalvi, 1997; File & Zangrossi, 1993; File et al., 1993). 

  

Mice strain Period 

of 

restrain

t 

Type of 

restraint 

Time until 

testing 

Behavioural 

effects 

Referen

ce 

Swiss albino 6 hrs 

8am -

2pm 

  

Immobilisatio

n, Four limbs 

taped to 

board 

Not 

specified 

Decrease in 

percentage 

of time spent 

in and 

(Gilhotra 

& 

Dhingra, 

2009) 
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entries to the 

open arm 

Wild-type 

littermates 

30 mins 

  

50ml 

centrifuge 

tubes 

Immediate 

first EPM 

then OF 

Decrease in 

open arm 

entries and 

closed arm 

entries 

(Dunn & 

Swiergiel

, 1999) 

Male DDY mice 1 hr, 15 

hour or 

5 days 

of 15 hr 

restraint 

  

Wire cylinder Immediate 

after 1 hour 

or 15 hours 

or 1 hour 

after 5x 15 

No change 

in 

percentage 

of time spent 

in the open 

arm 

(Hata et 

al., 2001) 

  

Wild-type 

littermates 

2x12 

mins 

separat

ed by 6 

days 

  

Perspex 

tubes 

6 days Decreased 

time in 

closed arm, 

increased 

time and 

entries to 

open arm 

(prior 

exposure to 

stress) 

(Harris et 

al., 2001) 
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C57BL6 30 mins 

  

Wire 

restrainers 

Immediately No 

differences 

in all 

classical 

measuremen

ts 

(Yamada 

et al., 

2003) 

C57BL6 10 mins 

  

50ml 

polypropylen

e tube 

Immediately Decrease in 

percentage 

of time spent 

in open arms 

(Venihaki 

et al., 

2004) 

RC mice P50-

63 

14 days 

6 hrs 

Transparent 

plastic 

cylinder 

24 hours No 

differences 

in all 

classical 

measuremen

ts 

(Chung 

et al., 

2005) 

NMRI 30, 60, 

120 

mins 

? 30mins Decrease in 

% of time 

spent in 

open arms in 

120 min 

restraint 

(Hsu et 

al., 2007) 

129/SvJ×C57B 1 hrs Transparent 30mins Decrease in  
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L/6J 

  

plastic 

cylinder 

% of time 

spent in 

open arms 

(Bignant

e et al., 

2008) 

NIH Swiss mice 2 hrs, 3 

days 

Perspex 

tubes 

9 or 12 days 

10 min 

acclimatizati

on day 

before 

Decrease in 

number of 

entries made 

to open 

arms. 

Increase in 

total time 

spent in 

closed arms 

(Chotiwat 

& Harris, 

2006) 

C57/BL6x129/s

v 

25 mins 

  

50ml 

centrifuge 

tubes 

Immediately Decreasing 

trend in open 

arm entries 

and time 

spent in 

open arm 

but not 

significant 

(Swiergie

l & Dunn, 

2006) 

C57/BL6 

  

6 hrs or 

21days 

x 6hrs 

Wire mesh 

restrainers 

Following 

morning 

Decrease in 

open arm 

entries, 

 (Pawlak 

et al., 

2003) 
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closed arm 

entries and 

head dips to 

open arms in 

both stress 

time points. 

Except for 

closed arm 

entries for 

21x6 

  

  

Table 2. Literature review of stressed mice behaviour in the elevated plus 

maze. 

 

The Open Field 

The OF is the original behavioural test for rodent’s emotionality, first described 

in 1934 (Hall, 1934). The OF is a simple test that consists of observing an 

animal in a relatively large (compared to the home cage), brightly lit, unfamiliar, 

enclosed environment. Originally, Hall correlated the lack of eating by starved 

animals in the OF with defecation, demonstrating the emotionality of the test 

(Hall, 1934). The OF relies on similar inner conflicts as the EPM. The animals 

are in a novel environment and the exploratory behaviour is countered by the 

preference for thigmotaxis. The main anxiety indices are based on ambulatory 
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behaviour. This includes the total activity of the animal, the time spent in the 

central part of the field and entries to the central part of the field(Ramos & 

Mormede, 1998; Prut & Belzung, 2003; Broadhurst, 1969). Traditionally total 

ambulation was the focus but it is now accepted that the time spent in the 

centre of the field, or conversely the time spent at the edge of the field, is a 

more accurate representation of anxiety. This is because they are less likely to 

be confounded by locomotion, exploration or escape behaviour. (Ramos & 

Mormede, 1998; Prut & Belzung, 2003; Steiner et al., 1997).  

 

By these measures, OF anxiety is reduced by benzodiazepines and 5-HT1a 

receptor agonists, which are used to treat generalized anxiety disorders (for 

review: Prut & Belzung, 2003). However, other classes of drugs such as 

selective serotonin reuptake inhibitors, which are used to treat other anxiety 

disorders such as panic attacks and obsessive compulsive disorders did not 

cause a reduction in the anxiety behaviour in the OF. It is suggested that the 

anxiety modelled is a particular type with specific pathophysiology separate 

from that which is manifested in other clinical disorders (Prut & Belzung, 2003). 

  

Within the literature, it is stressed that the OF should not be used as a lone 

measure of anxiety. The obvious confounding factor is locomotion; indeed the 

OF is also used as a measure of locomotion (Steiner et al., 1997). As with the 

EPM, the total locomotion must be controlled when measuring anxiety levels. 

Like the EPM, the OF allows for a more detailed analysis of behaviour and it 

has been suggested that the measurement of anxiety would be better served 

by analysing ethological behaviour (Lipkind et al., 2004; Drai & Golani, 2001). 
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This has led to a detailed study of an animal’s behaviour within the OF. Rather 

than simply measuring the time spent in the centre of the field, precise 

behavioural patterns are measured during the experiment. By doing this, the 

investigators found that the behaviour within the OF was not simply general 

activity but consisted of highly structured, typical behavioural patterns (Kafkafi 

et al., 2003). By measuring these, it is hypothesised  that behavioural 

endpoints that are more resistant to inter-laboratory or apparatus differences 

can be discovered (Kafkafi et al., 2003; Crabbe et al., 1999). The face validity 

of some of the behaviours observed, such as the shape of the path taken by 

the animal, is difficult to ascertain. However, this is not the case with all the 

measurements. For example, if the speed approaching the central area is 

slower than the speed it takes to leave the area, then the animal is considered 

more anxious (Lipkind et al., 2004). Whilst the ethological behaviour of the 

EPM is relatively well validated, the behavioural endpoints suggested for the 

OF thus far lack the predictive validity that traditional measurements contain. 

One explanation is that ethological measures, such as defecation, also 

correlate with exploratory behaviour (Archer, 1973). Therefore, it is still too 

early for these measures to be used as reliable indices of anxiety. 

 

Fear conditioning 

Fear conditioning is a learning paradigm that takes advantage of principles 

discovered and pioneered by Ivan Pavlov. Classical fear conditioning consists 

of pairing a neutral, conditioned stimulus, such as a tone, with an aversive 
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unconditioned stimulus, a footshock. The unconditioned responses to 

footshock (defensive behaviour, autonomic activation, hypoalgesia, HPA axis 

activation, hyperarousal) are subsequently elicited by presentation of the tone 

only and can be used as a measurement of the animal’s ability to form implicit, 

amygdala dependent, memory and learn about the anxiety/fear state of the 

animal (Rescorla, 1968; McAllister et al., 1974; Crawley, 2000). In this 

paradigm, the conditioned responses are not only elicited by the conditioned 

stimulus but also by contextual stimuli. When the animals are returned to the 

chamber in which the footshock occurred, the animal also develop a fear state 

and display unconditioned responses. This process is dependent on the 

hippocampus.  Therefore, compared to the EPM and OF, the use of memory 

formation can help investigate the role of different brain structures in the 

development of anxiety-like states. 

  

There are further aspects of the two conditioned paradigms, referred to as 

cued (tone) and contextual (chamber), which reveal further information about 

the anxiety/fear state they invoke. They are characterised by a number of 

procedural differences that provide important information about the neural 

process involved in the conditioning. Firstly, the information processing is 

different. Cued conditioning is a response to a single distinct stimulus, whereas 

contextual conditioning involves the processing of a number of different cues. 

Secondly, the cued conditioning stimulus is related to the footshock temporally, 

whilst the context conditioning cues are constantly present. Thirdly, the cued 

conditioning tone is predictive of the footshock, whilst the context conditioning 
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cues are predictive only of a situation in which the footshock is expected to 

occur (Phillips & LeDoux, 1992; Phillips & LeDoux, 1994). 

 

Cued conditioning 

Evidence from a wide range of studies including lesion, stimulation, 

pharmacological, synaptic plasticity and human studies show that the 

association between the unconditioned and conditioned stimulus is dependent 

on the amygdala, and that this brain region is responsible for coordinating the 

response (Kim & Jung, 2006). The convergence of auditory and nociceptive 

information to the lateral amygdala has marked it as the locality for the 

association between the conditioned stimulus and the unconditioned footshock 

to occur (Rodrigues et al., 2004; LeDoux, 2003; Maren, 2001). Lesion studies 

have shown that inactivation of the lateral amygdala inhibits tone-footshock 

association, as does a lesion to the mediate geniculate nucleus of the 

thalamus (Kim & Jung, 2006). Auditory information is also received by the 

lateral amygdala from the sensory cortex, which takes longer, but provides 

more detailed information on the sound. Electrophysiological studies have 

shown that firing properties within the lateral amygdala are altered during fear 

conditioning and, although this also occurs in the central amygdala and 

basolateral amygdala, the response latencies are longer than in the lateral 

amygdala (LeDoux, 2003). 

  

Whilst the lateral amygdala is responsible for the association of the stimuli, the 

central amygdala controls the response of the animal to the footshock (Maren, 

2001; Kim & Jung, 2006; LeDoux, 2003; Rodrigues et al., 2004). There are 
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direct connections between the lateral and central amygdala, although the 

majority of communication is believed to be via other amygdaloid nuclei 

(LeDoux, 2007). The central amygdala has projections to a number of brain 

areas which initiate the behavioural and physiological responses typical in fear. 

By stimulating different areas of the central nucleus, investigators have 

initiated similar responses to those caused by fear conditioning, whilst lesion 

studies have identified specific central amygdala efferents that are responsible 

for behavioural and autonomic responses (Maren, 2001; LeDoux et al., 1988). 

  

Context conditioning 

Unlike the cued conditioning, contextual conditioning relies on the 

hippocampus as well as the amygdala for expression (Maren, 2001; Kim & 

Jung, 2006; LeDoux, 2003). Lesions of the hippocampus made shortly before 

or after fear training cause large deficits in the contextual conditioning but not 

the cued conditioning (Phillips & LeDoux, 1992; Maren et al., 1997). However, 

the lesion must occur within a time frame after the training, indicating that the 

hippocampus is temporarily involved and is not the site of memory storage 

(Maren et al., 1997). Neuronal plasticity within the hippocampus is required for 

the contextual fear learning. Mice deficient in hippocampal LTP also display 

reduced contextual freezing but not cue-related freezing (Abeliovich et al., 

1993; Liu et al., 2004). The current model for hippocampal function in 

contextual fear conditioning is that the hippocampus forms a configural 

representation of the contextual cues, that is to say, a single representation of 

a number of diffuse environmental cues, which is then presented to the 

amygdala and associated with the US (Maren, 2001; LeDoux, 2003; Rudy & 
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O'Reilly, 1999). Indeed, damage to hippocampal projections to the amygdala 

interferes with contextual conditioning (Maren & Fanselow, 1995). Some 

evidence implicates a hippocampal-independent mechanism for forming 

contextual fear memories. If the hippocampus is damaged, then it is possible 

that individual contextual cues could associate with the US independently 

rather than as a configural representation (Frankland et al., 1998; 

Anagnostaras et al., 2001). This model has been proposed because pre-

training axon sparing lesions of the hippocampus do not cause contextual 

conditioning deficits (Frankland et al., 1998; Cho et al., 1999). However, the 

contextual conditioning is not as accurate, as mice also froze more in novel 

chambers as well as the training chamber (Frankland et al., 1998). It has been 

speculated that the pre-training electrolytic lesions that did produce a 

contextual conditioning deficit also damaged the afferents to the nucleus 

accumbens, thereby impairing its role in contextual fear conditioning, 

suggesting its role is more significant than the hippocampus (Maren, 2001; 

Fanselow, 2000). 

  

Stress and fear conditioning 

From our own lives, we know that memory is affected by stress. Emotional 

events, good or bad, are likely to be remembered well and this phenomenon 

has been studied using animal models such as fear conditioning. Rats that 

receive various types of stress before fear conditioning consistently show 

increased freezing following both cued and contextual conditioning. The 

enhancement occurs immediately after and up to three months following the 

training (Cordero et al., 2003; Rau & Fanselow, 2009; Kohda et al., 2007). The 
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stressors include restraint stress, both acute (two hour restraint two days 

before the training) and chronic (twenty-one days of six hours restraint), which 

also potentiate fear learning (Cordero et al., 2003; Sandi et al., 2001). Cued 

fear conditioning has also been shown to be enhanced by stress post-training, 

which is in line with the influence of post-training stress in other learning 

paradigms (Hui et al., 2006; Holahan & White, 2002). 

  

There has been extensive investigation into the role of stress hormones in 

memory (for reviews see (Rodrigues et al., 2009; Roozendaal, 2002). The fear 

conditioning model has shown hormones released during the stress response 

impact the functioning of the hippocampus and amygdala. Adrenaline and 

glucocorticoids, the major stress hormones, both act to increase fear learning. 

Adrenaline does not cross the blood brain barrier but activates noradrenaline 

signalling in the amygdala through activation of vagal afferents leading to the 

nucleus of the solitary tract (Roozendaal et al., 2009)}. Infusion of epinephrine, 

which enhances noradrenaline signalling in the brain, enhances contextual 

fear learning, whilst depletion of noradrenaline in the brain impairs auditory 

fear learning (Frankland et al., 2004; Selden et al., 1990). Glucocorticoids act 

in concert with the noradrenergic system to enhance fear learning.  The 

infusion of a glucocorticoid receptor antagonist into the basolateral amygdala 

or the ventral hippocampus before training led to decreased contextual 

freezing (Donley et al., 2005). Corticosteroids given both systemically and 

directly to the basolateral amygdala and hippocampus enhance memory 

consolidation (reviewed in (Roozendaal, 2002). This includes enhancing 
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contextual and cued conditioning (Corodimas et al., 1994; Hui et al., 2004; 

Conrad et al., 2004). 

  

As we also know from our own lives, stress and its neurochemical mediators 

do not ubiquitously enhance memory. Chronic or severe stress is known to 

impair the ability of humans and animals in memory performance tasks. In 

animal models, a number of types of stress are also known to impair LTP in 

the hippocampus, which correlates with an impairment in performance of 

hippocampal dependent memory tasks (for reviews see (de Kloet et al., 1999; 

Kim & Yoon, 1998). Critical to the effect of stress on memory is the timing of 

the stress in relation to the memory phase. Whilst glucocorticoids enhance 

memory consolidation, they impair memory retrieval (Roozendaal, 2002). For 

example, the performance of trained rats in a hippocampus-dependent 

memory task depends on the time footshock stress is given before a retention 

test. If it is given thirty minutes before the test, the rat’s memory is impaired. 

However, if it is given four minutes or two hours before the test is taken, the 

memory formation is not impaired (de Quervain et al., 1998). As the animal 

experiences different situations, the opposing effects of stress on memory 

consolidation and retrieval happen simultaneously. It is proposed that the 

stress-induced impairment of memory retrieval is adaptive, as it would inhibit 

previous memories from interfering with the memory formation of the new 

stressful situation (Roozendaal, 2002). 

  

Fear conditioning using mice 
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The evidence that stress facilitates fear learning mostly comes from rat 

models. The impact of stress on fear conditioning in mice is less clear. Acute 

immobilisation and chronic variable stress prior to conditioning has been 

shown to increase context dependent freezing (Blank et al., 2002; Sanders et 

al., 2010). However, other studies show either no change in freezing or a 

decrease in freezing after training in both context- and tone-dependent 

conditioning following restraint stress or swim stress (Izquierdo et al., 2006; 

Mongeau et al., 2007; Ito et al., ). It is possible that the results of these mouse 

studies are biased by hyper-locomotion caused by the restraint (Ito et al., ). 

Indeed, when Sanders et al controlled for baseline freezing, mice did show 

stress induced learning (Sanders, 2009). 

  

Eph receptors and behavioural tests             

The effects of the Eph proteins on behaviour have not been investigated 

extensively. Gerlai et al studied EphA receptors in hippocampal memory tests. 

They developed immunoadhesion molecules by fusing the binding domain of 

EphA5 or EphrinA5 to the Fc portion of human IgG. When injected to the 

hippocampus, the hybrid molecules would either antagonize or stimulate 

endogenous EphA. The EpA5-Fc would act as an antagonist by binding to 

endogenous EphrinA ligands and therefore reduce the binding partners for 

endogenous EphA receptors. On the contrary, EphrinA5-Fc would act as an 

agonist of endogenous EphA5 receptors, as it contains two Ephrin binding 

domains and therefore mimicked the dimerisation of membrane bound EphrinA 

ligands necessary to cause stimulation. Following an eight day infusion, the 
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mice then underwent two behavioural tests designed to examine hippocampal-

dependent memory function. Firstly, the animals performed the T-maze 

continuous spontaneous alternation task. This test examines the innate 

behaviour of mice to explore novel areas and relies on hippocampal working 

memory (Gerlai, 1998). Secondly, they used a context-dependent fear 

conditioning paradigm (Kim & Fanselow, 1992; Phillips & LeDoux, 1992).  In 

both tests, using two strains of mice, an improvement in performance was 

observed in the mice that had been infused with the EphA stimulatory 

molecules, whilst a decrease in performance was observed in the mice that 

had been infused with the EphA antagonist (Gerlai et al., 1999). The authors 

associated this alteration in behaviour with electrophysiological and genetic 

changes. In particular, they observed changes in the expression of the tubulin 

gene, indicating adaptations in the cytoskeleton of hippocampal neurons. 

Although the antagonist, EphA5-Fc, would reduce the binding partners for 

endogenous EphA5 receptors, it would also act to stimulate endogenous 

Ephrin ligands, which may compound the effects seen in the behavioural tests. 

  

In a second study, the same group further demonstrated the role of EphA 

receptors in hippocampal memory formation, using the same immunoadhesion 

molecules but a different manipulation of memory. Following fear conditioning, 

the animals underwent a surgical anaesthesia ninety minutes after training, 

which resulted in a reduced level of context-dependent freezing. The 

investigators discovered that infusion with EphrinA5-Fc during the anaesthesia 

significantly ameliorated the anaesthesia-induced retrograde amnesia (Gerlai 

& McNamara, 2000/3). These findings also fit with the hypothesis that the 
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EphA receptors alter spine morphology, as common anaesthetic agents are 

known to inhibit dendritic spine motility (Kaech et al., 1999). 

  

The role of EphB receptors in behaviour has been investigated using 

genetically altered mice (Grunwald et al., 2001). Mice that were deficient in the 

EphB2 gene were subjected to the Morris water maze to assess their learning 

and memory. Compared to the wild-type controls, the mutant mice required a 

longer time and had longer swim paths to find the hidden platform, indicating a 

deficit in hippocampal-based learning. During the reversal phase, where the 

mice had to find a new platform, the mutant mice demonstrated memory 

deficits as demonstrated by lack of preference towards the quadrant where the 

platform was hidden previously. This deficit in memory was rescued in a strain 

of mice that had a mutated EphB2 receptor lacking the intracellular domain, 

suggesting the kinase domain is not important in these functions. However, 

these results are difficult to interpret as the EphB2 -/- mice had a reduced swim 

speed, a tendency to float and showed impairment during the very first trial 

(Grunwald et al., 2001). Nevertheless, due to the neurophysiological evidence 

discovered alongside the behavioural studies, it is likely that the some of the 

impairment seen is due to the absence of EphB2 from the hippocampus and 

other forebrain structures.  
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CreCamKII lxlx EphrinB2

Mouse A Mouse B

=

lxlx EphrinB2

P21 EphrinB2 KO
Cre

Figure 34. Utilising the Cre/loxP system to generate adult EphrinB2
deficient mice. (a). Adult EphrinB2 deficient mice are generated by crossing
CAM kinase-Cre mice (Cre+/-) with EphrinB2 floxed mice (EphrinB2lx/lx). At
post natal day 21 Cre+/- mice produce forebrain specific Cre enzyme. This
excises the floxed EphrinB2 gene from all cells producing Cre, Creating an
adult, forebrain specific EphrinB2 deficient (EphrinB2-CaMKII-Cre ) mouse.
(b) Genotyping samples from Cre+/- mice. After PCR, Cre positive mice
contain one PCR product at 800bp whilst wild type mice have no PCR
product. (c) Genotyping samples from floxed EphrinB2 (EphrinB2lx/lx) mice
in our colony. After PCR, mice without the floxed inserts (wildtype)
produce a single product at 240bp, mice with the floxed inserts (lx/lx)
produce a single product at 350bp whilst mice with only one floxed insert
(lx) contain both products.
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Figure 35. Conditional knockout EphrinB2 mice display less anxiety-like behaviour in
the elevated plus maze. Anxiety-like behaviour of control and stressed EphrinB2-
CaMKII-Cre and EphrinB2lx/lx mice was measured in the elevated plus maze. (a).
EphrinB2-CaMKII-Cre mice entered the open arms more often than EphrinB2lx/lx mice
(F (1, 50) = 4.27; p<0.05 EphrinB2lx/lx vs EphrinB2-CaMKII-Cre). Although the biggest
difference was observed between stressed EphrinB2-CaMKII-Cre and stressed
EphrinB2lx/lx mice, the effect of stress did not reach statistical significance (F (1, 50) =1.22;
p>0.05 genotype vs. stress) (b, c and d). There was no effect of genotype or stress on
the number of entries made to the closed arms, total entries or distance travelled.
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Figure 36. Conditional knockout EphrinB2 mice display less anxiety-like behaviour
in the open field. Control and stressed EphrinB2-CaMKII-Cre and EphrinB2lx/lx

littermates were observed in the OF (a). EphrinB2-CaMKII-Cre mice entered the
centre zone more than the EphrinB2lx/lx mice, irrespective of stress (F (1, 65) =12.52;
P<0.001 EphrinB2lx/lx vs EphrinB2-CaMKII-Cre). (b). The EphrinB2-CaMKII-Cre mice
also spent more time in the inner zone than the EphrinB2lx/lx mice, irrespective of
stress (F (1, 65) = 5.35; p<0.05 EphrinB2lx/lx vs EphrinB2-CaMKII-Cre). (c). Conversely
the EphrinB2-CaMKII-Cre mice spent less time in the outer zone than EphrinB2lx/lx

mice, irrespective of stress (F (1, 65) = 5.15; p<0.05 EphrinB2lx/lx vs EphrinB2-CaMKII-
Cre). (d). There were no differences between the total distances mice from both
genotypes travelled. However mice from both genotypes travelled further following
stress (F (1, 65) = 4.90; p<0.05 Control vs stress).
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Figure 37. Conditional knockout EphrinB2 mice do not display a stress induced
increase in freezing during fear conditioning context retrieval. Stressed and non-
stressed EphrinB2-CaMKII-Cre mice and EphrinB2lx/lx littermates were subjected
to fear conditioning and re-exposed to the same chamber 24 hours later. (a).
EphrinB2lx/lx mice demonstrated context fear conditioning showing increased
freezing following re-exposure to the conditioning chamber (F(1, 74) =109.4;
P<0.001 baseline vs retrieval context). During context retrieval stressed
EphrinB2lx/lx mice showed more freezing compared to non-stressed littermates (F

(1, 74) = 9.59; p<0.01 Stress vs contextual fear conditioning). (b). EphrinB2-CaMKII-
Cre mice also demonstrated context fear conditioning, freezing more in retrieval
than baseline (F (1, 50) = 90.48; p<0.001 baseline vs retrieval context). However
EphrinB2-CaMKII-Cre mice did not demonstrate a stress induced increase in
context retrieval freezing demonstrated by the EphrinB2lx/lx mice. **=p<0.01
***=p<0.001
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Figure 38. Representative traces of EphrinB2lx/lx mice during context retrieval.
EphrinB2lx/lx mice were subjected to fear conditioning and re-exposed to the same
chamber 24 hours later. (a and c). The trace represents the movement of a control
EphrinB2lx/lx mouse and of a stressed EphrinB2lx/lx mouse, respectively, plotted against
time during re-exposure to the fear conditioning chamber. (b and d). The vertical
yellow bars represent periods of freezing during the 3 minutes. The stressed
EphrinB2lx/lx mouse displayed more freezing following stress as seen by the higher
proportion of vertical yellow bars in (d) compared to (b)
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Figure 39. Representative traces of EphrinB2-CaMKII-Cre mice during context
retrieval. EphrinB2-CaMKII-Cre mice were subjected to fear conditioning and re-
exposed to the same chamber 24 hours later. (a and c). The trace represents the
movement of a control EphrinB2-CaMKII-Cre mouse and of a stressed EphrinB2-CaMKII-
Cre mouse, respectively, plotted against time during re-exposure to the fear
conditioning chamber. (b and d). The vertical yellow bars represent periods of freezing
during the 3 minutes. Unlike the stressed EphrinB2lx/lx mouse, the stressed EphrinB2-
CaMKII-Cre mouse did not display more freezing than the control EphrinB2-CaMKII-Cre
mouse as seen by a similar proportion of vertical yellow bars in both (b) and (d)
respectively.
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Figure 40. EphrinB2-CaMKII-Cre mice behave similarly to EphrinB2lx/lx mice during cued
fear conditioning. Stressed and non-stressed EphrinB2-CaMKII-Cre mice and EphrinB2lx/lx

littermates were subjected to fear conditioning. Forty-eight hours later they were placed
in a new chamber and exposed to the same tone that was used during training. (a).
EphrinB2lx/lx demonstrated tone fear conditioning, increasing their freezing upon re-
exposure to the tone (F(1, 74) =142.4; P<0.001 baseline vs retrieval context). There were
no significant differences between control or stressed groups. (b). EphrinB2-CaMKII-Cre
mice demonstrated tone fear conditioning showing increased freezing upon re-exposure
to the tone (F(1, 74) =142.4; P<0.001 baseline vs retrieval context). There were no
significant differences between control or stressed groups. ***=p<0.001
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Figure 41. Representative traces of EphrinB2lx/lx mice during tone retrieval. EphrinB2lx/lx

mice were subjected to fear conditioning. Forty-eight hours later they were placed in a
new chamber and exposed to the same tone that was used during training (red line ).
(a and c). The trace represents the movement of a control EphrinB2lx/lx mouse and of a
stressed EphrinB2lx/lx mouse, respectively, plotted against time in the new chamber. (b
and d). The vertical yellow bars represent periods of freezing during the 4 minutes. Both
the control and stressed mice showed a high level of freezing following the onset of the
tone, indicating successful cued conditioning. The stressed EphrinB2lx/lx mouse displayed
a similar level of freezing to the control EphrinB2lx/lx mouse as seen by the vertical yellow
bars in (b) and (d).
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Figure 42. Representative traces of EphrinB2-CaMKII-Cre mice during tone retrieval.
EphrinB2lx/lx mice were subjected to fear conditioning. Forty-eight hours later they were
placed in a new chamber and exposed to the same tone that was used during training
(red line ). (a. and c). The trace represents the movement of a control EphrinB2-
CaMKII-Cre mouse and of a stressed EphrinB2-CaMKII-Cre mouse, respectively, plotted
against time in the new chamber. (b and d). The vertical yellow bars represent periods
of freezing during the 4 minutes. The stressed EphrinB2-CaMKII-Cre mouse displayed a
similar level of freezing to the control EphrinB2-CaMKII-Cre mouse as demonstrated by
the vertical yellow bars in (b) and (d).
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Figure 43. Cannulae placement in the amygdala of wild-type and neuropsin -
/- mice. Mice underwent surgery to place bi-lateral cannulae in the amygdala.
(a). Post-operative photograph showing a mouse with implanted cannulae. (b).
Coronal section of brain from mouse with implanted cannulae. Following
completion of the experiment and sacrifice of the mice, 1.5µl of a
bromophenol blue solution was injected to show the target area of the injected
solution. The dye confirmed the correct placement of the cannulae. (c).
Diagram to show the placement of the cannulae in the mice used in the EphB2
antibody experiment (figure 44). Each coloured dot represents the placement
of a cannula in an individual mouse, within an experimental group. The brains
were sliced and the location of the cannula tip described in mm relative to
bregma (see number on representative slice). (d). Diagram to show the
placement of a cannula in the mice used in the neuropsin antibody experiment.
Each coloured dot represents the placement of a cannula in an individual
mouse, within an experimental group. The brains were sliced and the location
of the cannula tip described in mm relative to bregma (see number on
representative slice).
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Figure 44. Injection of anti-EphB2 antibody to the amygdala of wild-type mice at the 
time of stress inhibits the development of anxiety like behaviour. Immediately before 
the onset of restraint stress either EphB2 or IgG antibody was injected to the amygdala via 
bilateral cannulae . (a). The injection of the EphB2 antibody rendered the animals 
resistant to the behavioural effects of the stress, as demonstrated by the lack of decrease 
in open arm entries by these mice compared to a stress induced decrease of open arm 
entries by those mice injected with IgG (F (1, 22) = 11.84; p<0.01 Injected substrate vs tress) 

. This change occurred without affecting either group’s general exploratory behaviour (b 
and c). Results are shown as mean±SEM.  **= p<0.01
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Figure 45. Injection of neuropsin to the amygdala of neuropsin -/- mice at the time of
stress restores the development of anxiety like behaviour. Immediately before the
onset of restraint stress neuropsin or vehicle was injected to the amygdala via bilateral
cannulae. (a). The injection of neuropsin restored the stress induced anxiety like
behaviour of NP-/- mice as indicated by the decrease in entries made by the mice to
the open arm following restraint stress compared to mice injected with vehicle alone
(F(1,30) =9.29; p<0.01 injected substrate vs stress). The injection did not affect the
general exploratory behaviour of the mice (b and c). Results are shown as mean±SEM.
 **= p<0.01
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Results 

Generating adult EphrinB2 deficient mice 

To create the conditional knockout animal, two strains were crossed (Figure 

34). Firstly, mice in which the loxP sequence is inserted at both the 5’ and the 

3’ ends of a critical exon of the target gene was used (in this case efnb2 

encoding EphrinB2). This strain was then crossed with animals that express 

Cre recombinase (in this case driven by the CamKII promoter). Once CamKII 

promoter is expressed, Cre recombinase is produced and targets the loxP 

sites, excising the target gene from the genome. As CamKII promoter is 

inactive during during embryonic development and the first three postnatal 

weeks this produces an adult mouse in which the target gene is disrupted. 

The effect of EphrinB2 on anxiety-like behaviour 

Conditional EphrinB2-CaMKII-Cre mice were tested for their anxiety-like 

behaviour both before and after six hours of restraint stress. The effect of 

stress on memory formation was also analysed by subjecting the mice to fear 

conditioning, again both before and after six hours of restraint stress. 

Throughout all the tests, the EphrinB2-CaMKII-Cre mice were compared to 

littermate EphrinB2 loxP mice (EphrinB2lx/lx mice), which contain the loxP sites 

that flank the EphrinB2 gene but do not contain the Cre knock-in. 

The EPM revealed differences in the anxiety-like behaviour of the two 

genotypes. Taken as a whole group EphrinB2-CaMKII-Cre mice entered the 
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open arms of the EPM more than the EphrinB2lx/lx mice indicating a less 

anxious phenotype (Figure 35; F (1, 50) = 4.27; p<0.05 EphrinB2lx/lx vs. 

EphrinB2-CaMKII-Cre). Control and stressed EphrinB2-CaMKII-Cre mice 

made 5.38 and 5.56 entries to the open arm, respectively, compared to 5.00 

and 3.52 entries of control and stressed EphrinB2lx/lx mice, respectively. The 

group contributing most to the difference was the stressed EphrinB2lx/lx mice. 

However the effect of stress did not reach statistical signficance (Figure 35; F 

(1, 50) =1.22; p>0.05 genotype vs stress). The number of closed arm entries 

(Figure 35; F (1, 50) =0.12; p>0.05 EphrinB2lx/lx vs. EphrinB2-CaMKII-Cre), total 

number of entries (Figure 35; F (1, 50) =1.10; p>0.05 EphrinB2lx/lx vs. EphrinB2-

CaMKII-Cre) and distance travelled (Figure 35; F (1, 50) =2.18; p>0.05 

EphrinB2lx/lx vs. EphrinB2-CaMKII-Cre) by mice of both genotypes, in both 

control and stressed groups, did not differ, indicating no locomotor 

differences between the groups. EphrinB2lx/lx control n=7, stressed =21. 

EphrinB2-CaMKII-Cre control n=7, stressed =19.

The behaviour of the EphrinB2-CaMKII-Cre in the OF also revealed 

differences between the genotypes. The conventional measures of the OF 

indicated that the EphrinB2-CaMKII-Cre mice displayed a less anxious 

phenotype than the EphrinB2lx/lx mice. The EphrinB2-CaMKII-Cre mice 

made more inner zone entries than the EphrinB2lx/lx mice, making 35.5 and 

36.6 entries with or without stress, respectively, compared to the 25.4 and 

25.5 entries made by the control and stressed EphrinB2lx/lx mice, 

respectively (Figure 36; F (1, 65) =12.52; P<0.001 EphrinB2lx/lx vs. EphrinB2-

CaMKII-Cre). The EphrinB2-CaMKII-Cre mice also spent greater time in 

the inner zone (Figure 36; F (1, 65) = 5.35; p<0.05 EphrinB2lx/lx vs. 

EphrinB2-CaMKII-Cre) and less time spent in the outer 
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zone (Figure 36; F (1, 65) = 5.15; p<0.05 EphrinB2lx/lx vs. EphrinB2-CaMKII-Cre), 

compared to EphrinB2lx/lx mice, irrespective of stress. Similarly to the EPM 

results, stress did not alter the anxiety-like behaviour of either genotype 

(Figure 36; Inner zone entries F (1, 65) = 0.001; p>0.05 genotype vs stress, 

inner zone time F (1, 65) = 0.80; p>0.05 genotype vs stress, outer zone time F (1, 

65) = 0.96; p>0.05 genotype vs stress). However, the stressed mice of both 

genotypes travelled a further distance following stress compared to the control 

animals of both genotypes (Figure 36; F (1, 65) = 4.90; p<0.05 genotype vs 

stress). EphrinB2lx/lx control n=18, stressed =20. EphrinB2-CaMKII-Cre control 

n=12, stressed =19.

The effect of EphrinB2 on fear learning and its interaction with stress 

EphrinB2-CaMKII-Cre mice and EphrinB2lx/lx mice were subjected to fear 

conditioning with or without stress. Without stress, the pre-training behaviour of 

both genotypes was the same. Both sets of mice displayed freezing at an 

expected rate, approximately two percent and four percent during context 

training and tone training, respectively (Figure 37 and Figure 40). This 

measurement indicates both genotypes responded to the novel environment in 

a similar manner. 

Context conditioning 

The day following training, the mice were returned to the conditioning chamber 

and allowed three minutes of exploration. During this period, all mice displayed 

conditioned learning demonstrated by an increase in freezing of at least twenty 

five percent (Figure 37; EphrinB2lx/lx, F(1, 74) =109.4; P<0.001 baseline vs. 
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retrieval context, EphrinB2-CaMKII-Cre F (1, 50) = 90.48; p<0.001 baseline vs. 

retrieval context). Whilst the non-stressed EphrinB2lx/lx mice show moderate 

freezing during testing, the stressed EphrinB2lx/lx mice show considerably more 

freezing (unstressed 25% vs. stressed 40%), with an increased number of 

freezing periods and longer freezing periods (Figure 37; F (1, 74) = 9.59; p<0.01 

Stress vs. contextual fear conditioning). This is demonstrated by representative 

fear traces taken from non-stressed and stressed EphrinB2lx/lx mice during 

their return to the conditioning chamber (Figure 38) In contrast, the stressed 

EphrinB2-CaMKII-Cre mice do not show any increase in freezing compared to 

non-stressed EphrinB2-CaMKII-Cre mice following fear conditioning (Figure 

37; F (1, 50) = 1.14; p>0.05 Stress vs. contextual fear conditioning). The 

representative fear traces show a similar pattern of freezing both with and 

without stress (Figure 39).  EphrinB2lx/lx control n=17, stressed =22. EphrinB2-

CaMKII-Cre control n=13, stressed =14.

Cued conditioning 

To examine cued (tone-dependent) conditioning, on the day following context-

dependent testing, the mice were exposed to a novel cage and, following two 

minutes of habituation, the conditioning tone was played for two minutes. 

During the tone, all of the mice of both genotypes, stressed and non-stressed, 

demonstrated learning as freezing increased from 4% to at least 40% (Figure 

40; EphrinB2lx/lx, F(1, 74) =142.4; P<0.001 baseline vs. retrieval tone, EphrinB2-

CaMKII-Cre F (1, 50) = 144.3; p<0.001 baseline vs. retrieval tone). In contrast to 

the context-dependent conditioning, the facilitation of fear memory in 

EphrinB2lx/lx mice following stress was not seen in cued conditioning. Following 

stress, EphrinB2lx/lx mice did not display any increase in freezing compared to 
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non-stressed EphrinB2lx/lx mice (Figure 40; F (1, 74) = 2.29; p>0.05 Stress vs. 

cued fear conditioning). The representative fear traces showed a clear 

increase in freezing during the tone, however, there was little difference 

between the freezing displayed by non-stressed EphrinB2lx/lx and stressed 

EphrinB2lx/lx mice (Figure 40). This was also the case with EphrinB2-CaMKII-

Cre mice. They showed a similar level of freezing to EphrinB2lx/lx mice with or 

without stress (Figure 40; F (1, 50) = 1.16; p>0.05 Stress vs. cued fear 

conditioning). The EphrinB2-CaMKII-Cre representative fear traces show a 

similar pattern to those of EphrinB2lx/lx mice (Figure 41 and Figure 42). 

EphrinB2lx/lx control n=17, stressed =22. EphrinB2-CaMKII-Cre control n=13, 

stressed =14.

Disruption of anxiety by blocking EphB2 in the amygdalae of wild-type 

mice 

To investigate the effects of interfering with EphB2 in the amygdala on 

behaviour, anti-EphB2 antibodies were bilaterally injected to the amygdala of 

wild-type mice. Following investigations of anxiety-like behaviour, the mice 

brains were examined for location of the injection site and only mice with 

injections sites inside the amygdala were included in the data (Figure 43). 

Without stress, there were no behavioural differences between mice that 

received the EphB2 injection and those that received the injection of IgG 

antibody (Figure 44). Following stress, mice that received the IgG injection 

entered the open arms less frequently, indicating a development of anxiety-like 

behaviour. However, mice that received the injection of anti-EphB2 antibody 

prior to the restraint stress entered the open arms as often as those without 

stress, indicating a resistance to stress-induced anxiety (Figure 44; F 1, 22 = 
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11.84; p<0.01 Injected substrate vs. stress). The number of closed arm entries 

(Figure 44; F (1, 22) = 0.085; p>0.05 Injected substrate vs. stress) or total 

number of entries (Figure 44; F (1, 22) = 2.54; p>0.05 Injected substrate vs. 

stress) did not differ between the genotypes with or without stress indicating 

no differences in locomotion between the groups. EphB2 antibody control n= 

6, stressed = 8. IgG antibody control n= 6, stressed = 8

Restoration of anxiety by neuropsin delivery to the amygdala 

Previous work in the lab demonstrated that NP-/- mice do not develop 

stress-induced anxiety-like behaviour in the EPM (Attwood et al., 

2011). To investigate if the effect of neuropsin was acute or 

developmental, neuropsin was bilaterally injected into the amygdalae of 

NP-/- mice prior to subjecting them to restraint stress and analysing their 

anxiety-like behaviour. Following the behavioural investigations, the mice 

brains were examined for location of the injection site and those mice with 

injection sites outside the amygdala were excluded from the data (Figure 

43). The results of the behavioural tests demonstrated that the anxiolytic 

phenotype of NP-/- mice was rescued by the injection of recombinant 

neuropsin to the amygdala, prior to restraint stress. Stressed NP-/- mice 

injected with the vehicle made the same number of open arm entries as the 

non-stressed NP-/- mice (Figure 45). However, the injection of recombinant 

neuropsin to the amygdalae of NP-/- mice before stress resulted in a 

reduction of open arm entries to the levels observed in wild-type animals 

following stress (Figure 45; F(1,30) =9.29; p<0.01 injected substrate vs. stress). 

The number of closed arm entries (Figure 45; F(1,30) =1.06; p>0.05 

injected substrate vs. stress) or total number of entries (Figure 45; F(1,30) 
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=3.42; p>0.05 injected substrate vs. stress) did not differ between the 

genotypes with or without stress, indicating no differences in locomotion 

between the groups (Figure 45). Neuropsin control n= 11, stressed = 11. 

Vehicle control n= 6, stressed n= 6.
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Discussion 

Summary 

The molecular studies into the role of Eph proteins in the hippocampus and 

amygdala implicated particular members of the family in the regulation of 

stress-related neuronal physiology (Chapters 3 and 4). One member of the 

Eph family involved in stress-related responses is EphrinB2 . To investigate its 

role in anxiety-like behaviour, the CamKII Cre/loxP system has been utilised to 

knock out EphrinB2 expression in the forebrain of adult mice. Behavioural tests 

revealed that these mice displayed decreased anxiety-like behaviour. In the 

EPM, the EphrinB2-CaMKII-Cre mice entered the open arms more, despite a 

similar number of total entries, compared to the EphrinB2lx/lx mice. 

Furthermore, in the OF, the EphrinB2-CaMKII-Cre mice entered the inner zone 

more often and spent more time there compared to the EphrinB2lx/lx mice. 

During contextual fear conditioning, the EphrinB2-CaMKII-Cre also displayed 

less anxiety, albeit in a different manner. During this test, the behaviour only 

differed following stress; the EphrinB2-CaMKII-Cre did not develop the 

expected stress-induced increase in freezing during context-dependent fear 

conditioning. 

Another Eph protein involved in stress-related responses is EphB2, which is 

cleaved by the protease neuropsin following stress. Mice that are deficient for 

neuropsin do not develop stress-related anxiety as measured by the EPM 

(Attwood et al., 2011). To investigate the molecular pathway involving EphB2 

and neuropsin in anxiety-like behaviour, bilateral cannulae were implanted to 
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the amygdala. First, neuropsin was delivered to the amygdalae of neuropsin 

knock-out mice immediately before stress. This showed that, unlike stressed 

NP-/- mice injected with the vehicle, these mice did develop anxiety-like 

behaviour. This result indicates that the effect of neuropsin in the amygdala to 

facilitate the development of behavioural signatures of stress is acute and not 

developmental. To investigate whether anxiety-like behaviour is EphB2 

dependent, an anti-EphB2 antibody was delivered to the amygdalae of wild-

type mice immediately before stress. This blocked the development of anxiety-

like behaviour in the EPM. Thus, the experiments described in this chapter 

show that the roles of EphrinB2 and EphB2 are central to the development of 

anxiety-like behaviour in mice. 

  

Rationale for using conventional and conditional knock-out animal 

strains 

A major advance towards discovering the molecular mechanisms underlying 

behaviour has been the genesis of genetically modified animals. The first 

genetically modified mouse was developed in 1989, for which Martin Evans, 

Mario Capecchi and Oliver Smithies were awarded the Nobel Prize in 

Physiology and Medicine in 2007 (Thomas & Capecchi, 1987). Since then, the 

use of genetically modified animals has become the gold standard in 

demonstrating the behavioural significance of a molecular phenomenon. Due 

to the critical role EphrinB2 plays in the development of blood vessels, 

conventional knockout of this molecule leads to embryonic lethality (Wang et 

al., 1998). To overcome this problem, conditional knockout animals can be 
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used. These mice retain the complete genome during development before a 

targeted gene is disrupted when a certain age is reached. 

  

Conditional knockouts also answer other criticisms of conventional knock-out 

technology. Retaining the gene of interest throughout development ensures 

that behavioural changes observed in in adulthood are not rooted in 

development.  It also allows for the knockout to be anatomically restricted. To 

gain these advantages in the study of EphrinB2, the Cre/loxP method has 

been used in combination with the αCamKII promoter. This strain of mice 

shows a decreased hippocampal EphrinB2 mRNA expression, as well as a 

decreased hippocampus and cortex expression of EphrinB2 protein (Grunwald 

et al., 2004). This can be explained by the genetic strains that Grunwald et al 

used. The αCamKII promoter is only active postnatally and it is only expressed 

in specific areas of the forebrain (Mayford et al., 1996; Burgin et al., 1990). 

Indeed, one of the first applications of this system, using αCamKII as the Cre-

driving promoter, was to study the mechanisms of learning and memory (Tsien 

et al., 1996). It therefore also well suited to this study. 

  

The activity of αCamKII is tightly restricted to the forebrain and strongest in the 

hippocampus (Tsien et al., 1996). Within the hippocampus, the expression is 

strong in the pyramidal cells of the CA1 region and in dentate gyrus, with the 

CA3 showing a weaker staining. There is also staining in the cortex and 

striatum but no staining at all outside these forebrain areas, such as the 

cerebellum (Tsien et al., 1996). Within a tight forebrain expression, it is also 

reported to show expression in the amygdala (Mayford et al., 1996). This is 
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important when considering the behavioural stress response, as the amygdala 

and hippocampus are critical for anxiogenesis and fear conditioning. Our 

immunohistochemistry has indicated that native EphrinB2 is expressed in the 

pyramidal cells of the CA1, CA3 and dentate gyrus along with amygdala 

neuronal expression (Attwood et al., 2011). A small proportion of EphrinB2 co-

localises with astrocytic staining in the amygdala (unpublished laboratory 

data). Thus, the EphrinB2-CaMKII-Cre mice will have disruption of EphrinB2 

gene in the hippocampus and the amygdala, predominantly in neuronal cells. 

  

The role of EphrinB2 in anxiety-like behaviour. 

EphrinB2-CaMKII-Cre mice displayed decreased anxiety-like behaviour (Figure 

35 and Figure 36). In the EPM it is expected that the control mice, in this case 

EphrinB2lx/lx, will enter the open arms less following stress. The trend for this 

was observed but when all the groups were compared the effect of stress was 

not significant. However when the genotypes were compared irrespective of 

stress, the difference between the groups was statistically significant (Figure 

35). This result by itself does not indicate whether the role of EphrinB2 is in 

regulating state anxiety or trait anxiety. Both trait and state anxiety are both 

believed to be important in the development of pathological anxiety. Trait 

anxiety refers to the underlying level of anxiety of a particular individual, whilst 

state anxiety describes the transient anxiety that an individual experiences 

following a stressful situation (Blanchard et al., 2003; Wall & Messier, 2001). In 

the EPM results described above the trend indicates EphrinB2 regulates state 

anxiety; the stressed EphrinB2-CaMKII-Cre mice enter the open arms as many 

235



 

 

times as the non-stressed EphrinB2-CaMKII-Cre mice, whereas the 

EphrinB2lx/lx mice have a trend towards a decrease in open arm entries 

following stress. In contrast, the statistical test indicates that EphrinB2 

regulates trait anxiety; there is a difference between the genotypes irrespective 

of stress. This may be due to a lack of statistical power and an increase in the 

animals in the experiement may confirm that EphrinB2 regulates state anxiety. 

 

As discussed above it is important to use more than on behavioural paradigm 

to gain insight into anxiety like behaviour. When the anxiety-like behaviour was 

measured in the OF this indicated a clearer role of EphrinB2 in trait anxiety 

rather than state anxiety. When measuring the anxiety indices (inner zone 

entries, inner zone time and outer zone time) it was clear that the EphrinB2-

amKcre mice demonstrated less anxiety-like behaviour. Taken together the 

result from the EPM and the OF favour a role of EphrinB2 in trait anxiety rather 

than state anxiety. One factor that may have minimized the effect of stress on 

the open arm entries by both genotypes is locomotion. The OF revealed that 

stress increased the total distance travelled by both mice. Increased 

locomotion after stress may have skewed the results of the EPM in favour of a 

less anxious phenotype after stress, minimizing the effect of stress. 

 

The role of locomotion in anxiety behaviour. 

The behavioural markers of anxiety in the OF and the elevated plus maze rely 

on the internal conflict between the mouse needing to explore the new 

environment and staying safe. It is expected that stressed animals alter their 
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behaviour in the OF and demonstrate more anxiety (Roth & Katz, 1979). This 

was observed in NP+/+ mice, when they decreased their entries to the centre 

zone following stress (Attwood et al., 2011) This is also seen in the literature 

with mice altering their centre field behaviour following stress or after the 

administration of anxiolytics (Meyer et al., 2006; Choleris et al., 2001). A 

compounding factor in this behaviour is the locomotor activity of the mouse, 

which can lead to a misinterpretation of the anxiety-like behaviour. The results 

from this chapter indicate that stress may affect the locomotion of genetically 

modified mice. Both EphrinB2-CaMKII-Cre and EphrinB2lx/lx mice travelled 

further distance in the OF when they had been subjected to stress compared 

to control mice (Figure 36). The increased distance travelled by the stressed 

mice may have affected the results of the test. It is common that mice increase 

their locomotion in the open field following stress (Mineur et al., 2006; Pardon 

et al., 2000). The locomotion of mice in the open field has been linked to a 

number of different factors as well as stress. The degree of lighting in the 

testing environment results in a differing locomotion of mice. In control 

conditions, mice have a higher locomotion in dim conditions, compared to 

illuminated conditions (Valentinuzzi et al., 2000). However following stress, the 

opposite is true, when mice have a higher locomotion under bright lights 

(Strekalova et al., 2005). This effect may explain why there was no stress 

induced increase in locomotion in the EPM (Figure 35). In the OF, the animal is 

continually exposed to brighter light, whilst in the EPM, the animal spends the 

majority of the time in the closed, poorly lit arms. 
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It has also been observed that mouse behaviour in the OF following stress 

varies throughout the year. In the spring-time, mice show a higher level of 

locomotion compared to the same strain of mice tested in the autumn (Meyer 

et al., 2006). The behavioural experiments described in this thesis occurred in 

the spring time, perhaps contributing a further effect on the results of the OF. 

The behaviour in the open field also differs between mice strain. Carola et al 

analysed the behaviour of BALB/c and C57BL/6 mice and found that the 

second of these strains showed a higher locomotor activity than the first 

(Carola et al., 2002). The EphrinB2-CaMKII-Cre mice are back-crossed to 

B6CG genetic background and are therefore closer to the C57BL/6 strain. A 

further factor than can influence stress induced locomotion is the age of the 

mouse with younger mice showing higher locomotion than adult mice, 

following stress (Ito et al., ). Furthermore, it may be dependent on the type of 

stress used. Studies using adult mice show that chronic stress does not 

increase locomotion and can actually decrease it (Conrad et al., 1999; 

Strekalova et al., 2004). Taken together, the literature shows there is a range 

of factors that could affect the results of the OF. In particular, the increased 

locomotor activity of both genotypes may have resulted in a masking of 

anxiety-like behaviour following stress.  However, both genotypes were 

affected equally, and so differences in locomotion are unlikely to explain the 

less anxious behaviour of the EphrinB2-CaMKII-Cre mice. 

 

The role EphrinB2 on hippocampus and amygdala dependent anxiety-like 

behaviour. 
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 In EPM tests, the amygdala shows strong, early activation (as early as fifteen 

minutes after exposure to the EPM), whereas the hippocampus shows much 

less activation (Silveira et al., 1993). This agrees with the dogma that the 

amygdala is important for anxiety-like behaviour. However, current evidence 

from lesion studies also suggests that the ventral hippocampus has a distinct 

role, separate from the amygdala, in regulation of anxiety-like behaviour 

(Bannerman et al., 2003; McHugh et al., 2004). This makes it difficult to 

determine whether hippocampal or amygdalae EphrinB2 deficiency is primarily 

responsible for the behavioural changes. In contrast, fear conditioning 

indicates that the role of EphrinB2 following stress is more important in the 

hippocampal function rather than the amygdala function. The fear conditioning 

results are similar to studies in which the hippocampus is lesioned prior to 

conditioning, which causes a disruption in contextual conditioning but not cued 

conditioning (Phillips & LeDoux, 1992; Maren et al., 1997). Taken together, the 

pattern of results is more consistent with a critical role of EphrinB2 in 

hippocampal function during anxiogenesis. 

  

This does not exclude a possible role of EphrinB2 in the amygdala in 

anxiogenesis. Cued conditioning produces a particular anxiety or fear state 

likely to be different to that produced by the EPM and OF. Cued conditioning 

represents a learned fear to a noxious stimulus, whilst the EPM and OF do not 

contain a specific noxious stimulus. Davies found that different parts of the 

amygdala complex are critical for a stimulus specific anxiety state and a less 

stimulus-specific anxiety state. He compared a shock potentiated startle (fear 

state) with a light potentiated startle and a CRH-induced startle (generalised 
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anxiety states), and hypothesised that different regions controlled the different 

anxiety/fear states. Indeed, the results showed that different regions of the 

amygdala complex were responsible for the behavioural response to the 

different stimuli (Davis, 1998). The lack of a stress-induced deficit seen in cued 

conditioning may be secondary to the specific anxiety state induced rather 

than a non-critical role of EphrinB2 in the amygdala. The paradigm-specificity 

of the result may also be secondary to the type of stress used. Chotiwat found 

that restraint stress resulted in anxiety behaviour in the EPM and light-dark, but 

not marble burying behaviour. These results are most likely due to different 

neural pathways regulating these different types of anxiety-like behaviour 

(Chotiwat & Harris, 2006). Therefore, EphrinB2 may play a role in the 

amygdala during the anxiety state during the EPM and OF, but not during a 

different anxiety/fear state induced by cued conditioning. It is difficult to tease 

apart the separate roles of the amygdala and hippocampus from behavioural 

studies. These two structures have extensive connections and work together 

to co-ordinate the stress response. Indeed, during stress, the hippocampus is 

regulated by the amygdala (Kim et al., 2001). EphrinB2 is active in both 

regions and it may be a combination of amygdala and hippocampal deficiency 

that results in the behaviour observed. 

 

The effect of stress on fear conditioning in mice 

A discussed in the introduction to this chapter the experimental data in rats 

indicates that stress facilitates the learning response in fear conditioning. Rats 

freeze more to both the context conditioning and the tone conditioning 
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following a period of stress (Cordero et al., 2003; Hui et al., 2006). Like the OF, 

the effect of stress on fear conditioning in mice is not as clear. Whilst some 

studies show facilitation similar to that seen in rats (Sanders et al., 2010; Blank 

et al., 2002), others show no change (Mongeau et al., 2007; Izquierdo et al., 

2006) or even a decrease in freezing (Ito et al., ). The data in this thesis 

agrees with a stress-induced facilitation of contextual conditioning (Figure 37). 

As discussed in regards to the OF, stress induced changes in locomotion can 

affect fear conditioning results. Hiroshi et al found that the fear conditioning 

was compromised by hyperlocomotion produced by chronic restraint stress. 

The studies that have shown a facilitation of contextual conditioning use either 

chronic variable stress of one hour immobilisation stress (Blank et al., 2002; 

Sanders et al., 2010). However, neither of these studies reported locomotion. 

Whilst the OF indicates that stress may increase the locomotion of the 

genetically modified mice, this did not hinder the stress induced facilitation in 

context conditioning in the studies described in this thesis. The results 

underline the importance of multiple behavioural tests to analyse stress-related 

behaviour. 

  

The lack of facilitation of cued conditioning demonstrated in this thesis 

replicate a number of other studies on cued conditioning in stressed mice 

(Izquierdo et al., 2006; Mongeau et al., 2007). However, two studies by 

Sanders et al did have shown a stress-induced increase in cued conditioning. 

In the first study, chronic variable stress was applied in between conditioning 

and testing (Sanders, 2009) and in the second, only female mice were 

subjected to chronic variable stress (Sanders et al., 2010). These protocols are 
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significantly different to the one used in this thesis and is likely to represent 

different neuronal mechanisms. 

  

Timing of the EphrinB2 effects in the limbic system during the 

development of stress-induced anxiety 

The critical role of EphrinB2 for the genesis of state and trait anxiety may 

indicate the importance of the biochemical changes following stress.  The 

increase in the EphrinB2 gene was seen following six hours of stress, but there 

was a delayed increase in the EphrinB2 protein in the hippocampus and 

amygdala over the following eighteen hours after stress (Figures 22-24). This 

indicated that behavioural changes in EphrinB2-CaMKII-Cre mice would be 

most evident eighteen hours following the restraint stress. The effect of stress 

on mouse anxiety behaviour has been shown following various periods of 

restraint and various times of recovery following the stress (Table 2). 

  

The hypothesis that pathological anxiety develops from state anxiety suggests 

that the changes occurring during state anxiety persist chronically. Although it 

has not been studied extensively, the literature suggests that single episodes 

of acute stress lead to persistent changes in anxiety-like behaviour. Mice that 

have been exposed to repeated restraint stress (two hours for three 

consecutive days) show exaggerated anxiety responses in the EPM twelve 

days after the original stress. The same mice also show an exaggerated stress 

response to the light-dark box twenty days following the original restraint 

(Chotiwat & Harris, 2006).  This data indicates that the molecular mechanisms 
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that are engaged during an acute stress episode have chronic effects. 

Glucocorticoid responses are altered in rats twelve days following restraint 

stress (Harris et al., 2004). In the hippocampus, acute stress results in the 

transformation of early LTP into late LTP (Ahmed et al., 2006). Furthermore, 

altered synaptic plasticity is observed up to nine months following a social 

defeat stress model (Artola et al., 2006). Morphological alterations in the 

hippocampus have also persisted for at least three weeks following social 

defeat stress. The particular Eph protein mechanisms that are likely to be 

engaged in the development of state anxiety following stress processes have 

been discussed in the preceding chapters of this thesis and include both 

synaptic and morphological plasticity. 

  

Role of the neuropsin/EphB2 pathway in the stress response 

Neuropsin brain expression pattern provides insight to the potential locus of its 

action. At the gene level, the highest expression of neuropsin is in the CA1 and 

CA3 regions of the hippocampus and the lateral amygdala (Chen et al., 1995). 

It is expressed to a lesser extent in other areas of the limbic system, but is 

absent outside limbic structures. It is therefore likely that if the neuropsin gene 

is disrupted, then functions unique to the limbic system, such as anxiogenesis, 

will be affected. Indeed mice deficient for neuropsin do not develop stress-

induced anxiety compared to wild-type mice. Following stress, wild-type mice 

reduced their number of entries to the open arms, whilst the stressed NP-/- 

animals entered the open arms with the same frequency as the non-stressed 

NP-/- group (Attwood et al., 2011). 

243



 

 

  

The brain locus of the neuropsin/EphB2 effect on stress-induced anxiety 

In which limbic area does neuropsin exerts its effect on stress-induced 

anxiety? The data reported in the first two chapters of thesis indicate that the 

lack of anxiety in neuropsin knock-out animals may be attributed to its effect on 

EphB2 in the amygdala. If neuropsin is absent and EphB2 is not cleaved, the 

interaction of EphB2 with NMDA receptors is static, which results in attenuation 

of Fkbp5-dependent signalling. However, previous work by Shiosaka’s group 

showed that neuropsin mRNA increases in the hippocampus following stress, 

and regulation of the hippocampal extracellular matrix by neuropsin may 

facilitate stress-induced neuronal plasticity (Matsumoto-Miyai et al., 2003; 

Harada et al., 2008). Anxiety-like behaviour may also be facilitated in the 

hippocampus by the synaptic tagging that requires neuropsin (Ishikawa et al., 

2008). To discover the locus of the neuropsin-dependent anxiety-like 

behaviour in the limbic system, neuropsin was injected directly to the amygdala 

of NP-/- animals immediately before stress. Our results indicate that neuropsin 

in the amygdala is critical to the genesis of anxiety-like behaviour following 

stress (Figure 45). Indeed, the injection of neuropsin not only rescued the 

anxiety-like behaviour but it also reproduced the dynamic interaction between 

EphB2 and NMDA receptors that was absent in neuropsin-deficient mice 

injected with vehicle (Attwood et al., 2011). 

  

What may be the role of neuropsin in the hippocampus in relation to anxiety-

like behaviour? It is possible that neuropsin regulates separate aspects of 
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anxiety in different forebrain structures. Lesion studies show that the ventral 

hippocampus and the amygdala regulate different aspects of anxiety, for which 

the existence of separate neural circuits have been proposed. McHugh et al 

measured anxiety levels of rats using six different non-conditioned ethological 

tests, comparing rats with ventral hippocampal cytotoxic lesions against rats 

with amygdala cytotoxic lesions. They found that both groups of rats showed a 

reduction in anxiety-like behaviour, but that the anxiolysis resulting from 

amygdala lesions was displayed in different tests to the anxiolysis produced by 

hippocampal lesions. Both the amygdala and the ventral hippocampus lesions 

reduced the anxiety-like behaviour in the black/white two compartment test, 

but in the hyponeophagia test, the ventral hippocampal lesions reduced 

anxiety, whilst the amygdala lesions increased the anxiety-like behaviour. The 

hippocampal lesions also reduced anxiety in the social interaction test, whilst 

the amygdala-lesioned animals behaved similarly to the controls. In two other 

tests (spatial learning and spontaneous locomotor activity), both the ventral 

hippocampal and amygdala-lesioned animals behaved the same as the control 

animals. The authors also used the successive Alleys test, a modified form of 

the EPM, and found that lesions to the amygdala did not affect anxiety-like 

behaviour, whilst lesions to the ventral hippocampus did (McHugh et al., 2004). 

It is important to note that the authors were measuring trait anxiety in rats, 

whilst the behavioural measurement utilised in this thesis is of state anxiety in 

mice. Taken together, our results and those described in the literature 

demonstrate that anxiety is not a singular, on-off behaviour. Depending on the 

type of paradigm used to measure anxiety and the situation preceding the test, 

the anxiety may be critically regulated by different brain structures or circuits. 
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In humans, different types of anxiety are associated with different brain regions 

being activated. During anxious apprehension (worry), patients show an 

increase in the right parietal lobe activity, whilst during anxious arousal (panic), 

the left hemisphere is activated (Heller et al., 1997). However, recent evidence 

suggests that the amygdala circuitry is a common focus of abnormality in a 

number of anxiety-related clinical disorders in the human (Etkin & Wager, 

2007). In our model, although the amygdala neuropsin rescue restored 

anxiety-like behaviour in the EPM, examination of these mice in different 

ethological behavioural tests may have revealed a deficit in anxiogenesis. 

Neuropsin in the amygdala is critical for the development of anxiety-like 

behaviour following restraint stress, but our work does not rule out the role of 

neuropsin in a different aspect of anxiety that are hippocampal dependent. 

  

Neuropsin is secreted as an inactive zymogen and becomes rapidly activated 

in response to neuronal activity (Oka et al., 2002). This allows for fast and 

spatially restricted regulation of experience-driven synaptic events. This was 

observed during neuropsin-dependent regulation of EphB2/NMDA association, 

which occurred as early as 15 minutes after stress (Figure 31). The neuropsin 

rescue experiment was designed to mimic the physiological sequence of 

events. Therefore, neuropsin was injected as an inactive zymogen, which 

meant that activity would be restricted to physiologically active synapses. 

However, the experiments reveal only a static snapshot of a highly dynamic 

and rapid process, and further studies are needed to further investigate the 

nuances of these rapid interactions. 
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The disruption of anxiety by interfering with the neuropsin/EphB2 

pathway 

The results show that neuropsin cleaves EphB2 to produce a number of 

downstream effects, which may alter anxiety-like behaviour. To investigate 

whether this cleavage event is critical in anxiety behaviour, EphB2 was 

blocked by injecting anti-EphB2 antibodies to the amygdala prior to stress and 

discovered that they inhibited the development of stress-induced, anxiety-like 

behaviour (Figure 44). The role of EphB2 in amygdala-dependent behaviour 

has not been studied previously. However, it has been demonstrated that 

EphB2 regulates memory and learning in the Morris water maze (Grunwald et 

al., 2001; Cisse et al., 2011). In the Morris water maze, mice that are deficient 

for EphB2 show deficits in memory, which are likely to be due to EphB2’s role 

in hippocampal LTP formation (Grunwald et al., 2001). Furthermore, in a 

mouse model of Alzheimer’s disease, in which the performance in the Morris 

water maze deteriorates, the overexpression of EphB2 in the hippocampus 

rescues the performance deficit (Cisse et al., 2011). Our amygdala data shows 

that the cleavage of EphB2 by neuropsin alters the EphB2-NMDA interaction 

(figure 31). It was also shown that neuropsin is critical to the early phase of 

amygdala LTP and that this is NMDA-mediated (Attwood et al., 2011). Taken 

with the previously published behavioural data on hippocampus-dependent 

learning and LTP, this suggests that anti-EphB2 antibodies disrupt amygdala 

anxiogenesis by interfering with the neuropsin-EphB2-NMDA pathway, which 

likely alters the early LTP formation. 
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Chapter 6. Concluding remarks and future directions 
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Summary 

This thesis has followed the development of two narratives regarding the 

interaction between Eph proteins and neuronal proteases in stress induced 

plasticity. The starting point was the discovery that two Eph receptors are 

susceptible to cleavage by particular neuronal proteases (Chapter 3). The role 

of these cleavage events was then explored on both a molecular level 

(Chapter 4) and a behavioural level (Chapter 5). The investigations into the 

separate cleavage events often started from the same question but required 

different methods and strategies in order to provide an answer.  

 

One question presented to the investigator of stress-induced pathology is how 

transient psychological stimuli can lead to long-lasting behavioural changes. 

Proteases are attractive in the answer to this question, as they alter the 

molecular environment in a rapid and localised manner. In the case of tPA, 

plasmin and neuropsin, it is a simple molecular change that activates the 

zymogen, enabling it to alter the local molecular environment. Both strands of 

this thesis develop the hypothesis that the activity of a protease after stressful 

stimuli is critical to the development of long-lasting behavioural changes. By 

investigating how the protease may affect the Eph receptors’ interaction with 

molecular binding partners in the period between the initial cleavage event and 

the development of behavioural changes, mechanisms by which the longer 

lasting effects occur have been described.  
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Conclusions 

• EphA4 is identified as a novel substrate for plasmin. 

• There is more than one plasmin cleavage site in EphA4 and a putative 

cleavage site of Arg520-Ile521 close to the transmembrane domain is 

identified. 

• EphrinB2 is identified as the principle binding partner of EphA4 in the 

hippocampus and amygdala. 

• The stress response leads to an increase in ephrinB2 expression and 

an increased interaction between EphrinB2 and EphA4. 

• EphrinB2 in the forebrain regulates anxiety and fear related behavioural 

signatures. 

• EphB2 is identified as a novel substrate for neuropsin, likely cleaved at 

Gly517-Arg518 within its extracellular domain. 

• The stress response results in altered EphB2 dynamics in the amygdala 

in a number of ways: 

o EphB2 is cleaved by neuropsin within fifteen 

minutes following stress, altering the EphB2 

membrane expression. 

o This cleavage event alters the EphB2 NMDA 

NR1 interaction. 

o This is followed by an increase in EphB2 

gene expression. 

• Anxiety-like behaviour is regulated by neuropsin and EphB2 dynamics 

in the amygdala. 
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EphA4, plasmin and EphrinB2 

Chapter 3 describes the discovery that plasmin cleaves EphA4 close to the 

membrane. The evidence presented includes the cleavage demonstrated in 

SHSY-5Y cells, the cleavage of synthetic EphA4 Fc protein and the cleavage 

of native hippocampal EphA4 by exogenous plasmin. Mass spectrometry 

confirmed that the cleavage site is close to the membrane and that there is 

likely to be more than one extracellular cleavage site. To investigate this 

further amino-terminal oriented mass spectrometry of substrates (ATOMS) 

analysis could be used (Doucet & Overall, 2010). This labels the N-terminus of 

protein fragments after a cleavage event with heavy or light formaldehyde 

before isolation of these fragments and analysis by mass spectrometry. This 

eliminates the limitations of SDS-PAGE resolution by separating the cleaved 

protein fragments by precipitation rather than electrophoresis. In turn the 

protein sequences that have been cleaved before trypsin degradation are 

identified and accurate cleavage sites described. 

 

The in vitro evidence described makes it likely that EphA4 is susceptible to 

cleavage by plasmin in vivo. Furthermore, the evidence from the literature and 

zymography studies (Appendix 4) indicate that plasmin is active in the same 

neural location that EphA4 is expressed. In the hippocampus, stress induces 

the activation of plasmin by tPA, altering neuronal morphology, hippocampal 

NMDA levels and mouse cognitive abilities (Pawlak et al., 2005). Stress also 

increases the activity of tPA in the amygdala, which results in the development 

of anxiety-like behaviour (Pawlak et al., 2003). 
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Unlike the cleavage of EphB2 by neuropsin, the cleavage of EphA4 by plasmin 

was not explicitly demonstrated following stress, which offers several 

opportunities and methods for further investigation. Firstly, using Western 

blotting, the quantity of membranous EphA4 could be quantified in the 

hippocampus before and after stress in both wild-type and mice deficient for 

plasmin. However, this is less likely to show a positive result than the 

investigation of EphB2 in neuropsin knock-out mice. EphA4 is much more 

abundantly expressed in the hippocampus than other Eph receptors (Tremblay 

et al., 2007; Murai et al., 2003) and in order to observe a significant proportion 

of EphA4 cleavage, high levels of cleavage would need to occur. To solve this 

problem of proportionality, high-resolution zymography could be used (Gawlak 

et al., 2009). The combination of immunohistochemistry with high-resolution 

zymography could reveal a stress related plasmin-mediated cleavage of 

EphA4 at specific synaptic sites. For example pre or post-synaptic markers 

such as debrin, could be stained for along with Eph proteins to localise the 

plasmin activity precisely. This would give information regarding the 

hippocampal location of the cleavage activity and therefore insight into the 

downstream effects of this molecular event. As discussed our collaborators 

have developed this method preliminary images show promise as a proof of 

principle (Appendix 4). 

 

The investigation into the role of EphA4 cleavage by plasmin led to 

investigating binding partners of the receptor. Although Eph binding of Ephrin 

is promiscuous, specific interactions regulate specific cellular responses 

(Pasquale, 2005). To learn about the function of the cleavage it was important 
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to examine which EphA4 interaction would be most likely to be altered by 

plasmin cleavage. In the hippocampus and the amygdala, immunoprecipitation 

and immunohistochemistry demonstrated the EphA4 – EphrinB2 interaction 

explained in Chapter 4. If plasmin were active in the hippocampus in the early 

stages following stressful stimuli, then the interaction between EphA4 and 

EphrinB2 would be decreased. Using immunoprecipitation, the quantity of the 

EphA4-EphrinB2 complex was compared after five minutes of stress, fifteen 

minutes of stress and at control levels. This did not show that stress had any 

significant effect on the interaction between the binding partners.  

 

As discussed in Chapter 4, the neuronal molecular environment following 

stress is highly dynamic. Within fifteen minutes of a stressful event, EphB2 is 

cleaved by neuropsin. This was only revealed when the levels of membranous 

EphB2 were quantified in neuropsin knock-out mice. Therefore, despite the 

negative result regarding the EphA4-EphrinB2 interaction in the early stages 

following stress, the cleavage event may only be demonstrated if the 

interaction is investigated in plasmin-deficient mice. 

 

It is also possible that the above results are hindered by methodological 

challenges. The abundance of EphA4 in the hippocampus may obscure a 

small physiologically important change in the interaction with EphrinB2. This 

could be overcome if the immunoprecipitation was performed in a specific area 

of the hippocampus in which the EphA4 cleavage by plasmin was high. This 

experiment could therefore be guided by the zymography described above. 

The zymography combined with immunohistochemistry could therefore also 
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provide further insight of how this interaction changes in the early period 

following stress. 

 

The interaction between EphA4 and EphrinB2 is likely to cause 

phosphorylation of EphrinB2, initiating intracellular signalling (Qin et al., 2010). 

Disruption of EphA4-EphrinB2 by plasmin is likely to cause a decrease in the 

phosphorylation of EphrinB2 and therefore regulate the function of the EphA4-

EphrinB2 interaction. It could be speculated that - if plasmin is active in the 

hippocampus in the early period following stress and alters the EphA4-

EphrinB2 complex - it will alter the signalling mechanisms of the complex. To 

investigate this, hippocampal homogenates from mice before and after 15 

minutes of stress would be probed by Western blotting, using a phospho-

EphrinB2 specific antibody. The experiment could be repeated in plasmin-

deficient mice to discover if any stress induced changes in phosphorylation 

were plasmin-dependent.  

 

Protein phosphorylation provides a rapid, reversible signalling mechanism that 

has been shown to initiate a number of neuronal functions. Whilst the 

experiment described above would indicate the importance of plasmin in 

phosphorylation of EphrinB2, it would not prove that this is dependent on 

plasmin cleavage of EphA4. Evidence that plasmin disrupts the EphA4-

EphrinB2 interaction to alter the stress-induced phosphorylation of EphrinB2 

would describe a novel and potentially critical early step in regulating the 

stress response in the hippocampus. This would be challenging to prove in 

vivo but the principles of the mechanism could be investigated in vitro. The 
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phosphorylation status of EphrinB2 could be measured using a phospho-

EphrinB2 antibody following stimulation by the addition of EphA4 Fc to the 

cells. The effect of plasmin cleavage on the phosphorylation of EphrinB2 by 

EphA4 could then be measured by addition of plasmin to this in vitro system.  

 

The EphrinB2 protein and gene expression levels robustly increase following 

restraint stress and during this, the interaction between EphrinB2 and EphA4 

also increases (Chapter 4). The behavioural experiments using mice deficient 

for EphrinB2 indicate that the molecular events observed following stress are 

likely to be critical in regulating the anxiety-like behaviour caused by stress 

(Chapter 5). The Cre-loxP conditional knock-out mice have reductions in the 

floxed EphrinB2 gene in forebrain areas. To investigate this more thoroughly, 

EphrinB2 expression could be reduced more selectively in either the ventral 

hippocampus or the amygdala rather than both of these regions and other 

forebrain regions as seen in the CamKII Cre/loxP animals. This would be 

possible using an shRNA-based knockdown using a lentiviral delivery system. 

This technique has been previously used to investigate the role of amygdala 

FKBP5 expression on anxiety-like behaviour (Attwood et al., 2011).   

 

The Eph receptors and Ephrins display ligand-receptor promiscuity and yet 

comprise the largest family of receptor tyrosine kinases. Investigations have 

shown Eph-Ephrin interactions show functional redundancy as well as 

functional specificity (Pasquale, 2005). In reference to dendritic spine 

morphology, Henderson et al found that the knockout of one EphB receptor 

could be compensated by other Eph receptors. The largest abnormal 
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phenotype was demonstrated when three EphB receptors were knocked-out 

rather than just one. Why is it that other EphrinB receptors do not compensate 

for the removal of EphrinB2 in our model? It may be that by the time that the 

EphrinB2 expression is reduced (p21) the Ephrins’ functions have already 

been set and the expression, function or localisation cannot be adapted to 

compensate. For example the compartmentalisation of Eph receptors changes 

through development and into adulthood (Henderson et al., 2001). One way to 

investigate the role of other EphrinB’s in our model would be to measure the 

stress response of EphrinB1 and EphrinB3 in the EphrinB2 lox mice to see if 

their expression alters following stress. If their expression increases this may 

indicate a degree of compensation at the genetic level. The lack of phenotypic 

compensation may also indicate that EphrinB2 specifically regulates the 

anxiety-like behaviour measured in chapter 5. This would explain the selective 

upregulation of EphrinB2 in response to stress, as opposed to EphrinB1 and 

EphrinB3, which are not changed in the wild-type mouse (Chapter 4). 

Conversely, it may be that EphrinB1 and EphrinB3 do play a role in anxiety-like 

behaviour and that if their expression was also reduced the anxiolytic 

phenotype would be further enhanced.  

 

The discovery that EphrinB2 is also critical in the development of stress-

induced changes in contextual fear conditioning confirms its critical role in 

stress-induced behaviour and indicates that the hippocampus is the likely 

locus of this regulation. It is possible that EphrinB2 is a critical factor in a 

common pathway regulating stress behaviour in all three of the behavioural 

paradigms used: they all measure fear behaviour (conditioned or 
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unconditioned). However, it cannot be excluded that EphrinB2 plays distinct 

roles in different pathways involved in the different behavioural tests utilized. 

Recently, it has been shown that EphrinB2 expression in the hippocampus is 

increased by contextual conditioning (Trabalza et al., 2012). The stress-

induced behavioural deficit during contextual conditioning described in this 

thesis likely stems from the effect of EphrinB2 during stress-induced memory 

formation, a separate molecular pathway to that of anxiogenesis. In clinical 

practice, stress is implicated in a number of psychiatric pathologies that can 

give rise to different pathological behaviours, resulting in different clinical 

diagnoses. It is hypothesised that, as the biochemical aetiology of psychiatric 

disorders is delineated, different clinical syndromes may be grouped together 

based on common biochemical pathways rather than common clinical 

symptoms. For example, different types of stress activate different neuronal 

pathways indicating that the stress response is not a unitary phenomenon. 

Therefore the large variety of clinical disorders that are either caused by or 

exacerbated by stress may benefit from treatments targeting specific stress 

pathways. These specific stress pathways would be identified by the type of 

causative stress, rather than the clinical pathology they produce (Pacak & 

Palkovits, 2001). The restraint stress model used throughout this thesis is a 

processive psychogenic stress. To investigate the role of EphrinB2 more 

broadly, measuring the behavioural and biochemical response of EphrinB2 to 

different types of stress would indicate if it was involved in a common stress 

pathway or a pathway specific to restraint stress. 
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EphB2 and neuropsin 

The second theme of this thesis developed from the discovery that EphB2 is 

cleaved by neuropsin, another neuronal extracellular protease. Work with 

colleagues led to discoveries that this cleavage event results in a number of 

downstream events, from alterations in molecular interactions to changes in 

gene expression and changes in the electrical potentiation of the neurons 

(Attwood et al., 2011). These changes lead to alterations in behaviour, 

furthering the hypothesis that psychological stress can be translated by 

molecular mechanisms into changed behaviour.  

 

The evidence that EphB2 is cleaved by neuropsin is demonstrated in SHSY-

5Y and HEK293 cells and in vivo following fifteen minutes of restraint stress 

(Chapter 3). Further in vitro validation of the cleavage, to gain information of 

the cleavage site by mass spectrometry for example, was hindered by 

technical difficulties. In vitro, recombinant neuropsin requires activation by lysyl 

endopeptidase (Kato et al., 2001). Lysyl endopeptidase also cleaves EphB2, 

complicating analysis of cleavage of a synthetic EphB2-Fc (data not shown). 

However, this difficulty also served as an advantage when it came to injecting 

neuropsin to the amygdala of the mice deficient for neuropsin (Chapter 5): 

injecting an inactive zymogen ensured that its activity was restricted only to 

physiologically relevant synapses.  

 

The cleavage of EphB2 by neuropsin within fifteen minutes of restraint 

indicates the rapid molecular changes occurring following a stressful event 

(Chapter 4). Due to the highly dynamic nature of a cellular environment, the 
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molecular biology employed here allowed only for a time-specific snapshot of 

stress-related events. To investigate the dynamic molecular interactions 

following stress, it would be informative to analyse samples collected at 

various time points in order to build up a more comprehensive data set. 

Alternatively, one could investigate morphological changes occurring using 

real-time in vivo imaging of the brain. Tobias Bonhoeffer has recently 

published data on the visual cortex using a two-photon microscope to image 

the mouse brain during the completion of a virtual reality task (Keller et al., 

2012). This system provides exciting possibilities of learning about the early 

stress response in a dynamic molecular and structural environment. 

 

The cleavage of EphB2 by neuropsin occurs simultaneously with the insertion 

of new EphB2 receptors into the membrane (Chapter 4). To what extent is 

EphB2 trafficking important during the early stress response? It is known that 

EphB2 trafficking is important in dendrite morphology and that stress alters 

amygdala morphology (Hoogenraad et al., 2005). At the same time as EphB2 

trafficking occurs, the interaction between EphB2 and the NMDA subunit NR1 

is decreased (Chapter 4). It is also known that NMDA trafficking is critical to its 

function (Tovar & Westbrook, 2002; Groc et al., 2006; Blanpied et al., 2002). 

Indeed, recent findings show that EphB receptors are key to precise synaptic 

localization of NMDA receptors and that they are able to influence the NMDA 

function at the synapse (Nolt et al., 2011). It is likely that the lack of correct 

EphB2 trafficking underlies the decreased NMDA currents and lack of 

amygdala early LTP in neuropsin knock-out mice (Attwood et al., 2011). 

Although EphB2 does not directly associate with NR2A and NR2B subunits, it 
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does stabilize NMDA receptors containing these subunits (Nolt et al., 2011). 

The mechanisms underlying the amygdala stress response could therefore be 

further delineated by measuring the amygdala membranous levels of these 

subunits in the first fifteen minutes following stress. Other authors have used 

the flag-EphB2 construct expressed in cultured neurons to investigate EphB2 

trafficking. The effects of neuropsin application to flag-EphB2 expressing 

neurons could illuminate the effect of EphB2 cleavage by neuropsin on EphB2 

trafficking. NMDA constructs could also be used to investigate the effect of 

neuropsin on NMDA trafficking. 

 

The role of neuropsin and EphB2 in stress-related anxiety-like behaviour was 

investigated using the elevated plus maze. Compared to the behavioural 

studies of EphrinB2 conditional knock-out mice, the EphB2/neuropsin 

behavioural studies were directed to investigate specific molecular interactions 

rather than to characterize the behavioural phenotype of an animal. This was 

achieved by utilizing direct access to the amygdala through intra-cranial 

cannulae. This technique allows for a direct application of molecular substrates 

to localized brain structures. The strength of this experiment design is that a 

molecular model can be validated using behavioural models of human 

pathology. This gives promise for further development in understanding 

molecular mechanism that regulates behaviour and their relation, the human 

pathology.  
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Mass 
observed

Mass 
Expected

Mass 
calculated

PPM Miss Peptide

791.4070 790.3997 790.3974 3.00 0 R.TDWITR.E

1244.5950 1243.5877 1243.5469 32.8 1 K.YYEKDQNER.S

1476.8250 1475.8177 1457.7620 37.8 0 R.VYPANEVTLLDSR.S

1502.8650 1501.8577 1501.8042 35.7 0 K.GLNPLTSYVFHVR.A

1953.9960 1952.9887 1952.8963 47.3 0 K.TDTIAADESFTQVDIGDR.I

2086.0090 2085.0017 2085.0717 -33.58 0 K.GFYLAFQDVGACIALVSVR.V

2270.0050 2268.9977 2268.8987 43.6 0 K.CPPHSYSVWEGATSCTCDR.G

2312.2090 2311.2017 2311.0968 45.4 0 R.TAAGYGDFSEPLEVTTNTVPSR.I

Mass 
observed

Mass 
Expected

Mass 
calculated

PPM Miss Peptide

745.4500 744.4427 744.4130 40.0 0 K.LNTEIR.D

791.4460 790.4387 790.3974 52.3 0 R.TDWITR.E

1244.6250 1243.6177 1243.5469 57.0 1 K.YYEKDQNER.S

1476.8480 1475.8407 1475.7620 53.3 0 R.VYPANEVTLLDSR.S

1953.9920 1952.9847 1952.8963 45.3 0 K.TDTIAADESFTQVDIGDR.I

2059.0510 2058.0437 2057.9524 44.4 0 K.CRPCGSGVHYTPQQNGLK.T

2086.0050 2084.9977 2085.0717 -35.50 0 K.GFYLAFQDVGACIALVSVR.V

2270.0000 2268.9927 2268.8987 41.4 0 K.CPPHSYSVWEGATSCTCDR.G

2312.1970 2311.1897 2311.0968 40.2 0 R.TAAGYGDFSEPLEVTTNTVPSR.I

Mass 
observed

Mass 
Expected

Mass 
calculated

PPM Miss Peptide

841.3720 840.3647 840.3640 0.81 0 K.HHHHHH.-

1161.6300 1160.6227 1160.6223 0.33 0 K.NQVSLTCLVK.G

1286.6770 1285.6697 1285.6666 2.40 0 R.EPQVYTLPPSR.D

1677.7860 1676.7787 1676.7947 -9.53 0 K.FNWYVDGVEVHNAK.T

1872.9510 1871.9437 1871.9629 -10.23 1 R.EPQVYTLPPSRDELTK.N

2138.9830 2137.9757 2138.0202 -20.80 0 R.TPEVTCVVVDVSHEDPEVK

a.

b. 

c. 

Appendix 1. Mascot data and peptides identified by mass fingerprinting of bands 1,2
and 3. Mascot data for band 1 (a), band 2 (b) and band 3 (c) of EphA4 FC cleavage by
plasmin. Mass observed is the measured m/z ratio of the peptide. Mass expected is
the measured mass of the peptide. Mass calculated is based on the identified
sequence. PPM is the parts per million mass accuracy. Miss refers to the number of
missed trypsin cleavage sites within the identified peptide. The identified peptide
sequence is shown with amino-acids immediately prior to and following the identified
sequence.
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Appendix 2. Peptide maps for band 2 and 3 of EphA4 cleavage by plamsin. The
mass spectometry peptide map for bands 2 and 3 of EphA4 cleavage by plasmin
(Figure 10). The peaks represent protein fragments produced by trypsin
degradation. Each peak is analysed to identify its protein sequence.

Band 2

Band 3
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Calpain 

Appendix 3. Verification of the purity of cellular fractions. Courtesy of S.
Patel. Amygdalae were dissected and subcellular fractions purified using
cellular protein fractionation kit as per the manufacturer’s instructions
(Perkin Elmer). Purity of individual fractions (membrane, cytosol,
cytoskeletal and nuclear) were analysed by Western blotting using
antibodies against markers of these cellular fractions (ephA4, calpain,
vimentin and CREB, respectively). The results demonstrate high purity of
the above fractions.

CREB

EphA4

Vimentin
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tPA (activity)
ephrinB2
EphA4

Appendix 4. Co-localisation of EphA4, EphrinB2 and plasmin
activity in the hippocampus. Courtesy of Professor Wilczynski.
Coronal mouse brain slices underwent in situ zymography and
co-immunohistochemistry. Staining of EphrinB2 and EphA4
revealed co-localisation between EphA4, EphrinB2 and plasmin
activity in the hippocampus.
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Appendix 5. Neuropsin cleaves EphB2 in the amygdala to control anxiety 

(Publication from this thesis) 
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The following published article [pp. 267-272] have been removed from the electronic 
version of this thesis due to copyright restrictions: 

 

Benjamin K. Attwood, Robert Pawlak et al. Neuropsin cleaves EphB2 in the 
amygdala to control anxiety, Nature, 2011, 473, pp. 372–375, doi: 
10.1038/nature09938 

 

The unabridged version can be consulted at the University of Leicester Library. 

http://dx.doi.org/10.1038/nature09938


 

 

References 

Abeliovich, A., Paylor, R., Chen, C., Kim, J.J., Wehner, J.M., Tonegawa, S., 

1993. PKC gamma mutant mice exhibit mild deficits in spatial and contextual 

learning. Cell. 75, 1263-1271. 

Adamec, R., 1997. Transmitter systems involved in neural plasticity underlying 

increased anxiety and defense--implications for understanding anxiety 

following traumatic stress. Neuroscience and Biobehavioral Reviews. 21, 755-

765. 

Adamec, R.E., Burton, P., Shallow, T., Budgell, J., 1999. Unilateral block of 

NMDA receptors in the amygdala prevents predator stress-induced lasting 

increases in anxiety-like behavior and unconditioned startle--effective 

hemisphere depends on the behavior. Physiology & Behavior. 65, 739-751. 

Agholme, L., Lindstrom, T., Kagedal, K., Marcusson, J., Hallbeck, M., 2010. An 

in vitro model for neuroscience: differentiation of SH-SY5Y cells into cells with 

morphological and biochemical characteristics of mature neurons. Journal of 

Alzheimer's Disease : JAD. 20, 1069-1082. 

Ahmed, T., Frey, J.U., Korz, V., 2006. Long-term effects of brief acute stress 

on cellular signaling and hippocampal LTP. The Journal of Neuroscience : The 

Official Journal of the Society for Neuroscience. 26, 3951-3958. 

Akirav, I. &  Richter-Levin, G., 1999. Biphasic modulation of hippocampal 

plasticity by behavioral stress and basolateral amygdala stimulation in the rat. 

Journal of Neuroscience. 19, 10530-10535. 

273



 

 

Akirav, I., Sandi, C., Richter-Levin, G., 2001. Differential activation of 

hippocampus and amygdala following spatial learning under stress. The 

European Journal of Neuroscience. 14, 719-725. 

Anagnostaras, S.G., Gale, G.D., Fanselow, M.S., 2001. Hippocampus and 

contextual fear conditioning: recent controversies and advances. 

Hippocampus. 11, 8-17. 

Aoto, J., Ting, P., Maghsoodi, B., Xu, N., Henkemeyer, M., Chen, L., 2007. 

Postsynaptic EphrinB3 promotes shaft glutamatergic synapse formation. The 

Journal of Neuroscience : The Official Journal of the Society for Neuroscience. 

27, 7508-7519. 

Aoto, J. &  Chen, L., Bidirectional Ephrin/Eph signaling in synaptic functions. 

Brain Research. 1184, 72-80. 

Archer, J., 1973. Tests for emotionality in rats and mice: a review. Animal 

Behaviour. 21, 205-235. 

Armanini, M.P., Hutchins, C., Stein, B.A., Sapolsky, R.M., 1990. Glucocorticoid 

endangerment of hippocampal neurons is NMDA-receptor dependent. Brain 

Research. 532, 7-12. 

Armstrong, J.N., Saganich, M.J., Xu, N.J., Henkemeyer, M., Heinemann, S.F., 

Contractor, A., 2006. B-Ephrin reverse signaling is required for NMDA-

independent long-term potentiation of mossy fibers in the hippocampus. 

Journal of Neuroscience. 26, 3474-3481. 

274



 

 

Aronsson, M., Fuxe, K., Dong, Y., Agnati, L.F., Okret, S., Gustafsson, J.A., 

1988. Localization of glucocorticoid receptor mRNA in the male rat brain by in 

situ hybridization. Proceedings of the National Academy of Sciences of the 

United States of America. 85, 9331-9335. 

Artola, A., von Frijtag, J.C., Fermont, P.C., Gispen, W.H., Schrama, L.H., 

Kamal, A., Spruijt, B.M., 2006. Long-lasting modulation of the induction of LTD 

and LTP in rat hippocampal CA1 by behavioural stress and environmental 

enrichment. The European Journal of Neuroscience. 23, 261-272. 

Astin, J.W., Batson, J., Kadir, S., Charlet, J., Persad, R.A., Gillatt, D., Oxley, 

J.D., Nobes, C.D., 2010. Competition amongst Eph receptors regulates contact 

inhibition of locomotion and invasiveness in prostate cancer cells. Nature Cell 

Biology. 12, 1194-1204. 

Attwood, B.K., Bourgognon, J.M., Patel, S., Mucha, M., Schiavon, E., 

Skrzypiec, A.E., Young, K.W., Shiosaka, S., Korostynski, M., Piechota, M., 

Przewlocki, R., Pawlak, R., 2011. Neuropsin cleaves EphB2 in the amygdala to 

control anxiety. Nature. 473, 372-375. 

Balu, D.T. &  Lucki, I., 2009. Adult hippocampal neurogenesis: regulation, 

functional implications, and contribution to disease pathology. Neuroscience 

and Biobehavioral Reviews. 33, 232-252. 

Bannerman, D.M., Grubb, M., Deacon, R.M., Yee, B.K., Feldon, J., Rawlins, 

J.N., 2003. Ventral hippocampal lesions affect anxiety but not spatial learning. 

Behavioural Brain Research. 139, 197-213. 

275



 

 

Baranes, D., Lederfein, D., Huang, Y.Y., Chen, M., Bailey, C.H., Kandel, E.R., 

1998. Tissue plasminogen activator contributes to the late phase of LTP and to 

synaptic growth in the hippocampal mossy fiber pathway. Neuron. 21, 813-

825. 

Bartanusz, V., Aubry, J.M., Pagliusi, S., Jezova, D., Baffi, J., Kiss, J.Z., 1995. 

Stress-induced changes in messenger RNA levels of N-methyl-D-aspartate 

and AMPA receptor subunits in selected regions of the rat hippocampus and 

hypothalamus. Neuroscience. 66, 247-252. 

Basham, M.E. &  Seeds, N.W., 2001. Plasminogen expression in the neonatal 

and adult mouse brain. Journal of Neurochemistry. 77, 318-325. 

Bazil, V., 1995. Physiological enzymatic cleavage of leukocyte membrane 

molecules. Immunology Today. 16, 135-140. 

Beck, S.G., List, T.J., Choi, K.C., 1994. Long- and short-term administration of 

corticosterone alters CA1 hippocampal neuronal properties. 

Neuroendocrinology. 60, 261-272. 

Belzung, C. &  Griebel, G., 2001. Measuring normal and pathological anxiety-

like behaviour in mice: a review. Behavioural Brain Research. 125, 141-149. 

Belzung, C. &  Griebel, G., 2001. Measuring normal and pathological anxiety-

like behaviour in mice: a review. Behavioural Brain Research. 125, 141-149. 

Belzung, C. &  Lemoine, M., 2011. Criteria of validity for animal models of 

psychiatric disorders: focus on anxiety disorders and depression. Biology of 

Mood & Anxiety Disorders. 1, 9-5380-1-9. 

276



 

 

Benchenane, K., Castel, H., Boulouard, M., Bluthe, R., Fernandez-Monreal, 

M., Roussel, B.D., Lopez-Atalaya, J.P., Butt-Gueulle, S., Agin, V., Maubert, E., 

Dantzer, R., Touzani, O., Dauphin, F., Vivien, D., Ali, C., 2007. Anti-NR1 N-

terminal-domain vaccination unmasks the crucial action of tPA on NMDA-

receptor-mediated toxicity and spatial memory. Journal of Cell Science. 120, 

578-585. 

Bennur, S., Shankaranarayana Rao, B.S., Pawlak, R., Strickland, S., McEwen, 

B.S., Chattarji, S., 2007/1/5. Stress-induced spine loss in the medial amygdala 

is mediated by tissue-plasminogen activator. Neuroscience. 144, 8-16. 

Bergles, D.E. &  Jahr, C.E., 1998. Glial contribution to glutamate uptake at 

Schaffer collateral-commissural synapses in the hippocampus. The Journal of 

Neuroscience : The Official Journal of the Society for Neuroscience. 18, 7709-

7716. 

Bhatnagar, S., Vining, C., Denski, K., 2004. Regulation of chronic stress-

induced changes in hypothalamic-pituitary-adrenal activity by the basolateral 

amygdala. Annals of the New York Academy of Sciences. 1032, 315-319. 

Bignante, E.A., Rodriguez Manzanares, P.A., Mlewski, E.C., Bertotto, M.E., 

Bussolino, D.F., Paglini, G., Molina, V.A., 2008. Involvement of septal Cdk5 in 

the emergence of excessive anxiety induced by stress. European 

Neuropsychopharmacology : The Journal of the European College of 

Neuropsychopharmacology. 18, 578-588. 

277



 

 

Binder, E.B., 2009. The role of FKBP5, a co-chaperone of the glucocorticoid 

receptor in the pathogenesis and therapy of affective and anxiety disorders. 

Psychoneuroendocrinology. 34 Suppl 1, S186-95. 

Binder, E.B., Bradley, R.G., Liu, W., Epstein, M.P., Deveau, T.C., Mercer, K.B., 

Tang, Y., Gillespie, C.F., Heim, C.M., Nemeroff, C.B., Schwartz, A.C., Cubells, 

J.F., Ressler, K.J., 2008. Association of FKBP5 polymorphisms and childhood 

abuse with risk of posttraumatic stress disorder symptoms in adults. JAMA : 

The Journal of the American Medical Association. 299, 1291-1305. 

Binder, E.B., Salyakina, D., Lichtner, P., Wochnik, G.M., Ising, M., Putz, B., 

Papiol, S., Seaman, S., Lucae, S., Kohli, M.A., Nickel, T., Kunzel, H.E., Fuchs, 

B., Majer, M., Pfennig, A., Kern, N., Brunner, J., Modell, S., Baghai, T., Deiml, 

T., Zill, P., Bondy, B., Rupprecht, R., Messer, T., Kohnlein, O., Dabitz, H., 

Bruckl, T., Muller, N., Pfister, H., Lieb, R., Mueller, J.C., Lohmussaar, E., 

Strom, T.M., Bettecken, T., Meitinger, T., Uhr, M., Rein, T., Holsboer, F., 

Muller-Myhsok, B., 2004. Polymorphisms in FKBP5 are associated with 

increased recurrence of depressive episodes and rapid response to 

antidepressant treatment. Nature Genetics. 36, 1319-1325. 

Blanchard, D.C., Griebel, G., Blanchard, R.J., 2003. The Mouse Defense Test 

Battery: pharmacological and behavioral assays for anxiety and panic. 

European Journal of Pharmacology. 463, 97-116. 

Blanchard, D.C., Griebel, G., Blanchard, R.J., 2001. Mouse defensive 

behaviors: pharmacological and behavioral assays for anxiety and panic. 

Neuroscience and Biobehavioral Reviews. 25, 205-218. 

278



 

 

Blank, T., Nijholt, I., Eckart, K., Spiess, J., 2002. Priming of long-term 

potentiation in mouse hippocampus by corticotropin-releasing factor and acute 

stress: implications for hippocampus-dependent learning. The Journal of 

Neuroscience : The Official Journal of the Society for Neuroscience. 22, 3788-

3794. 

Blanpied, T.A., Scott, D.B., Ehlers, M.D., 2002. Dynamics and regulation of 

clathrin coats at specialized endocytic zones of dendrites and spines. Neuron. 

36, 435-449. 

Bliss, T.V. &  Collingridge, G.L., 1993. A synaptic model of memory: long-term 

potentiation in the hippocampus. Nature. 361, 31-39. 

Bliss, T.V.P. &  Lomo, T., 1973. Long-lasting potentiation of synaptic 

transmission in the dentate area of the anaesthetized rabbit following 

stimulation of the perforant path. The Journal of Physiology Online. 232, 331-

356. 

Blits-Huizinga, C.T., Nelersa, C.M., Malhotra, A., Liebl, D.J., 2004. Ephrins and 

their receptors: binding versus biology. IUBMB Life. 56, 257-265. 

Bochenek, M.L., Dickinson, S., Astin, J.W., Adams, R.H., Nobes, C.D., 2010. 

Ephrin-B2 regulates endothelial cell morphology and motility independently of 

Eph-receptor binding. Journal of Cell Science. 123, 1235-1246. 

Bonhoeffer, T. &  Yuste, R., 2002/9/12. Spine Motility: Phenomenology, 

Mechanisms, and Function. Neuron. 35, 1019-1027. 

279



 

 

Bourgin, C., Murai, K.K., Richter, M., Pasquale, E.B., 2007. The EphA4 

receptor regulates dendritic spine remodeling by affecting beta1-integrin 

signaling pathways. The Journal of Cell Biology. 178, 1295-1307. 

Bouvier, D., Corera, A.T., Tremblay, M.E., Riad, M., Chagnon, M., Murai, K.K., 

Pasquale, E.B., Fon, E.A., Doucet, G., 2008. Pre-synaptic and post-synaptic 

localization of EphA4 and EphB2 in adult mouse forebrain. Journal of 

Neurochemistry. 106, 682-695. 

Bouvier, D., Tremblay, M.E., Riad, M., Corera, A.T., Gingras, D., Horn, K.E., 

Fotouhi, M., Girard, M., Murai, K.K., Kennedy, T.E., McPherson, P.S., 

Pasquale, E.B., Fon, E.A., Doucet, G., 2010. EphA4 is localized in clathrin-

coated and synaptic vesicles in adult mouse brain. Journal of Neurochemistry. 

113, 153-165. 

Bouzioukh, F., Wilkinson, G.A., Adelmann, G., Frotscher, M., Stein, V., Klein, 

R., 2007. Tyrosine Phosphorylation Sites in EphrinB2 Are Required for 

Hippocampal Long-Term Potentiation But Not Long-Term Depression. Journal 

of Neuroscience. 27, 11279-11288. 

Brett, R.R. &  Pratt, J.A., 1990. Chronic handling modifies the anxiolytic effect 

of diazepam in the elevated plus-maze. European Journal of Pharmacology. 

178, 135-138. 

Broadhurst, P.L., 1969. Psychogenetics of Emotionality in the Rat. Annals New 

York Academy of Sciences. 159, 806-18. 

280



 

 

Buchert, M., Schneider, S., Meskenaite, V., Adams, M.T., Canaani, E., Baechi, 

T., Moelling, K., Hovens, C.M., 1999. The junction-associated protein AF-6 

interacts and clusters with specific Eph receptor tyrosine kinases at specialized 

sites of cell-cell contact in the brain. The Journal of Cell Biology. 144, 361-371. 

Bundesen, L.Q., Scheel, T.A., Bregman, B.S., Kromer, L.F., 2003. Ephrin-B2 

and EphB2 Regulation of Astrocyte-Meningeal Fibroblast Interactions in 

Response to Spinal Cord Lesions in Adult Rats. Journal of Neuroscience. 23, 

7789-7800. 

Burgin, K.E., Waxham, M.N., Rickling, S., Westgate, S.A., Mobley, W.C., Kelly, 

P.T., 1990. In situ hybridization histochemistry of Ca2+/calmodulin-dependent 

protein kinase in developing rat brain. The Journal of Neuroscience : The 

Official Journal of the Society for Neuroscience. 10, 1788-1798. 

Calo, L., Bruno, V., Spinsanti, P., Molinari, G., Korkhov, V., Esposito, Z., 

Patane, M., Melchiorri, D., Freissmuth, M., Nicoletti, F., 2005. Interactions 

between Ephrin-B and metabotropic glutamate 1 receptors in brain tissue and 

cultured neurons. Journal of Neuroscience. 25, 2245-2254. 

Carmona, M.A., Murai, K.K., Wang, L., Roberts, A.J., Pasquale, E.B., 2009. 

Glial Ephrin-A3 regulates hippocampal dendritic spine morphology and 

glutamate transport. Proceedings of the National Academy of Sciences of the 

United States of America. 106, 12524-12529. 

Carobrez, A.P. &  Bertoglio, L.J., 2005. Ethological and temporal analyses of 

anxiety-like behavior: the elevated plus-maze model 20 years on. 

Neuroscience and Biobehavioral Reviews. 29, 1193-1205. 

281



 

 

Carola, V., D'Olimpio, F., Brunamonti, E., Mangia, F., Renzi, P., 2002. 

Evaluation of the elevated plus-maze and open-field tests for the assessment 

of anxiety-related behaviour in inbred mice. Behavioural Brain Research. 134, 

49-57. 

Carola, V., D'Olimpio, F., Brunamonti, E., Mangia, F., Renzi, P., 2002. 

Evaluation of the elevated plus-maze and open-field tests for the assessment 

of anxiety-related behaviour in inbred mice. Behavioural Brain Research. 134, 

49-57. 

Carrasco, G.A. &  Van de Kar, L.D., 2003. Neuroendocrine pharmacology of 

stress. European Journal of Pharmacology. 463, 235-272. 

Cesarman-Maus, G. &  Hajjar, K.A., 2005. Molecular mechanisms of 

fibrinolysis. British Journal of Haematology. 129, 307-321. 

Chatterton, J.E., Awobuluyi, M., Premkumar, L.S., Takahashi, H., Talantova, 

M., Shin, Y., Cui, J., Tu, S., Sevarino, K.A., Nakanishi, N., Tong, G., Lipton, 

S.A., Zhang, D., 2002. Excitatory glycine receptors containing the NR3 family 

of NMDA receptor subunits. Nature. 415, 793-798. 

Chen, Y., Rex, C.S., Rice, C.J., Dube, C.M., Gall, C.M., Lynch, G., Baram, 

T.Z., 2010. Correlated memory defects and hippocampal dendritic spine loss 

after acute stress involve corticotropin-releasing hormone signaling. 

Proceedings of the National Academy of Sciences of the United States of 

America. 107, 13123-13128. 

282



 

 

Chen, Z.L., Yoshida, S., Kato, K., Momota, Y., Suzuki, J., Tanaka, T., Ito, J., 

Nishino, H., Aimoto, S., Kiyama, H., 1995. Expression and activity-dependent 

changes of a novel limbic-serine protease gene in the hippocampus. The 

Journal of Neuroscience : The Official Journal of the Society for Neuroscience. 

15, 5088-5097. 

Cho, Y.H., Friedman, E., Silva, A.J., 1999. Ibotenate lesions of the 

hippocampus impair spatial learning but not contextual fear conditioning in 

mice. Behavioural Brain Research. 98, 77-87. 

Choleris, E., Thomas, A.W., Kavaliers, M., Prato, F.S., 2001. A detailed 

ethological analysis of the mouse open field test: effects of diazepam, 

chlordiazepoxide and an extremely low frequency pulsed magnetic field. 

Neuroscience and Biobehavioral Reviews. 25, 235-260. 

Chotiwat, C. &  Harris, R.B., 2006. Increased anxiety-like behavior during the 

post-stress period in mice exposed to repeated restraint stress. Hormones and 

Behavior. 50, 489-495. 

Chumley, M.J., Catchpole, T., Silvany, R.E., Kernie, S.G., Henkemeyer, M., 

2007. EphB receptors regulate stem/progenitor cell proliferation, migration, 

and polarity during hippocampal neurogenesis. The Journal of Neuroscience : 

The Official Journal of the Society for Neuroscience. 27, 13481-13490. 

Chun, D., Gall, C.M., Bi, X., Lynch, G., 2001. Evidence that integrins contribute 

to multiple stages in the consolidation of long term potentiation in rat 

hippocampus. Neuroscience. 105, 815-829. 

283



 

 

Chung, S., Son, G.H., Park, S.H., Park, E., Lee, K.H., Geum, D., Kim, K., 

2005. Differential adaptive responses to chronic stress of maternally stressed 

male mice offspring. Endocrinology. 146, 3202-3210. 

Cisse, M., Halabisky, B., Harris, J., Devidze, N., Dubal, D.B., Sun, B., Orr, A., 

Lotz, G., Kim, D.H., Hamto, P., Ho, K., Yu, G.Q., Mucke, L., 2011. Reversing 

EphB2 depletion rescues cognitive functions in Alzheimer model. Nature. 469, 

47-52. 

Cohen, S., Janicki-Deverts, D., Miller, G.E., 2007. Psychological stress and 

disease. JAMA : The Journal of the American Medical Association. 298, 1685-

1687. 

Conrad, C.D., LeDoux, J.E., Magarinos, A.M., McEwen, B.S., 1999. Repeated 

restraint stress facilitates fear conditioning independently of causing 

hippocampal CA3 dendritic atrophy. Behavioral Neuroscience. 113, 902-913. 

Conrad, C.D., MacMillan, D.D.,2nd, Tsekhanov, S., Wright, R.L., Baran, S.E., 

Fuchs, R.A., 2004. Influence of chronic corticosterone and glucocorticoid 

receptor antagonism in the amygdala on fear conditioning. Neurobiology of 

Learning and Memory. 81, 185-199. 

Contractor, A., Rogers, C., Maron, C., Henkemeyer, M., Swanson, G.T., 

Heinemann, S.F., 2002. Trans-synaptic Eph receptor-Ephrin signaling in 

hippocampal mossy fiber LTP. Science (New York, N.Y.). 296, 1864-1869. 

284



 

 

Cordero, M.I., Kruyt, N.D., Sandi, C., 2003. Modulation of contextual fear 

conditioning by chronic stress in rats is related to individual differences in 

behavioral reactivity to novelty. Brain Research. 970, 242-245. 

Cordero, M.I., Venero, C., Kruyt, N.D., Sandi, C., 2003. Prior exposure to a 

single stress session facilitates subsequent contextual fear conditioning in rats. 

Evidence for a role of corticosterone. Hormones and Behavior. 44, 338-345. 

Corodimas, K.P., LeDoux, J.E., Gold, P.W., Schulkin, J., 1994. Corticosterone 

potentiation of conditioned fear in rats. Annals of the New York Academy of 

Sciences. 746, 392-393. 

Cowan, C.A. &  Henkemeyer, M., 2001. The SH2/SH3 adaptor Grb4 

transduces B-Ephrin reverse signals. Nature. 413, 174-179. 

Crabbe, J.C., Wahlsten, D., Dudek, B.C., 1999. Genetics of mouse behavior: 

interactions with laboratory environment. Science (New York, N.Y.). 284, 1670-

1672. 

Crawley, J.N., 2000. What's wrong with my mouse? New York: Wiley-Liss. 

Cullinan, W.E., Herman, J.P., Battaglia, D.F., Akil, H., Watson, S.J., 1995. 

Pattern and time course of immediate early gene expression in rat brain 

following acute stress. Neuroscience. 64, 477-505. 

Curran, H.V., 1991. Benzodiazepines, memory and mood: a review. 

Psychopharmacology. 105, 1-8. 

285



 

 

Dalva, M.B., Takasu, M.A., Lin, M.Z., Shamah, S.M., Hu, L., Gale, N.W., 

Greenberg, M.E., 2000. EphB receptors interact with NMDA receptors and 

regulate excitatory synapse formation. Cell. 103, 945-956. 

Davidson, P.S. &  Glisky, E.L., 2002. Is flashbulb memory a special instance of 

source memory? Evidence from older adults. Memory (Hove, England). 10, 99-

111. 

Davies, B., Kearns, I.R., Ure, J., Davies, C.H., Lathe, R., 2001. Loss of 

hippocampal serine protease BSP1/neuropsin predisposes to global seizure 

activity. The Journal of Neuroscience : The Official Journal of the Society for 

Neuroscience. 21, 6993-7000. 

Davis, M., 1998. Are different parts of the extended amygdala involved in fear 

versus anxiety? Biological Psychiatry. 44, 1239-1247. 

Davis, M., 1992. The role of the amygdala in fear and anxiety. Annual Review 

of Neuroscience. 15, 353-375. 

Dawson, G.R. &  Tricklebank, M.D., 1995. Use of the elevated plus maze in 

the search for novel anxiolytic agents. Trends in Pharmacological Sciences. 

16, 33-36. 

Dayas, C.V., Buller, K.M., Day, T.A., 1999. Neuroendocrine responses to an 

emotional stressor: evidence for involvement of the medial but not the central 

amygdala. European Journal of Neuroscience. 11, 2312-2322. 

286



 

 

De Bruin, L.A., Schasfoort, E.M., Steffens, A.B., Korf, J., 1990. Effects of 

stress and exercise on rat hippocampus and striatum extracellular lactate. The 

American Journal of Physiology. 259, R773-9. 

De Felipe, J., 2011. The evolution of the brain, the human nature of cortical 

circuits, and intellectual creativity. Frontiers in Neuroanatomy. 5, 29. 

de Kloet, E.R., Oitzl, M.S., Joels, M., 1999. Stress and cognition: are 

corticosteroids good or bad guys? Trends in Neurosciences. 22, 422-426. 

De Petro, G., Copeta, A., Barlati, S., 1994. Urokinase-type and tissue-type 

plasminogen activators as growth factors of human fibroblasts. Experimental 

Cell Research. 213, 286-294. 

de Quervain, D.J., Roozendaal, B., McGaugh, J.L., 1998. Stress and 

glucocorticoids impair retrieval of long-term spatial memory. Nature. 394, 787-

790. 

Ding, L., Coombs, G.S., Strandberg, L., Navre, M., Corey, D.R., Madison, E.L., 

1995. Origins of the specificity of tissue-type plasminogen activator. 

Proceedings of the National Academy of Sciences of the United States of 

America. 92, 7627-7631. 

Dingledine, R., Borges, K., Bowie, D., Traynelis, S.F., 1999. The glutamate 

receptor ion channels. Pharmacological Reviews. 51, 7-61. 

Diorio, D., Viau, V., Meaney, M.J., 1993. The role of the medial prefrontal 

cortex (cingulate gyrus) in the regulation of hypothalamic-pituitary-adrenal 

287



 

 

responses to stress. The Journal of Neuroscience : The Official Journal of the 

Society for Neuroscience. 13, 3839-3847. 

Dityatev, A.E. &  Bolshakov, V.Y., 2005. Amygdala, long-term potentiation, and 

fear conditioning. Neuroscientist. 11, 75-88. 

Donley, M.P., Schulkin, J., Rosen, J.B., 2005. Glucocorticoid receptor 

antagonism in the basolateral amygdala and ventral hippocampus interferes 

with long-term memory of contextual fear. Behavioural Brain Research. 164, 

197-205. 

Doucet, A. & Overall C.M., 2011.  Broad coverage identification of multiple 

proteolytic cleavage site sequences in complex high molecular weight proteins 

using quatitative proteomics as complement to Edman sequencing. Molecular 

Cell Proteomics. 10, 003533.20876890 

Drai, D. &  Golani, I., 2001. SEE: a tool for the visualization and analysis of 

rodent exploratory behavior. Neuroscience & Biobehavioral Reviews. 25, 409-

426. 

Dunn, A.J. &  Swiergiel, A.H., 1999. Behavioral responses to stress are intact 

in CRF-deficient mice. Brain Research. 845, 14-20. 

Essmann, C.L., Martinez, E., Geiger, J.C., Zimmer, M., Traut, M.H., Stein, V., 

Klein, R., Acker-Palmer, A., 2008. Serine phosphorylation of EphrinB2 

regulates trafficking of synaptic AMPA receptors. Nature Neuroscience. 11, 

1035-1043. 

288



 

 

Ethell, I.M., Irie, F., Kalo, M.S., Couchman, J.R., Pasquale, E.B., Yamaguchi, 

Y., 2001. EphB/syndecan-2 signaling in dendritic spine morphogenesis.see 

comment. Neuron. 31, 1001-1013. 

Etkin, A. &  Wager, T.D., 2007. Functional neuroimaging of anxiety: a meta-

analysis of emotional processing in PTSD, social anxiety disorder, and specific 

phobia. The American Journal of Psychiatry. 164, 1476-1488. 

Fanselow, M.S., 2000. Contextual fear, gestalt memories, and the 

hippocampus. Behavioural Brain Research. 110, 73-81. 

Fanselow, M.S. &  Dong, H.W., 2010. Are the dorsal and ventral hippocampus 

functionally distinct structures? Neuron. 65, 7-19. 

Feldman, S., Conforti, N., Saphier, D., 1990. The preoptic area and bed 

nucleus of the stria terminalis are involved in the effects of the amygdala on 

adrenocortical secretion. Neuroscience. 37, 775-779. 

Feldman, S. &  Weidenfeld, J., 1999. Glucocorticoid receptor antagonists in 

the hippocampus modify the negative feedback following neural stimuli. Brain 

Research. 821, 33-37. 

Fernandez-Monreal, M., Lopez-Atalaya, J.P., Benchenane, K., Cacquevel, M., 

Dulin, F., Le Caer, J.P., Rossier, J., Jarrige, A.C., Mackenzie, E.T., Colloc'h, 

N., Ali, C., Vivien, D., 2004. Arginine 260 of the amino-terminal domain of NR1 

subunit is critical for tissue-type plasminogen activator-mediated enhancement 

of N-methyl-D-aspartate receptor signaling. The Journal of Biological 

Chemistry. 279, 50850-50856. 

289



 

 

File, S.E. &  Zangrossi, H.,Jr, 1993. "One-trial tolerance" to the anxiolytic 

actions of benzodiazepines in the elevated plus-maze, or the development of a 

phobic state? Psychopharmacology. 110, 240-244. 

File, S.E., Zangrossi, H.,Jr, Viana, M., Graeff, F.G., 1993. Trial 2 in the 

elevated plus-maze: a different form of fear? Psychopharmacology. 111, 491-

494. 

File, S.E., Zangrossi, H.,Jr, Viana, M., Graeff, F.G., 1993. Trial 2 in the 

elevated plus-maze: a different form of fear? Psychopharmacology. 111, 491-

494. 

Filosa, A., Paixao, S., Honsek, S.D., Carmona, M.A., Becker, L., Feddersen, 

B., Gaitanos, L., Rudhard, Y., Schoepfer, R., Klopstock, T., Kullander, K., 

Rose, C.R., Pasquale, E.B., Klein, R., 2009. Neuron-glia communication via 

EphA4/Ephrin-A3 modulates LTP through glial glutamate transport. Nature 

Neuroscience. 12, 1285-1292. 

Foy, M.R., Stanton, M.E., Levine, S., Thompson, R.F., 1987. Behavioral stress 

impairs long-term potentiation in rodent hippocampus. Behavioral and Neural 

Biology. 48, 138-149. 

Frankland, P.W., Cestari, V., Filipkowski, R.K., McDonald, R.J., Silva, A.J., 

1998. The dorsal hippocampus is essential for context discrimination but not 

for contextual conditioning. Behavioral Neuroscience. 112, 863-874. 

290



 

 

Frankland, P.W., Josselyn, S.A., Anagnostaras, S.G., Kogan, J.H., Takahashi, 

E., Silva, A.J., 2004. Consolidation of CS and US representations in 

associative fear conditioning. Hippocampus. 14, 557-569. 

Frey, U. &  Morris, R.G., 1997. Synaptic tagging and long-term potentiation. 

Nature. 385, 533-536. 

Frey, U., Muller, M., Kuhl, D., 1996. A different form of long-lasting potentiation 

revealed in tissue plasminogen activator mutant mice. The Journal of 

Neuroscience : The Official Journal of the Society for Neuroscience. 16, 2057-

2063. 

Fu, W.Y., Chen, Y., Sahin, M., Zhao, X.S., Shi, L., Bikoff, J.B., Lai, K.O., Yung, 

W.H., Fu, A.K., Greenberg, M.E., Ip, N.Y., 2007. Cdk5 regulates EphA4-

mediated dendritic spine retraction through an Ephexin1-dependent 

mechanism. Nature Neuroscience. 10, 67-76. 

Gao, W., Shinsky, N., Armanini, M.P., Moran, P., Zheng, J.L., Mendoza-

Ramirez, J., Phillips, H.S., Winslow, J.W., Caras, I.W., 1998/8. Regulation of 

Hippocampal Synaptic Plasticity by the Tyrosine Kinase Receptor, 

REK7/EphA5, and its Ligand, AL-1/Ephrin-A5. Molecular and Cellular 

Neuroscience. 11, 247-259. 

Gauthier, L.R. &  Robbins, S.M., 2003/12/5. Ephrin signaling: One raft to rule 

them all? One raft to sort them? One raft to spread their call and in signaling 

bind them? Life Sciences. 74, 207-216. 

291



 

 

Gawlak, M., Gorkiewicz, T., Gorlewicz, A., Konopacki, FA., Kaczmarek, L., 

Wilczynski, GM., 2009. High resolution in situ Zymography reveals Matrix 

Metalloproteinase activity at glutamatergic synapses. Neuroscience. 158, 167-

76. 

Genander, M., Halford, M.M., Xu, N.J., Eriksson, M., Yu, Z., Qiu, Z., Martling, 

A., Greicius, G., Thakar, S., Catchpole, T., Chumley, M.J., Zdunek, S., Wang, 

C., Holm, T., Goff, S.P., Pettersson, S., Pestell, R.G., Henkemeyer, M., Frisen, 

J., 2009. Dissociation of EphB2 signaling pathways mediating progenitor cell 

proliferation and tumor suppression. Cell. 139, 679-692. 

Georgakopoulos, A., Litterst, C., Ghersi, E., Baki, L., Xu, C., Serban, G., 

Robakis, N.K., 2006. Metalloproteinase/Presenilin1 processing of EphrinB 

regulates EphB-induced Src phosphorylation and signaling. EMBO Journal. 

25, 1242-1252. 

Gerlai, R., 1998. A new continuous alternation task in T-maze detects 

hippocampal dysfunction in mice. A strain comparison and lesion study. 

Behavioural Brain Research. 95, 91-101. 

Gerlai, R., Shinsky, N., Shih, A., Williams, P., Winer, J., Armanini, M., Cairns, 

B., Winslow, J., Gao, W.-., Phillips, H.S., 1999. Regulation of Learning by 

EphA Receptors: a Protein Targeting Study. Journal of Neuroscience. 19, 

9538-9549. 

Gerlai, R. &  McNamara, A., 2000/3. Anesthesia induced retrograde amnesia is 

ameliorated by EphrinA5-IgG in mice: EphA receptor tyrosine kinases are 

involved in mammalian memory. Behavioural Brain Research. 108, 133-143. 

292



 

 

Gilhotra, N. &  Dhingra, D., 2009. Involvement of NO-cGMP pathway in anti-

anxiety effect of aminoguanidine in stressed mice. Progress in Neuro-

Psychopharmacology & Biological Psychiatry. 33, 1502-1507. 

Goosens, K.A. &  Maren, S., 2004. NMDA receptors are essential for the 

acquisition, but not expression, of conditional fear and associative spike firing 

in the lateral amygdala. The European Journal of Neuroscience. 20, 537-548. 

Gould, E., McEwen, B.S., Tanapat, P., Galea, L.A., Fuchs, E., 1997. 

Neurogenesis in the dentate gyrus of the adult tree shrew is regulated by 

psychosocial stress and NMDA receptor activation. The Journal of 

Neuroscience : The Official Journal of the Society for Neuroscience. 17, 2492-

2498. 

Gould, T.D. &  Gottesman, I.I., 2006. Psychiatric endophenotypes and the 

development of valid animal models. Genes, Brain, and Behavior. 5, 113-119. 

Griffin, T.J., Gygi, S.P., Ideker, T., Rist, B., Eng, J., Hood, L., Aebersold, R., 

2002. Complementary Profiling of Gene Expression at the Transcriptome and 

Proteome Levels in Saccharomyces cerevisiae. Molecular Cellular Proteomics. 

1, 323-333. 

Groc, L., Heine, M., Cousins, S.L., StEphenson, F.A., Lounis, B., Cognet, L., 

Choquet, D., 2006. NMDA receptor surface mobility depends on NR2A-2B 

subunits. Proceedings of the National Academy of Sciences of the United 

States of America. 103, 18769-18774. 

293



 

 

Grosshans, D.R., Clayton, D.A., Coultrap, S.J., Browning, M.D., 2002. LTP 

leads to rapid surface expression of NMDA but not AMPA receptors in adult rat 

CA1. Nature Neuroscience. 5, 27-33. 

Grunwald, I.C., Korte, M., Adelmann, G., Plueck, A., Kullander, K., Adams, 

R.H., Frotscher, M., Bonhoeffer, T., Klein, R., 2004. Hippocampal plasticity 

requires postsynaptic EphrinBs. Nature Neuroscience. 7, 33-40. 

Grunwald, I.C., Korte, M., Wolfer, D., Wilkinson, G.A., Unsicker, K., Lipp, H.P., 

Bonhoeffer, T., Klein, R., 2001. Kinase-independent requirement of EphB2 

receptors in hippocampal synaptic plasticity. Neuron. 32, 1027-1040. 

Gualandris, A., Jones, T.E., Strickland, S., Tsirka, S.E., 1996. Membrane 

depolarization induces calcium-dependent secretion of tissue plasminogen 

activator. The Journal of Neuroscience : The Official Journal of the Society for 

Neuroscience. 16, 2220-2225. 

Gygi, S.P., Rochon, Y., Franza, B.R., Aebersold, R., 1999. Correlation 

between Protein and mRNA Abundance in Yeast. Molecular and Cellular 

Biology. 19, 1720-1730. 

Hall, C.S., 1934. Emotional behavior in the rat. I. Defecation and urination as 

measures of individual differences in emotionality. Journal of Comparative 

Psychology. 18, 385-403. 

Handley, S.L. &  Mithani, S., 1984. Effects of alpha-adrenoceptor agonists and 

antagonists in a maze-exploration model of 'fear'-motivated behaviour. 

Naunyn-Schmiedeberg's Archives of Pharmacology. 327, 1-5. 

294



 

 

Harada, A., Shiosaka, S., Ishikawa, Y., Komai, S., 2008. Acute stress 

increases neuropsin mRNA expression in the mouse hippocampus through the 

glucocorticoid pathway. Neuroscience Letters. 436, 273-277. 

Haramis, A.P. &  Perrakis, A., 2006. Selectivity and promiscuity in Eph 

receptors.comment. Structure. 14, 169-171. 

Harris, R.B., Gu, H., Mitchell, T.D., Endale, L., Russo, M., Ryan, D.H., 2004. 

Increased glucocorticoid response to a novel stress in rats that have been 

restrained. Physiology & Behavior. 81, 557-568. 

Harris, R.B., Zhou, J., Shi, M., Redmann, S., Mynatt, R.L., Ryan, D.H., 2001. 

Overexpression of agouti protein and stress responsiveness in mice. 

Physiology & Behavior. 73, 599-608. 

Hata, T., Nishikawa, H., Itoh, E., Funakami, Y., 2001. Anxiety-like behavior in 

elevated plus-maze tests in repeatedly cold-stressed mice. Japanese Journal 

of Pharmacology. 85, 189-196. 

Hattori, M., Osterfield, M., Flanagan, J.G., 2000. Regulated cleavage of a 

contact-mediated axon repellent.see commentcomment. Science. 289, 1360-

1365. 

Hebb, A.L., Zacharko, R.M., Dominguez, H., Trudel, F., Laforest, S., Drolet, G., 

2002. Odor-induced variation in anxiety-like behavior in mice is associated with 

discrete and differential effects on mesocorticolimbic cholecystokinin mRNA 

expression. Neuropsychopharmacology : Official Publication of the American 

College of Neuropsychopharmacology. 27, 744-755. 

295



 

 

Heinrichs, S.C., Menzaghi, F., Pich, E.M., Baldwin, H.A., Rassnick, S., Britton, 

K.T., Koob, G.F., 1994. Anti-stress action of a corticotropin-releasing factor 

antagonist on behavioral reactivity to stressors of varying type and intensity. 

Neuropsychopharmacology : Official Publication of the American College of 

Neuropsychopharmacology. 11, 179-186. 

Heintz, N., 2004. Gene expression nervous system atlas (GENSAT). Nature 

Neuroscience. 7, 483. 

Heller, W., Nitschke, J.B., Etienne, M.A., Miller, G.A., 1997. Patterns of 

regional brain activity differentiate types of anxiety. Journal of Abnormal 

Psychology. 106, 376-385. 

Henderson, J.T., Georgiou, J., Jia, Z., Robertson, J., Elowe, S., Roder, J.C., 

Pawson, T., 2001. The receptor tyrosine kinase EphB2 regulates NMDA-

dependent synaptic function. Neuron. 32, 1041-1056. 

Hendrie, C.A., Eilam, D., Weiss, S.M., 1997. Effects of diazepam and 

buspirone on the behaviour of wild voles (Microtus socialis) in two models of 

anxiety. Pharmacology, Biochemistry, and Behavior. 58, 573-576. 

Henkemeyer, M., Itkis, O.S., Ngo, M., Hickmott, P.W., Ethell, I.M., 2003. 

Multiple EphB receptor tyrosine kinases shape dendritic spines in the 

hippocampus. Journal of Cell Biology. 163, 1313-1326. 

Hensch, T.K., Gordon, J.A., Brandon, E.P., McKnight, G.S., Idzerda, R.L., 

Stryker, M.P., 1998. Comparison of plasticity in vivo and in vitro in the 

developing visual cortex of normal and protein kinase A RIbeta-deficient mice. 

296



 

 

The Journal of Neuroscience : The Official Journal of the Society for 

Neuroscience. 18, 2108-2117. 

Herman, J.P. &  Cullinan, W.E., 1997/2. Neurocircuitry of stress: central control 

of the hypothalamo–pituitary–adrenocortical axis. Trends in Neurosciences. 

20, 78-84. 

Herry, C., Ciocchi, S., Senn, V., Demmou, L., Muller, C., Luthi, A., 2008. 

Switching on and off fear by distinct neuronal circuits. Nature. 454, 600-606. 

Himanen, J.P., Chumley, M.J., Lackmann, M., Li, C., Barton, W.A., Jeffrey, 

P.D., Vearing, C., Geleick, D., Feldheim, D.A., Boyd, A.W., Henkemeyer, M., 

Nikolov, D.B., 2004. Repelling class discrimination: Ephrin-A5 binds to and 

activates EphB2 receptor signaling.see comment. Nature Neuroscience. 7, 

501-509. 

Himanen, J.P., Henkemeyer, M., Nikolov, D.B., 1998. Crystal structure of the 

ligand-binding domain of the receptor tyrosine kinase EphB2. Nature. 396, 

486-491. 

Himanen, J.P. &  Nikolov, D.B., 2003. Eph signaling: a structural view. Trends 

in Neurosciences. 26, 46-51. 

Himanen, J.P., Rajashankar, K.R., Lackmann, M., Cowan, C.A., Henkemeyer, 

M., Nikolov, D.B., 2001. Crystal structure of an Eph receptor-Ephrin complex. 

Nature. 414, 933-938. 

297



 

 

Hirai, H., Maru, Y., Hagiwara, K., Nishida, J., Takaku, F., 1987. A novel 

putative tyrosine kinase receptor encoded by the Eph gene. Science (New 

York, N.Y.). 238, 1717-1720. 

Hirata, A., Yoshida, S., Inoue, N., Matsumoto-Miyai, K., Ninomiya, A., 

Taniguchi, M., Matsuyama, T., Kato, K., Iizasa, H., Kataoka, Y., Yoshida, N., 

Shiosaka, S., 2001. Abnormalities of synapses and neurons in the 

hippocampus of neuropsin-deficient mice. Molecular and Cellular 

Neurosciences. 17, 600-610. 

Holahan, M.R. &  White, N.M., 2002. Conditioned memory modulation, 

freezing, and avoidance as measures of amygdala-mediated conditioned fear. 

Neurobiology of Learning and Memory. 77, 250-275. 

Holmes, A., 2001. Targeted gene mutation approaches to the study of anxiety-

like behavior in mice. Neuroscience and Biobehavioral Reviews. 25, 261-273. 

Hoogenraad, C.C., Milstein, A.D., Ethell, I.M., Henkemeyer, M., Sheng, M., 

2005. GRIP1 controls dendrite morphogenesis by regulating EphB receptor 

trafficking. Nature Neuroscience. 8, 906-915. 

Horii, Y., Yamasaki, N., Miyakawa, T., Shiosaka, S., 2008. Increased anxiety-

like behavior in neuropsin (kallikrein-related peptidase 8) gene-deficient mice. 

Behavioral Neuroscience. 122, 498-504. 

Hornberger, M.R., Dutting, D., Ciossek, T., Yamada, T., Handwerker, C., Lang, 

S., Weth, F., Huf, J., Wessel, R., Logan, C., Tanaka, H., Drescher, U., 1999. 

298



 

 

Modulation of EphA receptor function by coexpressed EphrinA ligands on 

retinal ganglion cell axons. Neuron. 22, 731-742. 

Horwood, J.M., Ripley, T.L., StEphens, D.N., 2004. Evidence for disrupted 

NMDA receptor function in tissue plasminogen activator knockout mice. 

Behavioural Brain Research. 150, 127-138. 

Hsu, H.R., Chen, T.Y., Chan, M.H., Chen, H.H., 2007. Acute effects of nicotine 

on restraint stress-induced anxiety-like behavior, c-Fos expression, and 

corticosterone release in mice. European Journal of Pharmacology. 566, 124-

131. 

Huang, Y.Y., Bach, M.E., Lipp, H.P., Zhuo, M., Wolfer, D.P., Hawkins, R.D., 

Schoonjans, L., Kandel, E.R., Godfraind, J.M., Mulligan, R., Collen, D., 

Carmeliet, P., 1996. Mice lacking the gene encoding tissue-type plasminogen 

activator show a selective interference with late-phase long-term potentiation 

in both Schaffer collateral and mossy fiber pathways. Proceedings of the 

National Academy of Sciences of the United States of America. 93, 8699-

8704. 

Hui, G.K., Figueroa, I.R., Poytress, B.S., Roozendaal, B., McGaugh, J.L., 

Weinberger, N.M., 2004. Memory enhancement of classical fear conditioning 

by post-training injections of corticosterone in rats. Neurobiology of Learning 

and Memory. 81, 67-74. 

Hui, I.R., Hui, G.K., Roozendaal, B., McGaugh, J.L., Weinberger, N.M., 2006. 

Posttraining handling facilitates memory for auditory-cue fear conditioning in 

rats. Neurobiology of Learning and Memory. 86, 160-163. 

299



 

 

Huynh-Do, U., Stein, E., Lane, A.A., Liu, H., Cerretti, D.P., Daniel, T.O., 1999. 

Surface densities of Ephrin-B1 determine EphB1-coupled activation of cell 

attachment through alphavbeta3 and alpha5beta1 integrins. The EMBO 

Journal. 18, 2165-2173. 

Ideker, T., Thorsson, V., Ranish, J.A., Christmas, R., Buhler, J., Eng, J.K., 

Bumgarner, R., Goodlett, D.R., Aebersold, R., Hood, L., 2001. Integrated 

Genomic and Proteomic Analyses of a Systematically Perturbed Metabolic 

Network. Science. 292, 929-934. 

Ikegaya, Y., Saito, H., Abe, K., 1995. Amygdala N-methyl-D-aspartate 

receptors participate in the induction of long-term potentiation in the dentate 

gyrus in vivo. Neuroscience Letters. 192, 193-196. 

Ishikawa, Y., Horii, Y., Tamura, H., Shiosaka, S., 2008. Neuropsin (KLK8)-

dependent and -independent synaptic tagging in the Schaffer-collateral 

pathway of mouse hippocampus. The Journal of Neuroscience : The Official 

Journal of the Society for Neuroscience. 28, 843-849. 

Ishikawa, Y., Horii, Y., Tamura, H., Shiosaka, S., 2008. Neuropsin (KLK8)-

dependent and -independent synaptic tagging in the Schaffer-collateral 

pathway of mouse hippocampus. The Journal of Neuroscience : The Official 

Journal of the Society for Neuroscience. 28, 843-849. 

Ito, H., Nagano, M., Suzuki, H., Murakoshi, T., Chronic stress enhances 

synaptic plasticity due to disinhibition in the anterior cingulate cortex and 

induces hyper-locomotion in mice. Neuropharmacology. In Press, Corrected 

Proof, . 

300



 

 

Izquierdo, A., Wellman, C.L., Holmes, A., 2006. Brief uncontrollable stress 

causes dendritic retraction in infralimbic cortex and resistance to fear extinction 

in mice. The Journal of Neuroscience : The Official Journal of the Society for 

Neuroscience. 26, 5733-5738. 

Izquierdo, A., Wellman, C.L., Holmes, A., 2006. Brief uncontrollable stress 

causes dendritic retraction in infralimbic cortex and resistance to fear extinction 

in mice. The Journal of Neuroscience : The Official Journal of the Society for 

Neuroscience. 26, 5733-5738. 

Jacobson, L. &  Sapolsky, R., 1991. The role of the hippocampus in feedback 

regulation of the hypothalamic-pituitary-adrenocortical axis. Endocrine 

Reviews. 12, 118-134. 

Janes, P.W., Griesshaber, B., Atapattu, L., Nievergall, E., Hii, L.L., Mensinga, 

A., Chheang, C., Day, B.W., Boyd, A.W., Bastiaens, P.I., Jorgensen, C., 

Pawson, T., Lackmann, M., 2011. Eph receptor function is modulated by 

heterooligomerization of A and B type Eph receptors. The Journal of Cell 

Biology. 195, 1033-1045. 

Janes, P.W., Nievergall, E., Lackmann, M., 2012. Concepts and 

consequences of Eph receptor clustering. Seminars in Cell & Developmental 

Biology. 23, 43-50. 

Janes, P.W., Saha, N., Barton, W.A., Kolev, M.V., Wimmer-Kleikamp, S.H., 

Nievergall, E., Blobel, C.P., Himanen, J.P., Lackmann, M., Nikolov, D.B., 2005. 

Adam meets Eph: an ADAM substrate recognition module acts as a molecular 

switch for Ephrin cleavage in trans.see comment. Cell. 123, 291-304. 

301



 

 

Janes, P.W., Wimmer-Kleikamp, S.H., Frangakis, A.S., Treble, K., 

Griesshaber, B., Sabet, O., Grabenbauer, M., Ting, A.Y., Saftig, P., Bastiaens, 

P.I., Lackmann, M., 2009. Cytoplasmic relaxation of active Eph controls Ephrin 

shedding by ADAM10. PLoS Biology. 7, e1000215. 

Joels, M. &  Krugers, H.J., 2007. LTP after stress: up or down? Neural 

Plasticity. 2007, 93202. 

Johnson, J.W. &  Ascher, P., 1987. Glycine potentiates the NMDA response in 

cultured mouse brain neurons. Nature. 325, 529-531. 

Jones, N. &  King, S.M., 2001. Influence of circadian phase and test 

illumination on pre-clinical models of anxiety. Physiology & Behavior. 72, 99-

106. 

Kaech, S., Brinkhaus, H., Matus, A., 1999. Volatile anesthetics block actin-

based motility in dendritic spines. Proceedings of the National Academy of 

Sciences of the United States of America. 96, 10433-10437. 

Kafkafi, N., Lipkind, D., Benjamini, Y., Mayo, C.L., Elmer, G.I., Golani, I., 2003. 

SEE locomotor behavior test discriminates C57BL/6J and DBA/2J mouse 

inbred strains across laboratories and protocol conditions. Behavioral 

Neuroscience. 117, 464-477. 

Kandel, E.R., Schwartz, J.H. and Jessell, T.H., 2000. Principles of Neural 

Science. 4th edition ed. New York: McGraw-Hill. 

Kao, T.J. &  Kania, A., 2011. Ephrin-mediated cis-attenuation of Eph receptor 

signaling is essential for spinal motor axon guidance. Neuron. 71, 76-91. 

302



 

 

Kato K, Kishi T, Kamachi T, Akisada M, Oka T, Midorikawa R, Takio K, 

Dohmae N, Bird PI, Sun J, Scott F, Miyake Y, Yamamoto K, Machida A, 

Tanaka T, Matsumoto K, Shibata M, Shiosaka S., 2001. Serine proteinase 

inhibitor 3 and murinoglobulin I are potent inhibitors of neuropsin in adult 

mouse brain. J Biol Chem. 276, 14562-71 

Kayser, M.S., McClelland, A.C., Hughes, E.G., Dalva, M.B., 2006. Intracellular 

and trans-synaptic regulation of glutamatergic synaptogenesis by EphB 

receptors. Journal of Neuroscience. 26, 12152-12164. 

Kelleher, R.J.,3rd, Govindarajan, A., Jung, H.Y., Kang, H., Tonegawa, S., 

2004. Translational control by MAPK signaling in long-term synaptic plasticity 

and memory. Cell. 116, 467-479. 

Keller, G.B., Bonhoeffer, T., Hubener, M., 2012. Sensorimotor mismatch 

signals in primary visual cortex of the behaving mouse. Neuron. 74, 809-815. 

Kier, E.L., Kim, J.H., Fulbright, R.K., Bronen, R.A., 1997. Embryology of the 

human fetal hippocampus: MR imaging, anatomy, and histology. 

AJNR.American Journal of Neuroradiology. 18, 525-532. 

Kim, J.J & Diamond, D.M., 2002. The stressed hippocampus, synaptic 

plasticity and lost memories. Nature Neuroscience. 3, 453-462. 

Kim, J.J. &  Fanselow, M.S., 1992. Modality-specific retrograde amnesia of 

fear. Science (New York, N.Y.). 256, 675-677. 

Kim, J.J., Foy, M.R., Thompson, R.F., 1996. Behavioral stress modifies 

hippocampal plasticity through N-methyl-D-aspartate receptor activation. 

303



 

 

Proceedings of the National Academy of Sciences of the United States of 

America. 93, 4750-4753. 

Kim, J.J. &  Jung, M.W., 2006. Neural circuits and mechanisms involved in 

Pavlovian fear conditioning: a critical review. Neuroscience and Biobehavioral 

Reviews. 30, 188-202. 

Kim, J.J., Lee, H.J., Han, J.S., Packard, M.G., 2001. Amygdala is critical for 

stress-induced modulation of hippocampal long-term potentiation and learning. 

The Journal of Neuroscience : The Official Journal of the Society for 

Neuroscience. 21, 5222-5228. 

Kim, J.J. &  Yoon, K.S., 1998. Stress: metaplastic effects in the hippocampus. 

Trends in Neurosciences. 21, 505-509. 

Kim, Y.H., Park, J.H., Hong, S.H., Koh, J.Y., 1999. Nonproteolytic 

neuroprotection by human recombinant tissue plasminogen activator. Science 

(New York, N.Y.). 284, 647-650. 

Kishi, T., Kato, M., Shimizu, T., Kato, K., Matsumoto, K., Yoshida, S., 

Shiosaka, S., Hakoshima, T., 1999. Crystal structure of neuropsin, a 

hippocampal protease involved in kindling epileptogenesis. The Journal of 

Biological Chemistry. 274, 4220-4224. 

Kohda, K., Harada, K., Kato, K., Hoshino, A., Motohashi, J., Yamaji, T., 

Morinobu, S., Matsuoka, N., Kato, N., 2007. Glucocorticoid receptor activation 

is involved in producing abnormal phenotypes of single-prolonged stress rats: 

a putative post-traumatic stress disorder model. Neuroscience. 148, 22-33. 

304



 

 

Komada, M., Takao, K., Miyakawa, T., 2008. Elevated plus maze for mice. 

Journal of Visualized Experiments : JoVE. (22). pii: 1088. doi, 10.3791/1088. 

Komai, S., Matsuyama, T., Matsumoto, K., Kato, K., Kobayashi, M., Imamura, 

K., Yoshida, S., Ugawa, S., Shiosaka, S., 2000. Neuropsin regulates an early 

phase of schaffer-collateral long-term potentiation in the murine hippocampus. 

The European Journal of Neuroscience. 12, 1479-1486. 

Kopan, R. &  Ilagan, M.X., 2004. Gamma-secretase: proteasome of the 

membrane? Nature Reviews.Molecular Cell Biology. 5, 499-504. 

Korte, S.M. &  De Boer, S.F., 2003. A robust animal model of state anxiety: 

fear-potentiated behaviour in the elevated plus-maze. European Journal of 

Pharmacology. 463, 163-175. 

Krantz, D.S. &  McCeney, M.K., 2002. Effects of psychological and social 

factors on organic disease: a critical assessment of research on coronary heart 

disease. Annual Review of Psychology. 53, 341-369. 

Krugers, H.J. &  Hoogenraad, C.C., 2009. Hormonal regulation of AMPA 

receptor trafficking and memory formation. Frontiers in Synaptic Neuroscience. 

1, 2. 

Kvajo, M., Albrecht, H., Meins, M., Hengst, U., Troncoso, E., Lefort, S., Kiss, 

J.Z., Petersen, C.C., Monard, D., 2004. Regulation of brain proteolytic activity 

is necessary for the in vivo function of NMDA receptors. The Journal of 

Neuroscience : The Official Journal of the Society for Neuroscience. 24, 9734-

9743. 

305



 

 

Lackmann, M., Mann, R.J., Kravets, L., Smith, F.M., Bucci, T.A., Maxwell, K.F., 

Howlett, G.J., Olsson, J.E., Vanden Bos, T., Cerretti, D.P., Boyd, A.W., 1997. 

Ligand for EPH-related kinase (LERK) 7 is the preferred high affinity ligand for 

the HEK receptor. The Journal of Biological Chemistry. 272, 16521-16530. 

Lackmann, M., Oates, A.C., Dottori, M., Smith, F.M., Do, C., Power, M., 

Kravets, L., Boyd, A.W., 1998. Distinct subdomains of the EphA3 receptor 

mediate ligand binding and receptor dimerization. Journal of Biological 

Chemistry. 273, 20228-20237. 

Landfield, P.W., Baskin, R.K., Pitler, T.A., 1981. Brain aging correlates: 

retardation by hormonal-pharmacological treatments. Science (New York, 

N.Y.). 214, 581-584. 

Laube, B., Kuhse, J., Betz, H., 1998. Evidence for a tetrameric structure of 

recombinant NMDA receptors. The Journal of Neuroscience : The Official 

Journal of the Society for Neuroscience. 18, 2954-2961. 

Lauterbach, J. &  Klein, R., 2006. Release of full-length EphB2 receptors from 

hippocampal neurons to cocultured glial cells. Journal of Neuroscience. 26, 

11575-11581. 

LeDoux, J., 2007. The amygdala. Current Biology : CB. 17, R868-74. 

LeDoux, J., 2003. The emotional brain, fear, and the amygdala. Cellular and 

Molecular Neurobiology. 23, 727-738. 

LeDoux, J.E., 1993. Emotional memory: in search of systems and synapses. 

Annals of the New York Academy of Sciences. 702, 149-157. 

306



 

 

LeDoux, J.E., Farb, C., Ruggiero, D.A., 1990. Topographic organization of 

neurons in the acoustic thalamus that project to the amygdala. The Journal of 

Neuroscience : The Official Journal of the Society for Neuroscience. 10, 1043-

1054. 

LeDoux, J.E., Iwata, J., Cicchetti, P., Reis, D.J., 1988. Different projections of 

the central amygdaloid nucleus mediate autonomic and behavioral correlates 

of conditioned fear. The Journal of Neuroscience : The Official Journal of the 

Society for Neuroscience. 8, 2517-2529. 

Lee, H.Y., Hwang, I.Y., Im, H., Koh, J.Y., Kim, Y.H., 2007. Non-proteolytic 

neurotrophic effects of tissue plasminogen activator on cultured mouse 

cerebrocortical neurons. Journal of Neurochemistry. 101, 1236-1247. 

Lee, P.S., Shaw, L.B., Choe, L.H., Mehra, A., Hatzimanikatis, V., Lee, K.H., 

2003. Insights into the relation between mrna and protein expression patterns: 

II. Experimental observations in Escherichia coli. Biotechnology & 

Bioengineering. 84, 834-841. 

Lee, S.H., Liu, L., Wang, Y.T., Sheng, M., 2002. Clathrin adaptor AP2 and 

NSF interact with overlapping sites of GluR2 and play distinct roles in AMPA 

receptor trafficking and hippocampal LTD. Neuron. 36, 661-674. 

Lein, E.S., Hawrylycz, M.J., Ao, N., Ayres, M., Bensinger, A., Bernard, A., Boe, 

A.F., Boguski, M.S., Brockway, K.S., Byrnes, E.J., Chen, L., Chen, L., Chen, 

T.M., Chin, M.C., Chong, J., Crook, B.E., Czaplinska, A., Dang, C.N., Datta, S., 

Dee, N.R., Desaki, A.L., Desta, T., Diep, E., Dolbeare, T.A., Donelan, M.J., 

Dong, H.W., Dougherty, J.G., Duncan, B.J., Ebbert, A.J., Eichele, G., Estin, 

307



 

 

L.K., Faber, C., Facer, B.A., Fields, R., Fischer, S.R., Fliss, T.P., Frensley, C., 

Gates, S.N., Glattfelder, K.J., Halverson, K.R., Hart, M.R., Hohmann, J.G., 

Howell, M.P., Jeung, D.P., Johnson, R.A., Karr, P.T., Kawal, R., Kidney, J.M., 

Knapik, R.H., Kuan, C.L., Lake, J.H., Laramee, A.R., Larsen, K.D., Lau, C., 

Lemon, T.A., Liang, A.J., Liu, Y., Luong, L.T., Michaels, J., Morgan, J.J., 

Morgan, R.J., Mortrud, M.T., Mosqueda, N.F., Ng, L.L., Ng, R., Orta, G.J., 

Overly, C.C., Pak, T.H., Parry, S.E., Pathak, S.D., Pearson, O.C., Puchalski, 

R.B., Riley, Z.L., Rockett, H.R., Rowland, S.A., Royall, J.J., Ruiz, M.J., Sarno, 

N.R., Schaffnit, K., Shapovalova, N.V., Sivisay, T., Slaughterbeck, C.R., Smith, 

S.C., Smith, K.A., Smith, B.I., Sodt, A.J., Stewart, N.N., Stumpf, K.R., Sunkin, 

S.M., Sutram, M., Tam, A., Teemer, C.D., Thaller, C., Thompson, C.L., 

Varnam, L.R., Visel, A., Whitlock, R.M., Wohnoutka, P.E., Wolkey, C.K., Wong, 

V.Y., Wood, M., Yaylaoglu, M.B., Young, R.C., Youngstrom, B.L., Yuan, X.F., 

Zhang, B., Zwingman, T.A., Jones, A.R., 2007. Genome-wide atlas of gene 

expression in the adult mouse brain.see comment. Nature. 445, 168-176. 

Lemke, G., 1997. A coherent nomenclature for Eph receptors and their 

ligands. Molecular & Cellular Neurosciences. 9, 331-332. 

Leonard, A.S., Lim, I.A., Hemsworth, D.E., Horne, M.C., Hell, J.W., 1999. 

Calcium/calmodulin-dependent protein kinase II is associated with the N-

methyl-d-aspartate receptor. Proceedings of the National Academy of 

Sciences of the United States of America. 96, 3239-3244. 

Li, Z. &  Sheng, M., 2003. Some assembly required: the development of 

neuronal synapses. Nature Reviews Molecular Cell Biology. 4, 833-841. 

308



 

 

Liebl, D.J., Morris, C.J., Henkemeyer, M., Parada, L.F., 2003. mRNA 

expression of Ephrins and Eph receptor tyrosine kinases in the neonatal and 

adult mouse central nervous system. Journal of Neuroscience Research. 71, 

7-22. 

Lin, K.T., Sloniowski, S., Ethell, D.W., Ethell, I.M., 2008. Ephrin-B2-induced 

cleavage of EphB2 receptor is mediated by matrix metalloproteinases to trigger 

cell repulsion. The Journal of Biological Chemistry. 283, 28969-28979. 

Lipkind, D., Sakov, A., Kafkafi, N., Elmer, G.I., Benjamini, Y., Golani, I., 2004. 

New replicable anxiety-related measures of wall vs center behavior of mice in 

the open field. Journal of Applied Physiology (Bethesda, Md.: 1985). 97, 347-

359. 

Lippman, J. &  Dunaevsky, A., 2005. Dendritic spine morphogenesis and 

plasticity. Journal of Neurobiology. 64, 47-57. 

Lister, R.G., 1987. The use of a plus-maze to measure anxiety in the mouse. 

Psychopharmacology. 92, 180-185. 

Liston, C., Miller, M.M., Goldwater, D.S., Radley, J.J., Rocher, A.B., Hof, P.R., 

Morrison, J.H., McEwen, B.S., 2006. Stress-induced alterations in prefrontal 

cortical dendritic morphology predict selective impairments in perceptual 

attentional set-shifting. The Journal of Neuroscience : The Official Journal of 

the Society for Neuroscience. 26, 7870-7874. 

Litterst, C., Georgakopoulos, A., Shioi, J., Ghersi, E., Wisniewski, T., Wang, 

R., Ludwig, A., Robakis, N.K., 2007. Ligand binding and calcium influx induce 

309



 

 

distinct ectodomain/gamma-secretase-processing pathways of EphB2 

receptor. The Journal of Biological Chemistry. 282, 16155-16163. 

Liu, D., Cheng, T., Guo, H., Fernandez, J.A., Griffin, J.H., Song, X., Zlokovic, 

B.V., 2004. Tissue plasminogen activator neurovascular toxicity is controlled 

by activated protein C. Nature Medicine. 10, 1379-1383. 

Liu, I.Y., Lyons, W.E., Mamounas, L.A., Thompson, R.F., 2004. Brain-derived 

neurotrophic factor plays a critical role in contextual fear conditioning. The 

Journal of Neuroscience : The Official Journal of the Society for Neuroscience. 

24, 7958-7963. 

Liu, L., Wong, T.P., Pozza, M.F., Lingenhoehl, K., Wang, Y., Sheng, M., 

Auberson, Y.P., Wang, Y.T., 2004. Role of NMDA receptor subtypes in 

governing the direction of hippocampal synaptic plasticity. Science (New York, 

N.Y.). 304, 1021-1024. 

Lochner, J.E., Honigman, L.S., Grant, W.F., Gessford, S.K., Hansen, A.B., 

Silverman, M.A., Scalettar, B.A., 2006. Activity-dependent release of tissue 

plasminogen activator from the dendritic spines of hippocampal neurons 

revealed by live-cell imaging. Journal of Neurobiology. 66, 564-577. 

Lowy, M.T., Gault, L., Yamamoto, B.K., 1993. Adrenalectomy attenuates 

stress-induced elevations in extracellular glutamate concentrations in the 

hippocampus. Journal of Neurochemistry. 61, 1957-1960. 

310



 

 

Lowy, M.T., Wittenberg, L., Yamamoto, B.K., 1995. Effect of acute stress on 

hippocampal glutamate levels and spectrin proteolysis in young and aged rats. 

Journal of Neurochemistry. 65, 268-274. 

Lu, Q., Sun, E.E., Klein, R.S., Flanagan, J.G., 2001. Ephrin-B reverse signaling 

is mediated by a novel PDZ-RGS protein and selectively inhibits G protein-

coupled chemoattraction. Cell. 105, 69-79. 

Lu, Y.M., Roder, J.C., Davidow, J., Salter, M.W., 1998. Src activation in the 

induction of long-term potentiation in CA1 hippocampal neurons. Science (New 

York, N.Y.). 279, 1363-1367. 

Luo, J., Wang, Y., Yasuda, R.P., Dunah, A.W., Wolfe, B.B., 1997. The majority 

of N-methyl-D-aspartate receptor complexes in adult rat cerebral cortex 

contain at least three different subunits (NR1/NR2A/NR2B). Molecular 

Pharmacology. 51, 79-86. 

Luo, L., Hensch, T.K., Ackerman, L., Barbel, S., Jan, L.Y., Jan, Y.N., 1996. 

Differential effects of the Rac GTPase on Purkinje cell axons and dendritic 

trunks and spines. Nature. 379, 837-840. 

Luthl, A., Laurent, J.P., Figurov, A., Muller, D., Schachner, M., 1994. 

Hippocampal long-term potentiation and neural cell adhesion molecules L1 

and NCAM. Nature. 372, 777-779. 

Madani, R., Hulo, S., Toni, N., Madani, H., Steimer, T., Muller, D., Vassalli, 

J.D., 1999. Enhanced hippocampal long-term potentiation and learning by 

311



 

 

increased neuronal expression of tissue-type plasminogen activator in 

transgenic mice. The EMBO Journal. 18, 3007-3012. 

Magarinos, A.M., Deslandes, A., McEwen, B.S., 1999. Effects of 

antidepressants and benzodiazepine treatments on the dendritic structure of 

CA3 pyramidal neurons after chronic stress. European Journal of 

Pharmacology. 371, 113-122. 

Magarinos, A.M. &  McEwen, B.S., 1995. Stress-induced atrophy of apical 

dendrites of hippocampal CA3c neurons: involvement of glucocorticoid 

secretion and excitatory amino acid receptors. Neuroscience. 69, 89-98. 

Magdaleno, S., Jensen, P., Brumwell, C.L., Seal, A., Lehman, K., Asbury, A., 

Cheung, T., Cornelius, T., Batten, D.M., Eden, C., Norland, S.M., Rice, D.S., 

Dosooye, N., Shakya, S., Mehta, P., Curran, T., 2006. BGEM: an in situ 

hybridization database of gene expression in the embryonic and adult mouse 

nervous system. Plos Biology. 4, e86. 

Mamczarz, J., Pereira, E.F., Aracava, Y., Adler, M., Albuquerque, E.X., 2009. 

An acute exposure to a sub-lethal dose of soman triggers anxiety-related 

behavior in guinea pigs: Interactions with acute restraint. Neurotoxicology.  

Mannaioni, G., Orr, A.G., Hamill, C.E., Yuan, H., Pedone, K.H., McCoy, K.L., 

Berlinguer Palmini, R., Junge, C.E., Lee, C.J., Yepes, M., Hepler, J.R., 

Traynelis, S.F., 2008. Plasmin potentiates synaptic N-methyl-D-aspartate 

receptor function in hippocampal neurons through activation of protease-

activated receptor-1. The Journal of Biological Chemistry. 283, 20600-20611. 

312



 

 

Mao, W., Luis, E., Ross, S., Silva, J., Tan, C., Crowley, C., Chui, C., Franz, G., 

Senter, P., Koeppen, H., Polakis, P., 2004. EphB2 as a therapeutic antibody 

drug target for the treatment of colorectal cancer. Cancer Research. 64, 781-

788. 

Maren, S., 2005. Synaptic mechanisms of associative memory in the 

amygdala. Neuron. 47, 783-786. 

Maren, S., 2001. Neurobiology of Pavlovian fear conditioning. Annual Review 

of Neuroscience. 24, 897-931. 

Maren, S., Aharonov, G., Fanselow, M.S., 1997. Neurotoxic lesions of the 

dorsal hippocampus and Pavlovian fear conditioning in rats. Behavioural Brain 

Research. 88, 261-274. 

Maren, S. &  Fanselow, M.S., 1995. Synaptic plasticity in the basolateral 

amygdala induced by hippocampal formation stimulation in vivo. The Journal 

of Neuroscience : The Official Journal of the Society for Neuroscience. 15, 

7548-7564. 

Marquardt, T., Shirasaki, R., Ghosh, S., Andrews, S.E., Carter, N., Hunter, T., 

Pfaff, S.L., 2005. Coexpressed EphA receptors and Ephrin-A ligands mediate 

opposing actions on growth cone navigation from distinct membrane domains. 

Cell. 121, 127-139. 

Marston, D.J., Dickinson, S., Nobes, C.D., 2003. Rac-dependent trans-

endocytosis of EphrinBs regulates Eph-Ephrin contact repulsion. Nature Cell 

Biology. 5, 879-888. 

313



 

 

Martin, A.M., Kuhlmann, C., Trossbach, S., Jaeger, S., Waldron, E., Roebroek, 

A., Luhmann, H.J., Laatsch, A., Weggen, S., Lessmann, V., Pietrzik, C.U., 

2008. The functional role of the second NPXY motif of the LRP1 beta-chain in 

tissue-type plasminogen activator-mediated activation of N-methyl-D-aspartate 

receptors. The Journal of Biological Chemistry. 283, 12004-12013. 

Martone, M.E., Holash, J.A., Bayardo, A., Pasquale, E.B., Ellisman, M.H., 

1997. Immunolocalization of the receptor tyrosine kinase EphA4 in the adult rat 

central nervous system. Brain Research. 771, 238-250. 

Mathews, A. &  MacLeod, C., 2005. Cognitive vulnerability to emotional 

disorders. Annual Review of Clinical Psychology. 1, 167-195. 

Matsui, T., Sekiguchi, M., Hashimoto, A., Tomita, U., Nishikawa, T., Wada, K., 

1995. Functional comparison of D-serine and glycine in rodents: the effect on 

cloned NMDA receptors and the extracellular concentration. Journal of 

Neurochemistry. 65, 454-458. 

Matsumoto-Miyai, K., Ninomiya, A., Yamasaki, H., Tamura, H., Nakamura, Y., 

Shiosaka, S., 2003. NMDA-dependent proteolysis of presynaptic adhesion 

molecule L1 in the hippocampus by neuropsin. The Journal of Neuroscience : 

The Official Journal of the Society for Neuroscience. 23, 7727-7736. 

Matsumoto-Miyai, K., Ninomiya, A., Yamasaki, H., Tamura, H., Nakamura, Y., 

Shiosaka, S., 2003. NMDA-Dependent Proteolysis of Presynaptic Adhesion 

Molecule L1 in the Hippocampus by Neuropsin. Journal of Neuroscience. 23, 

7727-7736. 

314



 

 

Matsuzaki, M., Ellis-Davies, G.C., Nemoto, T., Miyashita, Y., Iino, M., Kasai, 

H., 2001. Dendritic spine geometry is critical for AMPA receptor expression in 

hippocampal CA1 pyramidal neurons. Nature Neuroscience. 4, 1086-1092. 

Matthews, K., Christmas, D., Swan, J., Sorrell, E., 2005. Animal models of 

depression: navigating through the clinical fog. Neuroscience and 

Biobehavioral Reviews. 29, 503-513. 

Matys, T., Pawlak, R., Matys, E., Pavlides, C., McEwen, B.S., Strickland, S., 

2004. Tissue plasminogen activator promotes the effects of corticotropin-

releasing factor on the amygdala and anxiety-like behavior. Proceedings of the 

National Academy of Sciences of the United States of America. 101, 16345-

16350. 

Matys, T. &  Strickland, S., 2003. Tissue plasminogen activator and NMDA 

receptor cleavage. Nature Medicine. 9, 371-2; author reply 372-3. 

May, P., Rohlmann, A., Bock, H.H., Zurhove, K., Marth, J.D., Schomburg, E.D., 

Noebels, J.L., Beffert, U., Sweatt, J.D., Weeber, E.J., Herz, J., 2004. Neuronal 

LRP1 functionally associates with postsynaptic proteins and is required for 

normal motor function in mice. Molecular and Cellular Biology. 24, 8872-8883. 

Mayer, M.L., Westbrook, G.L., Guthrie, P.B., 1984. Voltage-dependent block 

by Mg2+ of NMDA responses in spinal cord neurones. Nature. 309, 261-263. 

Mayford, M., Bach, M.E., Huang, Y.Y., Wang, L., Hawkins, R.D., Kandel, E.R., 

1996. Control of memory formation through regulated expression of a CaMKII 

transgene. Science (New York, N.Y.). 274, 1678-1683. 

315



 

 

McAllister, W.R., McAllister, D.E., Weldin, G.H., Cohen, J.M., 1974. Intertrial 

interval effects in classically conditioned fear to a discrete conditioned stimulus 

and to situational cues. Journal of Comparative and Physiological Psychology. 

87, 582-590. 

McCarthy, J.E.G., 1998. Posttranscriptional Control of Gene Expression in 

Yeast. Microbiology and Molecular Biology Reviews. 62, 1492-1553. 

McEntee, W.J. &  Crook, T.H., 1991. Serotonin, memory, and the aging brain. 

Psychopharmacology. 103, 143-149. 

McEwen, B.S., 2000. Allostasis and allostatic load: implications for 

neuropsychopharmacology.see comment. Neuropsychopharmacology. 22, 

108-124. 

McEwen, B.S., 1999. Stress and hippocampal plasticity. Annual Review of 

Neuroscience. 22, 105-122. 

McEwen, B.S., De Kloet, E.R., Rostene, W., 1986. Adrenal steroid receptors 

and actions in the nervous system. Physiological Reviews. 66, 1121-1188. 

McHugh, S.B., Deacon, R.M., Rawlins, J.N., Bannerman, D.M., 2004. 

Amygdala and ventral hippocampus contribute differentially to mechanisms of 

fear and anxiety. Behavioral Neuroscience. 118, 63-78. 

McKittrick, C.R., Magarinos, A.M., Blanchard, D.C., Blanchard, R.J., McEwen, 

B.S., Sakai, R.R., 2000. Chronic social stress reduces dendritic arbors in CA3 

of hippocampus and decreases binding to serotonin transporter sites. Synapse 

(New York, N.Y.). 36, 85-94. 

316



 

 

Mcnally, R.J., 1997. Memory and anxiety disorders. Philosophical Transactions 

of the Royal Society of London.Series B, Biological Sciences. 352, 1755-1759. 

Medina, M.G., Ledesma, M.D., Dominguez, J.E., Medina, M., Zafra, D., 

Alameda, F., Dotti, C.G., Navarro, P., 2005. Tissue plasminogen activator 

mediates amyloid-induced neurotoxicity via Erk1/2 activation. The EMBO 

Journal. 24, 1706-1716. 

Melchor, J.P. &  Strickland, S., 2005. Tissue plasminogen activator in central 

nervous system physiology and pathology. Thrombosis and Haemostasis. 93, 

655-660. 

Menard, J. &  Treit, D., 1999. Effects of centrally administered anxiolytic 

compounds in animal models of anxiety. Neuroscience and Biobehavioral 

Reviews. 23, 591-613. 

Merino, J.J., Cordero, M.I., Sandi, C., 2000. Regulation of hippocampal cell 

adhesion molecules NCAM and L1 by contextual fear conditioning is 

dependent upon time and stressor intensity. The European Journal of 

Neuroscience. 12, 3283-3290. 

Meyer, L., Caston, J., Mensah-Nyagan, A.G., 2006. Seasonal variation of the 

impact of a stressful procedure on open field behaviour and blood 

corticosterone in laboratory mice. Behavioural Brain Research. 167, 342-348. 

Micheva, K.D., Busse, B., Weiler, N.C., O'Rourke, N., Smith, S.J., 2010. 

Single-synapse analysis of a diverse synapse population: proteomic imaging 

methods and markers. Neuron. 68, 639-653. 

317



 

 

Mineur, Y.S., Belzung, C., Crusio, W.E., 2006. Effects of unpredictable chronic 

mild stress on anxiety and depression-like behavior in mice. Behavioural Brain 

Research. 175, 43-50. 

Miranda, J.D., White, L.A., Marcillo, A.E., Willson, C.A., Jagid, J., Whittemore, 

S.R., 1999. Induction of Eph B3 after spinal cord injury. Experimental 

Neurology. 156, 218-222. 

Mirescu, C. &  Gould, E., 2006. Stress and adult neurogenesis. Hippocampus. 

16, 233-238. 

Mitra, R., Jadhav, S., McEwen, B.S., Vyas, A., Chattarji, S., 2005. Stress 

duration modulates the spatiotemporal patterns of spine formation in the 

basolateral amygdala. Proceedings of the National Academy of Sciences of 

the United States of America. 102, 9371-9376. 

Mitra, R. &  Sapolsky, R.M., 2008. Acute corticosterone treatment is sufficient 

to induce anxiety and amygdaloid dendritic hypertrophy. Proceedings of the 

National Academy of Sciences of the United States of America. 105, 5573-

5578. 

Miyauchi, T., Dworkin, S.I., Co, C., Smith, J.E., 1988. Specific effects of 

punishment on amino acids turnover in discrete rat brain regions. 

Pharmacology, Biochemistry, and Behavior. 31, 523-531. 

Mizutani, A., Saito, H., Matsuki, N., 1996. Possible involvement of plasmin in 

long-term potentiation of rat hippocampal slices. Brain Research. 739, 276-

281. 

318



 

 

Mongeau, R., Marcello, S., Andersen, J.S., Pani, L., 2007. Contrasting effects 

of diazepam and repeated restraint stress on latent inhibition in mice. 

Behavioural Brain Research. 183, 147-155. 

Montgomery, K.C. &  Monkman, J.A., 1955. The relation between fear and 

exploratory behavior. Journal of Comparative and Physiological Psychology. 

48, 132-136. 

Monyer, H., Burnashev, N., Laurie, D.J., Sakmann, B., Seeburg, P.H., 1994. 

Developmental and regional expression in the rat brain and functional 

properties of four NMDA receptors. Neuron. 12, 529-540. 

Moreno-Flores, M.T. &  Wandosell, F., 1999. Up-regulation of Eph tyrosine 

kinase receptors after excitotoxic injury in adult hippocampus. Neuroscience. 

91, 193-201. 

Morgan, M.A., Romanski, L.M., LeDoux, J.E., 1993. Extinction of emotional 

learning: contribution of medial prefrontal cortex. Neuroscience Letters. 163, 

109-113. 

Morris, J.P., Blatt, S., Powell, J.R., Strickland, D.K., Castellino, F.J., 1981. Role 

of lysine binding regions in the kinetic properties of human plasmin. 

Biochemistry. 20, 4811-4816. 

Muller, W. &  Connor, J.A., 1991. Dendritic spines as individual neuronal 

compartments for synaptic Ca2+ responses. Nature. 354, 73-76. 

319



 

 

Murai, K.K., Nguyen, L.N., Irie, F., Yamaguchi, Y., Pasquale, E.B., 2003. 

Control of hippocampal dendritic spine morphology through Ephrin-A3/EphA4 

signaling. Nature Neuroscience. 6, 153-160. 

Murai, K.K., Nguyen, L.N., Irie, F., Yamaguchi, Y., Pasquale, E.B., 2003. 

Control of hippocampal dendritic spine morphology through Ephrin-A3/EphA4 

signaling.see comment. Nature Neuroscience. 6, 153-160. 

Murai, K.K. &  Pasquale, E.B., 2004. Eph receptors, Ephrins, and synaptic 

function. Neuroscientist. 10, 304-314. 

Murai, K.K. &  Pasquale, E.B., 2003. 'Eph'ective signaling: forward, reverse 

and crosstalk. Journal of Cell Science. 116, 2823-2832. 

Nagy, V., Bozdagi, O., Matynia, A., Balcerzyk, M., Okulski, P., Dzwonek, J., 

Costa, R.M., Silva, A.J., Kaczmarek, L., Huntley, G.W., 2006. Matrix 

metalloproteinase-9 is required for hippocampal late-phase long-term 

potentiation and memory. The Journal of Neuroscience : The Official Journal of 

the Society for Neuroscience. 26, 1923-1934. 

Nakamura, Y., Tamura, H., Horinouchi, K., Shiosaka, S., 2006. Role of 

neuropsin in formation and maturation of Schaffer-collateral L1cam-

immunoreactive synaptic boutons. Journal of Cell Science. 119, 1341-1349. 

Nakazawa, T., Komai, S., Watabe, A.M., Kiyama, Y., Fukaya, M., Arima-

Yoshida, F., Horai, R., Sudo, K., Ebine, K., Delawary, M., Goto, J., Umemori, 

H., Tezuka, T., Iwakura, Y., Watanabe, M., Yamamoto, T., Manabe, T., 2006. 

320



 

 

NR2B tyrosine phosphorylation modulates fear learning as well as amygdaloid 

synaptic plasticity. EMBO Journal. 25, 2867-2877. 

Nicole, O., Docagne, F., Ali, C., Margaill, I., Carmeliet, P., MacKenzie, E.T., 

Vivien, D., Buisson, A., 2001. The proteolytic activity of tissue-plasminogen 

activator enhances NMDA receptor-mediated signaling. Nature Medicine. 7, 

59-64. 

Nishi, M., Hinds, H., Lu, H.P., Kawata, M., Hayashi, Y., 2001. Motoneuron-

specific expression of NR3B, a novel NMDA-type glutamate receptor subunit 

that works in a dominant-negative manner. The Journal of Neuroscience : The 

Official Journal of the Society for Neuroscience. 21, RC185. 

Nolt, M.J., Lin, Y., Hruska, M., Murphy, J., Sheffler-Colins, S.I., Kayser, M.S., 

Passer, J., Bennett, M.V., Zukin, R.S., Dalva, M.B., 2011. EphB controls 

NMDA receptor function and synaptic targeting in a subunit-specific manner. 

The Journal of Neuroscience : The Official Journal of the Society for 

Neuroscience. 31, 5353-5364. 

Norris, E.H. &  Strickland, S., 2007. Modulation of NR2B-regulated contextual 

fear in the hippocampus by the tissue plasminogen activator system. 

Proceedings of the National Academy of Sciences of the United States of 

America. 104, 13473-13478. 

Oka, T., Akisada, M., Okabe, A., Sakurai, K., Shiosaka, S., Kato, K., 2002. 

Extracellular serine protease neuropsin (KLK8) modulates neurite outgrowth 

and fasciculation of mouse hippocampal neurons in culture. Neuroscience 

Letters. 321, 141-144. 

321



 

 

Oka, T., Akisada, M., Okabe, A., Sakurai, K., Shiosaka, S., Kato, K., 2002. 

Extracellular serine protease neuropsin (KLK8) modulates neurite outgrowth 

and fasciculation of mouse hippocampal neurons in culture. Neuroscience 

Letters. 321, 141-144. 

Osterwalder, T., Contartese, J., Stoeckli, E.T., Kuhn, T.B., Sonderegger, P., 

1996. Neuroserpin, an axonally secreted serine protease inhibitor. The EMBO 

Journal. 15, 2944-2953. 

Pacak, K. &  Palkovits, M., 2001. Stressor specificity of central neuroendocrine 

responses: implications for stress-related disorders. Endocrine Reviews. 22, 

502-548. 

Palmer, A., Zimmer, M., Erdmann, K.S., Eulenburg, V., Porthin, A., Heumann, 

R., Deutsch, U., Klein, R., 2002. EphrinB phosphorylation and reverse 

signaling: regulation by Src kinases and PTP-BL phosphatase. Molecular Cell. 

9, 725-737. 

Pang, P.T., Teng, H.K., Zaitsev, E., Woo, N.T., Sakata, K., Zhen, S., Teng, 

K.K., Yung, W.H., Hempstead, B.L., Lu, B., 2004. Cleavage of proBDNF by 

tPA/plasmin is essential for long-term hippocampal plasticity. Science (New 

York, N.Y.). 306, 487-491. 

Pardon, M., Perez-Diaz, F., Joubert, C., Cohen-Salmon, C., 2000. Age-

dependent effects of a chronic ultramild stress procedure on open-field 

behaviour in B6D2F1 female mice. Physiology & Behavior. 70, 7-13. 

322



 

 

Pascall, J.C. &  Brown, K.D., 2004/4/23. Intramembrane cleavage of EphrinB3 

by the human rhomboid family protease, RHBDL2. Biochemical and 

Biophysical Research Communications. 317, 244-252. 

Pasquale, E.B., 2008. Eph-Ephrin bidirectional signaling in physiology and 

disease. Cell. 133, 38-52. 

Pasquale, E.B., 2005. Eph receptor signalling casts a wide net on cell 

behaviour. Nature Reviews.Molecular Cell Biology. 6, 462-475. 

Pasquale, E.B., 2004. Eph-Ephrin promiscuity is now crystal clear.comment. 

Nature Neuroscience. 7, 417-418. 

Pawlak, R., Magarinos, A.M., Melchor, J., McEwen, B., Strickland, S., 2003. 

Tissue plasminogen activator in the amygdala is critical for stress-induced 

anxiety-like behavior. Nature Neuroscience. 6, 168-174. 

Pawlak, R., Melchor, J.P., Matys, T., Skrzypiec, A.E., Strickland, S., 2005. 

Ethanol-withdrawal seizures are controlled by tissue plasminogen activator via 

modulation of NR2B-containing NMDA receptors. Proceedings of the National 

Academy of Sciences of the United States of America. 102, 443-448. 

Pawlak, R., Nagai, N., Urano, T., Napiorkowska-Pawlak, D., Ihara, H., Takada, 

Y., Collen, D., Takada, A., 2002. Rapid, specific and active site-catalyzed 

effect of tissue-plasminogen activator on hippocampus-dependent learning in 

mice. Neuroscience. 113, 995-1001. 

Pawlak, R., Rao, B.S., Melchor, J.P., Chattarji, S., McEwen, B., Strickland, S., 

2005. Tissue plasminogen activator and plasminogen mediate stress-induced 

323



 

 

decline of neuronal and cognitive functions in the mouse hippocampus. 

Proceedings of the National Academy of Sciences of the United States of 

America. 102, 18201-18206. 

Pellow, S., Chopin, P., File, S.E., Briley, M., 1985. Validation of open:closed 

arm entries in an elevated plus-maze as a measure of anxiety in the rat. 

Journal of Neuroscience Methods. 14, 149-167. 

Penzes, P., Beeser, A., Chernoff, J., Schiller, M.R., Eipper, B.A., Mains, R.E., 

Huganir, R.L., 2003. Rapid induction of dendritic spine morphogenesis by 

trans-synaptic EphrinB-EphB receptor activation of the Rho-GEF kalirin. 

Neuron. 37, 263-274. 

Phillips, R.G. &  LeDoux, J.E., 1994. Lesions of the dorsal hippocampal 

formation interfere with background but not foreground contextual fear 

conditioning. Learning & Memory (Cold Spring Harbor, N.Y.). 1, 34-44. 

Phillips, R.G. &  LeDoux, J.E., 1992. Differential contribution of amygdala and 

hippocampus to cued and contextual fear conditioning. Behavioral 

Neuroscience. 106, 274-285. 

Phillips, R.G. &  LeDoux, J.E., 1992. Differential contribution of amygdala and 

hippocampus to cued and contextual fear conditioning. Behavioral 

Neuroscience. 106, 274-285. 

Pohl, G., Kallstrom, M., Bergsdorf, N., Wallen, P., Jornvall, H., 1984. Tissue 

plasminogen activator: peptide analyses confirm an indirectly derived amino 

324



 

 

acid sequence, identify the active site serine residue, establish glycosylation 

sites, and localize variant differences. Biochemistry. 23, 3701-3707. 

Pollard, T.D. &  Borisy, G.G., 2003. Cellular motility driven by assembly and 

disassembly of actin filaments. Cell. 112, 453-465. 

Prut, L. &  Belzung, C., 2003. The open field as a paradigm to measure the 

effects of drugs on anxiety-like behaviors: a review. European Journal of 

Pharmacology. 463, 3-33. 

Qian, Z., Gilbert, M.E., Colicos, M.A., Kandel, E.R., Kuhl, D., 1993. Tissue-

plasminogen activator is induced as an immediate-early gene during seizure, 

kindling and long-term potentiation. Nature. 361, 453-457. 

Qin, H., Noberini, R., Huan, X., Shi, J., Pasquale, E.B., Song, J., 2010. 

Structural characterization of the EphA4-Ephrin-B2 complex reveals new 

features enabling Eph-Ephrin binding promiscuity. The Journal of Biological 

Chemistry. 285, 644-654. 

Quagraine, M.O., Tan, F., Tamei, H., Erdos, E.G., Skidgel, R.A., 2005. Plasmin 

alters the activity and quaternary structure of human plasma carboxypeptidase 

N. The Biochemical Journal. 388, 81-91. 

Quinlan, E.M., Philpot, B.D., Huganir, R.L., Bear, M.F., 1999. Rapid, 

experience-dependent expression of synaptic NMDA receptors in visual cortex 

in vivo. Nature Neuroscience. 2, 352-357. 

Radley, J.J., Rocher, A.B., Miller, M., Janssen, W.G., Liston, C., Hof, P.R., 

McEwen, B.S., Morrison, J.H., 2006. Repeated stress induces dendritic spine 

325



 

 

loss in the rat medial prefrontal cortex. Cerebral Cortex (New York, N.Y.: 

1991). 16, 313-320. 

Radley, J.J., Sisti, H.M., Hao, J., Rocher, A.B., McCall, T., Hof, P.R., McEwen, 

B.S., Morrison, J.H., 2004. Chronic behavioral stress induces apical dendritic 

reorganization in pyramidal neurons of the medial prefrontal cortex. 

Neuroscience. 125, 1-6. 

Rahman, S. &  Neuman, R.S., 1993. Activation of 5-HT2 receptors facilitates 

depolarization of neocortical neurons by N-methyl-D-aspartate. European 

Journal of Pharmacology. 231, 347-354. 

Rainnie, D.G., Asprodini, E.K., Shinnick-Gallagher, P., 1991. Excitatory 

transmission in the basolateral amygdala. Journal of Neurophysiology. 66, 

986-998. 

Ramos, A., 2008. Animal models of anxiety: do I need multiple tests? Trends in 

Pharmacological Sciences. 29, 493-498. 

Ramos, A. &  Mormede, P., 1998. Stress and emotionality: a multidimensional 

and genetic approach. Neuroscience and Biobehavioral Reviews. 22, 33-57. 

Rau, V. &  Fanselow, M.S., 2009. Exposure to a stressor produces a long 

lasting enhancement of fear learning in rats. Stress (Amsterdam, Netherlands). 

12, 125-133. 

Rescorla, R.A., 1968. Probability of Shock in the Presence and Absence of Cs 

in Fear Conditioning. Journal of Comparative and Physiological Psychology. 

66, 1-5. 

326



 

 

Rex, A., Fink, H., Marsden, C.A., 1994. Effects of BOC-CCK-4 and L 365.260 

on cortical 5-HT release in guinea-pigs on exposure to the elevated plus maze. 

Neuropharmacology. 33, 559-565. 

Richter-Levin, G. &  Akirav, I., 2003. Emotional tagging of memory formation--

in the search for neural mechanisms. Brain Research.Brain Research 

Reviews. 43, 247-256. 

Riedel, G., Platt, B., Micheau, J., 2003. Glutamate receptor function in learning 

and memory. Behavioural Brain Research. 140, 1-47. 

Rijken, D.C. &  Groeneveld, E., 1991. Substrate specificity of tissue-type and 

urokinase-type plasminogen activators. Biochemical and Biophysical Research 

Communications. 174, 432-438. 

Rodgers, R.J. &  Dalvi, A., 1997. Anxiety, defence and the elevated plus-maze. 

Neuroscience and Biobehavioral Reviews. 21, 801-810. 

Rodgers, R.J., Haller, J., Holmes, A., Halasz, J., Walton, T.J., Brain, P.F., 

1999. Corticosterone response to the plus-maze: high correlation with risk 

assessment in rats and mice. Physiology & Behavior. 68, 47-53. 

Rodgers, R.J. &  Johnson, N.J., 1995. Factor analysis of spatiotemporal and 

ethological measures in the murine elevated plus-maze test of anxiety. 

Pharmacology, Biochemistry, and Behavior. 52, 297-303. 

Rodrigues, S.M., LeDoux, J.E., Sapolsky, R.M., 2009. The influence of stress 

hormones on fear circuitry. Annual Review of Neuroscience. 32, 289-313. 

327



 

 

Rodrigues, S.M., Schafe, G.E., LeDoux, J.E., 2004. Molecular mechanisms 

underlying emotional learning and memory in the lateral amygdala. Neuron. 

44, 75-91. 

Rogove, A.D., Siao, C., Keyt, B., Strickland, S., Tsirka, S.E., 1999. Activation 

of microglia reveals a non-proteolytic cytokine function for tissue plasminogen 

activator in the central nervous system. Journal of Cell Science. 112 ( Pt 22), 

4007-4016. 

Roozendaal, B., 2002. Stress and memory: opposing effects of glucocorticoids 

on memory consolidation and memory retrieval. Neurobiology of Learning and 

Memory. 78, 578-595. 

Roozendaal, B., Koolhaas, J.M., Bohus, B., 1991. Attenuated cardiovascular, 

neuroendocrine, and behavioral responses after a single footshock in central 

amygdaloid lesioned male rats. Physiology & Behavior. 50, 771-775. 

Roozendaal, B., McEwen, B.S., Chattarji, S., 2009. Stress, memory and the 

amygdala. Nature Reviews.Neuroscience. 10, 423-433. 

Rose-John, S. &  Heinrich, P.C., 1994. Soluble receptors for cytokines and 

growth factors: generation and biological function. The Biochemical Journal. 

300 ( Pt 2), 281-290. 

Roth, K.A. &  Katz, R.J., 1979. Stress, behavioral arousal, and open field 

activity--a reexamination of emotionality in the rat. Neuroscience and 

Biobehavioral Reviews. 3, 247-263. 

328



 

 

Rudy, J.W. &  O'Reilly, R.C., 1999. Contextual fear conditioning, conjunctive 

representations, pattern completion, and the hippocampus. Behavioral 

Neuroscience. 113, 867-880. 

Sah, P., Faber, E.S., Lopez De Armentia, M., Power, J., 2003. The amygdaloid 

complex: anatomy and physiology. Physiological Reviews. 83, 803-834. 

Sala, C. &  Sheng, M., 1999. The fyn art of N-methyl-D-aspartate receptor 

phosphorylation. Proceedings of the National Academy of Sciences of the 

United States of America. 96, 335-337. 

Salles, F.J. &  Strickland, S., 2002. Localization and regulation of the tissue 

plasminogen activator-plasmin system in the hippocampus. The Journal of 

Neuroscience : The Official Journal of the Society for Neuroscience. 22, 2125-

2134. 

Salter, M.G. &  Fern, R., 2005. NMDA receptors are expressed in developing 

oligodendrocyte processes and mediate injury. Nature. 438, 1167-1171. 

Samson, A.L., Nevin, S.T., Croucher, D., Niego, B., Daniel, P.B., Weiss, T.W., 

Moreno, E., Monard, D., Lawrence, D.A., Medcalf, R.L., 2008. Tissue-type 

plasminogen activator requires a co-receptor to enhance NMDA receptor 

function. Journal of Neurochemistry. 107, 1091-1101. 

Sanders, M.J., Post-training and pre-training chronic stressors have 

dramatically different effects on Pavlovian fear in mice, The Society for 

Neuroscience, 2009 . 

329



 

 

Sanders, M.J., Stevens, S., Boeh, H., 2010. Stress enhancement of fear 

learning in mice is dependent upon stressor type: Effects of sex and ovarian 

hormones. Neurobiology of Learning and Memory. 94, 254-262. 

Sandi, C., Merino, J.J., Cordero, M.I., Touyarot, K., Venero, C., 2001. Effects 

of chronic stress on contextual fear conditioning and the hippocampal 

expression of the neural cell adhesion molecule, its polysialylation, and L1. 

Neuroscience. 102, 329-339. 

Sapolsky, R.M., Krey, L.C., McEwen, B.S., 1985. Prolonged glucocorticoid 

exposure reduces hippocampal neuron number: implications for aging. The 

Journal of Neuroscience : The Official Journal of the Society for Neuroscience. 

5, 1222-1227. 

Sapolsky, R.M., Zola-Morgan, S., Squire, L.R., 1991. Inhibition of 

glucocorticoid secretion by the hippocampal formation in the primate. The 

Journal of Neuroscience : The Official Journal of the Society for Neuroscience. 

11, 3695-3704. 

Sappino, A.P., Madani, R., Huarte, J., Belin, D., Kiss, J.Z., Wohlwend, A., 

Vassalli, J.D., 1993. Extracellular proteolysis in the adult murine brain. The 

Journal of Clinical Investigation. 92, 679-685. 

Sasaki, Y.F., Rothe, T., Premkumar, L.S., Das, S., Cui, J., Talantova, M.V., 

Wong, H.K., Gong, X., Chan, S.F., Zhang, D., Nakanishi, N., Sucher, N.J., 

Lipton, S.A., 2002. Characterization and comparison of the NR3A subunit of 

the NMDA receptor in recombinant systems and primary cortical neurons. 

Journal of Neurophysiology. 87, 2052-2063. 

330



 

 

Schasfoort, E.M., De Bruin, L.A., Korf, J., 1988. Mild stress stimulates rat 

hippocampal glucose utilization transiently via NMDA receptors, as assessed 

by lactography. Brain Research. 475, 58-63. 

Schiller, J., Schiller, Y., Clapham, D.E., 1998. NMDA receptors amplify calcium 

influx into dendritic spines during associative pre- and postsynaptic activation. 

Nature Neuroscience. 1, 114-118. 

Schmucker, D. &  Zipursky, S.L., 2001. Signaling downstream of Eph receptors 

and Ephrin ligands. Cell. 105, 701-704. 

Scott, D.B., Blanpied, T.A., Swanson, G.T., Zhang, C., Ehlers, M.D., 2001. An 

NMDA receptor ER retention signal regulated by phosphorylation and 

alternative splicing. The Journal of Neuroscience : The Official Journal of the 

Society for Neuroscience. 21, 3063-3072. 

Segura, I., Essmann, C.L., Weinges, S., Acker-Palmer, A., 2007. Grb4 and 

GIT1 transduce EphrinB reverse signals modulating spine morphogenesis and 

synapse formation. Nature Neuroscience. 10, 301-310. 

Segura, I., Essmann, C.L., Weinges, S., Acker-Palmer, A., 2007. Grb4 and 

GIT1 transduce EphrinB reverse signals modulating spine morphogenesis and 

synapse formation. Nature Neuroscience. 10, 301-310. 

Seiradake, E., Harlos, K., Sutton, G., Aricescu, A.R., Jones, E.Y., 2010. An 

extracellular steric seeding mechanism for Eph-Ephrin signaling platform 

assembly. Nature Structural & Molecular Biology. 17, 398-402. 

331



 

 

Selden, N.R., Robbins, T.W., Everitt, B.J., 1990. Enhanced behavioral 

conditioning to context and impaired behavioral and neuroendocrine 

responses to conditioned stimuli following ceruleocortical noradrenergic 

lesions: support for an attentional hypothesis of central noradrenergic function. 

The Journal of Neuroscience : The Official Journal of the Society for 

Neuroscience. 10, 531-539. 

Selye, H., 1956. The Stress of Life. Revised edition ed. New York: McGraw-Hill 

book co. 

Setem, J., Pinheiro, A.P., Motta, V.A., Morato, S., Cruz, A.P., 1999. 

Ethopharmacological analysis of 5-HT ligands on the rat elevated plus-maze. 

Pharmacology, Biochemistry, and Behavior. 62, 515-521. 

Shimizu, C., Yoshida, S., Shibata, M., Kato, K., Momota, Y., Matsumoto, K., 

Shiosaka, T., Midorikawa, R., Kamachi, T., Kawabe, A., Shiosaka, S., 1998. 

Characterization of recombinant and brain neuropsin, a plasticity-related serine 

protease. The Journal of Biological Chemistry. 273, 11189-11196. 

Shin, C.Y., Kundel, M., Wells, D.G., 2004. Rapid, activity-induced increase in 

tissue plasminogen activator is mediated by metabotropic glutamate receptor-

dependent mRNA translation. The Journal of Neuroscience : The Official 

Journal of the Society for Neuroscience. 24, 9425-9433. 

Shin, C.Y., Kundel, M., Wells, D.G., 2004. Rapid, activity-induced increase in 

tissue plasminogen activator is mediated by metabotropic glutamate receptor-

dependent mRNA translation. The Journal of Neuroscience : The Official 

Journal of the Society for Neuroscience. 24, 9425-9433. 

332



 

 

Shleper, M., Kartvelishvily, E., Wolosker, H., 2005. D-serine is the dominant 

endogenous coagonist for NMDA receptor neurotoxicity in organotypic 

hippocampal slices. The Journal of Neuroscience : The Official Journal of the 

Society for Neuroscience. 25, 9413-9417. 

Shors, T.J. &  Mathew, P.R., 1998. NMDA receptor antagonism in the 

lateral/basolateral but not central nucleus of the amygdala prevents the 

induction of facilitated learning in response to stress. Learning & Memory (Cold 

Spring Harbor, N.Y.). 5, 220-230. 

Silveira, M.C., Sandner, G., Graeff, F.G., 1993. Induction of Fos 

immunoreactivity in the brain by exposure to the elevated plus-maze. 

Behavioural Brain Research. 56, 115-118. 

Skrzypiec, A.E., Buczko, W., Pawlak, R., 2008. Tissue plasminogen activator 

in the amygdala: a new role for an old protease. Journal of Physiology and 

Pharmacology : An Official Journal of the Polish Physiological Society. 59 

Suppl 8, 135-146. 

Slack, S., Battaglia, A., Cibert-Goton, V., Gavazzi, I., 2008. EphrinB2 induces 

tyrosine phosphorylation of NR2B via Src-family kinases during inflammatory 

hyperalgesia. Neuroscience. 156, 175-183. 

Smith, F.M., Vearing, C., Lackmann, M., Treutlein, H., Himanen, J., Chen, K., 

Saul, A., Nikolov, D., Boyd, A.W., 2004. Dissecting the EphA3/Ephrin-A5 

interactions using a novel functional mutagenesis screen. The Journal of 

Biological Chemistry. 279, 9522-9531. 

333



 

 

Sousa, N., Almeida, O.F., Wotjak, C.T., 2006. A hitchhiker's guide to 

behavioral analysis in laboratory rodents. Genes, Brain, and Behavior. 5 Suppl 

2, 5-24. 

Sousa, N., Lukoyanov, N.V., Madeira, M.D., Almeida, O.F., Paula-Barbosa, 

M.M., 2000. Reorganization of the morphology of hippocampal neurites and 

synapses after stress-induced damage correlates with behavioral 

improvement. Neuroscience. 97, 253-266. 

Stein, E., Lane, A.A., Cerretti, D.P., Schoecklmann, H.O., Schroff, A.D., Van 

Etten, R.L., Daniel, T.O., 1998. Eph receptors discriminate specific ligand 

oligomers to determine alternative signaling complexes, attachment, and 

assembly responses. Genes & Development. 12, 667-678. 

Steiner, H., Fuchs, S., Accili, D., 1997. D3 dopamine receptor-deficient mouse: 

evidence for reduced anxiety. Physiology & Behavior. 63, 137-141. 

Strekalova, T., Spanagel, R., Bartsch, D., Henn, F.A., Gass, P., 2004. Stress-

induced anhedonia in mice is associated with deficits in forced swimming and 

exploration. Neuropsychopharmacology : Official Publication of the American 

College of Neuropsychopharmacology. 29, 2007-2017. 

Strekalova, T., Spanagel, R., Dolgov, O., Bartsch, D., 2005. Stress-induced 

hyperlocomotion as a confounding factor in anxiety and depression models in 

mice. Behavioural Pharmacology. 16, 171-180. 

334



 

 

Sufka, K.J., Feltenstein, M.W., Warnick, J.E., Acevedo, E.O., Webb, H.E., 

Cartwright, C.M., 2006. Modeling the anxiety-depression continuum hypothesis 

in domestic fowl chicks. Behavioural Pharmacology. 17, 681-689. 

Supko, D.E. &  Johnston, M.V., 1994. Dexamethasone potentiates NMDA 

receptor-mediated neuronal injury in the postnatal rat. European Journal of 

Pharmacology. 270, 105-113. 

Swiergiel, A.H. &  Dunn, A.J., 2006. Feeding, exploratory, anxiety- and 

depression-related behaviors are not altered in interleukin-6-deficient male 

mice. Behavioural Brain Research. 171, 94-108. 

Takasu, M.A., Dalva, M.B., Zigmond, R.E., Greenberg, M.E., 2002. Modulation 

of NMDA receptor-dependent calcium influx and gene expression through 

EphB receptors.see comment. Science. 295, 491-495. 

Tamura, H., Ishikawa, Y., Hino, N., Maeda, M., Yoshida, S., Kaku, S., 

Shiosaka, S., 2006. Neuropsin is essential for early processes of memory 

acquisition and Schaffer collateral long-term potentiation in adult mouse 

hippocampus in vivo. The Journal of Physiology. 570, 541-551. 

Tamura, H., Ishikawa, Y., Hino, N., Maeda, M., Yoshida, S., Kaku, S., 

Shiosaka, S., 2006. Neuropsin is essential for early processes of memory 

acquisition and Schaffer collateral long-term potentiation in adult mouse 

hippocampus in vivo. The Journal of Physiology. 570, 541-551. 

335



 

 

Tanaka, M., Kamata, R., Sakai, R., 2005. Phosphorylation of Ephrin-B1 via the 

interaction with claudin following cell-cell contact formation. EMBO Journal. 24, 

3700-3711. 

Tanaka, M., Sasaki, K., Kamata, R., Sakai, R., 2007. The C-terminus of 

Ephrin-B1 regulates metalloproteinase secretion and invasion of cancer cells. 

Journal of Cell Science. 120, 2179-2189. 

Tani, N., Matsumoto, K., Ota, I., Yoshida, S., Takada, Y., Shiosaka, S., 

Matsuura, N., 2001. Effects of fibronectin cleaved by neuropsin on cell 

adhesion and migration. Neuroscience Research. 39, 247-251. 

Theodosis, D.T., Poulain, D.A., Oliet, S.H., 2008. Activity-dependent structural 

and functional plasticity of astrocyte-neuron interactions. Physiological 

Reviews. 88, 983-1008. 

Thomas, K.R. &  Capecchi, M.R., 1987. Site-directed mutagenesis by gene 

targeting in mouse embryo-derived stem cells. Cell. 51, 503-512. 

Tolias, K.F., Bikoff, J.B., Burette, A., Paradis, S., Harrar, D., Tavazoie, S., 

Weinberg, R.J., Greenberg, M.E., 2005. The Rac1-GEF Tiam1 couples the 

NMDA receptor to the activity-dependent development of dendritic arbors and 

spines. Neuron. 45, 525-538. 

Tolias, K.F., Bikoff, J.B., Kane, C.G., Tolias, C.S., Hu, L., Greenberg, M.E., 

2007. The Rac1 guanine nucleotide exchange factor Tiam1 mediates EphB 

receptor-dependent dendritic spine development. Proceedings of the National 

Academy of Sciences of the United States of America. 104, 7265-7270. 

336



 

 

Tolias, K.F., Bikoff, J.B., Kane, C.G., Tolias, C.S., Hu, L., Greenberg, M.E., 

2007. The Rac1 guanine nucleotide exchange factor Tiam1 mediates EphB 

receptor-dependent dendritic spine development. Proceedings of the National 

Academy of Sciences of the United States of America. 104, 7265-7270. 

Tomita, T., Tanaka, S., Morohashi, Y., Iwatsubo, T., 2006. Presenilin-

dependent intramembrane cleavage of Ephrin-B1. Molecular 

Neurodegeneration. 1, 2. 

Tovar, K.R. &  Westbrook, G.L., 2002. Mobile NMDA receptors at hippocampal 

synapses. Neuron. 34, 255-264. 

Trabalza, A., Colazingari, S., Sgobio, C., Bevilacqua, A., 2012. Contextual 

learning increases dendrite complexity and EphrinB2 levels in hippocampal 

mouse neurons. Behavioural Brain Research. 227, 175-183. 

Treit, D., Menard, J., Royan, C., 1993. Anxiogenic stimuli in the elevated plus-

maze. Pharmacology, Biochemistry, and Behavior. 44, 463-469. 

Tremblay, M.E., Riad, M., Bouvier, D., Murai, K.K., Pasquale, E.B., Descarries, 

L., Doucet, G., 2007. Localization of EphA4 in axon terminals and dendritic 

spines of adult rat hippocampus. Journal of Comparative Neurology. 501, 691-

702. 

Tsien, J.Z., Chen, D.F., Gerber, D., Tom, C., Mercer, E.H., Anderson, D.J., 

Mayford, M., Kandel, E.R., Tonegawa, S., 1996. Subregion- and cell type-

restricted gene knockout in mouse brain. Cell. 87, 1317-1326. 

337



 

 

Tsirka, S.E., Rogove, A.D., Bugge, T.H., Degen, J.L., Strickland, S., 1997. An 

extracellular proteolytic cascade promotes neuronal degeneration in the 

mouse hippocampus. The Journal of Neuroscience : The Official Journal of the 

Society for Neuroscience. 17, 543-552. 

Turri, M.G., Datta, S.R., DeFries, J., Henderson, N.D., Flint, J., 2001. QTL 

analysis identifies multiple behavioral dimensions in ethological tests of anxiety 

in laboratory mice. Current Biology : CB. 11, 725-734. 

Uno, H., Tarara, R., Else, J.G., Suleman, M.A., Sapolsky, R.M., 1989. 

Hippocampal damage associated with prolonged and fatal stress in primates. 

The Journal of Neuroscience : The Official Journal of the Society for 

Neuroscience. 9, 1705-1711. 

Valentinuzzi, V.S., Buxton, O.M., Chang, A.M., Scarbrough, K., Ferrari, E.A., 

Takahashi, J.S., Turek, F.W., 2000. Locomotor response to an open field 

during C57BL/6J active and inactive phases: differences dependent on 

conditions of illumination. Physiology & Behavior. 69, 269-275. 

Van de Kar, L.D. &  Blair, M.L., 1999/1. Forebrain Pathways Mediating Stress-

Induced Hormone Secretion, Frontiers in Neuroendocrinology. 20, 1-48. 

van der Staay, F.J., Arndt, S.S., Nordquist, R.E., 2009. Evaluation of animal 

models of neurobehavioral disorders. Behavioral and Brain Functions : BBF. 5, 

11-9081-5-11. 

Varty, G.B., Morgan, C.A., Cohen-Williams, M.E., Coffin, V.L., Carey, G.J., 

2002. The gerbil elevated plus-maze I: behavioral characterization and 

338



 

 

pharmacological validation. Neuropsychopharmacology : Official Publication of 

the American College of Neuropsychopharmacology. 27, 357-370. 

Vearing, C.J. &  Lackmann, M., 2005. "Eph receptor signalling; dimerisation 

just isn't enough". Growth Factors (Chur, Switzerland). 23, 67-76. 

Venihaki, M., Sakihara, S., Subramanian, S., Dikkes, P., Weninger, S.C., 

Liapakis, G., Graf, T., Majzoub, J.A., 2004. Urocortin III, a brain neuropeptide 

of the corticotropin-releasing hormone family: modulation by stress and 

attenuation of some anxiety-like behaviours. Journal of Neuroendocrinology. 

16, 411-422. 

Vihanto, M.M., Plock, J., Erni, D., Frey, B.M., Frey, F.J., Huynh-Do, U., 2005. 

Hypoxia up-regulates expression of Eph receptors and Ephrins in mouse skin. 

The FASEB Journal : Official Publication of the Federation of American 

Societies for Experimental Biology. 19, 1689-1691. 

Vyas, A., Mitra, R., Shankaranarayana Rao, B.S., Chattarji, S., 2002. Chronic 

Stress Induces Contrasting Patterns of Dendritic Remodeling in Hippocampal 

and Amygdaloid Neurons. Journal of Neuroscience. 22, 6810-6818. 

Walf, A.A. &  Frye, C.A., 2007. The use of the elevated plus maze as an assay 

of anxiety-related behavior in rodents. Nature Protocols. 2, 322-328. 

Wall, P.M. &  Messier, C., 2001. Methodological and conceptual issues in the 

use of the elevated plus-maze as a psychological measurement instrument of 

animal anxiety-like behavior. Neuroscience and Biobehavioral Reviews. 25, 

275-286. 

339



 

 

Wang, H.U., Chen, Z.F., Anderson, D.J., 1998. Molecular distinction and 

angiogenic interaction between embryonic arteries and veins revealed by 

Ephrin-B2 and its receptor Eph-B4. Cell. 93, 741-753. 

Wang, X., Lee, S.R., Arai, K., Lee, S.R., Tsuji, K., Rebeck, G.W., Lo, E.H., 

2003. Lipoprotein receptor-mediated induction of matrix metalloproteinase by 

tissue plasminogen activator. Nature Medicine. 9, 1313-1317. 

Wang, X.B., Bozdagi, O., Nikitczuk, J.S., Zhai, Z.W., Zhou, Q., Huntley, G.W., 

2008. Extracellular proteolysis by matrix metalloproteinase-9 drives dendritic 

spine enlargement and long-term potentiation coordinately. Proceedings of the 

National Academy of Sciences of the United States of America. 105, 19520-

19525. 

Wang, Y., Ying, G.X., Liu, X., Wang, W.Y., Dong, J.H., Ni, Z.M., Zhou, C.F., 

2005. Induction of Ephrin-B1 and EphB receptors during denervation-induced 

plasticity in the adult mouse hippocampus. European Journal of Neuroscience. 

21, 2336-2346. 

Watanabe, Y., Gould, E., Cameron, H.A., Daniels, D.C., McEwen, B.S., 1992. 

Phenytoin prevents stress- and corticosterone-induced atrophy of CA3 

pyramidal neurons. Hippocampus. 2, 431-435. 

Weiland, N.G., Orchinik, M., Tanapat, P., 1997. Chronic corticosterone 

treatment induces parallel changes in N-methyl-D-aspartate receptor subunit 

messenger RNA levels and antagonist binding sites in the hippocampus. 

Neuroscience. 78, 653-662. 

340



 

 

Wiegert, O., Joels, M., Krugers, H., 2006. Timing is essential for rapid effects 

of corticosterone on synaptic potentiation in the mouse hippocampus. Learning 

& Memory (Cold Spring Harbor, N.Y.). 13, 110-113. 

Williams, K., 1996. Separating dual effects of zinc at recombinant N-methyl-D-

aspartate receptors. Neuroscience Letters. 215, 9-12. 

Wimmer-Kleikamp, S.H., Janes, P.W., Squire, A., Bastiaens, P.I.H., 

Lackmann, M., 2004. Recruitment of Eph receptors into signaling clusters does 

not require Ephrin contact. The Journal of Cell Biology. 164, 661-666. 

Xiao, D., Miller, G.M., Jassen, A., Westmoreland, S.V., Pauley, D., Madras, 

B.K., 2006. Ephrin/Eph receptor expression in brain of adult nonhuman 

primates: implications for neuroadaptation. Brain Research. 1067, 67-77. 

Xu, J., Litterst, C., Georgakopoulos, A., Zaganas, I., Robakis, N.K., 2009. 

Peptide EphB2/CTF2 generated by the gamma-secretase processing of 

EphB2 receptor promotes tyrosine phosphorylation and cell surface 

localization of N-methyl-D-aspartate receptors. The Journal of Biological 

Chemistry. 284, 27220-27228. 

Xu, Z., Lai, K.O., Zhou, H.M., Lin, S.C., Ip, N.Y., 2003. Ephrin-B1 reverse 

signaling activates JNK through a novel mechanism that is independent of 

tyrosine phosphorylation. The Journal of Biological Chemistry. 278, 24767-

24775. 

341



 

 

Yamada, K., Santo-Yamada, Y., Wada, K., 2003. Stress-induced impairment of 

inhibitory avoidance learning in female neuromedin B receptor-deficient mice. 

Physiology & Behavior. 78, 303-309. 

Yang, Y., Wang, X.B., Frerking, M., Zhou, Q., 2008. Spine expansion and 

stabilization associated with long-term potentiation. The Journal of 

Neuroscience : The Official Journal of the Society for Neuroscience. 28, 5740-

5751. 

Yeckel, M.F. &  Berger, T.W., 1990. Feedforward excitation of the 

hippocampus by afferents from the entorhinal cortex: redefinition of the role of 

the trisynaptic pathway. Proceedings of the National Academy of Sciences of 

the United States of America. 87, 5832-5836. 

Yuan, H., Vance, K.M., Junge, C.E., Geballe, M.T., Snyder, J.P., Hepler, J.R., 

Yepes, M., Low, C.M., Traynelis, S.F., 2009. The serine protease plasmin 

cleaves the amino-terminal domain of the NR2A subunit to relieve zinc 

inhibition of the N-methyl-D-aspartate receptors. The Journal of Biological 

Chemistry. 284, 12862-12873. 

Zhou, L., Martinez, S.J., Haber, M., Jones, E.V., Bouvier, D., Doucet, G., 

Corera, A.T., Fon, E.A., Zisch, A.H., Murai, K.K., 2007. EphA4 signaling 

regulates phospholipase Cgamma1 activation, cofilin membrane association, 

and dendritic spine morphology. The Journal of Neuroscience : The Official 

Journal of the Society for Neuroscience. 27, 5127-5138. 

Zhuo, M., Holtzman, D.M., Li, Y., Osaka, H., DeMaro, J., Jacquin, M., Bu, G., 

2000. Role of tissue plasminogen activator receptor LRP in hippocampal long-

342



 

 

term potentiation. The Journal of Neuroscience : The Official Journal of the 

Society for Neuroscience. 20, 542-549. 

Zimmer, M., Palmer, A., Kohler, J., Klein, R., 2003. EphB-EphrinB bi-

directional endocytosis terminates adhesion allowing contact mediated 

repulsion.see comment. Nature Cell Biology. 5, 869-878. 

Zisch, A.H., Pazzagli, C., Freeman, A.L., Schneller, M., Hadman, M., Smith, 

J.W., Ruoslahti, E., Pasquale, E.B., 2000. Replacing two conserved tyrosines 

of the EphB2 receptor with glutamic acid prevents binding of SH2 domains 

without abrogating kinase activity and biological responses. Oncogene. 19, 

177-187. 

 

343


	BK Attwood thesis
	BK Attwood thesis
	BK Attwood thesis
	Chapter 4 figures combined
	Chapter 4 figures combined
	Chapter 4 b figures post viva
	Slide Number 1
	Slide Number 2

	Chapter 4 c Figures post viva
	Slide Number 1
	Slide Number 2
	Slide Number 3

	Chapter 4 figures
	Slide Number 1
	Slide Number 2
	Slide Number 3
	Slide Number 4
	Slide Number 5
	Slide Number 6
	Slide Number 7
	Slide Number 8
	Slide Number 9
	Slide Number 10


	Chapter 4 landscape figure
	Slide Number 1


	BK Attwood thesis
	Chapter 3 figures
	Slide Number 1
	Slide Number 2
	Slide Number 3
	Slide Number 4
	Slide Number 5
	Slide Number 6
	Slide Number 7
	Slide Number 8
	Slide Number 9
	Slide Number 10
	Slide Number 11
	Slide Number 12
	Slide Number 13
	Slide Number 14

	BK Attwood thesis
	Table 2
	Slide Number 1

	BK Attwood thesis
	Complete draft 2015 post viva
	Abstract
	Acknowledgements
	Contents
	List of figures
	List of abbreviations
	Chapter 1. Introduction
	Stress and pathology
	The hippocampus
	The amygdala
	The limbic molecular mechanisms of the stress response
	Eph proteins, neuropsin and the tPA/plasminogen system and limbic stress related molecular mechanisms
	Eph Receptors and Ephrins
	Eph receptor structure
	Ephrin structure
	Eph-Ephrin binding
	Eph signalling: forward and reverse
	Ephrin reverse signalling
	The Eph receptors and hippocampal synaptic plasticity
	Eph receptors and morphological plasticity

	Neuropsin
	Expression and activation
	Role in neuronal plasticity

	The tPA Plasminogen system
	Expression and activation
	Role in neuronal plasticity

	Aims and objectives

	Chapter 2. Materials and Methods
	Cell Culture
	Western blotting, cell fractionation and immunoprecipitation
	Eph brain homogenate cleavage
	EphA4 Fc cleavage
	Animals
	Restraint stress
	qRT-PCR
	Primer design
	RNA extraction and conversion
	qRT-PCR reaction

	Immunohistochemistry
	Elevated Plus Maze
	Open Field
	Fear Conditioning
	Stereotaxic injections
	Statistics
	Materials

	Chapter 3. Eph Receptors and Neuronal Proteases
	Introduction
	Protease cleavage of Eph proteins

	Figures
	Results
	Eph receptors are cleaved by neuronal proteases
	EphA4 is cleaved by plasmin
	The plasmin cleavage site of EphA4 is close to the transmembrane domain
	EphB2 is cleaved by neuropsin
	The neuropsin cleavage site of EphB2 is close to the transmembrane domain
	In neuropsin deficient mice Stress leads to an increased membrane EphB2 level in the amygdala

	Discussion
	Summary
	Cleavage of EphA4 by plasmin
	Plasmin-mediated cleavage of EphA4 and synaptic plasticity
	A putative plasmin cleavage site in EphA4
	A putative neuropsin cleavage site in EphB2
	Shedding of the extracellular receptor domain
	The role of EphB2 and neuropsin in the early stress response
	The role of neuropsin in EphB2 gene upregulation
	The role of neuropsin in modulating EphB2 - EphrinB2 interaction


	Chapter 4. Eph receptors, their binding partners and stress
	Introduction
	Eph receptor localization
	Eph receptors and NMDA receptors
	NMDA receptors
	NMDA receptors and stress

	Figures
	Results
	Eph gene expression following stress
	Eph protein expression following stress
	EphA4 binds EphrinB2
	EphA4, EphB2 and EphrinB2 staining in the hippocampus
	EphA4 and EphrinB2 staining in the amygdala
	The EphA4 – EphrinB2 interaction is regulated by stress
	EphB2 and neuropsin co-localise in vivo
	The EphB2 and NMDA subunit interaction is regulated by stress

	Discussion
	Summary
	The Eph receptor and Ephrin gene expression changes
	Stress up-regulates the expression of EphrinB2 protein
	Composition of EphrinB2/Eph assemblies in vitro and in vivo
	Regulation of EphA4 and EphrinB2 interaction by stress
	The importance of subcellular location of Eph proteins
	The role of the EphA4-EphrinB2 interaction in synaptic plasticity
	The role of the EphA4-EphrinB2 interaction in morphological plasticity
	Co-localisation of EphB2 and Neuropsin in the amygdala
	Stress disrupts the Ephb2-NMDA interaction through neuropsin activity
	A snapshot of the dynamic membrane following stress
	The role of the EphB2-NMDA interaction in stress induced synaptic plasticity
	The regulation of NMDA receptors subunit composition
	Whole nuclei vs. circuit-specific effects
	Genetic regulation following neuropsin activity


	Chapter 5. Eph receptors and anxiety-like behaviour
	Introduction
	Animal models of psychiatric pathology
	Stress and animal behaviour
	The Elevated Plus Maze
	Stress and the Elevated Plus Maze

	The Open Field
	Fear conditioning
	Cued conditioning
	Context conditioning
	Stress and fear conditioning
	Fear conditioning using mice

	Eph receptors and behavioural tests

	Figures
	Results
	Generating adult EphrinB2 deficient mice
	The effect of EphrinB2 on anxiety-like behaviour
	The effect of EphrinB2 on fear learning and its interaction with stress
	Context conditioning
	Cued conditioning

	Disruption of anxiety by blocking EphB2 in the amygdalae of wild-type mice
	Restoration of anxiety by neuropsin delivery to the amygdala

	Discussion
	Summary
	Rationale for using conventional and conditional knock-out animal strains
	The role of EphrinB2 in anxiety-like behaviour.
	The role of locomotion in anxiety behaviour.
	The role EphrinB2 on hippocampus and amygdala dependent anxiety-like behaviour.
	The effect of stress on fear conditioning in mice
	Timing of the EphrinB2 effects in the limbic system during the development of stress-induced anxiety
	Role of the neuropsin/EphB2 pathway in the stress response
	The brain locus of the neuropsin/EphB2 effect on stress-induced anxiety
	The disruption of anxiety by interfering with the neuropsin/EphB2 pathway


	Chapter 6. Concluding remarks and future directions
	Summary
	Conclusions
	EphA4, plasmin and EphrinB2
	EphB2 and neuropsin

	Appendices
	References

	Introduction 2 figures post viva
	Slide Number 1





	Chapter 5 figures post viva
	Slide Number 1
	Slide Number 2
	Slide Number 3
	Slide Number 4
	Slide Number 5
	Slide Number 6
	Slide Number 7
	Slide Number 8
	Slide Number 9
	Slide Number 10
	Slide Number 11
	Slide Number 12
	Slide Number 13


	Appendices
	Slide Number 1
	Slide Number 2
	Slide Number 3
	Slide Number 4


	Attwood Nature paper



