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Abstract 
 

This thesis examined the effects of long-term inhibition of excitatory 

amino acid transporter 2 (EAAT2) on the excitability of dorsal horn neurons in 

defined-medium organotypic slice cultures (DMOTCs). Previous reports suggest 

that inhibition of EAAT2 may be involved in development of neuropathic pain 

induced by brain-derived neurotrophic factor (BDNF). Experiments were carried 

out using confocal Ca2+ imaging to assess the excitability of dorsal horn neurons.  

Long-term treatment with EAAT2 blocker, dihydrokainate (DHK), 

prominently increased the neuronal excitability. Long-term exposure to DHK had 

a significant effect on NMDA, AMPA and metabotropic glutamate subtype 1 

(mGluR1) receptors. Lastly, long-term treatment with BDNF and DHK increased 

activity of AMPA receptors but only DHK significantly increased activity of 

NMDA receptors. These findings suggest inhibition of EAAT2 and BDNF may 

have different pathways to promote neuropathic pain and modulating the activity 

of EAAT2 may be a novel therapeutic approach for neuropathic pain.   
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CHAPTER 1    GENERAL INTRODUCTION 
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1.1 Definition of Pain  

Pain is regarded as an unpleasant sensory and emotional experience 

associated with actual or potential tissue damage, or described in terms of such 

damage (Merskey and Spear 1967; International Association for the Study of 

Pain). It is generally classified into two categories: acute and chronic pain. Acute 

or nociceptive pain is perceived by stimulation of a subpopulation of sensory 

neurons known as nociceptors, in response to noxious stimuli (Woolf, 1991). 

This type of pain is transient and serves to protect one’s body (Woolf, 1991; 

Iadarola and Caudle, 1997). On the contrary, chronic pain, such as neuropathic 

pain, is long-lasting (lasting more than 3-6 months) and persists after the injury 

is healed thus has no physiological function (Woolf and Salter, 2000; Merskey 

and Bogduk; 1994; Woolf, 1991). Therefore this type of pain has a substantial 

impact on one’s quality of life.   

 

1.2 Nociceptive Pathways 

Pain signalling pathways begin with excitation of primary afferent 

neurons in response to noxious stimuli (Woolf, 1991; Ji and Woolf, 2001; 

Nestler et al., 2001). The primary afferent neurons relay the nociceptive 

information via a train of action potentials which are transmitted along their 

axons to the dorsal horn of the spinal cord (Nestler et al., 2001). From the dorsal 

horn, the nociceptive information ascends to various higher centres of the brain 

but mainly to brainstem, thalamus and then to cortex where the information is 

processed (Ji and Woolf, 2001; Nestler et al., 2001).   
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1.2.1 Classification of primary afferent neurons 

The primary afferent neurons which have their cell bodies located in 

dorsal root ganglia (DRG) are classified by their axonal diameter, degree of 

axonal myelination and conduction velocity (Snider and McMahon, 1998; Grudt 

and Perl, 2002; Nestler et al., 2001). Aβ fibres of large primary afferent neurons 

have diameter of 10µm or greater, are heavily myelinated and have a conduction 

velocity of 30m/s or greater (Almeida and Tufik, 2003). These fibres are low-

threshold cutaneous mechanoreceptors that respond to light touch and bending of 

hairs (Woolf and Doubell, 1994; Nestler et al., 2001). Aδ fibres of medium-sized 

neurons have diameter of 2-5µm, are thinly myelinated and a conduction 

velocity of 6-30m/s (Burgess and Perl, 1967; Nestler et al., 2001). These fibres 

are activated by high intensity mechanical or thermal stimuli (Nestler et al., 

2001). The Aδ fibres consist of high threshold mechanoreceptors and thermal 

receptors that react to high (45-53°C) and low (-15°C) temperatures (Almeida 

and Tufik, 2003). Lastly, C-fibres of small primary afferent neurons have an 

axonal diameter of 0.5-1.5µm, lack myelination and have a conduction velocity 

of 0.5-2m/s (Nestler et al., 2001; Almeida and Tufik, 2003). These fibres, known 

as the polymodal nociceptors, are activated by noxious chemical, mechanical 

and thermal stimuli (Bessou and Perl, 1969; Campero et al., 1996; Nestler et al., 

2001).     

Activated Aδ fibres in response to a noxious stimulus are responsible for 

a rapid and sharp sensation of a “first pain” (Almeida and Tufik, 2003; Nestler et 

al., 2001). C fibres propagate the nociceptive information slower than Aδ fibres 
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therefore are responsible for the sensation of “second pain” (Nestler et al., 2001; 

Almeida and Tufik, 2003).   

 

1.2.2 Dorsal Horn Structure 

The grey matter of the spinal cord is classified into 10 laminae where 

each lamina is composed of neurons with various shapes and sizes (Rexed, 1952; 

Bishop, 1980). Laminae I-VI comprise the dorsal horn which receives inputs 

from primary afferent fibres (Rexed, 1952; Nestler et al., 2001). Primary afferent 

neurons carrying nociceptive information form synapses in the dorsal horn 

neurons in laminae I, II, IV and V (Figure 1-1; Bishop, 1980; Nestler et al., 

2001).    

The superficial dorsal horn which consists of lamina I (marginal zone) 

and II (substantia gelatinosa) is an important component in processing 

nociceptive information and is the region where most Aδ and C fibres terminate 

(Bishop,1980). Lamina I neurons are primarily nociceptive and classified into 

three types (Christensen and Perl, 1970; Bishop, 1980). The lamina I nociceptive 

neurons consist of local excitatory and inhibitory interneurons and projections 

neurons which terminate in the higher centres in the brain (Dougherty et al., 

2005). It has been reported that only a small percentage of the neurons are 

projection neurons (Spike et al., 2003). In contrast, lamina II interneurons form 

excitatory and inhibitory circuits (Pearson, 1952; Santos et al., 2007, Lu and 

Perl, 2003; Lu and Perl, 2005; Zheng et al., 2010). Moreover, it has been 
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reported that some lamina II neurons project to and synapse with lamina I 

neurons (Lu and Perl, 2005).  

Lamina II neurons have been categorized into several groups according 

to the morphology and electrophysiology (Grudt and Perl, 2002; Lu et al., 2007; 

Lu et al., 2009). Islet neurons are oriented in rostro-caudal direction and the 

action potential firing pattern is characterized as a tonic discharge in response to 

a depolarizing pulse. Central neurons have moderately dense arborisation in 

rostro-caudal direction and are divided into transient and tonic central neurons. 

The transient central neurons fire action potentials briefly in the beginning 

following a depolarizing pulse whereas the tonic central neurons fire continuous 

action potentials. Vertical neurons are oriented in rostro-caudal direction and 

display either delayed or tonic action potential discharges. Lastly, radial neurons, 

whose dendrites project in all directions, display delayed firing of action 

potentials in response to a depolarization pulse. In summary, the classification of 

the lamina II neurons suggests that each group is associated with specific 

functions to modulate and integrate nociceptive inputs (Lu and Perl, 2005; Grudt 

and Perl, 2002).  

 

1.2.3. Ascending and Descending Pain Pathways 

From the dorsal horn, the nociceptive information ascends to higher 

centres such as thalamus and brainstem (Nestler et al., 2001). In primates, the 

axons of the dorsal horn neurons cross the midline and ascend in the 

anterolateral quadrant of the spinal cord (Willis, 1985). There are several 
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different ascending pathways which the axons can travel through. The pathways 

include the spinothalamic tract, spinoreticular tract, spinomesencephalic tract, 

spinocervical tract, spinohypothalamic tract, spinoparabrachial tract, spinolimbic 

tract and postsynaptic dorsal column pathway (Willis, 1985; Willis and 

Westlund, 1997; Almeida and Tufik, 2003; Nestler et al., 2001). Among these 

pathways, the spinothalamic tract is considered to be the major ascending 

pathway (Kostyuk et al., 2001). The higher centres of the brain where the axons 

terminate include periaqueductal gray (PAG), parabrachial region of the 

brainstem and various thalamic nuclei such as ventral posterior lateral nucleus 

(VPL), ventral posterior inferior nucleus (VPI), the central lateral (CL) nucleus 

and medial thalamic nucleus (Willis and Westlund, 1997). Therefore the axonal 

termination to various regions of the brain indicates that the projections can 

regulate autonomic, endocrine, motivational, affective and alerting responses 

(Almeida and Tufik, 2003).         

In contrast to the ascending pathways, descending pathways are regarded 

as the analgesic pathways which modulate nociceptive transmission (Willis and 

Westlund, 1997). The descending pathways originate from various regions 

including PAG and several nuclei of the rostral ventral medulla (RVM) such as 

the nucleus raphe magnus (NRM) and the nucleus paragigantocellularis lateralis 

(RPGL; Basbaum and Fields, 1984; Vanegas and Schaible; 2004). These 

pathways terminate in the spinal dorsal horn where they directly inhibit the 

projection neurons or modulate the activity of excitatory and inhibitory 

interneurons in the dorsal horn (Vanegas and Schaible, 2004; Fields et al., 1991). 
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1.3 Neuropathic Pain  
 

The study of neuropathic pain is one of the major challenges in the field 

of chronic pain. In the United States, up to 56 million adults (28% of adult 

population) suffer from chronic pain and 4 million of these people suffer from 

neuropathic pain (US Census Bureau, 2007; Burgoyne, 2007). Moreover, 

chronic pain exerts a burden to the society due to the costs involved. In the US, 

$150 billion are spent annually for chronic pain and $40 billion is attributed to 

neuropathic pain (Gilron and Coderre, 2007). The costs are comprised of not 

only health care resources but loss of productivity and disability compensation 

as well (Turk, 2002).  

Analgesics such as nonsteroidal anti-inflammatory drugs (NSAIDs) and 

opioids are common treatments for acute pain but they are not effective in 

neuropathic pain (Max et al., 1988; Gilron and Coderre, 2007; Arner and 

Meyerson, 1988). Despite the lack of efficacy, it has been reported that common 

analgesics are being used extensively among patients with neuropathic pain thus 

raising concerns relating to opiod dependence (Vo et al., 2009; Berger et al., 

2004). Current therapy for the management of neuropathic pain includes the 

anti-allodynic gabapentinoids, pregabalin and gabapentin, antidepressants such 

as amitriptyline and venlafaxine, dissociative anaesthetics such as ketamine and 

transient exposures to capsaicin that is thought to damage or desensitize primary 

afferent fibers (Moulin et al., 2007; Gilron et al., 2006; McCleane, 2004). 

Unfortunately, all of these treatments are associated with marked undesirable 

effects which reduce patient compliance. For example, gabapentinoids promote 



 

 
8 

drowsiness and dizziness, amitriptyline produces cardiovascular disturbances, 

ketamine produces unpleasant hallucinations and capsaicin produces marked 

acute pain (Moulin et al., 2007; Gilron et al., 2006; McCleane, 2004). Therefore, 

finding an effective treatment for neuropathic pain with minimal or no side 

effect is crucial. 

Neuropathic pain is initiated by an injury or dysfunction in the central 

(CNS) or peripheral nervous system (PNS; Merskey and Bogduk, 1994; 

International Association for the Study of Pain).  Some of the causes of 

neuropathic pain include viral infection, diabetes, autoimmune diseases and 

peripheral nerve trauma (Nestler et al., 2001; Pitcher and Henry, 2008; Chen and 

Pan, 2002; Kim et al., 1997). Common symptoms of neuropathic pain induced 

by a peripheral nerve injury include hyperalgesia, which is an enhanced response 

to a noxious stimulus, allodynia, which is a generation of painful sensation in 

response to a non-painful stimuli and causalgia, which is spontaneous burning 

pain (Kim et al., 1997; Basbaum and Woolf, 1999; Nestler et al., 2001).    

 

1.3.1 Mechanisms of Neuropathic Pain   

In neuropathic pain conditions due to neural damage, changes occur at 

molecular and cellular levels (Costigan and Woolf, 2000; Costigan et al., 2009). 

Although some of the changes that occur are adaptive (i.e. changes in the 

receptors to balance the loss of input), many of the changes are maladaptive 

(Costigan et al., 2009). Various maladaptive modifications occur following the 

neural damage (Costigan et al., 2009). One of the maladaptive changes is 
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generation of ectopic action potentials that are not initiated by a stimulus and 

results in spontaneous pain (Wall and Gutnick, 1974; Bridges et al., 2001; 

Costigan et al., 2009). It has been suggested that the spontaneous pain may occur 

from ectopic discharges in both nociceptors and low threshold myelinated Aβ 

afferents (Bostock et al., 2005; Campbell et al., 1988).  

Disinhibition is another change that occurs in neuropathic pain 

conditions. In normal conditions, dorsal horn neurons control the nociceptive 

input via γ-aminobutyric acid (GABA) and glycine (GLY) receptor-mediated 

inhibition (Costigan et al., 2009). It has been reported that a disinhibition 

mechanism is involved following peripheral nerve injury (Coull et al., 2003). 

The mechanism involves a reduction in the expression of potassium chloride 

cotransporter 2 (KCC2) in lamina I nociceptive neurons which results in a 

disruption of anion gradient (Coull et al., 2003; Price et al., 2005). The change in 

the anion gradient causes GABAA/Gly receptor-mediated postsynaptic 

depolarization of the lamina I neurons (Coull et al., 2003). Furthermore, brain-

derived neurotrophic factor (BDNF) released from activated spinal microglia in 

lamina I neurons induces downregulation of KCC2 (Coull et al., 2005).        

Moreover, hyperexcitability of dorsal horn neurons occurs following 

nerve injury and this is known as “central sensitization” (Woolf, 1983; Woolf 

and Chong, 1993; Scholz and Woolf, 2002; Bridges et al., 2001).  In addition to 

the hyperexcitability, central sensitization is also manifested by lowered 

activation thresholds of action potentials which in turn increase discharge rate of 

afferents with each stimulus and increased response to afferent inputs, known as 
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the “wind-up”, which may be responsible for development of hyperalgesia 

(Bridges et al., 2001; Costigan and Woolf, 2000; Woolf and Salter, 2000). 

Therefore, investigation of the mediators involved in central sensitization may 

be important in finding potential treatments for neuropathic pain.               

 

1.3.2 Central sensitization: chemical mediators 

 Increase in excitability of primary afferent neurons as a result of 

peripheral nerve injury promotes an increase in release of chemical mediators 

including neurotransmitters and neuropeptides (Figure 1-2; Woolf, 1991).  

Glutamate is the major neurotransmitter released from primary afferents 

(Bridges et al., 2001; Nestler et al., 2001). Furthermore, neuropeptides such as 

calcitonin-gene related peptide (CGRP) and tachykinins including substance P 

and neurokinin A are also present in the terminals of the primary afferents 

(Woolf, 1991; Nestler et al., 2001; Latremoliere and woolf, 2009). These 

neuropeptides are released by high-intensity stimulation of primary afferents 

(Nestler et al., 2001). Moreover, they are believed to participate in generation of 

central sensitization (Latremoliere and woolf, 2009). CGRP, found in subsets of 

Aδ and C fibres, enhances the actions of substance P and contributes in 

generation of central sensitization (Nestler et al., 2001; Mao et al., 1992; Sun et 

al., 2004; Sun et al., 2003). Substance P binds to neurokinin 1 (NK1) receptor 

and neurokinin A binds to neurokinin 2 (NK2) receptor (Nestler et al., 2001). 

Substance P is co-released with glutamate from nociceptive afferents, innervates 

mostly to lamina II (Nestler et al., 2001; De Biasi and Rustioni, 1988; Dougherty 
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et al., 1994; Khasabov et al., 2002). Therefore, in addition to the 

neurotransmitters, the neuropeptides released by primary afferent neurons in a 

hyperexcitated state following a peripheral nerve injury could likely result in 

modifications which could contribute to the generation of central sensitization.   

 

1.4 Brain-Derived Neurotrophic Factor (BDNF) 

 BDNF is a neurotrophin and located in terminals of nociceptive afferent 

neurons (Latremoliere and woolf, 2009). Neurotrophins are growth factors which 

maintain neuronal survival and growth (Obata and Noguchi, 2006). Other 

neurotrophins include nerve growth factor (NGF), neurotrophin-3 and 4/5 (Obata 

and Noguchi, 2006).    

 The neurotrophin receptors are divided into two categories. They are 

tropomyosin-related kinase (Trk) receptor which is a high-affinity tyrosine 

kinase receptor and p75 neurotrophin receptor (p75NTR) which is a low affinity 

receptor and a member of tumor necrosis factor receptor family (Obata and 

Noguchi, 2006; Patapoutian and Reichardt, 2001). All neurotrophins bind to 

p75NTR (Obata and Noguchi, 2006) However, not all neurotrophins bind to the 

family of Trk receptors which is classified into TrkA, TrkB and TrkC receptors 

(Obata and Noguchi, 2006). BDNF binds specifically to TrkB receptors which 

are expressed in many regions of CNS and PNS including the superficial dorsal 

horn (Patapoutian and Reichardt, 200; Bradbury et al., 1998).   

 BDNF is found and acts on numerous regions of the brain (McAllister et 

al., 1999). It is also found in nociceptive afferent neurons and synthesized in the 
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DRG and anterogradely transported to the terminals of the neurons (Obata and 

Noguchi, 2006; Michael et al., 1997; Zhou and Rush, 1996). It has been 

indicated that BDNF is co-stored with CGRP and substance P in dense-core 

vesicles and released into the dorsal horn (Salio et al. 2007; Obata and Noguchi, 

2006). Furthermore, anterograde transport of BDNF is increased following a 

nerve injury (Tonra et al., 1998).  

  After binding to TrkB receptor, BDNF activates various signalling 

pathways via extracellular-signal-regulated kinases (ERK) and protein kinase C 

(PKC; Slack et al., 2004). It has been reported that a high-frequency stimulation 

of nociceptive afferents in a specific pattern releases BDNF in the dorsal horn 

(Lever et al., 2001). BDNF released to the dorsal horn phosphorylates N-methyl-

D-aspartic acid (NMDA) receptor subunit NR1 in the dorsal horn and potentiates 

the responses of the NMDA receptors (Slack and Thompson, 2002; Kerr et al., 

1999; Slack et al., 2004). Moreover, Zou et al. (2000) have reported that the 

NR1 subunit was phosphorylated following noxious stimulation. Because of 

these findings, numerous studies have correlated BDNF with generation of 

neuropathic pain. Intrathecal injection of BDNF induced thermal hyperalgesia in 

mice (Groth and Aanonsen, 2002). Nociceptive behaviours were significantly 

attenuated after reduction of BDNF expression by the use of antisense BDNF 

oligonucleotides (Groth and Aanonsen, 2002). Furthermore, similar dorsal horn 

neuron type-specific changes were seen following long-term exposure of the 

dorsal horn neurons to BDNF and chronic constriction injury (CCI) of rat sciatic 

nerve (Lu et al., 2007; Lu et al., 2009).    
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Studies have reported that spinal microglia are activated following 

peripheral nerve injury induced by formalin injection, spinal and partial sciatic 

nerve ligation (PSNL; Fu et al., 1999; Coyle, 1998; Jin et al., 2003). Activated 

microglia synthesize and release various chemical mediators such as cytokines 

and neurotrophic factors that can act on dorsal horn neurons (Figure 1-3; Inoue, 

2006; Kreutzberg, 1996; Hanisch, 2002). It has been observed that BDNF is also 

released from activated spinal microglia following nerve injury (Dougherty et 

al., 2000; Ikeda et al., 2001; Biggs et al., 2010). Therefore BNDF has an 

important role in inducing pain signalling and eliciting central sensitization, 

resulting in a development of neuropathic pain.   

 

1.5 Glutamate Transporters 

Glutamate is an abundant amino acid and the major excitatory amino 

acid neurotransmitter in CNS (Featherstone and Shippy, 2008). It is involved in 

many processes such as cellular metabolism, synaptic plasticity and excitatory 

synaptic transmission including transmission of nociceptive information 

(Danbolt, 2001; Mayer and Westbrook, 1987; Basbaum and Woolf, 1999; 

Featherstone and Shippy, 2008). Furthermore, glutamate is involved with the 

generation of hypersensitivity after tissue injury (Danbolt, 2001). Glutamate as a 

neurotransmitter acts on glutamate receptors including NMDA, α-amino-3-

hydroxyl-5-methyl-4-isoxazole-propionate (AMPA)/kainate and metabotropic 

glutamate receptors (mGluR; Tao et al., 2005).   
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It is important to maintain extracellular glutamate concentration at a 

physiological level as excess glutamate can result in neuronal death via 

excitotoxicity (Danbolt, 2001). Resting extracellular glutamate concentration is 

less than 1µM and excitotoxicity can occur at extracellular glutamate 

concentration of 20 µM or less (Nicholls and Attwell, 1990; Bouvier et al., 1992; 

Featherstone and Shippy, 2008). Glutamate is not metabolized extracellularly, 

therefore an appropriate glutamate removal mechanism must be present to 

ensure the survival of neurons. The glutamate removal mechanism is mediated 

by a group of proteins known as glutamate transporters (Danbolt, 2001).    

 

1.5.1 Properties of glutamate transporters 

Glutamate transporters are a family of membrane transport proteins and 

responsible for glutamate uptake from the synaptic cleft (Tao et al., 2005). It is 

suggested that the glutamate transporters cotransport three Na+ ions, one H+ ion 

and countertransports one K+ ion (Zerangue and Kavanaugh, 1996). The 

transporters alternate between two conformations: the outward conformation 

exposes the glutamate-binding site to the extracellular space and the inward 

conformation flips the glutamate-binding site to the cytoplasm (Tzingounis and 

Wadiche, 2007). The two conformations are necessary for continual inward 

transport of glutamate (Tzingounis and Wadiche, 2007). It has been reported that 

the glutamate transporter is a homomeric trimer with a bowl-shaped structure 

(Yernool et al., 2004).   
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There are five isoforms of glutamate transporters: excitatory amino acid 

transporter 1 (EAAT1) which is also called glutamate/aspartate transporter 

(GLAST), excitatory amino acid transporter 2 (EAAT2), also called glutamate 

transporter-1 (GLT-1), excitatory amino acid transporter 3 (EAAT3) which is 

also known as excitatory amino acid carrier 1(EAAC1), excitatory amino acid 

transporter 4 (EAAT4) and excitatory amino acid transporter 5 (EAAT5; 

Danbolt, 2001; Storck et al., 1992; Tanaka, 1993; Pines et al., 1992; Kanai and 

Hediger, 1992; Fairman et al., 1995; Arriza et al., 1997).  

 EAAT1 and EAAT2 are expressed predominantly in glial cells. 

However, EAAT1 is more localized to Bergmann glia of cerebellum and EAAT2 

is expressed throughout forebrain, cerebellum and spinal cord (Danbolt, 2001; 

Rothstein et al., 1994). EAAT3, EAAT 4 and EAAT5 are located predominantly 

in neurons of brain and spinal cord (Rothstein et al., 1994; Kugler and Schmitt, 

1999). EAAT3 is found throughout the CNS, EAAT4 is located in mostly in 

Purkinje cells of cerebellum and EAAT5 is found in rods and bipolar cells of 

retina (Rothstein et al., 1994; Kugler and Schmitt, 1999; Dehnes et al., 1998; 

Arriza et al., 1997; Pow and Barnett, 2000).    

  

1.5.2 Glutamate transporters in nociceptive signalling pathways 

Glutamate transporters control the intensity and duration of glutamate 

receptor activation (Sung et al., 2003). It has been reported that altered 

expression of glutamate transporters can result in neurodegenerative diseases 
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such as epilepsy, amyotrophic lateral sclerosis (ALS) and stroke (Dunlop et al., 

2003; Sheldon and Robinson, 2007).  

Many studies have demonstrated the role of glutamate transporters in 

nociceptive processing. Intrathecal injection of glutamate transporter blockers 

resulted in spontaneous nociceptive behaviours and mechanical and thermal 

hyperalgesia in rats (Liaw et al., 2005; Weng et al., 2006). Moreover, topical 

application of glutamate transporter blocker onto the dorsal horn of lumbar 

spinal cord produced an increase in spontaneous nociceptive behaviours and 

evoked responses to electrical stimulation of the spinal dorsal root (Weng et al., 

2006). Riluzole, a positive regulator of glutamate transporters, significantly 

reduced thermal hyperalgesia and mechanical allodynia in CCI (Sung et al., 

2003). Therefore, the role of glutamate transporters is crucial as they prevent 

excessive activation of glutamate receptors which can lead to various 

pathological conditions (Sung et al., 2003).      

  

1.5.3 Excitatory amino acid transporter 2 (EAAT2) 

EAAT2, which is expressed mainly in astrocytes, has an important role 

in glutamate uptake and termination of synaptic transmission (Beart and O’Shea, 

2007; Robinson, 1998; Robinson and Dowd, 1997; Rothstein et al., 1996). The 

glutamate taken up by the astrocytes is converted to glutamine by glutamine 

synthetase and the glutamine is then transported into neurons (Figure 1-4; 

Sonnewald et al., 1997). EAAT2 is the major glutamate transporter in CNS and 

is responsible for 90% of glutamate uptake (Haugeto et al., 1996). In the spinal 
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cord, EAAT2 is widely distributed within the dorsal horn (Sung et al., 2003). 

Therefore, examining the actions of EAAT2 on nociceptive transmission is 

important especially in neuropathic pain conditions.         

Previous studies using various animal models have reported that 

downregulation of EAAT2 correlates with neuropathic pain conditions (Weng et 

al., 2005; Cata et al., 2006; Weng et al., 2006). The two peripheral nerve injury 

models, PSNL and CCI in rats resulted in a significantly reduced expression of 

EAAT2 in the dorsal horn (Xin et al., 2009; Sung et al., 2003). Furthermore, the 

expression of EAAT2 in the spinal cord decreased following taxol-induced 

mechanical hyperalgesia (Weng et al., 2005). Also, the spinal EAAT2 gene 

transfer via recombinant adenovirus significantly decreased mechanical 

hyperalgesia and allodynia (Maeda et al., 2008). Therefore these findings 

support that EAAT2 likely is a vital component in preventing excessive 

activation of glutamate receptors following nociceptive stimuli. This also 

indicates that downregulation of EAAT2 is likely involved in generation of 

central sensitization.         

 

1.5.4 Classification of Glutamate receptors 

Due to the action of EAAT2 in clearance of extracellular glutamate, it 

has effects on activation of the glutamate receptors including AMPA/kainate, 

NMDA and mGlu receptors (Figure 1-4). The ionotropic receptors, 

AMPA/kainate and NMDA receptors, are tetramers formed from different sets of 

subunits (Featherstone and Shippy, 2008).  
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AMPA receptors are assembled from combinations of GluR1, GluR2, 

GluR3 and GluR4 subunits and kainate receptors are formed from GluR5, 

GluR6, GluR7, KA1 and KA2 subunits (Kew and Kemp, 2005). The 

permeability to Ca2+ of AMPA receptors is controlled by the GluR2 subunit. An 

AMPA receptor that lacks GluR2 subunit is permeable to Ca2+ whereas a 

presence of GluR2 subunit prevents Ca2+ from passing through the receptor 

(Kew and Kemp, 2005).  

NMDA receptors are formed from NR1, NR2 and NR3 subunits (Kew 

and Kemp, 2005). The NR1 subunit binds to the co-agonist, glycine and NR2 

subunit binds to glutamate (Kew and Kemp, 2005). The NMDA receptor is 

highly permeable to Ca2+ and has a voltage-dependent Mg2+ block (Cull-Candy 

et al., 2001).    

Unlike the ionotropic receptors, the mGluRs are members of G-protein 

coupled receptors therefore involved in second messenger-mediated signal 

transduction pathways (Pin and Duvoisin, 1995; Kew and Kemp, 2005).There 

are eight types of mGluRs and they are divided into three “groups” (Pin and 

Duvoisin, 1995; Fagni et al., 2004). Group I mGluRs include mGluR1 and 

mGluR5 and are mainly localized post-synaptically (Fagni et al., 2004). These 

receptors couple Gq/G11 protein to phospholipase C (PLC) which then results in 

intracellular Ca2+ release (Fagni et al., 2004; Bhave et al., 2001, Nestler et al., 

2001). Group II mGluRs which consists of mGluR2 and mGluR3, and group III 

which consists of mGlu4, mGlu7 and mGlu8 are mostly found in axon terminals 

(Fagni et al., 2004). Both group II and group III receptors inhibit of adenylyl 
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cyclase activity via Gi/Go (Kew and Kemp, 2005). All of the mGluRs except 

mGluR6 which is expressed in retina are found in the CNS in both neurons and 

glia (Kew and Kemp, 2005; Nakajima et al., 1993).  

 

1.5.5 Glutamate receptors in nociceptive signalling 

Activation of the AMPA, NMDA and mGlu receptors in dorsal horn 

neurons is associated with pain transmission and chronic pain (Bleakman et al., 

2006; Nie and Weng, 2009; Aanonsen and Wilcox, 1987; Kontinen and Meert, 

2002; Davies and Watkins, 1983; Ren amd Dubner, 2007; Galik et al., 2008). All 

subunits of AMPA receptors are highly expressed in the superficial laminae of 

dorsal horn (Furuyama et al., 1993). Moreover, Ca2+-permeable AMPA receptors 

are highly expressed in the superficial laminae dorsal horn neurons (Engelman et 

al., 1999). Numerous studies have indicated that AMPA receptors are involved 

in chronic pain states. In a CCI model, intrathecal injection of AMPA receptor 

antagonist attenuated thermal hyperalgesia and mechanical allodynia (Garry et 

al., 2003). Furthermore, intraperitoneal administration of AMPA receptor 

antagonists reduced formalin and thermal-induced nociceptive behaviours 

(Nishiyama et al., 1999).   

There have been studies that reported on the role of NMDA receptors in 

chronic pain. Intraplantar and intrathecal injections of NMDA produced 

nociceptive behaviours and produced thermal hyperalgesia and mechanical 

allodynia (Zhou et al., 1996; Coderre and Melzack, 1992). Therefore, NMDA 

receptor blockers are currently used as analgesics for neuropathic pain. 
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Ketamine, a NMDA receptor antagonist and an intravenous anaesthetic, is used 

for neuropathic pain but it does not provide a high efficacy and can produce 

psychomimetic side effects (Gilron et al., 2006; Hocking and Cousins, 2003). 

Moreover, dizocilpine (MK-801), another NMDA receptor antagonist, also has 

side effects such as hallucinations and sedation (Bleakman et al., 2006).  

Studies have reported that group I mGluRs are highly expressed in 

superficial dorsal horn (Fortuhi et al., 1993; Valerio et al., 1997; Vidnyanszky et 

al., 1994). The group I mGluRs are implicated in capsaicin-induced 

hyperexcitability of spinal cord neurons (Neugebauer et al., 1999). Furthermore, 

intrathecal injection of group I mGluR agonist produced hyperalgesia and 

spontaneous nociceptive behaviours and intrathecal administration of group I 

mGluR antagonist reduced development of mechanical allodynia and cold 

hyperalgesia (Fisher and Coderre, 1998; Fisher et al., 1998). Therefore these 

results indicate that mGluRs may also be a key component in promoting central 

sensitization in addition to the ionotropic receptors.  

 

1.5.6 Effects of glutamate transporters on glutamate receptors 

 Inhibition of glutamate transporters elicits nociceptive behaviours and 

these behaviours are attenuated by NMDA and AMPA/kainate receptor 

antagonists (Liaw et al., 2005). Furthermore, inhibition of glutamate uptake 

significantly increased the amplitude and duration of mGluR-dependent slow 

excitatory postsynaptic current (EPSC) in dorsal horn neurons (Galik et al., 

2008).  It has been reported that long-term potentiation (LTP) induced by 
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NMDA receptors involves the insertion of new and/or altered AMPA receptors 

in the postsynaptic membrane (Derkach et al., 2007; Ji et al., 2008). Therefore, 

this raises the possibility that activation of NMDA receptors by inhibition of 

glutamate uptake may result in the insertion of AMPA receptors in the 

postsynaptic membrane of excitatory neurons of the dorsal horn. Since NMDA 

receptor antagonists used for neuropathic pain tend to produce side effects, as an 

alternative to the receptor antagonists, activation of glutamate transporters may 

be a potential route for treatment of neuropathic pain.  

 

1.6 Organotypic Slice Culture of Spinal Cords 

To examine the effects of long-term inhibition of EAAT2 and exposure 

to BDNF in dorsal horn neurons, the most appropriate in vitro technique had to 

be used. Acute tissue slices are easy to prepare and maintain the cytoarchitecture 

of the tissue of origin, thus they are a useful tool to study cell to cell 

communication (Gahwiler et al., 1997; Guerineau et al., 1997). However, these 

slices are short-lived therefore they are difficult to work with for long-term 

studies (Gahwiler et al., 1997; Guerineau et al., 1997). As an alternative, 

organotypic slice cultures (OTCs) were developed to enable to run both short- 

and long-term experiments (Gahwiler, 1981; Gahwiler et al., 1997; Guerineau et 

al., 1997). 

There are a numerous studies that used OTCs with different methods. 

The roller-tube method allows the culture to be maintained for several weeks 

(Gahwiler et al., 1981). The procedure for this method involves plating the slice 
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on a glass coverslip which is then placed into a culture tube with the culture 

medium. The tube is incubated in a roller drum which rotates continuously at a 

specific speed and angle to allow proper feeding and aeration. Moreover, the 

rotation enables the slice to spread and flatten thus result in a thin slice often 

with a monolayer thickness.    

The alternative “Stoppini” method involves the slice placed on a porous 

membrane at the interface between air and medium (Stoppini et al., 1991). This 

method produces similar results obtained from the roller-tube method but results 

in thicker slices. It is a simple method which preserves the organization of the 

slice and can be used for long-term studies which are comparable to the roller-

tube method.   

Although both methods are ideal for OTCs, the slices developed by the 

Stoppini method are a few layers thick and can be problematic for imaging as 

accessibility of individual neurons is difficult. Therefore, the roller-tube method 

was used to prepare organotypic spinal cord slice cultures in this project.  

  A problem that may arise with the OTCs is serum-containing medium 

(Gahwiler et al., 1997; Lu et al., 2006). Such medium contains undefined trophic 

components and cytokines which could lead to inaccurate interpretation of 

effects especially the effects following a long-term treatment with specific 

agonists or antagonists (Lu et al., 2006). Therefore, defined-medium organotypic 

slice culture (DMOTC) with serum-free medium was used in this project (Lu et 

al., 2006).   
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1.7 Hypothesis 

 Previous studies have examined the role of glutamate transporters and 

BDNF in central sensitization. They have indicated that both release of BDNF 

and downregulation of EAAT2 in the dorsal horn are associated with generation 

of central sensitization (Groth and Aanonsen, 2002; Yajima et al., 2005; 

Mannion et al., 1999; Matayoshi et al., 2005; Thompson et al., 1999; Weng et 

al., 2005; Cata et al., 2006; Weng et al., 2006; Xin et al., 2009; Sung et al., 

2003).   Preliminary data indicate that downregulation of EAAT2 occurs in a 

concentration dependent manner in presence of BDNF (Figure 1-5; unpublished 

data obtained from Kerr laboratory). This correlation reinforces the suggestion 

that downregulation of EAAT2 is involved in central sensitization induced by 

chemical mediators such as BDNF.  

Sung et al. (2003) have indicated that EAAT2 expression was 

significantly decreased from the seventh day following CCI.  Moreover, BDNF 

released into the dorsal horn remained at a high level for seven days following a 

nerve injury (Ha et al., 2001; Miletic and Miletic, 2001). Therefore, a long-term 

application of BDNF or EAAT2 blocker in the DMOTC of dorsal horn spinal 

cord was used in this project to mimic the in vivo results.  

The objective of this project was to investigate the role of EAAT2 in 

regulating the excitability of spinal dorsal horn by the application of the EAAT2 

blocker, dihydrokainate (DHK). Both acute (5 min) and chronic (5-6 d) 

treatments of DHK were performed on the DMOTC. Effects of pharmacological 

block were assessed in DHK treated neurons (chronic treatment) and activation 
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of glutamate receptors were compared in both DHK and BDNF treated neurons 

(chronic treatment).  

Similar to the changes in glutamate receptor activity in LTP, increased 

activation of NMDA receptors by inhibition of glutamate uptake may result in 

the insertion of AMPA receptors in the dorsal horn. Therefore, my hypothesis is 

that there will be an increase in the activity of specific types of the glutamate 

receptors following long-term application of DHK. Furthermore, I hypothesize 

that the long-term inhibition of EAAT2 will function similar to a long-term 

exposure to BDNF as BDNF concentration dependent downregulation of 

EAAT2 was observed (Fig 1-5). Confocal Ca2+ imaging technique was used to 

assess the excitability of dorsal horn neurons in all experiments.     
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Figure 1-1. Laminae of the dorsal horn of the spinal cord with a possible 

synaptic arrangement of Aβ, Aδ and C fibres (modified from Nestler et al., 

2001).  
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Figure 1-2. Schema of induction of central sensitization (modified from Scholz 

and Woolf, 2002).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
27 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

Figure 1-3.  BDNF released from primary afferent terminals and activated 

microglia bind to TrkB receptor in the dorsal horn neuron (modified from Scholz 

and Woolf, 2007).   
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Figure 1-4. Schema of glutamate uptake by EAAT2 and actions of glutamate on 

glutamate receptors (modified from Weinberger, 2007). 
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Figure 1-5. Western Immunoblot for EAAT2 shows concentration dependent 

downregulation of EAAT2 in spinal cord cultures following exposure to BDNF 

100 or 200ng/ml (unpublished data obtained from Kerr laboratory). 
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All experimental procedures have been approved by the University of 

Alberta Health Sciences Laboratory Animal Services Welfare Committee and 

complied with the guidelines of Canadian Council for Animal care.   

 

2.1 Defined-medium Organotypic Cultures 

The DMOTC technique was adapted and modified from previously 

published methods (Braschler et al., 1989, Gahwiler, 1981; Ballerini and 

Galante, 1998; Gahwiler, 1997). Furthermore, the DMOTC technique used in 

this project was identical with that used by Lu et al. (2006). Embryonic day 13-

14 rat fetuses were isolated by caesarean section from time-pregnant Sprague-

Dawley rats (Charles River, Saint-Constant, PQ, Canada) under 2-5% isoflurane 

anaesthesia. Euthanasia was subsequently performed on the female rats by 

cervical dislocation under the isoflurane anaesthesia. The embryonic sac was 

placed in chilled Hanks’ Balanced Salt Solution (HBSS) containing (in mM): 

138 NaCl, 5.33 KCl, 0.44 KH2PO4, 0.5 MgCl2-6H2O, 0.41 MgSO4-7H2O, 4 

NaHCO3, 0.3 Na2HPO4, 5.6 d-glucose, and 1.26 CaCl2. Sterile and aseptic 

conditions were applied throughout the rest of the procedure. Each fetus was 

removed from the embryonic sac and placed in a new dish of chilled HBSS. 

Individual fetuses were decapitated and their backs were isolated by cutting 

away hind limbs and tissues ventral to the spinal cord. Transverse spinal cord 

slices (275–325 μm) were obtained using a tissue chopper (McIlwain, St. Louis, 

MO, USA). Only lumbar slices with an intact spinal cord and two attached 
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DRGs were selected and excess ventral tissue was trimmed. Then the slices were 

kept for 1 h at 4°C in a new dish of HBSS.     

The slices were plated onto clean glass coverslips (Karl Hecht, 

Sondheim, Germany) with a clot of reconstituted chicken plasma (lyophilized, 

0.2 mg/L heparin; Cocalico Biologicals Inc., Stevens, PA, USA) and thrombin 

(200 units/ml; Sigma, St. Louis, MO, USA) and were allowed to dry for 1 h at 

20-22°C (Figure 2-1). Coverslips were inserted into flat-bottomed tissue culture 

tubes (Nunc-Nalgene International, Mississauga, Ont., Canada) filled with 1 ml 

of culture medium and then placed into a roller drum (Model # TC-8, New 

Brunswick Scientific, Edison, NJ, USA) rotating at 120 rotations per hour in a 

dry heat incubator at 36 °C (regular air-no CO2; Figure 2-2). The medium in the 

tubes was composed of 82% Dulbecco’s modified Eagle’s medium (DMEM), 

10% fetal bovine serum, and 8% sterile water to adjust osmolarity (all from 

Gibco, Grand Island, NY, USA). This medium was supplemented with 20 ng/ml 

NGF (Alomone Laboratories, Jerusalem, Israel) for the first 4 d.  Antibiotic and 

antimycotic drugs (5 units/ml penicillin G, 5 units /ml streptomycin, and 

12.5 ng/ml amphotericin B; Gibco) were also included in the medium during the 

first 4 d of culture. After the 4 d period, the slices were treated with a 10 μM 

antimitotic drug cocktail consisting of uridine, cytosine-β-d-arabino-furanoside 

(AraC), and 5-fluorodeoxyuridine (all from SIGMA) for 24 h to prevent the 

overgrowth of glial cells. During this treatment, the serum medium was halved 

with a serum-free, defined medium consisting of Neurobasal medium, 5 mM 

Glutamax-1, and N-2 supplement (all from Gibco). At the end of day 5, the 
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medium was completely exchanged to the serum-free, defined medium. The 

medium within these tubes was exchanged with freshly prepared serum-free 

medium every 4-5 d and the DMOTC slices in the culture tubes were maintained 

in the roller drum until the recordings were performed.   

 

2.2 Dihydrokainate (DHK) and BDNF Treatments  

DMOTC slices were maintained in vitro 3-4 weeks before experiments to 

allow cultures to stabilize. The DHK and BDNF treatment schedules paralleled 

previous studies (Lu et al., 2007; Lu et al., 2009) in order for the time at which 

DHK or BDNF introduced to the dorsal horn neurons would correlate with the 

time-course of BDNF elevation following nerve injury. DHK (16µM, twice the 

Kd; Tocris, Missouri, USA) or BDNF (200ng/ml; Alamone Laboratories, 

Jerusalem, Israel) was added to DMOTC medium and the medium was 

administered to DMOTC slices after 15-21 days in vitro for a period of 5-6 days. 

The recordings were performed on the 5th or 6th treatment day. The DHK or 

BDNF medium was exchanged on the 3rd treatment day (Figure 2-3). Untreated 

DMOTC slices were served as controls.    

 

2.3 Confocal Calcium Imaging      

The membrane permeable acetoxymethyl (AM) ester of the Ca2+-

sensitive dyes Fluo-4 (TEF Labs Inc. Austin, Texas, USA) or Fluo-8L 

(Cedarlane, Burlington, Ontario, Canada) were used on DMOTC slices. Fluo-4-

AM or Fluo-8L-AM dye was dissolved in a mixture of dimethyl sulfoxide 
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(DMSO) and 20% pluronic acid (Invitrogen, Burlington, Ontario, Canada) and 

made into 5 µM solution.  12 µL of 5 µM Fluo-4-AM or Fluo-8L-AM dye was 

added to a flat-bottomed tissue culture tube containing 1ml DMOTC medium 

then incubated in the roller drum for 60 min. Following the 60min incubation 

period, the DMOTC slice was placed in a recording chamber and perfused with 

external recording solution containing (in mM): 127 NaCl, 2.5 KCl, 1.2 

NaH2PO4, 1.3 MgSO4, 26 NaHCO3, 25 D-glucose, 2.5 CaCl2, at a flow rate of 4 

ml/min. A confocal microscope with an argon (488 nm) laser and filters (20X 

XLUMPlanF1-NA-0.95 objective; Olympus FV300, Markham, Ontario, 

Canada) was used to measure Ca2+-fluorescence signals. Fluorescently labelled 

dorsal horn neurons and glia were recorded at a depth of 30-60 µm. Full frame 

images (512 x 512 pixels) were recorded in a fixed x-y image plane at a scanning 

rate of 0.7-0.8 s/frame. Cell bodies of individual neurons were selected and 

fluorescence signals were produced with FluoView v. 4.3 software (Olympus). 

The neurons were selected according to the size of the cell body, presence of 

basal oscillations and responses to 35 mM K+, electrical stimulations and drugs. 

Two different methods were used to evoke Ca2+ signals in the DMOTC. The first 

method involved depolarizing neurons with a high K+ solution (35 mM, 90 s 

application), whereas the other method involved recording Ca2+ signals evoked 

by stimulation of the dorsal root entry zone or DRG.  
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2.4 Electrical Stimulation 

I have developed a multi-pulse electrical stimulation protocol to produce 

a suitable and more physiological method to evoke Ca2+ signals of neurons. A 

bipolar tungsten electrode (model number: TST33A05KT, World Precision 

Instruments, Inc., Sarasota, FL, USA) was shielded by a glass electrode tubing, 

exposing only the tip and the connector located at the end of the electrode. The 

tip of electrode was positioned on dorsal root entry zone or DRG of the DMOTC 

to evoke Ca2+ signals upon stimulations. The dorsal root entry zone or DRG was 

stimulated at 50 Hz for 5 s with a pulse width of 100 µs for all experiments. 

Stimulations were applied at twice the threshold intensity required to produce a 

detectable response and each stimulus was applied at an interval of 5 min. A 

repeated stimulus protocol was used as the responses to stimulation varied in the 

first few stimulations (Figure 2-4). The stimulations were applied up to 8 times 

and it was found that the responses were more consistent between 5th to 8th 

stimulations (Figure 2-4). Therefore the responses to 5th and 6th stimulations 

were analyzed in chronic treatment experiments.     

When the 50 Hz, 5 s stimulus protocol was compared with a 50 Hz, 1 s 

stimulus protocol (Figure 2-5) it was found that the latter produced consistent 

responses throughout the entire series of stimulations. However, the area under 

the curve and peak amplitude of the responses to 5th and 6th stimulations using 

the 50Hz, 5s protocol were similar to the responses produced by the 50Hz, 1s 

protocol. Therefore, the results suggest that although the 50Hz, 1s protocol may 
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have been a suitable protocol, the 50Hz, 5s protocol was also an appropriate 

method to evoke Ca2+ signals.          

  

2.4.1 Electrical Stimulation protocol in acute and chronic treatments 

DHK was applied acutely during a series of 4 electrical stimuli (S1-S4). 

At the end of S2, DHK (0.1 mM) dissolved in the external solution was perfused 

to the DMOTC slice for 5 min and the next 2 evoked Ca2+ signals (S3 and S4) 

were recorded.  In contrast, chronic DHK and BDNF protocols involved a series 

of 8 stimuli (S1-S8) recorded and responses to S5 and S6 were analyzed. For 

chronic DHK treatment, the concentration of DHK (16 µM, twice the Kd) was 

lower than the concentration used in acute treatments (0.1 mM) to avoid 

excitotoxicity.    

To analyze the effects of DHK on properties of NMDA receptors, D-(-)-

2-Amino-5-phosphonopentanoic acid (D-AP5; Tocris, Missouri , USA) and 6-

Cyano-7-nitroquinoxaline-2,3-dione (CNQX; Tocris, Missouri , USA) were used 

in DHK treated (5-6d) and control DMOTC slices to block NMDA and 

AMPA/Kainate receptors, respectively. External solution containing D-AP5 

(50µM) was administered at the end of 4th stimulus (S4) for 5 min and responses 

to 5th and 6th stimulations (S5 and S6, respectively) were observed. Then the 

external solution containing D-AP5 (50 µM) and CNQX (10 µM) was applied at 

the end of S6 for 5 min and the responses were recorded at 7th and 8th 

stimulations (S7 and S8, respectively).  
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To analyze the effects of DHK on properties of Ca2+-permeable AMPA 

receptors, N,N,N,-Trimethyl-5-[(tricyclo[3.3.1.13,7]dec-1-ylmethyl)amino]-1-

pentanaminiumbromide hydrobromide (IEM1460; Tocris, Missouri , USA) was 

administered at (50 µM). D-AP5 (50 µM) was administered to the external 

solution at the end of S1 to the end of the experiment to block NMDA receptors. 

External solution containing IEM1460 (50 µM) was introduced to the slices at 

the end of S4 for 5min. Then external solution with D-AP5 (50 µM) and CNQX 

(10 µM) was administered at the end of S6 for 5minutes.    

To observe the effects of DHK on mGluR subtype 1 and 5 (mGluR1 and 

mGluR5, respectively), the corresponding antagonists were used. 50 µM of 

mGluR1 antagonist, (S)-(+)-a-Amino-4-carboxy-2-methylbenzeneacetic acid (LY 

367385) or 10 µM of mGluR5 antagonist, 2-Methyl-6-(phenylethynyl)pyridine 

hydrochloride (MPEP) was dissolved in the external solution and  perfused to 

the DMOTC (untreated control or DHK treated) at the end of S4 for 5 min. To 

block NMDA and AMPA/kaniate receptors, D-AP5 (50 µM) and CNQX 

(10µM) were administered to the external solution after S1 until the end of the 

experiment.  

To investigate the effects of long-term exposure to DHK and BDNF on 

activation of glutamate receptors, a series of ionotropic and metabotropic 

receptor agonists were applied in the same order in all experiments.    
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2.5 Statistical Analysis 

Figures were produced with Origin 5.0 (OriginLab, Northamton, MA, 

USA) and graphs were produced with GraphPad Prisim 5.0 (San Diego, 

California, USA). Statistical comparisons were made using Student’s paired and 

unpaired t-tests and one-way analysis of variance (ANOVA) with Dunnett post 

hoc test (GraphPad Prisim, San Diego, California, USA). Statistical significance 

was taken as p<0.05.   
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Figure 2-1. Organotypic spinal cord slice maintained 10 d in vitro. Arrows 

indicate stimulated regions and the circles indicate region where the recordings 

were obtained (modified from Lu et al., 2006).  
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Figure 2-2. Diagram of organotypic culture preparation. Flat-bottomed tubes 

with coverslips were incubated in a roller drum (Lu et al., 2006).  
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Figure 2-3. Time course of media changes in DMOTCs and DHK and BDNF 

treatments. Pen/Strep/Amp: Antibiotic and antimycotic drugs. Ara-C/U/5FDU: 

antimitotic drug cocktail. Two DHK/BDNF treatment periods are indicated.   
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Figure 2-4. Ca2+ signals evoked in response to a series of stimuli (S1-S8) given 

to an untreated control dorsal horn neuron (50 Hz, 5 s stimulus protocol).  
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Figure 2-5. Ca2+ signals evoked in response to a series of stimuli (S1-S6) given 

to an untreated control dorsal horn neuron (50 Hz, 1 s stimulus protocol).  
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CHAPTER 3   EFFECTS OF ACUTE AND LONG-TERM 

TREATMENTS WITH DHK ON EXCITABILITY OF 

SPINAL DORSAL HORN NEURONS IN DMOTC 
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3.1 Acute application of DHK   

Two methods were used to examine the effects of acute application of 

DHK on the excitability of dorsal horn neurons. The first method involved using 

a high potassium challenge (35 mM K+ solution) to evoke Ca2+ signals.  Dorsal 

horn neurons were first stimulated with 35 mM K+ solution for 90 s (Figure 3-

1A). After a 15min K+ solution washout period, DHK (0.1 mM), dissolved in the 

35 mM K+ solution, was perfused for 90s (Figure 3-1B). The control area under 

the Ca2+ signal was 97518.8 ± 23535.9 arbitrary fluorescence units (a.u.), that in 

DHK was 93441.8 ± 23092.7 a.u.. The control peak amplitude was 555.6 ± 

110.6 a.u. and that in DHK was 423.1 ± 90.5 a.u.. The control time constant of 

decay of Ca2+ signal was 235.1 ± 52.6 s and that in DHK was 192.8 ± 32.5 s. 

Figure 3-1C and E indicated that the area under the Ca2+ signal (paired t-test, 

p>0.05), and rate of decay of Ca2+ signal (paired t-test, p>0.05) evoked by K+ in 

presence of DHK were not significantly different compared to K+ solution alone 

(n=20, 5 DMOTCs). However, the peak amplitude of Ca2+ signal (paired t-test, 

p= 0.022). 

 The second method involved using electrical stimuli to evoke Ca2+ 

signals. As described in Chapter 2, there was a series of 4 stimuli (S1-S4). To 

investigate the effects of acute application of DHK on the dorsal horn neurons, 

DHK (0.1 mM), dissolved in the external solution, was administered after S2 for 

5min (Figure 3-2A). The S1 through S4 areas under the Ca2+ signal were 7053.0 

± 909.5 a.u., 5968.5 ± 685.2 a.u., 8460.9 a.u. ± 1010.2 a.u. and 6927.8 ± 736.4 

a.u., respectively. The S1 through S4 peak amplitudes were 743.4 ± 60.3 a.u., 



 

 
77 

636.9 ± 51.6 a.u., 687.1 ±  57.9 a.u., 552.4 ± 49.2 a.u., respectively. The S1-S4 

time constant of decay were 5.9 ± 0.4 s, 5.6 ± 0.2 s, 7.8 ± 0.5 s, 7.4 ± 0.6 s, 

respectively. There was no significant change in the area under the Ca2+ signal 

(Figure 3-2F) and its peak amplitude of Ca2+ signal (Figure 3-2G) in the 

presence of DHK (n=54, 5 DMOTCs, paired t-test, p>0.05 for both area and 

peak amplitude). However, Figure 3-2H indicated that the rate of decay of the 

Ca2+ signals significantly decreased following the acute application of DHK 

(paired t-test, p= 0.0004 between S1 and S3, p= 0.0002 between S2 and S4). It is 

evident that the results obtained from the two methods are generally similar, as 

DHK fails to change the amplitude or area under the curve of K+ evoked or 

stimulus evoked Ca2+ responses. DHK did however slow the rate of decay of 

stimulus evoked responses but not that of K+ evoked responses. One possible 

explanation for this is that the Ca2+ response evoked by 35mM K+ reflects both 

opening of voltage gated Ca2+ channels and the release of excitatory 

neurotransmitters whereas, the stimulus evoked response reflects the actions of 

excitatory neurotransmitters only. The DHK induced reduction in glutamate 

uptake may therefore have a larger effect under these circumstances. It is also 

possible that the DHK had more time to equilibrate with the slice in the 

stimulation experiments when it was administered for 5min prior to the test 

stimulus. By contrast, the concurrent application of DHK and 35mM K+ may 

have not provided enough time for the drug to fully equilibrate with the tissue.  
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3.2 Chronic application of DHK 

As discussed in Chapter 2, the amplitudes of S5 to S8 displayed much 

less variability than the amplitudes of S1 to S4 therefore only S5 and S6 were 

compared and analyzed. Figure 3-3A and B illustrate three individual S5 and S6 

Ca2+ responses from untreated control (n=40, 6 DMOTCs) and DHK treated (5-

6d; n=24, 5 DMOTCs) neurons. Sample fluorescent images of dorsal horn 

neurons of control (Figure 3-3C) and DHK treated (Figure 3-3D) neurons at S5 

are shown. After chronic application of DHK, there was a significant increase in 

the area under the stimulation evoked Ca2+ signal compared to that in control 

neurons (Figure 3-3E, unpaired t-test, p=0.0016 for S5 and p=0.0029 for S6). 

The S5 control area under the Ca2+ signal was 2259.5 ± 234.6 a.u. and that in 

DHK was 5313.6 ± 1135.6 a.u.. The S6 control area was 2082.9 ± 226.7 a.u. and 

that in DHK was 3715.0.1± 566.6 a.u.. No significant changes in peak amplitude 

of Ca2+ signal were observed between untreated control and DHK treated 

neurons (Figure 3-3F, unpaired t-test, p>0.05 for both S5 and S6). The S5 

control peak amplitude was 215.0 ± 20.5 a.u. and that in DHK was 316.2 ± 72.3 

a.u.. The S6 control peak amplitude was 189.8 ± 18.2 a.u. and that in DHK was 

242.8 ± 34.4 a.u.. Chronic application of DHK resulted in a significant decrease 

the in rate of decay Ca2+ signal compared to the control neurons (Figure 3-3G, 

unpaired t-test, p=0.0015 for S5 and p=0.0074 for S6). For S5 control, the time 

constant of decay was 6.5 ± 0.5 s and that in DHK was 10.5 ± 1.4 s. For S6, the 

control, the time constant of decay was 6.5 ± 0.5 s and that in DHK was 14.4 ± 

3.6 s.   
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Figure 3-1. Acute application of DHK (35mM K+ challenge).  

A and B: Sample fluorescent Ca2+ intensity traces during 35mM K+ challenge 

(90s; A) and DHK (0.1mM) + 35mM K+ challenge (90s) which was applied 

after 15min following the K+ challenge (B). C, D and E: area under the 

fluorescence Ca2+ signal (C) evoked by the 35 mM K+  and DHK solution was 

not significantly different compared to K+ solution alone (n=20, 5 DMOTCs, 

paired t-test, p>0.05). Peak amplitude of fluorescence Ca2+ signal (D) was 

significantly increased following the application of 35 mM K+  and DHK 

solution (paired t-test, p=0.022). Time constant of decay of Ca2+ fluorescence 

signal (E) was not significantly different compared to K+ solution alone (paired 

t-test, p>0.05). Scaling is in arbitrary units (A.U.) for area under the fluorescence 

signal and peak amplitude of fluorescence signal. Scaling is in seconds (s) for 

time constant of decay. Error bars indicate S.E.M..   
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Figure 3-2. Acute application of DHK (Electrical stimuli). 

A: Electrical stimulation protocol of acute application of DHK (0.1mM). B and 

C: Staggered fluorescent Ca2+ intensity traces from three cells in the same 

DMOTC slice before application of DHK (B) and after 5min application of 

DHK (C). D and E: Sample fluorescent images of dorsal horn neurons 

stimulated before (D) and after the application of DHK (E). White scale bar is 

50µm. F,G and H: Area under the Ca2+ signals (F), peak amplitude (G) and time 

constant of decay of  Ca2+ signals (H) evoked by electrical stimulations are 

illustrated (n=54, 5 DMOTCs, paired t-test, ***p<0.001). Scaling is in arbitrary 

units (A.U.) for area under the fluorescence signal and peak amplitude of 

fluorescence signal. Scaling is in seconds (s) for time constant of decay. Error 

bars indicate S.E.M..   
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F.                                                    G.                                       
 
 

 
 
 
 
 
 

 
 
 
H. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

S1 S3 S2 S4
0

2000

4000

6000

8000

10000
A

re
a 

U
nd

er
 th

e
Fl

uo
re

sc
en

ce
 s

ig
na

l  
(a

.u
.)

S1 S3 S2 S4
0

200

400

600

800

1000

Pe
ak

 A
m

pl
itu

de
 o

f
Fl

uo
re

sc
en

ce
 s

ig
na

l (
a.

u.
)

S1 S3 S2 S4
0

2

4

6

8

10 *** ***

Ti
m

e 
co

ns
ta

nt
of

 d
ec

ay
 (s

)



 

 
84 

Figure 3-3. Chronic application of DHK. 

A and B: Staggered fluorescent Ca2+ intensity traces from three cells in the same 

DMOTC slice of untreated control (A) and  DHK treated (5-6d) dorsal horn 

neurons (B). C and D: Sample fluorescent images of dorsal horn neurons of 

control (C; n=40, 6 DMOTCs) and DHK treated (D; n=24, 5 DMOTCs) neurons. 

White scale bar is 50µm. E, F and G: Area under the Ca2+ signal (E), peak 

amplitude (F) and time constant of decay of Ca2+ signals (G) evoked by 

electrical stimulations are indicated (unpaired t-test, **p<0.01). Scaling is in 

arbitrary units (A.U.) for area under the fluorescence signal and peak amplitude 

of fluorescence signal. Scaling is in seconds (s) for time constant of decay. Error 

bars indicate S.E.M..   
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CHAPTER 4   EFFECTS OF LONG-TERM INHIBITION OF 

EAAT2 ON PHARMACOLOGY OF GLUTAMATE 

RECEPTORS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
88 

4.1 Effects of DHK on properties of NMDA receptors  

In general, the kinetics of NMDA receptor responses are slower than 

those involving AMPA or kainate receptors. This raised the possibility that the 

increase in duration and slowed rate of decay of Ca2+ responses seen in the 

presence of chronic DHK treatment reflected access of synaptically released 

glutamate to NMDA receptors. To test this possibility, the NMDA receptor 

antagonist, AP5 (50µM) was administered to untreated control (n=30, 8 

DMOTCs) and DHK treated (5-6d, n=37, 5 DMOTCs) neurons (Figure 4-1A). 

Fluorescent Ca2+ intensity traces from three neurons in the same DMOTC slice 

of untreated control and DHK treated dorsal horn neurons are illustrated (Figure 

4-1B and C). The S5-S8 responses of untreated control neurons following the 

application of AP5 followed by a combination of AP5 and the AMPA/kainate 

blocker, CNQX (10µM) were compared with another set of untreated control 

neurons that had not been treated with the antagonists (n=40, 6 DMOTCs, Figure 

4-1D-F). Furthermore, the responses of DHK treated neurons following the 

application of AP5 + CNQX were compared with the responses of DHK treated 

neurons without the antagonists (n=24, 5 DMOTCs, Figure 4-1D-F).     

No significant differences in the area under the Ca2+ signal were 

observed between the untreated control and AP5 treated groups for both S5 and 

S6  (unpaired t-test, p>0.05 for both). By contrast, AP5 significantly decreased 

the area under the Ca2+ signal responses to stimulation in DHK treated neurons 

(unpaired t-test, p=0.0067 for S5, p=0.0159 for S6). The S5 untreated control 

area under the Ca2+ signal was 2259.5 ± 234.6 a.u. and the S5 control following 



 

 
89 

the administration of AP5 was 1553.2 ± 325.3 a.u.. The S5 area under the Ca2+ 

signal of DHK treated neurons was 5313.6 ± 1135.6 a.u. and the DHK S5 

following the administration of AP5 was 2362.7 ± 420.6 a.u.. The S6 untreated 

control area under the Ca2+ signal was 2082.9 ± 226.7 a.u. and the S6 control 

following the administration of AP5 was 1481.4 ± 312.2 a.u.. The S6 area of 

DHK treated neurons was 3715.0 ± 566.6 a.u. and the DHK S6 following the 

administration of AP5 was 2068.4 ± 387.8 a.u. (Figure 4-1D).   

Figure 4-1E shows that peak amplitude of the stimulation evoked Ca2+ 

signal significantly decreased following the application of AP5 in both control 

(unpaired t-test, p<0.0001) and DHK treated neurons (unpaired t-test, p<0.0001). 

The S5 untreated control peak amplitude was 215.0 ± 20.5 a.u. and the S5 

control following the administration of AP5 was 126.4 ± 29.3 a.u.. The S5 peak 

amplitude of DHK treated neurons was 316.2 ± 71.3 a.u. and the DHK S5 

following the administration of AP5 was 136.9 ± 16.8 a.u.. The S6 untreated 

control peak amplitude of the Ca2+ signal was 189.8 ± 18.2 a.u. and the S6 

control following the administration of AP5 was 113.6 ± 20.9 a.u.. The S6 peak 

amplitude of DHK treated neurons was 242.8 ± 34.4 a.u. and the DHK S6 

following the administration of AP5 was 124.0± 13.1 a.u..  

In terms of the rate of decay, no significant differences were found 

between the two control groups (unpaired t-test, p>0.05) and the two DHK 

treated groups (Figure 4-1F, unpaired t-test, p>0.05). The S5 untreated time 

constant for decay was 6.5 ± 0.5 s and the S5 control following the 
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administration of AP5 was 7.0 ± 0.8 s. The S5 time constant for decay of DHK 

treated neurons was 10.1 ± 1.4 s and the DHK S5 following the administration of 

AP5 was 10.8 ± 1.5 s. The S6 untreated control time constant for decay of the 

Ca2+ signal was 6.5 ± 0.5 s and the S6 control following the administration of 

AP5 was 7.7 ± 1.0 s. The S6 time constant for decay of DHK treated neurons 

was 14.0 ± 3.5 s and the DHK S6 following the administration of AP5 was 11.6 

± 1.5 s.  These results indicated that there were no significant differences in the 

peak amplitude and rate of decay of the Ca2+ signals between the control and 

DHK treated dorsal horn neurons following application of AP5 (Figure 4-1E and 

F).    

Application of CNQX and AP5 at the end of S6 significantly reduced the 

area under the stimulation evoked Ca2+ signal in both control (unpaired t-test, 

p<0.001 for S7 and p<0.001 for S8) and DHK treated neurons (Figure 4-1D, 

unpaired t-test, p<0.001 for S7 and p<0.001 for S8). The S7 untreated control 

area under the Ca2+ signal was 1920.1 ± 225.9 a.u. and the S7 control following 

the administration of CNQX and AP5 was 608.6 ± 125.1 a.u.. The S8 untreated 

control area was 1854.5 ± 233.4 a.u. and the S8 control following the 

administration of CNQX and AP5 was 623.0 ± 118.6 a.u.. The S7 area of DHK 

treated neurons was 3896.2 ± 752.0 a.u. and the DHK S7 following the 

administration of AP5 was 898.6 ± 131.6 a.u.. The S8 area of DHK treated 

neurons was 2823.6 ± 515.1 a.u. and the DHK S8 following the administration 

of CNQX and AP5 was 971.8 ± 139.8 a.u..      
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 Moreover, application of CNQX and AP5 significantly reduced the peak 

amplitude of Ca2+ signal in both control (unpaired t-test, p<0.001 for S7 and 

p<0.001 for S8) and DHK treated neurons (Figure 4-1E, unpaired t-test, p<0.001 

for S7 and p<0.001 for S8). The S7 untreated control peak amplitude of Ca2+ 

signal was 177.1 ± 18.2 a.u. and the S7 control following the administration of 

CNQX and AP5 was 47.7 ± 6.5 a.u.. The S8 untreated control peak amplitude 

was 166.1 ± 17.2 a.u. and the S8 control following the administration of CNQX 

and AP5 was 50.5 ± 8.0 a.u.. The S7 peak amplitude of DHK treated neurons 

was 224.8 ± 30.8 a.u. and the DHK S7 following the administration of AP5 was 

67.9 ± 9.2 a.u.. The S8 peak amplitude of DHK treated neurons was 180.9 ± 24.8 

a.u. and the DHK S8 following the administration of CNQX and AP5 was 69.7 ± 

8.2 a.u..       

No significant differences in the time constant for decay were found 

following the application of CNQX and AP5 in both control (unpaired t-test, 

p>0.05 for S7 and S8) and DHK treated neurons (Figure 4-1F, unpaired t-test, 

p>0.05 for S7 and S8). The S7 untreated control time constant for decay of Ca2+ 

signal was 6.9 ± 0.5 s and the S7 control following the administration of CNQX 

and AP5 was 6.6 ± 0.8 s. The S8 untreated control time constant was 7.3 ± 0.7 s 

and the S8 control following the administration of CNQX and AP5 was 6.8 ± 1.0 

s. The S7 time constant for decay of DHK treated neurons was 12.0 ± 2.2 s and 

the DHK S7 following the administration of AP5 was 9.9 ± 1.6 s. The S8 time 
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constant for decay for DHK treated neurons was 16.4 ± 4.0 s and the DHK S8 

following the administration of AP5 was 10.6 ± 1.9 s. 

Therefore, the results suggested that the application of AP5 was more 

effective in DHK treated neurons. Moreover, it was observed that in both control 

and DHK treated neurons, the responses to stimulations were not completely 

eliminated by AP5 and CNQX (Figure 4-1D-F).   

 

4.2 Effects of DHK on Ca2+-permeable AMPA receptors  

It has been reported that Ca2+-permeable AMPA receptors which are 

highly expressed in lamina I and II of the dorsal horn of the spinal cord, are 

likely involved in nociceptive transmission (Bleakman et al., 2006). Therefore a 

selective blocker of Ca2+ permeable AMPA receptors, IEM1460 (50µM; Santos 

et al., 2009) was used to investigate if the expression of Ca2+-permeable AMPA 

receptors is altered following long-term inhibition of EAAT2 in dorsal horn 

neurons. 

To ensure that NMDA receptors were not activated, AP5 (50µM) was 

applied after S1 and all subsequent recordings were made in the presence of 

NMDA receptor blockade. The S5-S8 responses of untreated control neurons 

(n=29, 6 DMOTCs) following the application of IEM1460 at the end of S4 and 

CNQX (10µM) at the end of S6 were compared with another set of untreated 

control neurons that had only been treated with AP5 (n=33, 3 DMOTCs, Figure 

4-2A). Furthermore, the S5-S8 responses of DHK treated neurons (n=33, 6 

DMOTCs) following the application of the antagonists were compared with the 
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responses of DHK treated neurons with only AP5 (n=34, 4 DMOTCs, Figure 4-

2A). Typical recordings from 3 control and DHK treated (5-6d) neurons are 

illustrated (Figure 4-2B and C).   

The S5 untreated control area under the stimulation evoked Ca2+ signal 

was 872.8 ± 216.0 a.u. and the S5 control following the administration of 

IEM1460 was 1332.7 ± 337.3 a.u.. The S5 area under the Ca2+ signal of DHK 

treated neurons was 2286.0 ± 605.8 a.u. and the DHK S5 following the 

administration of IEM1460 was 855.4 ± 112.9 a.u.. Thus for S5, administration 

of IEM1460 did not significantly alter the area under the Ca2+ signal in the 

control neurons but significantly reduced the area under the Ca2+ signal in DHK 

treated neurons (Figure 4-2D, unpaired t-test, p= 0.0253). The S6 untreated 

control area under the Ca2+ signal was 729.7 ± 193.6 a.u. and the S6 control 

following the administration of IEM1460 was 997.7 ± 221.7 a.u.. The S6 area of 

DHK treated neurons was 1653.2 ± 466.4 a.u. and the DHK S6 following the 

administration of IEM1460 was 988.1 ± 137.2 a.u. (Figure 4-2D).  None of these 

changes were significant. Thus, for S6 the presence of DHK failed to alter the 

effectiveness of IEM 1469. 

The S5 untreated control peak amplitude of stimulation evoked Ca2+ 

signal was 73.6 ± 15.8 a.u. and the S5 control following the administration of 

IEM1460was 75.3 ± 13.2 a.u.. The S5 peak amplitude of DHK treated neurons 

was 95.8 ± 18.9 a.u. and the DHK S5 following the administration of IEM1460 

was 83.8 ± 11.3 a.u.. The S6 untreated control peak amplitude of Ca2+ signal was 
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58.2 ± 8.0 a.u. and the S6 control following the administration of IEM1460 was 

73.3 ± 12.4 a.u.. The S6 peak amplitude of DHK treated neurons was 77.7 ± 12.5 

a.u. and the DHK S6 following the administration of IEM1460 was 76.0 ± 9.6 

a.u. (Figure 4-2E). Thus for both S5 and S6, no significant changes in the 

amplitude of stimulus-evoked Ca2+ responses were observed following the 

application of IEM1460 in both control (unpaired t-test, p>0.05) and DHK 

treated neurons (Figure 4-2E, unpaired t-test, p>0.05).   

The S5 untreated control time constant of decay of Ca2+ signal was 8.3 ± 

0.9 s and the S5 control following the administration of IEM1460 was 11.3 ±  2.9 

s. The S5 time constant of DHK treated neurons was 11.1 ± 1.2 s and the DHK 

S5 following the administration of IEM1460 was 6.5 ± 0.4 s. The S6 untreated 

control time constant of decay was 8.1 ± 0.9 s and the S6 control following the 

administration of IEM1460 was 10.3 ± 1.8 s. The S6 time constant DHK treated 

neurons was 12.4 ± 1.8 s and the DHK S6 following the administration of 

IEM1460 was 8.0 ± 1.6 s (Figure 4-2F). Time constant of decay of S5 of DHK 

treated neurons significantly decreased after the application of IEM1460 

(unpaired t-test, p= 0.0008) but no significant differences were found in the 

control neurons (Figure 4-2F, unpaired t-test, p>0.05).  No significant changes in 

time constant were seen for S6 (Figure 4-2F, unpaired t-test, p>0.05).  

Application of CNQX and AP5 at the end of S6 significantly decreased 

the area under the Ca2+ signal in both untreated control (p< 0.001 for both S7 

and S8) and DHK treated neurons (Figure 4-2D, p< 0.001 for both S7 and S8). 
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S7 untreated control area under the Ca2+ signal was 1920.1 ± 225.9 a.u. and the 

S7 control following the administration of CNQX was 428.7 ± 109.8 a.u.. The 

S7 area under the Ca2+ signal of DHK treated neurons was 3896.2 ± 752.1 a.u. 

and the DHK S7 following the administration of CNQX was 734.7 ± 167.3 a.u.. 

The S8 untreated control area under the Ca2+ signal was 1854.5 ± 233.4 a.u. and 

the S8 control following the administration of CNQX was 621.3 ± 131.8 a.u.. 

The S8 area of DHK treated neurons was 2823.6 ± 515.1 a.u. and the DHK S8 

following the administration of CNQX was 637.7 ± 119.5 a.u..    

The S7 untreated control peak amplitude of Ca2+ signal was 177.1 ± 18.2 

a.u. and the S7 control following the administration of CNQX was 40.0 ± 8.2 

a.u.. The S7 peak amplitude of DHK treated neurons was 224.8 ± 30.8 a.u. and 

the DHK S7 following the administration of CNQX was 50.2 ± 7.5 a.u.. The S8 

untreated control peak amplitude of Ca2+ signal was 166.1 ± 17.2 a.u. and the S8 

control following the administration of CNQX was 47.8 ± 8.8 a.u.. The S8 peak 

amplitude of DHK treated neurons was 180.9 ± 24.8 a.u. and the DHK S8 

following the administration of CNQX was 50.8 ± 7.1 a.u..  

The S7 untreated control time constant of decay of Ca2+ signal was 6.9 ± 

0.5 s and the S7 control following the administration of CNQX was 5.5 ± 0.8 s. 

The S7 time constant of decay of DHK treated neurons was 12.0 ± 2.2 s and the 

DHK S7 following the administration of CNQX was 9.2 ± 2.3 s. The S8 

untreated control time constant of decay of Ca2+ signal was 7.3 ± 0.7 s and the 

S8 control following the administration of CNQX was 7.5 ± 1.0 s. The S8 time 
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constant of decay of DHK treated neurons was 16.4 ± 4.0 s and the DHK S8 

following the administration of CNQX was 5.4 ± 0.3 s.  

Thus application of CNQX and AP5 at the end of S6 significantly 

decreased the peak amplitude of Ca2+ signal (Figure 4-2E) in both control 

(unpaired t-test, p<0.001 for both S7 and S8) and DHK treated neurons 

(unpaired t-test, p<0.001 for both S7 and S8). In DHK treated neurons, the S8 

rate of decay of Ca2+ signal was significantly decreased (unpaired t-test, 

p=0.0021) but not in control neurons (Figure 4-2F, unpaired t-test, p>0.05) nor 

in either situation for S7 (Figure 4-2F, unpaired t-test, p>0.05).   

Again, the responses to electrical stimuli were not completely eliminated 

by AP5 and CNQX (Figure 4-2D-F). Overall, these results are consistent with 

the possibility that there may be a change in the pharmacological properties of 

AMPA receptors following chronic inhibition of EAAT2. Specifically, there 

might be a slight increase in the ratio of IEM1460 sensitive (Ca2+ permeable) to 

IEM1460 insensitive (Ca2+ impermeable) AMPA receptors. 

 

4.3 Effects of DHK on mGluR1 and mGluR5 

 The previous data indicate that AP5 and CNQX failed to completely 

abolish the responses to electrical stimuli. Thus these data suggest the possibility 

of involvement of other receptor types. One possibility is that some of the Ca2+ 

responses reflect activation of mGluRs, in particular mGluR1 and mGluR5 which 

signal through Gq (Fagni et al., 2004). To test this possibility, antagonists of 

mGluR1 and mGluR5 were used. LY 367385 (50µM) and MPEP (10µM) 
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dissolved in the external solution were perfused to untreated control and DHK 

treated DMOTCs to block mGluR1 and mGluR5, respectively (Salt and Turner, 

1998; Salt et al., 1999). The antagonists were administered to the DMOTCs 

between S4 and S5 for 5min (Figure 4-3A and 4-4A). AP5 (50µM) and CNQX 

(10µM) were administered to the DMOTCs after S1 to ensure the ionotropic 

receptors were blocked (Figure 4-3A and 4-4A).     

The S5-S8 responses of untreated control neurons following the 

application of LY 367385 or MPEP were compared with another set of untreated 

control  neurons that had been treated with CNQX and AP5 (n=30, 7 DMOTCs, 

Figure 4-5A-C). The responses of DHK treated neurons following the 

application of either antagonist were compared with the responses of DHK 

treated neurons with CNQX and AP5 (n=37, 5 DMOTCs, Figure 4-5A-C). All of 

the control and DHK treated S5 responses were normalized to control and DHK 

treated CNQX+AP5 responses, respectively (Figure 4-5A-C).   

Administration of the mGluR1 antagonist, LY 367385 did not 

significantly decrease the area under the Ca2+ signal, peak amplitude and time 

constant of decay of Ca2+ signals in untreated control neurons (Figure 4-5A-C, 

n=40, 3 DMOTCs, ANOVA, p>0.05 for all). By contrast, LY 367385 

significantly decreased the area under the Ca2+ signal (ANOVA, p<0.05) in 

DHK treated neurons (n=45, 4 DMOTCs, Figure 4-5A). LY 367385 did not 

significantly change the peak amplitude of Ca2+ signal (ANOVA, p>0.05) but 

significantly decreased the time constant of decay of the stimulation evoked Ca2+ 

signal (ANOVA, p<0.05) in DHK treated neurons (Figure 4-5B and C).   
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 In both untreated control (n=37, 5 DMOTCs) and DHK treated (n=33, 3 

DMOTCs) neurons, administration of the mGluR5 receptor antagonist, MPEP, 

significantly decreased the area under the Ca2+ signal (Figure 4-5A, ANOVA, 

p<0.05 for control and p<0.001 for DHK treated). Although MPEP did not 

significantly change the peak amplitude of Ca2+ signal of control neurons 

(ANOVA, p>0.05), it significantly decreased the peak amplitude of DHK treated 

neurons (Figure 4-5B, ANOVA, p<0.01). MPEP significantly decreased the time 

constant of decay in both control (ANOVA, p<0.01) and DHK treated neurons 

(Figure 4-5C, ANOVA, p<0.05). Therefore, the results suggest that contribution 

of mGluR5 does not appear to change after the DHK treatment and mGluR1 may 

be involved in generating the Ca2+ signal in DHK treated neurons.   

 

4.4 Effects of DHK and BDNF on activation of ionotropic and metabotropic 

glutamate receptors 

 To examine further the changes in various types of receptors induced by 

chronic EAAT2 inhibition and treatment with BDNF, a series of ionotropic and 

metabotropic receptor agonists were administered to untreated control (n=38, 4 

DMOTCs), DHK (n=32, 4 DMOTCs) and BDNF (n=37, 5 DMOTCs) treated 

dorsal horn neurons First, 35mM K+ solution was administered to confirm 

viability of neurons. Then, a series of agonists (90s application each), AMPA 

(10µM), NMDA (50µM), (RS)-3,5-Dihydroxyphenylglycine (DHPG; 50µM; 

Schoepp et al., 1994) and DHPG (50µM) and MPEP (10µM; Gasparini et al., 

1999), were administered to activate AMPA receptors, NMDA receptors, 
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mGluR1 and mGluR5 and only mGluR1, respectively (Figure 4-6A). 

Furthermore, each agonist was washed out for 15min prior to the subsequent 

agonist application. The mGluR agonists did not change the baseline of Ca2+ 

signals in all control, DHK and BDNF treated neurons, therefore the responses 

following the administration of those agonists were not analyzed (Figure 4-6B-

D).  

The area under the Ca2+ signals of untreated control, DHK and BDNF 

treated neurons following the administration of K+ were 32023.8 ± 3733.3 a.u., 

48432.7 ± 6142.6 a.u. and 71052.7 ± 8328.1 a.u., respectively. The area under 

the Ca2+ signals of untreated control, DHK and BDNF treated neurons following 

the application of AMPA were 60604.7 a.u. ± 7122.2 a.u., 107577.4 ± 17666.5 

a.u. and 169440.5 ± 16236.3 a.u., respectively. The area under the Ca2+ signals 

of untreated control, DHK and BDNF treated neurons following the application 

of NMDA were 14904.5 ± 2257.1 a.u., 26947.7 ± 4198.5 a.u. and 24234.3 ± 

3233.9 a.u., respectively. Application of the K+ solution significantly increased 

the area under the Ca2+ signal (ANOVA, p<0.01) and peak amplitude of Ca2+ 

signal in BDNF treated neurons compared to the control neurons (Figure 4-6E 

and F, ANOVA, p<0.01). Following the administration of AMPA, the area under 

the Ca2+ signals significantly increased in DHK (ANOVA, p<0.05) and BDNF 

(ANOVA, p<0.01) treated neurons compared to the control neurons (Figure 4-

6E). BDNF treated neurons also had significantly greater area under the Ca2+ 

signal than the DHK treated neurons (Figure 4-6E, ANOVA, p<0.01).  
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The peak amplitude of Ca2+ signals of untreated control, DHK and 

BDNF treated neurons following the administration of K+ were 264.5 ± 32.5 

a.u., 416.5 ± 51.9 a.u. and 582.2 ± 64.9 a.u., respectively. The peak amplitude of 

Ca2+ signals of untreated control, DHK and BDNF treated neurons following the 

administration of AMPA were 289.0 ± 35.7 a.u., 519.6 ± 84.6 a.u. and 636.6 ± 

62.6 a.u., respectively. The peak amplitude of Ca2+ signals of control, DHK and 

BDNF treated neurons following the administration of NMDA were 116.3 ± 

16.2 a.u., 205.0 ± 26.2 a.u. and 168.1 ± 18.7 a.u., respectively. AMPA 

significantly increased the peak amplitude of Ca2+ signal in both DHK 

(ANOVA, p<0.05) and BDNF (ANOVA, p<0.01) treated neurons compared to 

the control neurons (Figure 4-6F). NMDA significantly increased the area under 

the Ca2+ signal (ANOVA, p<0.01) and peak amplitude of Ca2+ signals (ANOVA, 

p<0.01) in DHK treated neurons but not in BDNF treated neurons (ANOVA, 

p>0.05) compared to the control neurons (Figure 4-6E and F).  

The time constant of decay of Ca2+ signals of untreated control, DHK and 

BDNF treated neurons following the application of K+ were 62.8 ± 7.7 s, 53.1 ± 

2.7 s and 75.5 ± 20.1 s, respectively. The time constant of decay of Ca2+ signals 

of untreated control, DHK and BDNF treated neurons following the 

administration of AMPA were 274.6 ± 49.7 s, 247.7 ± 50.1 s and 251.3 ± 62.9 s, 

respectively. The time constant of decay of Ca2+ signals of untreated control, 

DHK and BDNF treated neurons following the application of NMDA were 75.0 

± 15.0 s, 64.4 ± 7.7 s and 111.1 ± 20.7 s, respectively. No significant differences 

were found in terms of the rate of decay of Ca2+ signals in both DHK and BDNF 
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treated neurons following the application of K+ , AMPA and NMDA (Figure 4-

6G, ANOVA, p>0.05 for all).   

Although both DHK and BDNF increased Ca2+ signals in response to 

AMPA, the effects of DHK and BDNF were different as only BDNF 

significantly increased Ca2+ signals following administration of K+ and only 

DHK significantly increased Ca2+ signals following administration of NMDA.    
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Figure 4-1. Effects of DHK on properties of NMDA receptors.  

A: Electrical stimulation protocol of application of AP5 (50µM) and CNQX 

(10µM) and AP5. AP5 was administered after S4 for 5min and CNQX and AP5 

were administered after S6 for 5min. B and C: Staggered fluorescent Ca2+ 

intensity traces from three dorsal horn neurons in the same untreated control (B) 

and DHK treated (C, 5-6d) DMOTC slice. D-F: S5 to S8 of area under the Ca2+ 

signals (D), peak amplitude (E) and time constant of decay of Ca2+ signals (F) 

evoked by electrical stimulations are indicated (unpaired t-test, *p<0.05, 

**p<0.01, ***p<0.001). S5-S8 of untreated control neurons (n=30, 8 DMOTCs) 

following the application of AP5 and a combination of AP5 and CNQX were 

compared with another set of untreated control neurons that had not been treated 

with the antagonists (n=40, 6 DMOTCs) which are indicated as the “Control” 

bars in D-F. S5-S8 of DHK treated neurons (n=37, 5 DMOTCs) following the 

application of the antagonists were compared with the responses of DHK treated 

neurons without the antagonists (n=24, 5 DMOTCs) which are indicated as the 

“DHK” bars in D-F. Scaling is in arbitrary units (A.U.) for area under the 

fluorescence signal and peak amplitude of fluorescence signal. Scaling is in 

seconds (s) for time constant of decay. Error bars indicate S.E.M..   
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Figure 4-1 

A.                                                                                          AP5 (50 µM) +                                                          
                                                              AP5 (50 µM)            CNQX (10 µM) 
 
                                                                  5 min                         5 min 
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Figure 4-2. Effects of DHK on Ca2+ permeable AMPA receptors.  

A: Electrical stimulation protocol of application of IEM 1460 (50µM). AP5 

(50µM) was administered after S1 to block NMDA receptors. IEM 1460 was 

administered after S4 for 5min and CNQX (10µM) was administered after S6 for 

5min. B and C: Staggered fluorescent Ca2+ intensity traces from three dorsal 

horn neurons in the same untreated control (B, n=29, 6 DMOTCs) and DHK 

treated (C, 5-6d, n=33, 6 DMOTCs) DMOTC slice. D-F: S5 to S8 of area under 

the fluorescence Ca2+ signals (D), peak amplitude (E) and time constant of decay 

of fluorescence Ca2+ signals (F) evoked by electrical stimulations are indicated 

(unpaired t-test, *p<0.05, **p<0.01 ***p<0.001). S5-S8 of untreated control 

neurons following the application of IEM 1460 and CNQX were compared with 

another set of untreated control neurons that had been treated with AP5 (n=33, 3 

DMOTCs) which are indicated as the “AP5” bars in D-F. S5-S8 of DHK treated 

neurons following the application of the antagonists were compared with the 

responses of DHK treated neurons applied with AP5 (n=34, 4 DMOTCs) which 

are indicated as the “DHK+AP5” bars in D-F. Scaling is in arbitrary units (A.U.) 

for area under the fluorescence signal and peak amplitude of fluorescence signal. 

Scaling is in seconds (s) for time constant of decay. Error bars indicate S.E.M..    
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Figure 4-2 
 
A.                                                               AP5 (50 µM) 
 
                                                             
                                                         IEM1460 (50 µM)        CNQX (10 µM) 
 
                                                                 5 min                         5 min 

  
 
 
 
      S1            S2           S3           S4             S5           S6           S7            S8 
 
 
 
B.  Control 

    S1         S2       S3            S4      S5             S6       S7              S8 

     
 
 
 
 
 
 
 
C.  DHK treated (16µM)    
         
    S1            S2       S3           S4        S5             S6      S7            S8 
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Figure 4-3. LY 367385 application protocol 

A: Electrical stimulation protocol of application of LY 367385 (50µM). AP5 

(50µM) and CNQX (10µM) were administered after S1 to block NMDA and 

AMPA/kanaite receptors, respectively. LY 367385 was administered after S4 for 

5min. B and C: Staggered fluorescent Ca2+ intensity traces from three dorsal 

horn neurons in the same untreated control (B, n=30, 7 DMOTCs) and DHK 

treated (C, 5-6d, n=37, 5 DMOTCs) DMOTC slice. The peaks of S1 (DHK 

treated) are off the scale thus, they are not shown (C). 
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Figure 4-3 
 
A.                                              AP5 (50 µM) + CNQX (10 µM) 
          
                                                                                                                                                            
                                                        LY 367385 (50 µM)             
 
                                                                 5 min                          

 
 
 
 
      S1            S2           S3           S4             S5           S6           S7            S8 

 
 
B.  Control 
     

     S1             S2       S3            S4      S5             S6      S7            S8 

 
 
 
 
 

 

C.  DHK treated (5-6d) 

     S1                S2     S3              S4     S5              S6       S7             S8 
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20 a.u.

50 s
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Figure 4-4. MPEP application protocol 

A: Electrical stimulation protocol of application of MPEP (10µM). AP5 (50µM) 

and CNQX (10µM) were administered after S1 to block NMDA and 

AMPA/kanaite receptors, respectively. MPEP was administered after S4 for 

5min. B and C: Staggered fluorescent Ca2+ intensity traces from three dorsal 

horn neurons in the same untreated control (B, n=37, 5 DMOTCs) and DHK 

treated (C, 5-6d, n=33, 3 DMOTCs) DMOTC slice. The peaks of S1 are off the 

scale thus, they are not shown (B and C). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
113 

Figure 4-4 
 
A.                                              AP5 (50 µM) + CNQX (10 µM) 
          
                                                                                                                                                            
                                                           MPEP (10 µM)             
 
                                                                 5 min                          

  
 
 
 
      S1            S2           S3           S4             S5           S6           S7            S8 

 
 
 
B.   Control 
 
       S1             S2       S3              S4    S5             S6      S7              S8 

 
 
 
 
 

 

C.  DHK treated (5-6d) 

   S1              S2       S3             S4      S5             S6       S7            S8 
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Figure 4-5. Effects of DHK on mGluR1 and mGluR5  

A-C: S5 area under the Ca2+ signal (A), peak amplitude (B) and time constant of 

decay of fluorescence Ca2+ signals (C) evoked by electrical stimulations 

following application of LY 367385 (50µM) and MPEP (10µM) are indicated 

(ANOVA, *p<0.05, **p<0.01, ***p<0.001).  All of the control and DHK treated 

S5 responses were normalized to control (n=30, 7 DMOTCs) and DHK treated 

(n=37, 5 DMOTCs) CNQX+AP5 responses, respectively. Error bars indicate 

S.E.M..    
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Figure 4-6. Effects of DHK and BDNF on ionotropic and metabotropic 

glutamate receptors 

A: Ionotropic and metabotropic receptor agonist application protocol is 

illustrated to examine agonist-evoked Ca2+ signals. A series of 35mM K+, 

AMPA (10µM), NMDA (50µM), DHPG (50µM) and DHPG (50µM) and MPEP 

(10µM) were applied to untreated control (n=38, 4 DMOTCs), DHK (n=32, 4 

DMOTCs) and BDNF (n=37, 5 DMOTCs) treated dorsal horn neurons. B-D: 

Sample fluorescent Ca2+ intensity traces from three dorsal horn neurons in the 

same untreated control (B), DHK (C) and BDNF treated (D) DMOTC slice. 

Each agonist was washed out for 15min prior to the subsequent agonist 

administration. E: Comparisons of area under the Ca2+ signal responses of 

control, DHK and BDNF treated neurons following the application of 35mM K+, 

AMPA and NMDA (ANOVA, *p<0.05, **p<0.01). F: Comparisons of peak 

amplitude of Ca2+ signal responses of control, DHK and BDNF treated neurons 

following the application of 35mM K+, AMPA and NMDA (ANOVA, *p<0.05, 

**p<0.01). G. Comparisons of time constant of decay of Ca2+ signal responses of 

control, DHK and BDNF treated neurons following the application of 35mM K+, 

AMPA and NMDA (ANOVA, p>0.05). Scaling is in arbitrary units (A.U.) for 

area under the fluorescence signal and peak amplitude of fluorescence signal. 

Scaling is in seconds (s) for time constant of decay. Error bars indicate S.E.M..   
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Figure 4-6 
 
A.  
 
 
 
 
    35mM K+                   AMPA                 NMDA                 DHPG              DHPG (50 µM)  
                                                                                                               +MPEP (10 µM) 
     (90 s)             (10 µM; 90 s)     (50 µM; 90 s)       (50 µM; 90 s)           (90 s)  
 
 
 
B.  Control 
 
         K+                   AMPA           NMDA                 DHPG           DHPG+MPEP 
 
 
 
 
 
 
 
 
C.  DHK treated (16µM) 
 
 
 
 
 
 
 
 
 
 
D.  BDNF treated (20ng/ml) 
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100 a.u.

60s
100 a.u.

60s
100 a.u.



 

 
118 

NMDA (50uM)

Control DHK BDNF
0

50

100

150

AMPA (10uM)

Control DHK BDNF
0

100

200

300

400

NMDA (50uM)

Control DHK BDNF
0

50

100

150

200

250
**

AMPA (10uM)

Control DHK BDNF
0

200

400

600

800 **
*

35mM K+

Control DHK BDNF
0

200

400

600

800 **

Pe
ak

 A
m

pl
itu

de
 o

f
Fl

uo
re

sc
en

ce
 s

ig
na

l (
a.

u.
)

NMDA (50uM)

Control DHK BDNF
0

10000

20000

30000

40000 *

AMPA (10uM)

Control DHK BDNF
0

50000

100000

150000

200000
**

*

**

35mM K+

Control DHK BDNF
0

20000

40000

60000

80000

100000 **
A

re
a 

U
nd

er
 th

e
Fl

uo
re

sc
en

ce
 s

ig
na

l (
a.

u.
)

E. Area under the fluorescence Ca2+ signal  
 
 
 
 
 
 
 
 
 
 
 
 
 
F. Peak amplitude of fluorescence Ca2+ signal  
 
 
 
  
 
 
 
 
 
 
 
 
G.  Time constant of decay  
 
 
 

 
 

 
 
 

 

 

 

 

 

35mM K+

Control DHK BDNF
0

50

100

150

Ti
m

e 
co

ns
ta

nt
of

 d
ec

ay
 (s

)



 

 
119 

4.5 References 
 
Fagni L, Ango F, Perroy J, & Bockaert J (2004). Identification and functional 

roles of metabotropic glutamate receptor-interacting proteins. Semin Cell 

Dev Biol 15, 289-298. 

Gasparini F, Lingenhohl K, Stoehr N, Flor PJ, Heinrich M, Vranesic I, Biollaz 

M, Allgeier H, Heckendorn R, Urwyler S, Varney MA, Johnson EC, 

Hess SD, Rao SP, Sacaan AI, Santori EM, Velicelebi G, & Kuhn R 

(1999). 2-Methyl-6-(phenylethynyl)-pyridine (MPEP), a potent, selective 

and systemically active mGlu5 receptor antagonist. Neuropharmacology 

38, 1493-1503. 

Salt TE, Binns KE, Turner JP, Gasparini F, & Kuhn R (1999). Antagonism of 

the mGlu5 agonist 2-chloro-5-hydroxyphenylglycine by the novel 

selective mGlu5 antagonist 6-methyl-2-(phenylethynyl)-pyridine (MPEP) 

in the thalamus. Br J Pharmacol 127, 1057-1059. 

Salt TE & Turner JP (1998). Reduction of sensory and metabotropic glutamate 

receptor responses in the thalamus by the novel metabotropic glutamate 

receptor-1-selective antagonist S-2-methyl-4-carboxy-phenylglycine. 

Neuroscience 85, 655-658. 

Santos SF, Luz LL, Szucs P, Lima D, Derkach VA, & Safronov BV (2009). 

Transmission efficacy and plasticity in glutamatergic synapses formed by 



 

 
120 

excitatory interneurons of the substantia gelatinosa in the rat spinal cord. 

PLoS One 4, e8047. 

Schoepp DD, Goldsworthy J, Johnson BG, Salhoff CR, & Baker SR (1994). 3,5-

dihydroxyphenylglycine is a highly selective agonist for 

phosphoinositide-linked metabotropic glutamate receptors in the rat 

hippocampus. J Neurochem 63, 769-772. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
121 

 
 
 

CHAPTER 5   GENERAL DISCUSSION AND CONCLUSIONS  
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 5.1 Summary of Results   

The principal findings of this thesis project were that long-term inhibition 

of EAAT2 results in significant changes in the Ca2+ signals and activity of 

glutamate receptors in spinal dorsal horn neurons. No significant changes were 

observed following acute application of DHK via 35mM K+ challenge method 

although the electrical stimulation method produced a significant increase in the 

time constant of decay of Ca2+ signal of dorsal horn neurons. In contrast, chronic 

treatment with DHK produced significant increase in area under the Ca2+ signal 

and time constant of decay of Ca2+ signal of dorsal horn neurons.  

NMDA receptors appeared to have more prominent effects in terms of 

the area under the Ca2+ signal and AMPA receptors appeared to have greater 

effects on the area under the Ca2+ signal and time constant of decay of Ca2+ 

signal in DHK treated neurons. Although no significant changes were observed 

in Ca2+ signals mediated by mGluR5, significant changes in the area under the 

Ca2+ signal and time constant of decay of Ca2+ signal mediated by mGluR1 were 

found in DHK treated neurons compared to the control neurons. Ca2+ signals of 

DHK and BDNF treated neurons were significantly increased in response to 

application of AMPA. However, only chronic DHK treatment significantly 

increased Ca2+ signals following application of NMDA, therefore suggesting that 

the effects of chronic DHK and BDNF treatments may not the same. Moreover, 

mGluR1 and mGluR5 did not appear to have a significant role in both DHK and 

BDNF treated neurons as indicated by the lack of responses following 

administration of mGluR1 and mGluR5 agonists. Overall, these results suggest 
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that there may be changes in the pharmacological properties of mGluR1, NMDA 

and AMPA receptors in the dorsal horn neurons following long-term inhibition 

of EAAT2.  

 
5.2 Long-term treatment with DHK increases excitability of dorsal horn 

neurons  

Following nerve injury, chemical mediators are released including BDNF 

(Woolf, 1991; Latremoliere and Woolf, 2009). Because the concentration of 

BDNF is elevated for several days subsequent to the injury (Cho et al.1998; 

Dougherty et al. 2000), studies have demonstrated that long-term exposure of 

BDNF to spinal dorsal horn neurons produces similar effects seen with CCI and 

significantly increases the area under the Ca2+ signal and peak amplitude of Ca2+ 

signal of dorsal horn neurons (Lu et al., 2007, Lu et al., 2009). The current 

project indicated that acute (5 min) application of DHK did not appear to affect 

the Ca2+ signals of dorsal horn neurons prominently. Thus acute administration 

of DHK likely does not correspond to the effects seen following a nerve injury. 

In contrast, long-term treatment with DHK in this project was carried out to 

correlate the time-course of the increased level of BDNF due to nerve injury and 

significantly modulated the excitability of the dorsal horn neurons similar to the 

results obtained by chronic treatment with BDNF (Lu et al., 2007; Lu et al., 

2009).  

The results from the present study indicated that although area and 

duration of the neuronal excitability were increased, the DHK treatment failed to 

increase peak amplitude of Ca2+ signal to a similar extent (Figure 3-3E,F and G). 
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One possibility for the lack of change in amplitude may be due to activation of 

presynaptic autoreceptors such as group II and III mGluRs. Upon activation, the 

autoreceptors suppress further release of glutamate from presynaptic terminals 

(Nester et al., 2001). Weng et al. (2007) have found that amplitudes of EPSC of 

substantia gelatinosa neurons were decreased with strong synaptic input after 

perfusion with DHK and suggested the cause as excess glutamate spilling over to 

presynaptic terminals, resulting in an activation of autoreceptors. Moreover, in 

hippocampal and spinal cord neurons, inhibition of glutamate transporters 

decreased EPSC amplitudes and the reduction was partially reversed after 

introducing mGluR II and III antagonists (Maki et al., 1994; Bird et al., 2001).  

Another possibility is desensitization of postsynaptic AMPA receptors. 

Currents mediated by AMPA receptors have rapid onset and decay and the 

receptors desensitize rapidly (Nestler et al., 2001; Edmonds et al., 1995). Weng 

et al. (2007) have reported that administration of glutamate transporter blocker in 

presence of cyclothiazide (CTZ), which relieves AMPA receptors from 

desensitization, resulted in reversal of reduction in the amplitude of EPSP. 

Therefore, peak amplitude of Ca2+ signal of dorsal horn neurons by impairment 

of EAAT2 in this study may have been influenced by activation of presynaptic 

autoreceptors and desensitization of AMPA receptors.    
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5.3 Activity of NMDA receptors increases following long-term exposure to 

DHK  

In this study, AP5 decreased area under the Ca2+ signal and peak 

amplitude of Ca2+ signal to a greater extent in DHK treated neurons (Figure 4-

1D and E). Also, application of NMDA increased area under the Ca2+ signal and 

peak amplitude of Ca2+ signal of DHK treated neurons thereby indicating that 

long-term exposure to DHK has effects on NMDA receptors (Figure 4-6E and 

F). The involvement of NMDA receptors in chronic pain including neuropathic 

pain is well known (Bleakman et al., 2006; Nie and Weng, 2009). Inhibition of 

glutamate transporters contributes to increased activity of NMDA receptors as 

blockade of glutamate transporters in the dorsal horn increases rate of 

spontaneous EPSCs (sEPSCs) by activation of NMDA receptors (Thomson et 

al., 2006). Nie and Weng (2009) have reported that impaired glutamate 

transporters caused an increased amplitude and duration of NMDA EPSCs 

evoked by primary afferent inputs. Therefore, these support and are consistent 

with the results from this study, indicating that chronic exposure to DHK 

increases activity of NMDA receptors.  It was observed that blockade of 

glutamate transporters increased open probability of NMDA receptors and led to 

glutamate spillover resulting in activation of synapses that are outside of the 

active synapses (Nie and Weng, 2009). Also, impairment of glutamate uptake 

leads to heightened activation of NMDA receptors and limiting glutamate 

spillover reduces abnormal activation of NMDA receptors in neuropathic rats 

(Nie and Weng, 2010). Moreover, it was reported that AP5 prevented pertussis 
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toxin (PTX)-induced (a neuropathic pain model) glutamate transporter 

downregulation (Wong et al., 2009). Thus, these suggest that actions of NMDA 

receptors and glutamate transporters may be tightly linked in neuropathic pain 

and the NMDA receptors likely have a prominent role in the development of 

central sensitization following downregulation of EAAT2. The present results 

indicated that the area under the Ca2+ signal and peak amplitude of the Ca2+ 

signal decreased following application of AP5 in DHK treated neurons but no 

changes in the rate of decay were found. This suggests that the rate of decay of 

Ca2+ signal in DHK treated neurons may not be affected by NMDA receptors to 

a great extent.  

 

5.4 Activity of AMPA receptors increases following long-term exposure to 

DHK    

  The observation that the Ca2+-permeable AMPA receptor antagonist, 

IEM1460 decreases area under the Ca2+ signal (Figure 4-2D) and time constant 

of decay of Ca2+ signal (Figure 4-2F) in DHK treated neurons indicated that 

chronic exposure to DHK has effects on Ca2+-permeable AMPA receptors. The 

increase in the area under the Ca2+ signal and peak amplitude of Ca2+ signal 

following the application of AMPA in this study also contributed to such effects 

on AMPA receptors. In a study conducted by Weng et al. (2007), it was reported 

that inhibition of EAAT2 resulted in an increase in duration and area of primary 

afferent-evoked EPSCs and amplitude and duration of miniature EPSCs 

(mEPSCs). Also, studies have suggested that glutamate spillover due to 
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downregulation of glutamate transporters likely activates AMPA receptors 

located in the nearby synapses (Takayasu et al., 2004; Weng et al., 2007). These 

reports support the results obtained from this study as the changes in the area and 

rate of decay of Ca2+ signal may represent activation of nearby AMPA receptors 

outside the active synapses in addition to the subsynaptic AMPA receptors. 

Moreover, this study indicates that activation of AMPA receptors appeared to be 

affected as much as the NMDA receptors following inhibition of EAAT2.   

In this study, no changes in the peak amplitude of Ca2+ signal were found 

in both control and DHK treated neurons following the application of IEM1460 

(Figure 4-2E). As mentioned previously, application of glutamate transporter 

blocker in presence of CTZ led to reversal of reduction in the amplitude of EPSP 

following application of glutamate transporter blocker (Weng et al., 2007). Thus 

desensitization of postsynaptic AMPA receptors may account for the lack of 

change in peak amplitude observed from this study. 

Furthermore, it was found that BDNF prominently increased the area 

under the Ca2+ signal and the peak amplitude of Ca2+ signal following 

administration of AMPA but not NMDA in this study (Figure 4-6E and F). This 

suggests that increased release of BDNF which can promote central sensitization 

may enhance the activation of glutamate receptors via mechanisms different 

from the mechanisms that follow inhibition of EAAT2. Thus impairment of 

EAAT2 may increase the activation of NMDA receptors more than BDNF to 

elicit central sensitization.    
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5.5 MGluR1 is more affected by inhibition of EAAT2 than mGluR5 

In the present study, decreases in the area under the Ca2+ signal (Figure 

4-5A) and an increase in the rate of decay of Ca2+ signal (Figure 4-5C) in DHK 

treated dorsal horn neurons following administration of mGluR1 antagonist, LY 

367385 were found. This is consistent with findings in cerebellar Purkinje cells 

where blockade of glutamate uptake resulted in an increase in amplitude and 

duration of mGluR1-mediated EPSC (Reichelt and Knopfel, 2002). Also, Galik 

et al. (2008) reported that in dorsal horn neurons, mGluR1 antagonist decreased 

amplitude and time constant of decay of slow EPSC elicited by stimulation of 

primary afferent fibres. These reports suggest that in addition to the ionotropic 

receptors, mGluR1 also mediates the increase in excitability of dorsal horn 

neurons following long-term exposure to DHK. The two studies mentioned 

previously (Galik et al., 2008; Reichelt and Knopfel, 2002) have found that the 

amplitudes of slow EPSCs mediated by mGluR1 were significantly affected by 

inhibition of glutamate transporters. However, the peak amplitude of Ca2+ signal 

of both control and DHK treated neurons was not affected by the mGluR1 

antagonist in this study. As previously discussed, such discrepancy may be due 

to activation of presynaptic autoreceptors. It is possible that long-term exposure 

to DHK may have resulted in much greater increase in extracellular Ca2+ level 

than acute application of the glutamate transporter blocker as demonstrated in 

the other two studies (Galik et al., 2008; Reichelt and Knopfel, 2002), thereby 

increasing the chance activating the autoreceptors.    
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 In this study, the degree of activity of mGluR5 appeared to be similar in 

both control and DHK treated neurons. This is consistent with a finding that 

intrathecal administration of mGluR1 antagonist resulted in greater 

antinociceptive effects than mGluR5 antagonist in formalin-induced nociceptive 

behaviour (Karim et al., 2001). Furthermore, knockdown of spinal mGluR1 with 

intrathecal infusion of antisense oligonucleotides reduced mechanical allodynia, 

cold and heat hyperalgesia in neuropathic rats (Fundytus,et al., 2001). These 

studies indicate that mGluR1 may have a greater role in nociceptive processing 

than mGluR5. Thus these reports suggest that long-term inhibition of EAAT2 

may increase the activity of mGluR1 more than mGluR5.  

  No responses in control, DHK and BDNF treated neurons were observed 

following administration of mGluR1 and mGluR5 agonists in this study. This 

may be due to the nature of mGluRs. Unlike ionotropic receptors which allow 

ions such as Ca2+ to pass through, mGluRs are G-protein coupled receptors that 

couple signal transduction cascades (Nestler et al., 2001). Group I mGluRs 

couple via Gq/G11 protein to PLC and result in release of Ca2+ from intracellular 

stores and generate slow postsynaptic currents evoked by trains of stimuli (Fagni 

et al., 2004; Bhave et al., 2001, Nestler et al., 2001; Galik et al., 2008). 

Therefore, it is likely that acute application of mGluR agonist may not have been 

a strong stimulus to activate mGluR1 and mGluR5 in this project.  
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5.6 EAAT2 and synaptic plasticity 

LTP is defined as long-lasting increase in synaptic strength and its 

mechanisms are thought to underlie learning and memory (Nestler et al., 2001). 

LTP is a type of synaptic plasticity and can also be occur in the spinal cord 

(Neves et al., 2008; Ikeda et al., 2009). Central sensitization, which has a major 

role in development of neuropathic pain,  is considered as another type of 

synaptic plasticity and involves activity-dependent increase in excitability of 

dorsal horn neurons (Ji et al., 2003). It has been suggested that mechanisms of 

central sensitization are analogous to mechanisms involved in LTP (Woolf and 

Salter 2000; Ji et al., 2003). For example, NMDA receptors have a crucial role in 

development of LTP and central sensitization (Ji et al., 2003) and 

phosphorylation of NMDA receptor subunit 2B occurred in both LTP and dorsal 

horn neurons in a chronic pain model (Rosenblum et al., 1996; Guo et al., 2002). 

Also, NMDA receptors induced trafficking and insertion of AMPA receptors to 

postsynaptic membrane in both LTP and dorsal horn neurons (Luscher et al., 

2000; Ji et al., 2003; Li et al., 1999). Therefore, it is possible that long-term 

impairment of EAAT2 enhances trafficking and insertion of AMPA receptors. 

The results obtained from this study indicated that in DHK treated neurons, both 

AMPA and NMDA receptors were highly involved. Thus the increased activity 

of NMDA receptors in DHK treated neurons may induce the AMPA receptor 

trafficking and insertion. Furthermore, the increased area under the Ca2+ signal 

and peak amplitude of Ca2+ signal following application of AMPA in DHK 

treated neurons may represent the inserted AMPA receptors.  
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5.7 Limitations  

There are some limitations involved in this study. First, glutamate 

receptors may be upregulated to a different extent in different neuron types in the 

dorsal horn. Five types of neurons in lamina II have been classified (Grudt and 

Perl, 2002). It is possible that changes in specific glutamate receptors following 

long-term treatment with DHK observed in this study occur more in certain 

types of neurons. If so, then some of the responses following the administration 

of receptor antagonist or agonist might have been underestimated because types 

of neurons cannot be identified by Ca2+ imaging technique. Also, the results 

from this study do not inform whether there were changes in the expression level 

of glutamate receptors. For instance, if chronic inhibition of EAAT2 leads to 

insertion of new AMPA receptors as observed in LTP, AMPA receptors will be 

upregulated in the dorsal horn neurons. Therefore, a different technique should 

be used to determine whether the expression of specific types of glutamate 

receptors is increased to support the findings from this study. 

Furthermore, there were also a few limitations regarding the electrical 

stimulation protocol. As previously mentioned in Chapter 2, the amplitudes of 

S1-S4 appeared to be more variable than the amplitudes of S5-S8.  However, 

only a series of 4 stimulations (S1-S4) were given in acute (5 min) DHK 

experiments. This indicates that the S3 and S4 responses following the acute 

DHK application may not represent the actual acute effect of DHK. Thus, the 

best approach to check whether the results obtained are valid would be to run the 
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same experiments but with a series of 8 stimulations. In these experiments, the 

acute DHK application should be done after S6. 

    

5.8 Future Directions 

The present study involved a long-term inhibition of EAAT2 using Ca2+ 

imaging technique. The Ca2+ imaging technique has enabled to observe the 

overall excitability of dorsal horn neurons. However, this technique does not 

distinguish between different types of neurons. Therefore, whole-cell recordings 

should be used to determine which types of dorsal horn neurons are involved the 

most and the least in changes in glutamate receptors following chronic inhibition 

of EAAT2. Also, Western blot could be used to determine whether expression 

level of glutamate receptors, AMPA receptors in particular, is increased 

following inhibition of EAAT2. Antibodies to subunits of the glutamate 

receptors should be used in the Western blotting process to compare the 

expression level of the receptors in dorsal horn neuron in control and exposed to 

DHK (5-6d).  

Furthermore, due to the involvement of EAAT2 in neuropathic pain 

conditions, examining the excitability of dorsal horn neurons with administration 

of glutamate transporter activator, (R)-(−)-5-methyl-1-nicotinoyl-2-pyrazoline 

(MS-153), could be another approach to study EAAT2. This could be done by 

observing changes in the excitability of dorsal horn neurons following chronic 

treatment with MS-153 in BDNF treated (5-6d) DMOTCs using the Ca2+ 

imaging technique.  
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5.9 Conclusion 

This study shows that chronic inhibition of EAAT2 produces a series of 

enduring changes in the spinal dorsal horn that appear consistent with the 

involvement of  EAAT2 downregulation in the development of central 

sensitization. Thus, long-term exposure to DHK appeared to increase the activity 

of NMDA and AMPA receptors. It was also indicated that activity of mGluR1 

was more affected than mGluR5 following chronic exposure to DHK. Lastly, 

more NMDA receptors of dorsal horn neurons appeared to be affected by 

inhibition of EAAT2 than chronic exposure to BDNF. This indicates that the 

pathways to promote central sensitization may be different in inhibition of 

EAAT2 and release of BDNF following nerve injury. Overall, this study 

suggests that further investigation on EAAT2 may be a novel therapeutic 

approach for neuropathic pain.  
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