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Abstract 

 

 

The cellular processes leading to spinal long-term potentiation (LTP) are regarded as 

underlying mechanisms of sensitization in the dorsal horn.  

 

In this study, spinal LTP was induced by high-frequency stimulation (HFS) conditioning of 

the sciatic nerve. Electrophysiological extracellular recordings from nociceptive single 

dorsal horn neurons were used in combination with quantitative real-time reverse 

transcriptase polymerase chain reaction (RT-PCR) to examine the mechanisms for induction 

and maintenance of spinal LTP.  

 

Spinal administration of the N-methyl-D-aspartate-2B (NMDA-2B) receptor antagonist Ro 

25-6981 showed an antinociceptive effect on spinal dorsal horn neuronal activity and clearly 

attenuated the magnitude of spinal LTP. Moreover, induction of LTP after HFS 

conditioning was not observed following pre-treatment of the Ca2+/calmodulin-dependent 

protein kinase II (CaMKII) inhibitor AIP. A transient increase in the expression of the gene 

for the transcription factor Zif268 was observed in the spinal cord 120 minutes after HFS 

conditioning. Further, the expression of the genes for interleukin-1β (IL-1β), glial cell line-

derived neurotrophic factor (GDNF) and inducible nitric oxide synthase (iNOS) increased 

significantly in the ipsilateral dorsal horn 360 minutes after HFS conditioning. 

 

These data demonstrate that activation of the spinal NMDA-2B receptor and the 

intracellular CaMKII enzyme may be important for the induction of spinal LTP. Moreover 

our results indicate that increased gene expression of Zif268, IL-1β, GDNF and iNOS 

following HFS might be associated with the maintenance of spinal LTP.  
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1. INTRODUCTION 

 

 

1.1. Pain versus nociception 

Pain is defined as an unpleasant sensory and emotional experience associated with actual or 

potential tissue damage, or described in terms of such damage, for review see (Loeser and 

Treede, 2008). According to this definition, pain is a subjective experience. The pain 

processing is complex and do not only include the perception of sensory signals, but also 

cognitive analysis and associated emotional responses. Whether or not a particular stimulus 

will be perceived as painful depends not only on the nature of the stimulus, but also on 

memories, emotions and the context within it is experienced.  

 

Nociception is defined as the neuronal processes of encoding and processing noxious 

stimuli, for review see (Loeser and Treede, 2008). Hence, nociception, which refers to the 

object of sensory physiology including activity in specialized receptors, i.e. nociceptors, and 

specialized pathways activated by stimulation of the nociceptors, must be distinguished 

from the subjective phenomenon pain. Nociception is the core of many pain states, but pain 

may also occur without nociception and vice versa. 

  

 

1.2. Adaptive and maladaptive pain 

Pain is extremely important for all animals and essential for their survival. Generally, pain 

function as a protective mechanism warning the organism of potential or actual tissue 

damage. Acute nociceptive pain that is evoked by some sort of noxious stimuli has a clear 

biological function and normally causes the individual to escape from or remove the painful 

stimuli in time to prevent tissue damage, for review see (Kavaliers, 1988).  

 

The pain system has the ability to increase its sensitivity and reduce the threshold following 

exposure to inflammation or an injurious stimulus. The increased pain sensitivity for 

stimulation in the area of damaged tissue (primary hyperalgesia) and adjacent undamaged 

tissue (central hyperalgesia) is caused by sensitization of peripheral nociceptors innervating 

the area or sensitization centrally in the spinal cord, respectively. In addition, pain in 

response to non-nociceptive stimulus (allodynia) may occur. The development of 
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hyperalgesia is a necessary process encouraging immobilization to optimize the healing 

process. Like acute nociceptive pain evoked by noxious stimuli, this increased pain 

sensation following minor injuries and inflammation has a clear adaptive function.   

 

Normally the pain is temporary and disappears after tissue healing, but sometimes the pain 

and the pain hypersensitivity exceeds the healing process and may become long-lasting or 

chronic. The maintenance of pain following a healing process does not seem to serve a 

biological purpose and might result in unnecessary suffering for the individual. Under these 

circumstances, the pain sensation has a maladaptive dysfunction. 

 

 

1.3. Nociceptive processing and plasticity 

In most cases our perception of pain starts with activation of peripheral nociceptors, located 

on primary afferent nerve endings. The primary afferent nerve fibers conduct nociceptive 

information into the dorsal horn of the spinal cord where it is integrated with information 

from other sensory systems or segmental- or supraspinal regulation. From the spinal cord 

the nociceptive signals are conducted via neurons projecting to important areas in the 

brainstem and thalamus and further to sub-cortical and cortical areas where the perception 

of pain occurs.  

 

Nociceptive processing is subject to extensive plasticity at all levels of the pain system from 

the nociceptors in the periphery and centrally where connections between neurons are made. 

The plasticity of nociceptive processing is important for the development of different pain 

states. Multiple neurotransmitters, neuromodulators, receptors and structural changes are 

involved in the nociceptive transmission and contribute to the system’s plastic properties. 

Recently, recruitment of spinal glial cells has been shown to play a major role in plasticity 

and might influence on the development of hyperalgesia and allodynia (Meller et al., 1994; 

Watkins et al., 1997; Ma and Zhao, 2002; Ying et al., 2006). 

 

The mechanisms of plasticity in the nociceptive system are not fully revealed. Hence, there 

is a need for more knowledge about the cellular mechanisms responsible for peripheral and 

central neuronal plasticity important for development of pain hypersensitivity. In this thesis 
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components of central neuronal plasticity, which might be important for the development of 

pain hypersensitivity are investigated.  

 

 

1.4. The nociceptive signaling- and modulatory system 

 

1.4.1. Primary afferent nerve fibers 

The primary afferent nerve fibers respond to a variety of sensory modalities including 

mechanical, thermal and chemical stimuli. Thickly myelinated Aβ-fibers with low activation 

threshold receptors are responsible for conveying tactile information, whereas thinly 

myelinated Aδ-fibers and polymodal nociceptors of the unmyelinated C-fibers respond to 

more intense mechanical, chemical and thermal stimuli. These fibertypes conduct action 

potentials from the periphery to the central terminals at different velocities, with the Aβ-

fibers being the fastest and the C-fibers being the slowest, for review see (D'Mello and 

Dickenson, 2008). 

 

Nociceptors are free peripheral nerve endings innervating most of the tissues of the body 

including skin, muscles, joints and viscera, for review see (Willis and Westlund, 1997). In 

general, the nociceptive information is conducted from the periphery via the dorsal root 

ganglion into the grey matter of the spinal dorsal horn through primary afferent Aδ- and C-

fibers. Two important transmitters released from the primary afferent fibers following 

peripheral noxious stimuli are glutamate (Glu) (Kangrga and Randic, 1991) and substance P 

(SP)  (Kantner et al., 1985). Activation of Aδ-fibers leads to a sensation of fast, sharp and 

pricking pain in contrast to activation of the C-fibers that gives a sensation of slow burning 

and aching pain (Konietzny et al., 1981; Ochoa and Torebjork, 1989). In the spinal cord, 

neurotransmitters and neuromodulators released from the primary afferent nerve fibers may 

activate populations of both second order neurons and glial cells. 

 

 

1.4.2. The spinal dorsal horn 

The spinal cord consists of a butterfly-shaped core of grey matter containing cell bodies 

surrounded of a white matter primarily consisting of myelinated axons. In 1954, Rexed 

demonstrated that the grey matter of the spinal cord can be divided into ten distinct laminae 
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due to cellular architecture (Rexed, 1954). Physiological studies have since demonstrated an 

analogous functional laminar organization.  

 

The dorsal horn of the spinal cord includes laminae I-VI. Laminae VIII and IX comprise the 

ventral horn of the spinal cord, lamina VII is the transition between the dorsal and the 

ventral horn and lamina X is the grey matter around the central canal (Figure 1A). The 

central terminals of the primary afferent fibers terminate in the dorsal horn of the spinal 

cord. Aβ-fibers predominantly innervate laminae III-VI, whereas the high threshold 

nociceptive Aδ- and C-fibers terminate predominantly superficially in laminae I and II, with 

a smaller number reaching deeper into lamina V (Light and Perl, 1979; Sugiura et al., 1986), 

for review see (Todd, 2002) (Figure 1B). 

 

 

 

 

(A) (B)

 

 

Figure 1. Cross section of the spinal cord showing; (A) the localization of the spinal cord 

laminae I-X and (B) the central termination of the different primary afferents. Adapted from 

(Brodal, 2007a; b).  
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The spinal cord itself contains various neuronal cell types, which make direct or indirect 

connections with primary afferent fibers. Based on the projection of their axons, dorsal horn 

neurons can be divided into three general classes; interneurons, propriospinal neurons and 

projection neurons. Interneurons are local intrinsic dorsal horn neurons, which send their 

axons for only a short distance within the spinal cord. They act as local relays in spinal 

processing and comprise both excitatory and inhibitory interneurons. Propriospinal neurons 

are larger and send axons across segments of the spinal cord and are therefore involved with 

information transfer across spinal cord segments and reflex responses. Projection neurons 

send axons to supraspinal centers along ascending pathways and are responsible for the 

transfer of sensory information from the spinal cord to the brain, for review see 

(Sandkuhler, 1996; Willis and Westlund, 1997). Several lines of evidence have 

demonstrated that changes in synaptic efficacy in between the primary afferent neurons and 

the projection neurons may be crucial for the activity in the ascending pathways (Svendsen 

et al., 1997; Sandkuhler and Liu, 1998; Rygh et al., 1999; Gjerstad et al., 2001; Ikeda et al., 

2003).  

 

The spinal dorsal horn sensory projection neurons are in turn divided into different classes 

based on their synaptic input, laminar location and projection site. Low-threshold mechano-

receptive cells are excited by Aβ-afferent fibers and respond to innocuous stimuli. These 

cells are found in all laminae, but primarily in laminae III and IV. The nociceptive specific 

(NS) cells respond exclusively to noxious stimuli, such as intense mechanical stimulation, 

chemicals and temperatures above 45 oC. These nociceptive specific cells are present in 

lamina I, but also in laminae IV and V and synapse with Aδ- and C-fibers only. Convergent 

multireceptive cells, termed wide-dynamic range (WDR) cells, receive input from all types 

of sensory fibers; Aβ-, Aδ- and C-fibers, and therefore respond to the full range of 

stimulation, from light touch to noxious pinch, heat and chemicals. The WDR cells respond 

in a graded manner to peripheral stimuli with increasing response to increasing stimulus 

intensity. They are located widespread in the dorsal horn. However, the highest density of 

these neurons is within the deeper laminae of the dorsal horn, for review see (D'Mello and 

Dickenson, 2008). 

 

Essential to and modulating these neuronal spinal cord cell types are the non-neuronal glial 

cells. Glial cells have generally been considered primarily to subserve housekeeping and 
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supportive roles in the nervous system, but there is evidence showing that glial cells also 

influence on nociceptive transmission (Ma and Zhao, 2002). Glial cells in the spinal cord 

consist of oligodendrocytes, astrocytes and microglia and are the most abundant cell type in 

the central nervous system (CNS). There are 3-5 more glial cells than neurons in the CNS, 

for review see (Hansson, 2006). Oligodendrocytes are cells responsible for myelin sheath 

formation and until today there are few experiments investigating its contributions to the 

regulation of nociceptiv transmission. Therefore, only astrocytes and microglia are 

discussed in this thesis.  

 

Astrocytes are in intimate contact with neurons and they communicate signals to each other 

via the extracellular space. The astrocytes thightly enwrap the vast majority of the synapses 

in the CNS and selectively modulate neuron to neuron synaptic communication. In addition, 

they make extensive contacts with endothelial cells from capillaries, for review see (Abbott 

et al., 2006), interact with microglia and are interconnected with one another by gap 

junctions forming networks of coupled astrocytes (Cornell-Bell et al., 1990; Blomstrand et 

al., 1999). Generally, astrocytes perform functions critical for optimal neuronal functioning, 

including regulation of the composition of the extracellular environment, as well as 

providing energy and metabolic precursors to neurons, for review see (Hansson, 2006; 

Watkins et al., 2007).  

 

Microglia are small cells with a variable number of branching processes. They are 

considered to be the equivalent of macrophages in the periphery and perform immune 

surveillance under basal conditions. Resting microglia direct small processes toward blood 

vessels, other glial cells and neuronal elements and act as sensors to various stimuli that 

threaten physiological homeostasis. Activation of microglia may result in changes in 

morphology from a resting ramified shape into an active amoeboid shape, changes in gene 

expression, cell proliferation and function, for review see (Hansson and Ronnback, 2003; 

Watkins et al., 2007). 

 

Both astrocytes and microglia are now known to play a key role in regulating synaptic 

transmission and participate in synaptic plasticity (Ma and Zhao, 2002), for review see 

(Araque et al., 1999). Glial cells are capable of responding to various neuronal factors, such 

as glutamate, SP and adenosine triphosphate (ATP) via their receptors and subsequently 
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change glial responsitivity leading to the release of chemical mediators, such as 

proinflammatory cytokines, ATP, nitric oxide (NO), excitatory amino acids, prostaglandins 

and nerve growth factors, that can act on neurons and alter their functions. Glial cells may in 

this way directly or indirectly participate in neuronal sensitization, for review see (De Leo et 

al., 2006; Watkins et al., 2007). 

 

 

1.4.3. Ascending pathways 

The output of sensory information from the dorsal horn to different structures in the brain is 

carried by spinal projection neurons along ascending pathways (Ikeda et al., 2003), for 

review see (Willis and Westlund, 1997; Gauriau and Bernard, 2002; Todd, 2002) (Figure 2). 

One of the major ascending pathways important for pain is the spinothalamic tract (STT) 

sending direct projections to different nuclei in thalamus. Most of the STT cells originate in 

the superficial laminae I, but some STT cells are also present in the deeper laminae III-VII 

and X (Giesler et al., 1979; Burstein et al., 1990). Moreover, the spinomesencephalic tract 

(SMT) and the spinoreticular tract (SRT) project to important homeostatic control regions in 

the brainstem and the mesencephalon, i.e. the parabrachial (PB) area, reticular formation, 

locus coeruleus (LC), subcoereleus (SC) and the midbrain periaqueductal grey (PAG) 

(Wiberg et al., 1987; Yezierski, 1988; Andrew et al., 2003). The SMT and the SRT originate 

in laminae I and V in the spinal cord. Some SMT are also located in lamina VII. The 

majority of the axons in the STT, SMT and the SRT cross to the contralateral side of the 

spinal cord before projecting to the supraspinal structures. In contrast, the 

spinohypothalamic tract (SHT) projects bilaterally to the hypothalamus and the ventral 

forebrain (Burstein et al., 1987). The SHT projections, originating in the laminae I, V, VII 

and X, may be important in autonomic, neuroendocrine and emotional aspects of pain. 

 

Importantly, many projection neurons are involved in activation of descending modulatory 

systems, which in turn may control the sensory transmission in the dorsal horn. 

 

 

1.4.4. Descending modulatory systems 

Descending pathways from brainstem and midbrain structures are able to influence on 

nociceptive signaling in the dorsal horn of the spinal cord (Figure 2). Although some 
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descending projections are facilitatory, most descending projections are of inhibitory nature 

(Gjerstad et al., 2001). The midbrain PAG and the brainstem rostroventromedial medulla 

(RVM) are important areas in the supraspinal descending modulatory system. These 

structures control activity in the serotonergic, noradrenergic and enkephalinergic descending 

projections (Reddy et al., 1990; Marlier et al., 1991; Rajaofetra et al., 1992). PAG receives 

projections from both laminae I nociceptive neurons and laminae III-VI dorsal horn neurons 

(Keay et al., 1997). In addition, there are projections to the PAG from the reticular 

formation, LC, hypothalamus (Beitz, 1982), amygdala (Hopkins and Holstege, 1978), 

medial prefrontal areas, anterior cingulate cortex and insular cortex (Hardy and Leichnetz, 

1981; Beitz, 1982). Thus, the nociceptive modulatory system is a complex network, which 

integrates information from other areas in the brain with information from the brainstem and 

the spinal dorsal horn. The descending modulatory system may therefore be controlled by 

complex cognitive and emotional processing (Matre et al., 2006). PAG projects minimally 

to the spinal dorsal horn, so the nociceptive-modulating action of the PAG on the spinal 

cord, is relayed largely through the RVM. Additional systems from the LC to the spinal cord 

also modulate spinal activity. 

 

Thus, the spinal dorsal horn functions as a sensory filter that is controlled by the descending 

modulatory system from supraspinal structures (Figure 2). The nociceptive information 

reaching the brain may due to this regulation be conciderably changed compared to the 

intensity of the nociceptive peripheral stimuli. 
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Figure 2. A simplified presentation of the nociceptive signaling- and modulatory system. 

Activation of peripheral nociceptors generates activity in Aδ- and C-fiber afferents, which 

conduct the nociceptive information into the spinal dorsal horn where glutamate (Glu) and 

substance P (SP) are released. From the spinal cord the nociceptive signals are transferred 

via neurons projecting to different areas in the brainstem, subcortical- and cortical areas. 

Pathways from the cortical areas, periaqueductal grey (PAG) and hypothalamus control, via 

a link in the rostroventral medulla (RVM), excitatory and inhibitory output from the 

brainstem to the spinal cord. Additional systems from the locus coeruleus (LC) to the spinal 

cord also modulate spinal activity. Adapted from (Gjerstad, 2007). 
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1.5. Synaptic plasticity and central sensitization in the spinal cord  

An important feature of synaptic processing is that it is subject to diverse forms of use-

dependent plasticity (Liu and Sandkuhler, 1995; Liu and Sandkuhler, 1997), for review see 

(Dubner and Ruda, 1992; Woolf, 1996). It has long been recognized that synaptic plasticity 

plays an important role in the development of sensitization of nociceptive neurons in the 

spinal cord and it is believed that central sensitization is critical for the development of 

different pain states where hypersensitivity in the CNS is likely to occur, for review see 

(Woolf and Salter, 2000).  

 

Central sensitization of spinal nociceptive neurons has been defined to involve several 

phenomena including increased excitability of nociceptive neurons in the CNS to their 

normal afferent input and a reduction in the activation threshold, for review see (Loeser and 

Treede, 2008). In addition, central sensitization may also induce spontaneous discharges and 

a spread of the receptive field. On the behavioral level, central sensitization may manifest as 

secondary hyperalgesia (increased pain sensitivity to noxious stimulation) and/or allodynia 

(pain in response to non-nociceptive stimuli), for review see (Woolf, 1996). 

 

Central sensitization may be the outcome of a variety of cellular and circuits changes that 

occur in the CNS, which may alter neuronal excitability either for a short or prolonged 

period. In addition to an increase in synaptic strength (Randic et al., 1993; Liu and 

Sandkuhler, 1995), central sensitization may also involve other mechanisms not directly 

affecting the synapses. These mechanisms may include loss of inhibitory interneurons or 

structural reorganization (Woolf et al., 1992), for review see (Woolf and Doubell, 1994). 

Central sensitization needs to be differentiated from peripheral sensitization, which is 

characterized by increased excitability of peripheral nerve terminals. In central sensitization, 

responses to sensory stimulation may be enhanced in the spinal cord and/or the brain 

without any change in the excitability of primary afferent neurons, for review see (Willis, 

2002).  

 

Evidence for increased excitation (central sensitization) in the spinal cord following noxious 

afferent stimulation was first fully described in 1983 by Woolf (Woolf, 1983). In 

decerebrated rats with intact spinal and brainstem reflexes, Woolf showed that a heat injury 

to the lateral edge of the foot decreased the mechanical and heat withdrawal thresholds and 
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increased the amplitude of flexor reflexes both ipsi- and contralateral to the lesion. 

Following this study, a large number of published research reports have generated evidence 

for a central component in hypersensitive pain states, for review see (Coderre et al., 1993; 

Mannion and Woolf, 2000). 

 

 

1.5.1. Long-term potentiation (LTP) 

The discovery of use-dependent increase in synaptic strength, called long-term potentiation 

(LTP), in hippocampus initiated an extensive research in the field of neuroscience of 

synaptic plasticity (Bliss and Lømo, 1973). Brief high-frequency trains of electrical stimuli 

resulted in increased efficiency of transmission at the perforant path-granule cell synapse in 

the rabbit hippocampus that could last for hours (Bliss and Lømo, 1973).  

 

Changes in synaptic strength has later been demonstrated in many other parts of the central 

nervous system (Randic et al., 1993; Liu and Sandkuhler, 1995; Rogan et al., 1997). 

Induction of spinal LTP was first demonstrated in vitro in spinal cord slices of the ventral 

horn (Pockett and Figurov, 1993). Later, induction of LTP has been shown both in vitro and 

in vivo in the dorsal horn using different techniques; field potential recordings in superficial 

dorsal horn neurons, single cell recordings in deep dorsal horn WDR neurons and patch-

clamp techniques in identified superficial neurons in the spinal cord (Randic et al., 1993; 

Liu and Sandkuhler, 1995; Svendsen et al., 1997; Gjerstad et al., 2001; Azkue et al., 2003; 

Ikeda et al., 2003; Qu et al., 2009). Optical recording techniques have been utilized to 

monitor presynaptic activity in primary afferents (Ikeda and Murase 2004). 

 

Previous studies have demonstrated that spinal LTP may be induced by various noxious 

stimuli. For example, brief electrical high-frequency stimulation (HFS) (about 100 Hz) 

conditioning of the sciatic nerve induces LTP in superficial and deep dorsal horn neurons 

(Liu and Sandkuhler, 1995; Svendsen et al., 1997; Gjerstad et al., 2001; Wallin et al., 2003; 

Ikeda et al., 2006). Recently, it has been shown that low-frequency stimulation (LFS) (2 Hz) 

conditioning of the dorsal root afferents successfully induced LTP in lamina I neurons 

projecting to the PAG (Ikeda et al., 2006). In deep dorsal horn neurons a frequency of 30 Hz 

induced a robust LTP, whereas LFS (3 Hz) conditioning induced a short-lasting spinal LTP 

(Haugan et al., 2008). Moreover, strong natural stimulation, such as inflammation, radiant 
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heating of the skin and tissue- and nerve injury has also been shown to induce LTP in the 

spinal dorsal horn (Sandkuhler and Liu, 1998; Rygh et al., 1999; Ikeda et al., 2006). 

However, some of these forms of low level afferent input may induce LTP only, if 

descending pathways are interrupted (Sandkuhler and Liu, 1998). Most of the experimental 

studies inducing spinal LTP are based on HFS conditioning of the sciatic nerve.  

 

These studies have shown that the character, intensity and frequency of the peripheral 

conditioning stimuli are important for the time course and duration of spinal LTP. For 

instance, after a brief electrical or mild natural noxious stimulus LTP may last for only a 

few minutes, but may, however, last for up to 24 hours following repetitive trains of HFS 

applied to the sciatic nerve (Liu and Sandkuhler, 1997), for review see (Sandkuhler, 2007). 

Full expression of LTP may take only a few minutes after tetanic stimulation (Randic et al., 

1993; Liu and Sandkuhler, 1995; Liu and Sandkuhler, 1997; Svendsen et al., 1998) or may 

require up to an hour after natural noxious stimulation (Sandkuhler and Liu, 1998). 

Moreover, the frequency of discharge might influence on which synapse that become 

potentiated (Ikeda et al., 2006).  

 

Experimental data suggest that the expression of LTP is influenced by descending control 

and local inhibitory systems. In rats where the descending pathways were interrupted or 

weakened, HFS gave a greater LTP compared to intact rats (Svendsen et al., 1999a; Gjerstad 

et al., 2001), suggesting a tonic descending inhibition preventing LTP under physiological 

conditions. Moreover, spinal cord stimulation, increasing the activity in inhibitory systems, 

attenuated established spinal LTP in deep WDR neurons (Wallin et al., 2003). Interestingly, 

noxious sciatic stimulation, which induces spinal LTP, has also been shown to affect 

activity in the supraspinal pain modulating circuitry (Hjornevik et al., 2008; Hjornevik et al., 

2009).  

 

Spinal LTP has similarities with the phenomenon central sensitization and it has been 

suggested that spinal LTP is a form of central sensitization or vice versa, for review see 

(Sandkuhler, 2000; Willis, 2002). It is a well established experimental phenomenon within 

the spinal cord, for review see (Sandkuhler, 2000; 2007). Several mechanisms are involved 

in the induction and maintenance of spinal LTP.  
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1.5.2. Cellular mechanisms of spinal LTP 

Previous data show that tetanical stimulation of the sciatic nerve leads to not only glutamate 

release from primary afferent neurons, but also increased extracellular SP level in the dorsal 

horn (Afrah et al., 2002).  

 

It is now well established that co-release of glutamate and SP stimulates postsynaptic α-

amino-3-hydroxyl-5-methyl-4-isoxazole-propionate (AMPA)-, neurokinin 1 (NK1)- and 

metabotrophic glutamate (mGlu) receptors, which in turn, because of the subsequent long-

lasting postsynaptic depolarization, remove the Mg2+-block of the N-methyl-D-aspartate 

(NMDA) receptors. Binding of glutamate to unblocked NMDA receptors triggers a 

substantial influx of Ca2+ into the postsynaptic neuron. In addition, a depolarization of 

postsynaptic neurons may lead to Ca2+-influx through voltage-gated T-type Ca2+-channels. 

Activation of both the mGluRI- and the NK1 receptors may trigger the phospholipase C 

(PLC)- inositol 1,4,5-triphosphate (IP3) pathway, leading to release of Ca2+ from 

intracellular stores, which further increases the cytosolic Ca2+-concentration. It has been 

shown that application of antagonists for the AMPA receptor (Svendsen et al., 1998), NK1 

receptor (Liu and Sandkuhler, 1997), mGluRI (Azkue et al., 2003) and the NMDA receptor 

(Liu and Sandkuhler, 1995; Pockett, 1995; Svendsen et al., 1998; Ikeda et al., 2003) partly 

or fully prevent the induction of spinal LTP. Moreover, the NMDA receptor antagonist AP5 

may reverse the potentiated C-fiber evoked response when it is given 1 hour after HFS 

(Svendsen et al., 1999b). In addition, evidence exists that induction of LTP also involves 

activation of the T-type Ca2+-channels, PLC and the intracellular IP3 receptors (Ikeda et al., 

2003). Thus, these receptor systems seem to be important for the induction of spinal LTP 

(Figure 3). 

  

As a consequence of the activation of these receptors, a significant rise in Ca2+-level is 

induced in spinal dorsal horn neurons. A rise in postsynaptic Ca2+-concentration is essential 

for LTP induction and the magnitude of Ca2+ is linearly correlated with the magnitude of 

LTP in vitro (Ikeda et al., 2003). Recent data have demonstrated that stimuli inducing LTP 

cause substantial rise in Ca2+ in lamina I neurons, not only in vitro, but also in intact animals 

(Ikeda et al., 2006). 
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Increased cytosolic Ca2+ may result in activation of a variety of different Ca2+-dependent 

cellular responses. Previous data indicate that the Ca2+-dependent enzymes protein kinase A 

(PKA), Ca2+/calmodulin-dependent protein kinase II (CaMKII) and protein kinase C (PKC) 

may be important for the induction of LTP of field potentials (Yang et al., 2004). Thus, 

spinal LTP may be associated with both phosphorylation of receptors and transcription 

factors, which may contribute to changes in the synaptic efficacy.  

 

Furthermore, data suggest that the nitric oxide synthase (NOS) and NO are involved in LTP 

of C-fiber evoked field potentials induced by tetanic sciatic stimulation (Ikeda and Murase, 

2004; Zhang et al., 2005b). The gaseous molecule NO, which is synthesized under the 

control of NOS, is a cell-permeable neuromodulator, and may diffuse freely in the 

extracellular space to excert its action on adjacent or distant cells.  

 

A rise in cytosolic Ca2+-level may also trigger changes in the transcriptional and 

translational levels in dorsal horn neurons. Recent data show that maintenance of LTP in the 

spinal dorsal horn may be inhibited by protein synthesis inhibitors anisomycin and 

cycloheximide (Hu et al., 2003). This indicates that the maintenance of LTP in the spinal 

cord may involve altered gene expression and protein synthesis. A primary event in this 

process may be induction of transcription factors, followed by altered expression of late-

response genes (LRGs). 

 

Prolonged activation of both extracellular signal-regulated kinase (ERK) and cAMP 

response element-binding protein (CREB) following induction of spinal LTP of C-fiber 

evoked field potentials has been shown (Xin et al., 2006). Thus, it is suggested that the 

ERK/CREB pathway in the spinal dorsal horn is necessary for the induction and 

maintenance of LTP. Although ERK is involved in cytosolic cellular signaling, it can also 

be translocated to the nucleus where it activates CREB, which in turn stimulates 

transcription by binding to the regulatory cAMP response element (CRE). Actually, CREB 

binding sites have been found in the promoter region of a long list of genes. The 

ERK/CREB pathway may therefore have both short-term and long-term effects on the 

neuronal excitability.  
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Many transcription factors may be induced by the ERK-CREB pathway. Expression of the 

CRE-containing transcription factor Zif268 (Rygh et al., 2006; Haugan et al., 2008) and 

activity-regulated-cytoskeleton-associated protein (Arc) (Haugan et al., 2008) in the spinal 

dorsal horn have been shown to be associated with spinal LTP. Generally, the responses of 

the transcription factors are complex and may drive a chain of molecular events, including 

induction of other transcription factors as well as LRGs like growth factors, signaling 

enzymes and structural proteins that may lead to long-term changes in synaptic efficacy. 

Today, there are few studies examining the expression of specific genes or proteins in the 

spinal cord following HFS conditioning of the sciatic nerve.  

 

Recently, recruitment of glial cells has shown to play a major role in plasticity (Ma and 

Zhao, 2002; Ikeda and Murase, 2004). Experimental data based on animals in anaesthesia 

have revealed that disruption of the function of glial cells by glial metabolic inhibitor may 

block spinal LTP (Ma and Zhao, 2002). Thus, it seems likely that induction of spinal LTP 

not only involves activation of neurons, but also activation of glial cells within the spinal 

cord (Ma and Zhao, 2002; Ikeda and Murase, 2004). However, the details on how the glial 

cells may influence on neuronal nociceptive transmission following induction of spinal LTP 

remains to be investigated. 

 

In theory, SP released from neurons following tetanic stimulation (Afrah et al., 2002) may 

be a source of activation of glial cells via their receptors (Svensson et al., 2003; Liu et al., 

2006; Werry et al., 2006). Upon activation, glial cells may activate, synthetize or release 

substances that directly or indirectly may enhance nociceptive processing and transmission 

in the spinal cord by increasing the release of neurotransmitters from presynaptic terminals 

and the excitability of nearby neurons. These substances may include the proinflammatory 

cytokine interleukin-1β (IL-1β), the trophic factor glial cell line-derived neurotrophic factor 

(GDNF), iNOS synthesized NO, p38 mitogen-activated protein kinase (p38 MAPK), 

cyclooxygenase 2 (COX2) synthetized prostaglandins and tumor necrosis factor α (TNFα) 

(Appel et al., 1997; Marcus et al., 2003; Raghavendra et al., 2004), for review see 

(Marchand et al., 2005; Watkins et al., 2007). Thus, glial cells may respond to various 

neuronal factors that subsequently may alter glial response and ultimately affect glial- 

neuronal interaction, for review see (De Leo et al., 2006). 
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Based on previous studies, it has been suggested that at least two different phases of LTP 

can be distinguished depending upon duration and signal transduction pathways involved, 

for review see (Sandkuhler, 2007). While the early- phase might involve activation and 

modification of existing receptors and proteins, it is suggested that the late- phase might 

involve changes in gene expression and de novo protein synthesis (Ma and Zhao, 2002; 

Azkue et al., 2003; Hu et al., 2003; Ikeda et al., 2003; Xin et al., 2006). 
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Figure 3. Diagram of a synapse consisting of a primary afferent nerve terminal, a spinal 

neuron, a glial cell and potential mechanisms involved in LTP and central sensitization. Co-

release of glutamate (Glu) and substance P (SP) in the dorsal horn activates postsynaptic 

AMPA receptors, mGluR1 receptors, NK1 receptors and intracellular IP3 receptors, which 

in turn because of subsequent long-lasting postsynaptic depolarization activates the T-type 

Ca2+-channel and remove the Mg2+-block of the NMDA receptors. This increases the 

cytosolic Ca2+-level resulting in stimulation of NOS and the intracellular kinases, i.e. PKA, 

PKC and CaMKII. The increase in cytosolic Ca2+-level may trigger activation of ERK, 

which in turn may activate transcription of genes encoding proteins important for synaptic 

transmission. Neurotransmitters released from neurons may also be a source of activation of 

glial cells. Upon activation, glia cells synthesize and release substances, i.e. cytokines, 

which may modulate synaptic transmission. These processes might be important for 

induction and maintenance of LTP. Adapted from (Gjerstad, 2007). 
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2. AIMS OF THE STUDY 

 

 

The main purpose of this study was to investigate the cellular mechanisms of induction and 

maintenance of spinal LTP induced by HFS conditioning of the sciatic nerve. More 

specifically we aimed to: 

 

 

I. Investigate the role of the NMDA receptors containing the NMDA receptor 2B 

(NR2B) subunit on the induction of LTP in single nociceptive dorsal horn 

neurons. 

 

 

II. Examine whether the intracellular CaMKII in the spinal cord is necessary for 

induction of LTP in single nociceptive dorsal horn neurons. 

 

 

III. Examine whether expression of the transcription factors Zif268 and c-fos are 

associated with maintenance of spinal LTP. 

 

 

IV. Investigate whether maintenance of spinal LTP is associated with local spinal 

changes in the expression of genes encoding the proinflammatory substances IL-

1β, GDNF, iNOS, p38 MAPK, COX2 and TNFα.  
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3. METHODS 

 

 

The methods used are described in detail in paper I-IV. However, below is a brief 

description of the different methods used. 

 

 

3.1. Animals 

Female Sprague-Dawley (SD) rats delivered from Scandbur DK, Sollentuna, Sweden were 

used in all experiments. After arrival, the rats were housed in standard white plastic cages 

with four animals in each cage. The air temperature was kept at 20-22oC and the relative 

humidity was kept at 50-55 %. The experiments were performed during the light period of 

an artificial 12h/12h dark/light cycle. The light was switched on at 06:00 am. All animals 

had free access to standard rat food and water. At least one week of acclimatization was 

allowed before the experiments. The rats used weighed 250-350 gram.  

 

 

3.2. Anaesthesia and surgery 

The rats were anaesthetized with urethane (1.3-2.1 g/kg body weight, intraperitoneally) and 

placed on a heating pad. Absence of foot withdrawal to pinch indicated adequate 

anaesthesia. The core temperature was kept constant at 36-37 oC by means of an electrical 

feedback control unit. In some experiments, a tube was inserted 10 mm into the trachea and 

fixed with a suture for artificial ventilation (Harvard Rodent ventilator, model 683). 

Laminectomy was performed at vertebrae Th13-L1, corresponding to the spinal cord 

segments where the sciatic nerve roots enter the cord.  

 

The sciatic nerve was dissected free at the mid-thigh level and isolated from the surrounding 

tissue by a plastic film. A bipolar silver hook electrode was placed proximal to the main 

branches of the sciatic nerve for electrical stimulation. To avoid muscle contractions in the 

experiments with single cell recordings, the rats received an intramuscular injection of 0.2 

ml pancuronium bromide (2 mg/ml; Pavulon, Organon, the Netherlands). The animals were 

killed immediately after the experiments.  
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3.3. Single-cell recordings 

For single-cell recordings, parylene-coated tungsten microelectrodes with impedance 2-5 

M  (Friedrick Haer & CO, Bowdoinham, USA) were lowered vertically into the dorsal 

horn of the spinal cord by an electronically controlled micromanipulator (Figure 4A). The 

recorded signals were amplified with an AC pre-amplifier, filtered with band-width 500-

1250 Hz corresponding to the duration of the action potentials 0.8-2.0 ms, digitalized with 

the interface CED 1401µ and continuously captured on a PC with the software CED Spike 2 

(Cambridge Electronic Design, Cambridge UK). The sampling frequency was 20000 Hz. 

Spikes 40-300 ms after stimulus were defined as C-fibre responses, i.e. responses in the 

neurons evoked by C-fibre activation (Figure 4 B). Single cell recordings were ensured on 

the basis of amplitude and shape of the action potentials (Figure 4 C).  

 

After the microelectrode was lowered into the dorsal horn, the spinal cord segments where 

the sciatic nerve roots enter the cord were identified by the neuronal responses to finger 

tapping of the hind paw. Extracellular single cell activity was recorded from neurons at 

depths of 80 –1000 µm from the surface of the spinal cord. All single cells used in the 

experiments were identified by their ability to respond to natural stimuli: brush, fingernail 

pressure and surgical forceps pinch. The brush produced a feeling of touch, the fingernail 

pressure produced a feeling of firm pressure near pain threshold and the surgical forceps 

pinch produced pain well above the pain threshold when similar stimuli were applied to the 

human skin. Neurons responding to these modes in a graded manner were characterized as 

WDR neurons, whereas neurons responding only to surgical forceps pinch were 

characterized as NS. 
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Figure 4. Extracelluar recordings in the spinal dorsal horn. The signals were captured by the 

software CED Spike 2 (Cambridge Electronic Design, Cambridge, UK). (A) Experimental 

apparatus set up for extracellular single cell recordings. (B) Neuronal activity evoked by a 

single test pulse applied to the sciatic nerve. Spikes 40-300 ms after stimulus were defined 

as C-fiber response. (C) Comparison of shape and amplitude of the action potentials from 

two cells. 

0.5 ms 
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3.4. Electrical stimulation 

All electrical stimuli were applied to the sciatic nerve by the hook electrode. In the 

experiments for single-cell recordings, a test stimulus was delivered every 4th minute (2 ms 

rectangular pulses, 1.5 x C-fiber threshold). Three or six stable C-fiber control responses 

served as a baseline for the subsequent experiment with the cell. Induction of LTP was 

obtained by HFS conditioning (1 ms rectangular pulses, 3 x C-fiber threshold, five trains of 

1 s duration, 100 Hz, 10 s intervals between the trains). The neuronal activity was monitored 

for 120 (paper I, II), 180 (paper III) or 360 (paper IV) minutes following application of 

HFS. Only one experiment was performed in each animal.  

 

 

3.5. Drug administration 

In paper I, we used the NMDA-2B receptor antagonist Ro 25-6981 hydrochloride, 

(( R, S)- -(4-Hydroxyphenyl)- -methyl-4-(phenylmethyl)-1-piperidinepropanol-

hydrochloride), (C22H29NO2·HCl) obtained from Sigma-Aldrich CO, St. Louis, Mo, USA. In 

paper II, we used the CaMKII inhibitor AIP ([Ala9]-Autocamide 2-related inhibitory peptide 

trifluoroacetate salt, Myr-Lys-Lys-Ala-Leu-Arg-Arg-Gln-Glu-Ala-Val-Asp-Ala-Leu-OH) 

obtained from Sigma Aldrich, St. Louis, USA. Both drugs were applied directly onto the 

spinal cord. 

 

 

3.6. Investigation of gene expression 

For the investigation of changes in gene expression, the spinal cord segments L3-S1 were 

identified anatomically relative to Th13. Gene expression was investigated by tissue 

harvesting at five specific time points; approximately 15 minutes after laminectomy (native) 

(papers III-IV), 60 (paper III), 120 (paper III), 180 (papers III, IV) and 360 (paper IV) 

minutes after HFS conditioning of the sciatic nerve. In paper III, a section of the whole 

spinal cord approximately 5 mm in length was harvested, whereas in paper IV, the 

ipsilateral dorsal horn, approximately 10 mm in length was harvested. The intensity of the 

HFS conditioning used was 4.5 mA, which corresponded to the mean value of the HFS 

intensity applied in the experiments with single-cell recordings. To avoid long-lasting 

effects of the laminectomy on gene expression in paper IV, the surgical procedure 

associated with laminectomy was performed only 45-15 minutes prior to tissue harvesting. 
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3.7. Quantitative real-time RT-PCR 

Total RNA was isolated from frozen spinal cord tissue with TRIzol reagent following the 

supplier’s protocol (Life technologies, Inc., Rockville, Maryland, USA). RNA was 

reversibly transcribed by aid of the first-strand cDNA Synthesis Kit for reverse-transcriptase 

polymerase chain reaction (RT-PCR) (Roche Diagnostic, Mannheim, Germany). To avoid 

amplification from traces of possible DNA contamination in the RNA isolation, PCR 

primers were designed to span introns. All primers were checked for specificity by BLAST 

search.  

 

Quantitative analysis of specific genes was performed on an ABI 7900 (Applied 

Biosystems, Foster City, California, USA), with the use of the Power SYBR green PCR 

mastermix (Applied Biosystems, Foster City, California, USA). The amount of template 

used in the PCR reaction was cDNA corresponding to i) 200 ng reverse-transcribed total 

RNA for iNOS, ii) 100 ng reverse-transcribed total RNA for Zif268, IL-1β, GDNF, p38 

MAPK and TNFα, iii) 25 ng reverse-transcribed total RNA for COX2 and c-fos and iv) 5 ng 

reverse transcribed total RNA for β-actin. A final melting curve of fluorescence versus 

temperature was generated to screen for co-amplification products.  

 

The quantity of the target cDNA template in each sample was presented with an 

amplification plot indicating the intensity of the fluorescence emitted by the SYBR-green-

bound PCR product, as a function of number of cycles in the reaction (Figure 5A). Based on 

the computer-defined threshold, which is dependent on the background fluorescence, the 

threshold cycle (Ct) value for each sample was estimated with the software SDS, ABI 

(Applied biosystems, Foster City, California, USA). The amount of target cDNA in each 

sample was then calculated using the Ct value and a standard curve prepared for each gene 

(Figure 5B). The gene expression of the target genes Zif268, c-fos, IL-1β, GDNF, iNOS, 

p38 MAPK, COX2 and TNFα was normalized to the expression of the internal standard β-

actin. 
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Figure 5. Detection of gene-expression. The data were analysed using the Applied 

biosystems’ software SDS. (A) Amplification plots of the target gene in the control and the 

LTP group. Delta Rn; intensity of the fluorescence emitted by the SYBR-green-bound PCR 

product. Ct  (threshold cycle);  the number of amplification cycles required to obtain an 

amount of the product reaching a particular computer-defined threshold. (B) Standard curve 

for quantification of the internal standard and the target gene. The Ct value for each sample 

corresponds to a specific amount of cDNA. 

 

 

3.8. Data analysis and statistics 

The data are shown as representative examples, mean ± SEM and scatter diagrams. In paper 

I, III and IV, group means were compared using either paired or unpaired two-tailed 

Student’s t-test. In paper II, two-tailed Mann-Whitney U test was used. Regarding the gene 

expression, fold change values at specific time points were defined by the expression of the 

target gene normalized to the expression of the internal standard β-actin and the native 

expression level. In paper I, III and IV, statistical analyses were performed on log-
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transformed data to compensate for non-normal distributions. A p-value less than 0.05 was 

chosen as the level of statistical significance.    
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4. RESULTS 

 

 

4.1. Spinal LTP is induced by HFS conditioning applied to the sciatic nerve  

The mean C-fiber response, i.e. the mean value of the responses in the dorsal horn neurons 

evoked by C-fiber stimulation, increased significantly following HFS conditioning applied 

to the sciatic nerve. In most of the cells tested, HFS conditioning applied to the sciatic nerve 

induced an increase in the neuronal activity. The response reached a plateau after 60-120 

minutes in the neurons affected by the conditioning stimulation. After this the neuronal 

response appeared to be stable and the increased response outlasted the experimental period 

of 120 (paper I and II), 180 (paper III) and 360 (paper IV) minutes.  

 

The expression of LTP following HFS conditioning was inhibited by spinal application of 

the NMDA-2B receptor antagonist Ro-25-6981 (paper I) and the CaMKII inhibitor AIP 

(paper II). This may indicate that both the NMDA-2B receptor and the CaMKII play an 

important role in the induction of spinal LTP. Moreover a transient increase in the gene 

expression of the transcription factor Zif268 120 minutes (paper III) and an increase in the 

gene expression of IL-1β, GDNF and iNOS 360 minutes (paper IV) following HFS 

conditioning of the sciatic nerve were observed. Given that spinal LTP is induced by HFS 

conditioning, our results suggest that increased expression of these genes following HFS 

conditioning might be associated with the maintenance of spinal LTP.  

 

 

4.2. Paper I 

 

4.2.1. Spinal LTP is attenuated by the NMDA-2B receptor antagonist Ro 25-6981 

The NMDA-2B receptor antagonist Ro 25-6981 was applied directly onto the exposed 

spinal cord in doses of 2.0, 4.0 and 8.0 mM. The C-fiber responses were inhibited in a dose-

dependent manner with a significant reduction in the C-fiber response following application 

of 4.0 and 8.0 mM of the antagonist. Thus, the NMDA-2B receptor antagonist Ro 25-6981 

showed a clear antinociceptive effect on spinal dorsal horn neuronal activity. Moreover, the 

effect of HFS was less pronounced following pre-application of 4.0 mM Ro 25-6981 and 

almost blocked following application of 8.0 mM Ro 25-6981. Administration of this 
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antagonist clearly attenuated the magnitude of the spinal LTP. It seems likely that 

expression of full LTP in dorsal horn neurons may be dependent on the NMDA receptors 

containing the NR2B subunit (paper I). 

 

 

4.3. Paper II 

 

4.3.1. Induction of spinal LTP is blocked by the CaMKII inhibitor AIP  

The CaMKII inhibitor AIP was applied directly onto the exposed spinal cord in doses of 0.2 

and 2.0 mM. The C-fiber mediated responses were not affected by 0.2 and 2.0 mM of the 

CaMKII inhibitor AIP alone or by vehicle. However, induction of LTP in single nociceptive 

dorsal horn neurons, induced by HFS conditioning of the sciatic nerve, was inhibited in a 

dose-dependent manner following pre-administration of the CaMKII inhibitor AIP. This 

indicates that CaMKII might be important for the induction of LTP in single nociceptive 

dorsal horn neurons in the spinal cord (paper II).  

 

 

4.4. Paper III 

 

4.4.1. Spinal LTP is associated with increased gene expression of Zif268 

A transient increase in the gene expression of Zif268 was observed 120 minutes following 

HFS conditioning applied to the sciatic nerve. The observed increase in the gene expression 

of Zif268 was about twofold of the expression in the corresponding control. The expression 

in the control group was at about the same level as the expression in the native group. The 

increased gene expression of Zif268 120 minutes after conditioning was significantly higher 

than in the corresponding control. Regarding the gene expression of c-fos and COX2 a 

different pattern was observed. The expression of c-fos in the control group was 

significantly decreased at 120 minutes compared to the native group. No significant 

differences in the gene expression of c-fos or COX2 were observed between the HFS group 

and the corresponding control- or native group. The results indicate that changes in the gene 

expression of Zif268 might be associated with maintenance of spinal LTP after HFS 

conditioning applied to the sciatic nerve (paper III).    
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4.5. Paper IV 

 

4.5.1. Spinal LTP is associated with increased gene expression of IL-1β, GDNF and 

iNOS 

A significant increase in the gene expression for IL-1β, GDNF and iNOS was observed 360 

minutes following HFS conditioning applied to the sciatic nerve. The observed gene 

expression after HFS were for IL-1β 1.8 fold, for GDNF 1.3 fold and for iNOS 1.6 fold the 

gene expression in the corresponding control group. For both IL-1β and GDNF, the 

expression in the corresponding control was on the same level as the expression in the 

corresponding native group. In contrast, the expression of iNOS in the control group was 

higher than the expression of iNOS in the native group. However, there were no significant 

changes in gene expression for p38 MAPK, COX2 or TNF  360 minutes after HFS 

conditioning of the sciatic nerve. The observed increase in the expression of the genes for 

IL-1β, GDNF and iNOS following HFS conditioning indicates that the neuronal events 

underlying the development of spinal LTP might be associated with an increase in the 

expression of these genes (paper IV).  
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5. DISCUSSION OF METHODS 

 

 

The methods used to investigate the underlying mechanisms for induction and maintenance 

of LTP include electrophysiological extracellular single cell recordings in intact 

anaesthetized rats and real-time RT-PCR on spinal cord tissue following HFS conditioning 

of the sciatic nerve. 

 

 

5.1. Animals and anaesthesia 

All rats were anaesthetized with urethane, which is a commonly used anaesthetic for 

animals in non-recovery experiments. It is carcinogenic, which precludes its use as a human 

anaesthetic (Hara and Harris, 2002). The advantages of urethane in animal anaesthesia are 

that it produces a long-lasting steady level of surgical anaesthesia and, compared to other 

anaesthetics, has minimal effects on autonomic and cardiovascular systems and spinal 

reflexes, for review see (Soma, 1983; Maggi and Meli, 1986). 

 

However, in an in vitro model using Xenopus laevis oocytes, it has been shown that 

urethane potentiates the function of neuronal α4β2 nicotinic acetylcholine (α4β2 neuronal 

nAch)-, α1β2γ2s γ-aminobutyric acidA (α1β2γ2s GABAA)- and α1 glycine receptors. In 

addition, it inhibits the NR1A/NR2A NMDA- and GluR1/GluR2 AMPA receptors (Hara 

and Harris, 2002). Thus, urethane seems to affect both inhibitory and excitatory systems, but 

the magnitude of the effect is less for urethane than the effect observed with other more 

selective anaesthetics (Hara and Harris, 2002).  

 

Importantly, deep level of urethane anaesthesia has been shown in several studies 

insufficient to pre-emt LTP induction of C-fiber evoked potentials (Svendsen et al., 1997; 

Benrath et al., 2004). Thus, we assume that the background urethane anaesthesia does not 

interfere much with the measurement of electrophysiological responses. However, one 

cannot completely rule out that the dorsal horn single cell responses produced by 

nociceptive stimuli or pharmacological manipulation in the urethane anaesthetized animals 

are the same as those that would have been observed in awake animals (Hara and Harris, 

2002).   
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5.2. Electrophysiological extracellular single cell recordings 
Induction of LTP in the dorsal horn of the spinal cord has been shown both in vitro and in 

vivo using different techniques. Spinal LTP was first demonstrated in vitro in spinal cord 

slices (Pockett and Figurov, 1993). Today, the patch clamp technique, measuring changes in 

potentials or currents across the membrane, is the most used in vitro technique (Ikeda et al., 

2003).  

 

However, some aspects can only be studied in the entire animal with both the primary 

afferent nerve fibers and descending pathways intact. Extracellular single cell- or field 

potential recordings combined with HFS conditioning applied to the sciatic nerve has 

become a well established method to study LTP in the spinal dorsal horn in intact 

anaesthetized rats (Liu and Sandkuhler, 1995; Svendsen et al., 1997; 1998; Gjerstad et al., 

2001; Afrah et al., 2002).  

 

LTP is defined as long-term increase in synaptic strength. The LTP phenomenon may be 

demonstrated by measuring the sum of post-synaptic potentials from several cells, i.e. field 

potentials (Liu and Sandkuhler, 1997) or by the number of action potentials from single 

cells (Svendsen et al., 1997) in the spinal dorsal horn in response to peripheral stimuli. In 

our study, extracellular single cell recordings have been utilized because specific cells can 

be studied and a distinction between laminae can be made. 

 

Single cell recordings were ensured on the basis of amplitude and shape of the action 

potentials. A successful extracellular single unit recording requires the action potentials 

from one cell to be clearly separated from the signals from the nearby cells. However, one 

cannot be absolutely certain that signals from one cell only are studied throughout the whole 

recording period. Moreover, neurons generating weaker electrical fields will more easily be 

overlooked. 

 

Single cells used in the experiments were identified by their ability to respond to natural 

stimuli; brush, fingernail pressure and surgical forceps pinch. As little pinch as possible 

were used in the searching process to avoid sensitization of the neurons. However, when 

searching for superficial NS cells, moderate pinching was applied periodically as a search 

stimulus.  
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5.3. Investigation of gene expression 

In our study, the level of mRNA expression is quantified to investigate the pattern of gene 

expression following HFS conditioning of the sciatic nerve. Reverse transcription of 

extracted RNA from the tissue sample followed by real-time RT-PCR is a very sensitive and 

flexible method for gene expression and quantification analysis, for review see (Bustin, 

2000). The choice of candidate genes studied was based on the knowledge from earlier 

studies on the function of proteins and previous studies on gene- and protein expression 

observed after induction of LTP in hippocampus.  

 

Spinal cord tissue was harvested by rapid dissection and freezing in liquid nitrogen to 

prevent degradation of RNA. Gene expression analysis was performed on RNA isolated 

from a 5 mm piece of the whole lumbar spinal cord in paper III and as a better approach 10 

mm piece of the ipsilateral quadrant of the spinal dorsal horn in paper IV. Isolation of the 

quadrant instead of the whole spinal cord gave an increased specificity in relation to the 

dorsal horn neurons that is influenced by sciatic nerve conditioning. However, it may be 

argued that the results would have been even more conclusive if the gene expression was 

studied in specific laminae.  

 

RNA quality is a critical factor for successful, reproducible and biological relevant gene 

expression analysis. The RNA molecule, once removed from its cellular environment, is 

extremely delicate and exposed to degradation by RNAse molecules and contamination 

under tissue- and RNA isolation. Another factor affecting the accuracy of gene expression 

analysis is DNA contamination (Zhang et al., 2005a), for review see (Bustin and Nolan, 

2004). An important step to secure reliable results is to test the quality of the isolated RNA. 

Therefore, the RNA quality, in accordance with earlier studies (Zhang et al., 2005a), was 

evaluated by on chip gel electrophoresis with the Agilent Bioanalyzer. The technique 

detects the quality of ribosomal RNA which is supposed to be a good measurement for the 

quality of total RNA. The analyses showed satisfactory RNA quality in all the samples. 

 

The primers used for real-time PCR were designed to span introns to avoid false positive 

results from amplification of possible genomic DNA contamination. Primer pairs were 

designed to be complementary to a sequence in the exons on each side of an intron, except 

for one set of primers, where the forward primer was complementary to the sequence of the 
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end of one exon and the beginning of the next. The optimal length for single stranded 

primers is about 18-24 bases with a GC (guanine/cytosine) content of between 40-60%. The 

melting temperature (Tm) of the primer pair should be between 58-60 oC and not differ 

more than 1-2 oC. The primers used in this project were within these parameters, except the 

primers used for iNOS. The possibility of hairpin formation, caused by primers being self-

complementary, or dimerization, caused by primer pairs being complementary, was 

minimized under the design. High GC content in the primer pair, especially at the 3’ end 

was avoided as this can lead to false priming. The specificity of the primers was evaluated 

by BLAST search. 

 

The primer concentration used in the PCR reaction should be kept at an optimal level. Too 

high primer concentration may promote mispriming and accumulation of non-specific 

products. Too low primer concentration is on the contrary a smaller problem at real time 

analysis, as target copy number is calculated at a time point (exponential phase) well before 

the primer supply is exhausted, for review see (Bustin, 2000). However, even if the 

specificity of the primers and the parameters for the reaction were optimized, unspecific 

priming might still have occured. The final PCR product was therefore investigated for 

formation of unspecific products. A melting curve with fluorescence as a function of 

temperature was constructed at the end of all PCR reactions to visualize eventually bi-

products. Theoretically, some bi-products might have melting points close to the main 

product and ideally to exclude this, gel electrophoresis may be performed to analyze the 

amplified PCR product (Zhang et al., 2005a).  

 

To correct for sample to sample variation, i.e. differences in tissue weight and differences in 

the efficiency of the cDNA synthesis, an internal standard was co-amplified with the target 

gene. The expression of the target gene was normalized to the expression of the internal 

standard. Suitable internal standards have a constant expression independent of 

experimental intervention (Zhang et al., 2005a). The gene for β-actin encodes a ubiquitous 

cytoskeleton protein and is most likely independent of the conditioning. As expected, pilot 

studies showed no indications of changes in the expression of β-actin. Hence, β-actin was 

used as an internal standard.  
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6. DISCUSSION OF RESULTS 

 

 

6.1. Induction and maintenance of spinal LTP 

Spinal LTP has been studied since 1993 (Pockett and Figurov, 1993; Randic et al., 1993) 

and is now a well accepted phenomenon that fall into the term central sensitization or vice 

versa, for review see (Sandkuhler, 2000; Willis, 2002). In accordance with previous studies, 

we demonstrated that LTP in the spinal dorsal horn in anaesthetized animals can be induced 

by HFS conditioning of the sciatic nerve (paper I-IV) (Svendsen et al., 1997; Sandkuhler 

and Liu, 1998; Gjerstad et al., 2001; Afrah et al., 2002). In this work, we used this 

established method to investigate some of the mechanisms involved in spinal LTP.  

 

Previous studies show that induction of LTP involves activation and modification of 

receptors and intracellular proteins (Liu and Sandkuhler, 1995; Svendsen et al., 1998; Ikeda 

et al., 2003; Yang et al., 2004; Xin et al., 2006), which may increase the synaptic strength. 

The maintenance of LTP, on the other hand, may involve more long-lasting alterations like 

changes in expression of genes and de novo protein synthesis (Hu et al., 2003). Based on 

this, we wanted to investigate whether the NMDA receptors containing the NR2B subunit 

(paper I) and the intracellular CaMKII (paper II) were involved in induction of spinal LTP. 

In addition, to study the mechanisms for the maintenance of HFS-induced spinal LTP, 

changes in gene expression of the Zif268, c-fos and COX2 (paper III) and changes in the 

gene expression of IL-1β, GDNF, iNOS, p38 MAPK, COX2 and TNFα (paper IV) were 

investigated. 

 

 

6.2. Induction of spinal LTP and activation of the NMDA-2B receptor 

Earlier observations have suggested that spinal LTP involves activation of the NMDA 

receptors (Randic et al., 1993; Liu and Sandkuhler, 1995; Svendsen et al., 1998; Ikeda et al., 

2003). Functional NMDA receptors exist as heteromeric complexes including the essential 

and ubiquitous NR1 subunit in combination with one or more of the NR2A-NR2D subunits. 

In addition, some NMDA receptors contain the subunits NR3A and NR3B (Al-Hallaq et al., 

2002; Matsuda et al., 2002). Compared to the other subunits, it has been shown that the 

NR2B subunit has a relatively restricted distribution in nociceptive transmission and pain 
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regulatory pathways such as in the forebrain (Laurie et al., 1997) and in the superficial 

dorsal horn of the spinal cord (Yung, 1998; Boyce et al., 1999; Nagy et al., 2004), 

suggesting that NMDA-2B receptors may play a critical role in nociceptive transmission.  

 

In our study, we applied the selective NMDA-2B antagonist Ro 25-6981 directly onto the 

spinal cord to investigate the role of the receptor on the induction of LTP in the dorsal horn.  

Spinal administration of the NMDA-2B receptor antagonist showed a clear antinociceptive 

effect on spinal dorsal horn neurons and in addition attenuated the magnitude of spinal LTP. 

These results indicate that activation of the NMDA receptors containing the NR2B subunit 

may be involved in spinal nociceptive synaptic transmission and important for the induction 

of spinal LTP.  

 

Supporting our findings, a recent study showed that spinal application of the NMDA-2B 

antagonist Ro 25-6981 caused a clear antinociceptive effect and a significant inhibition of 

dorsal horn LTP induced by HFS conditioning applied to the sciatic nerve (Qu et al., 2009). 

Moreover, previous behavioural findings have indicated that different selective NMDA-2B 

receptor antagonists possess antinociceptive activity in both acute and chronic pain models 

(Bernardi et al., 1996; Taniguchi et al., 1997; Sakurada et al., 1998; Boyce et al., 1999; 

Chizh et al., 2001).  

 

Patch clamp studies of single channels in substantia gelatinosa neurons of spinal cord slices 

show that NMDA receptors containing the NR2B subunit seem to have higher Ca2+-

conductance than other NMDA receptors (Momiyama, 2000). Ca2+ is a critical intracellular 

signaling molecule for triggering plastic changes (Ikeda et al., 2003). The increase in 

intracellular Ca2+-concentration may lead to activation of Ca2+-dependent enzymes in signal 

transduction pathways, including CaMKII, important for long-lasting modifications and 

sensitization.  

 

 

6.3. Induction of spinal LTP and activation of the intracellular CaMKII  

Several lines of evidence demonstrate that induction of LTP in the hippocampus might be 

dependent on the molecule CaMKII (Ito et al., 1991; Silva et al., 1992; Otmakhov et al., 

1997; Giese et al., 1998). Thus, CaMKII, whose activation is dependent on intracellular 
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Ca2+, has long been considered to be important for LTP in hippocampus. However, since 

CaMKII is abundantly expressed in the superficial layers of the spinal cord (Bruggemann et 

al., 2000), it is likely that this molecule plays a role not only in the brain, but also in the 

superficial laminae of the spinal cord receiving nociceptive input from primary afferents. 

  

In our study, we applied the specific CaMKII inhibitor AIP directly onto the spinal cord to 

investigate whether the enzyme is involved in the induction of spinal LTP. We observed that 

LTP in single nociceptive neurons was attenuated in a dose-dependent manner following 

pre-treatment of AIP. In experiments with no conditioning, no effect of AIP was observed. 

Our results indicate that CaMKII may be important for the induction of LTP in single 

nociceptive dorsal horn neurons.  

 

Recent data demonstrating that CaMKII contributes to induction of spinal LTP of field 

potentials, when the inhibitor is applied before conditioning (Yang et al., 2004), support our 

results. Moreover, the observation that capsaicin-induced central sensitization is prevented 

by the CaMKII inhibitor KN-93 further supports the importance of this kinase at the spinal 

level (Fang et al., 2002).  

 

In some cases CaMKII can be activated and then locked in an active formation. This process 

may either arise from binding of Ca2+/calmodulin (Hanson et al., 1994) or by binding to the 

NMDA receptor subunit NR2B (Bayer et al., 2001). In this situation the CaMKII stays 

active independent of Ca2+/calmodulin binding (Thiel et al., 1988; Bayer et al., 2001), 

allowing its enzymatic activity to continue long after the Ca2+ signal has returned to 

baseline.  

 

Activation of CaMKII mediates a variety of different cellular responses to calcium, which 

may affect synaptic plasticity. These include phosphorylation of various receptors and 

transcription factors (Barria et al., 1997; Fang et al., 2002; Fang et al., 2005a). For example, 

in the spinal cord, it has been shown that CaMKII activity enhances both the 

phosphorylation of AMPA receptor subunit GluR1 and the transcription factor CREB 

during capsaicin-induced central sensitization (Fang et al., 2002; Fang et al., 2005a). 

Moreover, in hippocampus, CaMKII also promotes incorporation of new AMPA receptors 

in the membrane (Hayashi et al., 2000).  
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Taken together, these studies indicate that CaMKII activity might be important for synaptic 

plasticity, probably through several different cellular responses.  

 

 

6.4. Spinal LTP and gene expression 

Earlier data have shown that the late-phase spinal LTP may be inhibited by the protein 

synthesis inhibitor anisomycin and cycloheximide (Hu et al., 2003). It has therefore been 

suggested that maintenance of LTP in the spinal cord may involve altered gene expression 

and protein synthesis. Changed gene expression may involve at least two steps; i.e. i) 

changes in expression of genes encoding transcription factors and ii) changes in expression 

of LRGs encoding other proteins. There are few studies discussing possible changes in the 

expression of specific genes following HFS-induced spinal LTP. Thus, investigation of gene 

expression of the transcription factors Zif268 and c-fos and the LRGs encoding IL-1β, 

GDNF, iNOS, p38 MAPK, COX2 and TNFα following HFS conditioning applied to the 

sciatic nerve was performed. 

 

 

6.4.1. Gene expression of Zif268, c-fos and COX2 

Previous studies have shown that the expression of Zif268 and c-fos is increased after 

induction of LTP in hippocampus (Nikolaev et al., 1991; Jones et al., 2001). However, since 

long-term changes in spinal sensitivity are controlled by similar mechanisms as for 

hippocampal LTP, for review see (Ji et al., 2003), increased expression of Zif268 and c-fos 

may also occur at the spinal cord level. Moreover, evidence exists that peripheral 

inflammation increases the expression of Zif268, c-Fos and COX2 in the spinal cord 

(Herdegen et al., 1994; Samad et al., 2001).  

 

In our work, we demonstrated a transient increase in the expression of the Zif268 gene 2 

hours following HFS conditioning of the sciatic nerve. Thus, our results indicate that a 

change in the gene expression of Zif268 might be associated with the HFS conditioning-

induced spinal LTP. Expression of the Zif268 gene is presumably regulated by different 

Ca2+-dependent signaling pathways, as several different regulatory regions, including CRE 

sites, are found close to the promoter region. Previous studies have indicated that induction 

of the Zif268 gene is essential for stabilization of the late-response LTP in hippocampus 
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(Jones et al., 2001). The transient increase of the expression of Zif268 observed in our work 

is consistent with an involvement in the transition from the early- to the protein synthesis-

dependent late-phase of spinal LTP. Interestingly, recent studies have shown that the 

immunoreactivity for Zif268 expressing neurons is up-regulated in the superficial spinal 

cord 3 hours following induction of LTP  (Rygh et al., 2006; Haugan et al., 2008), i.e. 

approximately at the time point where the early- to late-phase transition is believed to occur 

(Jones et al., 2001; Hu et al., 2003).  

 

The Zif268 gene encodes a zinc-finger transcription factor and activates the expression of 

different downstream target genes. Thus, induction of Zif268 may be an important element 

in altered gene- and protein expression and in this way participate in the signaling cascade 

required for maintenance of LTP. Moreover, recent data using antisense treatment towards 

this gene resulted in deficit long-term maintenance of inflammatory hyperalgesia (Rygh et 

al., 2006). This indicates a role for the Zif268 gene in the process leading to sensitization. 

 

No clear changes were observed for c-fos or COX2 following conditioning. Compared to 

previous data on c-Fos and COX2 expression in inflammatory pain (Herdegen et al., 1994; 

Ji and Rupp, 1997; Samad et al., 2001), it was expected to observe an increase in the 

expression of these genes. Apparently, our data showed that the expression level of c-fos in 

the control at 2 hours was lower than the expression in the native group. Since the 

expression of c-Fos and COX2 are considered to be important for noxious stimuli in other 

models and c-Fos has been used as a marker of activation of nociceptive neurons, it was 

surprisingly that induction of spinal LTP did not increase the expression of c-fos or COX2. 

It is possible that this is related to the nature of the noxious stimuli. c-Fos expression may 

also be suppressed by anaesthesia (Buritova and Besson, 2001).  

 

 

6.4.2. Gene expression of IL-1β, GDNF, iNOS, p38 MAPK, COX2 and TNFα 

In our study, we demonstrated a significant increase in the gene expression of IL-1β, GDNF 

and iNOS in the ipsilateral dorsal horn compared to the corresponding controls 6 hours 

following HFS conditioning of the sciatic nerve. The increase in both the C-fiber response 

and the gene expression of IL-1β, GDNF and iNOS 6 hours following HFS conditioning 
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applied to the sciatic nerve indicates that spinal LTP might be associated with an increased 

expression of these genes. 

 

The increased gene expression of the proinflammatory IL-1β observed in our work 6 hours 

following conditioning is in line with a previous animal study showing an up-regulation of 

IL-1β in the spinal cord following peripheral inflammation (Raghavendra et al., 2004). 

Supporting a role for spinal cord IL-1β in sensitization, earlier data have shown that 

intrathecal administration of IL-1β produces enhanced dorsal horn neuronal response, but 

also mechanical and thermal hyperalgesia in animal models (Reeve et al., 2000; Sung et al., 

2004). Moreover intrathecal administration of IL-1 receptor antagonists reduced 

inflammatory pain in animals (Zhang et al., 2008).  

 

Earlier studies indicate that IL-1β is mainly induced in glial cells after inflammation (Zhang 

et al., 2008). Thus, the up-regulation of IL-1β following HFS conditioning may be due to 

activation of glial cells and increased gene expression of IL-1β in these cells. Supporting 

this, it is suggested that induction of spinal LTP not only involves activation of neurons, but 

also activation of glial cells (Ma and Zhao, 2002).  

 

Previous findings have suggested that IL-1β exerts its action through different mechanisms 

including increased excitatory synaptic transmission, enhanced NMDA-induced currents, 

decreased inhibitory synaptic transmission, suppressed GABA- and glycine-induced 

currents, increased CREB phorphorylation (Kawasaki et al., 2008) and increased expression 

and/or release of other substances like GDNF (Verity et al., 1998; Tanabe et al., 2009), 

iNOS and NO (Sung et al., 2004; Sung et al., 2005). Interestingly, all these events may 

influence on nociceptive transmission and contribute to increased synaptic strength. Thus, it 

has been suggested that IL-1β may be important for development of sensitization in the 

spinal cord. 

 

GDNF was initially purified from conditioned medium of rat B-49 glial cells as a potent 

trophic factor for mesencephalic dopaminergic neurons (Lin et al., 1993).  Later, it has been 

shown that GDNF also may be a neurotrophic factor for sensory neurons (Matheson et al., 

1997). Interestingly, we observed an increase in the gene expression of GDNF in the spinal 

cord 6 hours after HFS conditioning of the sciatic nerve. Although the number of 
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experiments on gene expression was low at 3 hours after condtitioning, we saw a tendency 

for an increased expression of GDNF already at this time point. Despite different 

stimulation protocols, this is in line with the results showing an upregulation of the gene for 

GDNF already at 30 minutes, with a peak at 3 hours (Satake et al., 2000). Our findings 

suggest that upregulation of mRNA for GDNF 6 hours after conditioning might be 

associated with spinal LTP.  

 

The GDNF protein has previously been shown to be present mainly in superficial layers, but 

is also observed in deeper laminae of the spinal dorsal horn (Holstege et al., 1998; Fang et 

al., 2003).  Since this region of the dorsal horn receives many afferent inputs, it seems likely 

that GDNF are involved in spinal processing of sensory information. However, there are 

conflicting data about its role in nociceptive transmission. One report describes reduced 

hyperalgesia in complete Freund’s adjuvant-induced inflammation following intrathecal 

administration of an antibody blocking the GDNF function (Fang et al., 2003). In contrast, 

intrathecal administration of GDNF showed potent analgesic effects in rat models of 

neuropathic pain (Boucher et al., 2000; Sakai et al., 2008). Different type of administrations, 

pain models and dosage may account for these seemingly contradictory observations.  

It has been suggested that GDNF is present not only in glia, but also in primary afferent 

terminals in the dorsal horn (Holstege et al., 1998; Satake et al., 2000). Whether the 

increased expression of GDNF observed in our work takes place in neurons and/or in glial 

cells remains to be investigated.  However, our data showing an increase in both C-fiber 

response and gene expression of GDNF following HFS conditioning suggest that increased 

GDNF gene expression might be associated with spinal LTP. 

 

GDNF acts on neurons and glial cells that express the receptor components for GDNF 

signaling, i.e. the signal transducing elements RET or neuronal cell adhesion molecule 

(NCAM) and the ligand binding domain GDNF family receptor α1 (GFRα1) (Bennett et al., 

1998; Honda et al., 1999; Paratcha et al., 2003; Jongen et al., 2007). Through activation of 

the receptor, GDNF is known to trigger multiple signaling pathways and is found to have 

influence on glial NO production (Chang et al., 2006). 

 

The diffusible messenger NO is produced from L-arginin by three distinct isoforms of NOS, 

i.e. nNOS (neuronal), eNOS (endothelial) and iNOS. NO is a product of activated neurons 
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as well as glial cells and exert its effect on nearby cells. While nNOS is found in dorsal horn 

neurons in superficial laminae, iNOS expression is found to be upregulated in spinal glial 

cells following inflammation (Maihofner et al., 2000). Thus, the increased gene expression 

of iNOS observed in our work may result from amplified expression of iNOS in glial cells. 

Interestingly, it has been suggested that NOS and NO is involved in the LTP of C-fiber 

evoked field potentials in the spinal cord and thermal hyperalgesia induced by tetanic 

stimulation (Zhang et al., 2005b).  

 

Our findings revealing an increased mRNA expression of iNOS in the ipsilateral dorsal horn 

6 hours after HFS conditioning of the sciatic nerve, is in line with previous observations 

showing an increased expression of iNOS in the spinal cord with a maximum at 4 hours 

following hindpaw zymosan injection (Guhring et al., 2001). However, our data also 

showed that the expression of mRNA for iNOS in the control group at 6 hours was high 

compared to the native group. 

 

Why the expression of mRNA for iNOS increased in the control experiments, remains to be 

investigated. The methodological difference between the native group and the control group 

was the isolation of the sciatic nerve and the time lag of 6 hours. One possible explanation 

for the increased gene expression for iNOS in the control group compared to the native 

group may be the result of long-lasting sensory input from the periphery following the 

surgery and the process of the sciatic nerve isolation. In addition, the expression of iNOS 

might be influenced by local spinal release of cytokines after splitting the meninges.  

 

Based on previous data showing increased mRNA for COX2 (Beiche et al., 1998; Samad et 

al., 2001) and TNFα (Raghavendra et al., 2004) in the spinal cord following peripheral 

inflammation, it was expected to observe an increase in COX2 and TNFα in our LTP model. 

However, no clear changes in the gene expression of COX2 or TNFα, nor p38 MAPK were 

observed in our work 6 hours after HFS conditioning of the sciatic nerve, suggesting that 

spinal LTP may not be associated with clear changes in the expression of these genes.  
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6.5. Clinical implications of spinal LTP 

It has been suggested that the neuronal events leading to spinal LTP may at least in part be 

important for the development of central sensitization and hyperalgesia, for review see 

(Sandkuhler, 2000). However, the relevance of LTP induced by HFS conditioning as an 

underlying mechanism for the development of central sensitization and hyperalgesia 

observed following inflammation, tissue- or nerve injury may be questioned. The most 

frequently used form of conditioning to induce LTP in spinal nociceptive superficial and 

deep dorsal horn is brief electrically HFS (about 100 Hz) of the sciatic nerve (Liu and 

Sandkuhler, 1995; Svendsen et al., 1997). This form of conditioning has lately been 

criticized to be supra-maximal of the physiological frequency range of primary afferent C-

fibers. However, it has been shown that some C-fibers may reach discharge rates up to 

approximately 200 Hz (Fang et al., 2005b). 

 

Earlier data demonstrate that in deep dorsal horn WDR neurons HFS (30 or 100 Hz) induces 

a robust LTP, whereas LFS (3 Hz) conditioning induces a short-lasting LTP (Haugan et al., 

2008). However, supporting the relevance of LTP in central sensitization and hyperalgesia, 

it has recently been shown that LFS (2Hz) conditioning successfully may induce LTP in 

lamina I neurons projecting to the PAG (Ikeda et al., 2006). Moreover, strong natural 

stimulation such as inflammation and tissue- and nerve injury has also induced LTP in the 

spinal dorsal horn (Sandkuhler and Liu, 1998; Rygh et al., 1999; Ikeda et al., 2006).  

 

Interestingly, it has been shown that HFS conditioning of sciatic nerve fibers, which induces 

LTP at synapses of C-fibers in the spinal cord, has behavioral consequences in rats and 

causes ipsilateral hind paw thermal hyperalgesia for 6 days (Zhang et al., 2005b) and 

bilateral mechanical allodynia for 4-6 days (Ying et al., 2006). This suggests that LTP at C-

fiber synapses has an impact on nocifensive behavior. In addition, a perceptual correlate to 

LTP in the nociceptive pathways has been described in humans and further suggests 

clinincal implications of this phenomenon (Klein et al., 2004). 

  

Finally, superficial NK1 expressing neurons important for the expression of spinal LTP 

(Ikeda et al., 2006), also seems to be involved in the expression of hyperalgesia in behaving 

animals (Mantyh et al., 1997; Nichols et al., 1999). 
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6.6. Future perspectives 

Spinal LTP, central sensitization and hyperalgesia seems to involve the same essential 

elements, i.e. activation of primary afferent C-fibers, induction protocols and signal 

transduction pathways, for review see (Sandkuhler, 2007). Moreover, the ease with which 

LTP is induced during inflammation supports the proposal that the mechanisms of LTP are 

similar to those of central sensitization associated with peripheral inflammation (Vikman et 

al., 2003). Based on these observations, it is a good support for LTP having a clinical 

relevance. Furthermore, it has been suggested that induction of spinal LTP by noxious 

stimulation may be one mechanism whereby acute pain is turned into chronic pain (Klein et 

al., 2004).  

 

Hence, it is important to further investigate the cellular mechanisms responsible for 

plasticity within the spinal nociceptive circuits. Moreover, further research may also reveal 

novel and maybe better therapy to prevent or reverse the development of central plastic 

changes leading to hyperalgesia.  

 

Taken together, more knowledge about the mechanisms underlying the cellular events 

leading to hyperalgesia may be important for future treatment of long-lasting pain states.  
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7. CONCLUSIONS 

 

 

I. Spinal administration of the NMDA-2B receptor antagonist Ro 25-6981 showed 

an antinociceptive effect on spinal dorsal horn neuronal activity and clearly 

attenuated the magnitude of the spinal LTP induced by HFS of the sciatic nerve. 

These observations indicate that activation of the dorsal horn NMDA-2B 

receptors may be involved in spinal nociceptive transmission. Furthermore, full 

expression of LTP in dorsal horn neurons seems to be dependent on activation of 

these receptors. Our results suggest that activation of the NMDA-2B receptors 

may be important for induction of LTP in single nociceptive dorsal horn 

neurons. 

 

 

II. Induction of LTP in nociceptive dorsal horn neurons, induced by HFS 

conditioning of the sciatic nerve, was not observed following pre-treatment of 

the highest dose used of the CaMKII inhibitor AIP. The clear inhibition of LTP 

by spinal pre-administration of AIP indicates that CaMKII may play an 

important role in the induction of spinal LTP in single nociceptive dorsal horn 

neurons.   

 

 

III. Our data demonstrated a transient increase in the expression of the Zif268 gene 

120 minutes following HFS conditioning of the sciatic nerve. In contrast, no 

clear change was observed in the expression of c-fos and COX2 following HFS 

conditioning. These results indicate that the transient increase in the expression 

of Zif268 may be associated with spinal LTP. Since Zif268 is a transcription 

factor, which controls the expression of other genes, it seems likely that spinal 

LTP is associated with de novo synthesis of proteins. 

 

 

IV. The expression of the genes for IL-1β, GDNF and iNOS significantly increased 

in the ipsilateral spinal dorsal horn 360 minutes following HFS conditioning of 
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the sciatic nerve.  No clear changes were observed in the gene expression for p38 

MAPK, COX2 and TNFα. The increase in both the C-fiber response and the 

gene expression of IL-1β, GDNF and iNOS following HFS conditioning indicate 

that induction of LTP might be associated with changes in the expression of 

these genes. The increase in the gene expression of IL-1β, GDNF and iNOS is 

consistent with the hypothesis that these genes might be associated with 

maintenance of spinal LTP. Whether or not there is a causal relationship between 

up-regulation of IL-1β, GDNF or iNOS and maintenance of LTP remains to be 

investigated. 

 



59 

 

8. REFERENCES 

 

Abbott NJ, Ronnback L, Hansson E. Astrocyte-endothelial interactions at the blood-brain barrier. 

Nat Rev Neurosci 2006; 7: 41-53. 

Afrah AW, Fiska A, Gjerstad J, Gustafsson H, Tjolsen A, Olgart L, Stiller CO, Hole K, Brodin E. Spinal 

substance P release in vivo during the induction of long-term potentiation in dorsal horn 

neurons. Pain 2002; 96: 49-55. 

Al-Hallaq RA, Jarabek BR, Fu Z, Vicini S, Wolfe BB, Yasuda RP. Association of NR3A with the N-

methyl-D-aspartate receptor NR1 and NR2 subunits. Mol Pharmacol 2002; 62: 1119-27. 

Andrew D, Krout KE, Craig AD. Differentiation of lamina I spinomedullary and spinothalamic 

neurons in the cat. J Comp Neurol 2003; 458: 257-71. 

Appel E, Kolman O, Kazimirsky G, Blumberg PM, Brodie C. Regulation of GDNF expression in 

cultured astrocytes by inflammatory stimuli. Neuroreport 1997; 8: 3309-12. 

Araque A, Sanzgiri RP, Parpura V, Haydon PG. Astrocyte-induced modulation of synaptic 

transmission. Can J Physiol Pharmacol 1999; 77: 699-706. 

Azkue JJ, Liu XG, Zimmermann M, Sandkuhler J. Induction of long-term potentiation of C fibre-

evoked spinal field potentials requires recruitment of group I, but not group II/III 

metabotropic glutamate receptors. Pain 2003; 106: 373-9. 

Barria A, Muller D, Derkach V, Griffith LC, Soderling TR. Regulatory phosphorylation of AMPA-type 

glutamate receptors by CaM-KII during long-term potentiation. Science 1997; 276: 2042-5. 

Bayer KU, De Koninck P, Leonard AS, Hell JW, Schulman H. Interaction with the NMDA receptor 

locks CaMKII in an active conformation. Nature 2001; 411: 801-5. 

Beiche F, Brune K, Geisslinger G, Goppelt-Struebe M. Expression of cyclooxygenase isoforms in the 

rat spinal cord and their regulation during adjuvant-induced arthritis. Inflamm Res 1998; 

47: 482-7. 

Beitz AJ. The organization of afferent projections to the midbrain periaqueductal gray of the rat. 

Neuroscience 1982; 7: 133-59. 

Bennett DL, Michael GJ, Ramachandran N, Munson JB, Averill S, Yan Q, McMahon SB, Priestley JV. A 

distinct subgroup of small DRG cells express GDNF receptor components and GDNF is 

protective for these neurons after nerve injury. J Neurosci 1998; 18: 3059-72. 

Benrath J, Brechtel C, Martin E, Sandkuhler J. Low doses of fentanyl block central sensitization in 

the rat spinal cord in vivo. Anesthesiology 2004; 100: 1545-51. 



60 

 

Bernardi M, Bertolini A, Szczawinska K, Genedani S. Blockade of the polyamine site of NMDA 

receptors produces antinociception and enhances the effect of morphine, in mice. Eur J 

Pharmacol 1996; 298: 51-5. 

Bliss TVP, Lømo T. Long-lasting potentiation of synaptic transmission in the dentate area of the 

anaesthetized rabbit following stimulation of the perforant path. J. Physiol. 1973; 232: 331-

56. 

Blomstrand F, Aberg ND, Eriksson PS, Hansson E, Ronnback L. Extent of intercellular calcium wave 

propagation is related to gap junction permeability and level of connexin-43 expression in 

astrocytes in primary cultures from four brain regions. Neuroscience 1999; 92: 255-65. 

Boucher TJ, Okuse K, Bennett DL, Munson JB, Wood JN, McMahon SB. Potent analgesic effects of 

GDNF in neuropathic pain states. Science 2000; 290: 124-7. 

Boyce S, Wyatt A, Webb JK, O'Donnell R, Mason G, Rigby M, Sirinathsinghji D, Hill RG, Rupniak NM. 

Selective NMDA NR2B antagonists induce antinociception without motor dysfunction: 

correlation with restricted localisation of NR2B subunit in dorsal horn. Neuropharmacology 

1999; 38: 611-23. 

Brodal P, Sentral nervesystemet, Universitetsforlaget AS, Oslo, Norway, 2007a, pp. 209. 

Brodal P, Sentral nervesystemet, Universitetsforlaget AS, Oslo, Norway, 2007b, 105 pp. 

Bruggemann I, Schulz S, Wiborny D, Hollt V. Colocalization of the mu-opioid receptor and 

calcium/calmodulin-dependent kinase II in distinct pain-processing brain regions. Brain Res 

Mol Brain Res 2000; 85: 239-50. 

Buritova J, Besson JM. Urethane anaesthesia could partly mask antinociceptive effects of non-

steroidal anti-inflammatory drugs: a spinal c-Fos protein study. Brain Res 2001; 891: 281-4. 

Burstein R, Cliffer KD, Giesler GJ, Jr. Direct somatosensory projections from the spinal cord to the 

hypothalamus and telencephalon. J Neurosci 1987; 7: 4159-64. 

Burstein R, Dado RJ, Giesler GJ, Jr. The cells of origin of the spinothalamic tract of the rat: a 

quantitative reexamination. Brain Res 1990; 511: 329-37. 

Bustin SA. Absolute quantification of mRNA using real-time reverse transcription polymerase chain 

reaction assays. J Mol Endocrinol 2000; 25: 169-93. 

Bustin SA, Nolan T. Pitfalls of quantitative real-time reverse-transcription polymerase chain 

reaction. J Biomol Tech 2004; 15: 155-66. 

Chang YP, Fang KM, Lee TI, Tzeng SF. Regulation of microglial activities by glial cell line derived 

neurotrophic factor. J Cell Biochem 2006; 97: 501-11. 



61 

 

Chizh BA, Reissmuller E, Schlutz H, Scheede M, Haase G, Englberger W. Supraspinal vs spinal sites of 

the antinociceptive action of the subtype-selective NMDA antagonist ifenprodil. 

Neuropharmacology 2001; 40: 212-20. 

Coderre TJ, Katz J, Vaccarino AL, Melzack R. Contribution of central neuroplasticity to pathological 

pain: review of clinical and experimental evidence. Pain 1993; 52: 259-85. 

Cornell-Bell AH, Finkbeiner SM, Cooper MS, Smith SJ. Glutamate induces calcium waves in cultured 

astrocytes: long-range glial signaling. Science 1990; 247: 470-3. 

De Leo JA, Tawfik VL, LaCroix-Fralish ML. The tetrapartite synapse: path to CNS sensitization and 

chronic pain. Pain 2006; 122: 17-21. 

D'Mello R, Dickenson AH. Spinal cord mechanisms of pain. Br J Anaesth 2008; 101: 8-16. 

Dubner R, Ruda MA. Activity-dependent neuronal plasticity following tissue injury and 

inflammation. Trends Neurosci 1992; 15: 96-103. 

Fang L, Wu J, Lin Q, Willis WD. Calcium-calmodulin-dependent protein kinase II contributes to 

spinal cord central sensitization. J Neurosci 2002; 22: 4196-204. 

Fang L, Wu J, Zhang X, Lin Q, Willis WD. Calcium/calmodulin dependent protein kinase II regulates 

the phosphorylation of cyclic AMP-responsive element-binding protein of spinal cord in 

rats following noxious stimulation. Neurosci Lett 2005a; 374: 1-4. 

Fang M, Wang Y, He QH, Sun YX, Deng LB, Wang XM, Han JS. Glial cell line-derived neurotrophic 

factor contributes to delayed inflammatory hyperalgesia in adjuvant rat pain model. 

Neuroscience 2003; 117: 503-12. 

Fang X, McMullan S, Lawson SN, Djouhri L. Electrophysiological differences between nociceptive 

and non-nociceptive dorsal root ganglion neurones in the rat in vivo. J Physiol 2005b; 565: 

927-43. 

Gauriau C, Bernard JF. Pain pathways and parabrachial circuits in the rat. Exp Physiol 2002; 87: 251-

8. 

Giese KP, Fedorov NB, Filipkowski RK, Silva AJ. Autophosphorylation at Thr286 of the alpha calcium-

calmodulin kinase II in LTP and learning. Science 1998; 279: 870-3. 

Giesler GJ, Jr., Menetrey D, Basbaum AI. Differential origins of spinothalamic tract projections to 

medial and lateral thalamus in the rat. J Comp Neurol 1979; 184: 107-26. 

Gjerstad J. Genetic susceptibility and development of chronic non-malignant back pain. Rev 

Neurosci 2007; 18: 83-91. 

Gjerstad J, Tjølsen A, Hole K. Induction of long-term potentiation of single wide dynamic range 

neurones in the dorsal horn is inhibited by descending pathways. Pain 2001; 91: 263-8. 



62 

 

Guhring H, Tegeder I, Lotsch J, Pahl A, Werner U, Reeh PW, Rehse K, Brune K, Geisslinger G. Role of 

nitric oxide in zymosan induced paw inflammation and thermal hyperalgesia. Inflamm Res 

2001; 50: 83-8. 

Hanson PI, Meyer T, Stryer L, Schulman H. Dual role of calmodulin in autophosphorylation of 

multifunctional CaM kinase may underlie decoding of calcium signals. Neuron 1994; 12: 

943-56. 

Hansson E. Could chronic pain and spread of pain sensation be induced and maintained by glial 

activation? Acta Physiol (Oxf) 2006; 187: 321-7. 

Hansson E, Ronnback L. Glial neuronal signaling in the central nervous system. Faseb J 2003; 17: 

341-8. 

Hara K, Harris RA. The anesthetic mechanism of urethane: the effects on neurotransmitter-gated 

ion channels. Anesth Analg 2002; 94: 313-8, table of contents. 

Hardy SG, Leichnetz GR. Frontal cortical projections to the periaqueductal gray in the rat: a 

retrograde and orthograde horseradish peroxidase study. Neurosci Lett 1981; 23: 13-7. 

Haugan F, Wibrand K, Fiska A, Bramham CR, Tjolsen A. Stability of long term facilitation and 

expression of zif268 and Arc in the spinal cord dorsal horn is modulated by conditioning 

stimulation within the physiological frequency range of primary afferent fibers. 

Neuroscience 2008; 154: 1568-75. 

Hayashi Y, Shi SH, Esteban JA, Piccini A, Poncer JC, Malinow R. Driving AMPA receptors into 

synapses by LTP and CaMKII: requirement for GluR1 and PDZ domain interaction. Science 

2000; 287: 2262-7. 

Herdegen T, Rudiger S, Mayer B, Bravo R, Zimmermann M. Expression of nitric oxide synthase and 

colocalisation with Jun, Fos and Krox transcription factors in spinal cord neurons following 

noxious stimulation of the rat hindpaw. Brain Res Mol Brain Res 1994; 22: 245-58. 

Hjornevik T, Jacobsen LM, Qu H, Bjaalie JG, Gjerstad J, Willoch F. Metabolic plasticity in the 

supraspinal pain modulating circuitry after noxious stimulus-induced spinal cord LTP. Pain 

2008; 140: 456-64. 

Hjornevik T, Schoultz B, Marton J, Gjerstad J, Drzezga A, Henriksen G, Willoch F. Spinal LTP is 

associated with reduced opioid neurotransmission in the rat brain. Journal of Nuclear 

Medicine and Molecular Imaging 2009; Submitted manuscript:  

Holstege JC, Jongen JL, Kennis JH, van Rooyen-Boot AA, Vecht CJ. Immunocytochemical localization 

of GDNF in primary afferents of the lumbar dorsal horn. Neuroreport 1998; 9: 2893-7. 

Honda S, Nakajima K, Nakamura Y, Imai Y, Kohsaka S. Rat primary cultured microglia express glial 

cell line-derived neurotrophic factor receptors. Neurosci Lett 1999; 275: 203-6. 



63 

 

Hopkins DA, Holstege G. Amygdaloid projections to the mesencephalon, pons and medulla 

oblongata in the cat. Exp Brain Res 1978; 32: 529-47. 

Hu NW, Zhang HM, Hu XD, Li MT, Zhang T, Zhou LJ, Liu XG. Protein synthesis inhibition blocks the 

late-phase LTP of C-fiber evoked field potentials in rat spinal dorsal horn. J Neurophysiol 

2003; 89: 2354-9. 

Ikeda H, Heinke B, Ruscheweyh R, Sandkühler J. Synaptic plasticity in spinal lamina I projection 

neurons that mediate hyperalgesia. Science 2003; 299: 1237-40. 

Ikeda H, Murase K. Glial nitric oxide-mediated long-term presynaptic facilitation revealed by optical 

imaging in rat spinal dorsal horn. Journal of Neuroscience 2004; 24: 9888-96. 

Ikeda H, Stark J, Fischer H, Wagner M, Drdla R, Jager T, Sandkuhler J. Synaptic amplifier of 

inflammatory pain in the spinal dorsal horn. Science 2006; 312: 1659-62. 

Ito I, Hidaka H, Sugiyama H. Effects of KN-62, a specific inhibitor of calcium/calmodulin-dependent 

protein kinase II, on long-term potentiation in the rat hippocampus. Neurosci Lett 1991; 

121: 119-21. 

Ji RR, Kohno T, Moore KA, Woolf CJ. Central sensitization and LTP: do pain and memory share 

similar mechanisms? Trends Neurosci 2003; 26: 696-705. 

Ji RR, Rupp F. Phosphorylation of transcription factor CREB in rat spinal cord after formalin-induced 

hyperalgesia: relationship to c-fos induction. J Neurosci 1997; 17: 1776-85. 

Jones MW, Errington ML, French PJ, Fine A, Bliss TV, Garel S, Charnay P, Bozon B, Laroche S, Davis 

S. A requirement for the immediate early gene Zif268 in the expression of late LTP and 

long-term memories. Nat Neurosci 2001; 4: 289-96. 

Jongen JL, Jaarsma D, Hossaini M, Natarajan D, Haasdijk ED, Holstege JC. Distribution of RET 

immunoreactivity in the rodent spinal cord and changes after nerve injury. J Comp Neurol 

2007; 500: 1136-53. 

Kangrga I, Randic M. Outflow of endogenous aspartate and glutamate from the rat spinal dorsal 

horn in vitro by activation of low- and high-threshold primary afferent fibers. Modulation 

by mu-opioids. Brain Res 1991; 553: 347-52. 

Kantner RM, Kirby ML, Goldstein BD. Increase in substance P in the dorsal horn during a 

chemogenic nociceptive stimulus. Brain Res 1985; 338: 196-9. 

Kavaliers M. Evolutionary and comparative aspects of nociception. Brain Res Bull 1988; 21: 923-31. 

Kawasaki Y, Zhang L, Cheng JK, Ji RR. Cytokine mechanisms of central sensitization: distinct and 

overlapping role of interleukin-1beta, interleukin-6, and tumor necrosis factor-alpha in 

regulating synaptic and neuronal activity in the superficial spinal cord. J Neurosci 2008; 28: 

5189-94. 



64 

 

Keay KA, Feil K, Gordon BD, Herbert H, Bandler R. Spinal afferents to functionally distinct 

periaqueductal gray columns in the rat: an anterograde and retrograde tracing study. J 

Comp Neurol 1997; 385: 207-29. 

Klein T, Magerl W, Hopf HC, Sandkuhler J, Treede RD. Perceptual correlates of nociceptive long-

term potentiation and long-term depression in humans. J Neurosci 2004; 24: 964-71. 

Konietzny F, Perl ER, Trevino D, Light A, Hensel H. Sensory experiences in man evoked by 

intraneural electrical stimulation of intact cutaneous afferent fibers. Exp Brain Res 1981; 

42: 219-22. 

Laurie DJ, Bartke I, Schoepfer R, Naujoks K, Seeburg PH. Regional, developmental and interspecies 

expression of the four NMDAR2 subunits, examined using monoclonal antibodies. Brain 

Res Mol Brain Res 1997; 51: 23-32. 

Light AR, Perl ER. Spinal termination of functionally identified primary afferent neurons with slowly 

conducting myelinated fibers. J Comp Neurol 1979; 186: 133-50. 

Lin LF, Doherty DH, Lile JD, Bektesh S, Collins F. GDNF: a glial cell line-derived neurotrophic factor 

for midbrain dopaminergic neurons. Science 1993; 260: 1130-2. 

Liu GJ, Kalous A, Werry EL, Bennett MR. Purine release from spinal cord microglia after elevation of 

calcium by glutamate. Mol Pharmacol 2006; 70: 851-9. 

Liu X, Sandkuhler J. Characterization of long-term potentiation of C-fiber-evoked potentials in 

spinal dorsal horn of adult rat: essential role of NK1 and NK2 receptors. J Neurophysiol 

1997; 78: 1973-82. 

Liu XG, Sandkuhler J. Long-term potentiation of C-fiber-evoked potentials in the rat spinal dorsal 

horn is prevented by spinal N-methyl-D-aspartic acid receptor blockage. Neurosci Lett 

1995; 191: 43-6. 

Loeser JD, Treede RD. The Kyoto protocol of IASP Basic Pain Terminology. Pain 2008; 137: 473-7. 

Ma JY, Zhao ZQ. The involvement of glia in long-term plasticity in the spinal dorsal horn of the rat. 

Neuroreport 2002; 13: 1781-4. 

Maggi CA, Meli A. Suitability of urethane anesthesia for physiopharmacological investigations. Part 

3: Other systems and conclusions. Experientia 1986; 42: 531-7. 

Maihofner C, Euchenhofer C, Tegeder I, Beck KF, Pfeilschifter J, Geisslinger G. Regulation and 

immunhistochemical localization of nitric oxide synthases and soluble guanylyl cyclase in 

mouse spinal cord following nociceptive stimulation. Neurosci Lett 2000; 290: 71-5. 

Mannion RJ, Woolf CJ. Pain mechanisms and management: a central perspective. Clin J Pain 2000; 

16: S144-56. 



65 

 

Mantyh PW, Rogers SD, Honore P, Allen BJ, Ghilardi JR, Li J, Daughters RS, Lappi DA, Wiley RG, 

Simone DA. Inhibition of hyperalgesia by ablation of lamina I spinal neurons expressing the 

substance P receptor. Science 1997; 278: 275-9. 

Marchand F, Perretti M, McMahon SB. Role of the immune system in chronic pain. Nat Rev 

Neurosci 2005; 6: 521-32. 

Marcus JS, Karackattu SL, Fleegal MA, Sumners C. Cytokine-stimulated inducible nitric oxide 

synthase expression in astroglia: role of Erk mitogen-activated protein kinase and NF-

kappaB. Glia 2003; 41: 152-60. 

Marlier L, Teilhac JR, Cerruti C, Privat A. Autoradiographic mapping of 5-HT1, 5-HT1A, 5-HT1B and 

5-HT2 receptors in the rat spinal cord. Brain Res 1991; 550: 15-23. 

Matheson CR, Carnahan J, Urich JL, Bocangel D, Zhang TJ, Yan Q. Glial cell line-derived neurotrophic 

factor (GDNF) is a neurotrophic factor for sensory neurons: comparison with the effects of 

the neurotrophins. J Neurobiol 1997; 32: 22-32. 

Matre D, Casey KL, Knardahl S. Placebo-induced changes in spinal cord pain processing. J Neurosci 

2006; 26: 559-63. 

Matsuda K, Kamiya Y, Matsuda S, Yuzaki M. Cloning and characterization of a novel NMDA receptor 

subunit NR3B: a dominant subunit that reduces calcium permeability. Brain Res Mol Brain 

Res 2002; 100: 43-52. 

Meller ST, Dykstra C, Grzybycki D, Murphy S, Gebhart GF. The possible role of glia in nociceptive 

processing and hyperalgesia in the spinal cord of the rat. Neuropharmacology 1994; 33: 

1471-8. 

Momiyama A. Distinct synaptic and extrasynaptic NMDA receptors identified in dorsal horn 

neurones of the adult rat spinal cord. J Physiol 2000; 523 Pt 3: 621-8. 

Nagy GG, Watanabe M, Fukaya M, Todd AJ. Synaptic distribution of the NR1, NR2A and NR2B 

subunits of the N-methyl-d-aspartate receptor in the rat lumbar spinal cord revealed with 

an antigen-unmasking technique. Eur J Neurosci 2004; 20: 3301-12. 

Nichols ML, Allen BJ, Rogers SD, Ghilardi JR, Honore P, Luger NM, Finke MP, Li J, Lappi DA, Simone 

DA, Mantyh PW. Transmission of chronic nociception by spinal neurons expressing the 

substance P receptor. Science 1999; 286: 1558-61. 

Nikolaev E, Tischmeyer W, Krug M, Matthies H, Kaczmarek L. c-fos protooncogene expression in rat 

hippocampus and entorhinal cortex following tetanic stimulation of the perforant path. 

Brain Res 1991; 560: 346-9. 

Ochoa J, Torebjork E. Sensations evoked by intraneural microstimulation of C nociceptor fibres in 

human skin nerves. J Physiol 1989; 415: 583-99. 



66 

 

Otmakhov N, Griffith LC, Lisman JE. Postsynaptic inhibitors of calcium/calmodulin-dependent 

protein kinase type II block induction but not maintenance of pairing-induced long-term 

potentiation. J Neurosci 1997; 17: 5357-65. 

Paratcha G, Ledda F, Ibanez CF. The neural cell adhesion molecule NCAM is an alternative signaling 

receptor for GDNF family ligands. Cell 2003; 113: 867-79. 

Pockett S. Long-term potentiation and depression in the intermediate gray matter of rat spinal cord 

in vitro. Neuroscience 1995; 67: 791-8. 

Pockett S, Figurov A. Long-term potentiation and depression in the ventral horn of rat spinal cord in 

vitro. Neuroreport 1993; 4: 97-9. 

Qu XX, Cai J, Li MJ, Chi YN, Liao FF, Liu FY, Wan Y, Han JS, Xing GG. Role of the spinal cord NR2B-

containing NMDA receptors in the development of neuropathic pain. Exp Neurol 2009; 

215: 298-307. 

Raghavendra V, Tanga FY, DeLeo JA. Complete Freunds adjuvant-induced peripheral inflammation 

evokes glial activation and proinflammatory cytokine expression in the CNS. Eur J Neurosci 

2004; 20: 467-73. 

Rajaofetra N, Ridet JL, Poulat P, Marlier L, Sandillon F, Geffard M, Privat A. Immunocytochemical 

mapping of noradrenergic projections to the rat spinal cord with an antiserum against 

noradrenaline. J Neurocytol 1992; 21: 481-94. 

Randic M, Jiang MC, Cerne R. Long-term potentiation and long-term depression of primary afferent 

neurotransmission in the rat spinal cord. J Neurosci 1993; 13: 5228-41. 

Reddy VK, Fung SJ, Zhuo H, Barnes CD. Localization of enkephalinergic neurons in the dorsolateral 

pontine tegmentum projecting to the spinal cord of the cat. J Comp Neurol 1990; 291: 195-

202. 

Reeve AJ, Patel S, Fox A, Walker K, Urban L. Intrathecally administered endotoxin or cytokines 

produce allodynia, hyperalgesia and changes in spinal cord neuronal responses to 

nociceptive stimuli in the rat. Eur J Pain 2000; 4: 247-57. 

Rexed B. A cytoarchitectonic atlas of the spinal cord in the cat. J Comp Neurol 1954; 100: 297-379. 

Rogan MT, Staubli UV, LeDoux JE. Fear conditioning induces associative long-term potentiation in 

the amygdala. Nature 1997; 390: 604-7. 

Rygh LJ, Suzuki R, Rahman W, Wong Y, Vonsy JL, Sandhu H, Webber M, Hunt S, Dickenson AH. Local 

and descending circuits regulate long-term potentiation and zif268 expression in spinal 

neurons. Eur J Neurosci 2006; 24: 761-72. 

Rygh LJ, Svendsen F, Hole K, Tjølsen A. Natural noxious stimulation can induce long-term increase 

of spinal nociceptive responses. Pain 1999; 82: 305-10. 



67 

 

Sakai A, Asada M, Seno N, Suzuki H. Involvement of neural cell adhesion molecule signaling in glial 

cell line-derived neurotrophic factor-induced analgesia in a rat model of neuropathic pain. 

Pain 2008; 137: 378-88. 

Sakurada T, Wako K, Sugiyama A, Sakurada C, Tan-No K, Kisara K. Involvement of spinal NMDA 

receptors in capsaicin-induced nociception. Pharmacol Biochem Behav 1998; 59: 339-45. 

Samad TA, Moore KA, Sapirstein A, Billet S, Allchorne A, Poole S, Bonventre JV, Woolf CJ. 

Interleukin-1beta-mediated induction of Cox-2 in the CNS contributes to inflammatory pain 

hypersensitivity.[see comment]. Nature 2001; 410: 471-5. 

Sandkuhler J. The organization and function of endogenous antinociceptive systems. Prog 

Neurobiol 1996; 50: 49-81. 

Sandkuhler J. Learning and memory in pain pathways. Pain 2000; 88: 113-8. 

Sandkuhler J. Understanding LTP in pain pathways. Mol Pain 2007; 3: 9. 

Sandkuhler J, Liu X. Induction of long-term potentiation at spinal synapses by noxious stimulation 

or nerve injury. Eur J Neurosci 1998; 10: 2476-80. 

Satake K, Matsuyama Y, Kamiya M, Kawakami H, Iwata H, Adachi K, Kiuchi K. Up-regulation of glial 

cell line-derived neurotrophic factor (GDNF) following traumatic spinal cord injury. 

Neuroreport 2000; 11: 3877-81. 

Silva AJ, Stevens CF, Tonegawa S, Wang Y. Deficient hippocampal long-term potentiation in alpha-

calcium-calmodulin kinase II mutant mice. Science 1992; 257: 201-6. 

Soma LR. Anesthetic and analgesic considerations in the experimental animal. Ann N Y Acad Sci 

1983; 406: 32-47. 

Sugiura Y, Lee CL, Perl ER. Central projections of identified, unmyelinated (C) afferent fibers 

innervating mammalian skin. Science 1986; 234: 358-61. 

Sung CS, Wen ZH, Chang WK, Chan KH, Ho ST, Tsai SK, Chang YC, Wong CS. Inhibition of p38 

mitogen-activated protein kinase attenuates interleukin-1beta-induced thermal 

hyperalgesia and inducible nitric oxide synthase expression in the spinal cord. J Neurochem 

2005; 94: 742-52. 

Sung CS, Wen ZH, Chang WK, Ho ST, Tsai SK, Chang YC, Wong CS. Intrathecal interleukin-1beta 

administration induces thermal hyperalgesia by activating inducible nitric oxide synthase 

expression in the rat spinal cord. Brain Res 2004; 1015: 145-53. 

Svendsen F, Tjolsen A, Gjerstad J, Hole K. Long term potentiation of single WDR neurons in 

spinalized rats. Brain Res 1999a; 816: 487-92. 

Svendsen F, Tjolsen A, Hole K. LTP of spinal A beta and C-fibre evoked responses after electrical 

sciatic nerve stimulation. Neuroreport 1997; 8: 3427-30. 



68 

 

Svendsen F, Tjolsen A, Hole K. AMPA and NMDA receptor-dependent spinal LTP after nociceptive 

tetanic stimulation. Neuroreport 1998; 9: 1185-90. 

Svendsen F, Tjolsen A, Rygh LJ, Hole K. Expression of long-term potentiation in single wide dynamic 

range neurons in the rat is sensitive to blockade of glutamate receptors. Neurosci Lett 

1999b; 259: 25-8. 

Svensson CI, Marsala M, Westerlund A, Calcutt NA, Campana WM, Freshwater JD, Catalano R, Feng 

Y, Protter AA, Scott B, Yaksh TL. Activation of p38 mitogen-activated protein kinase in 

spinal microglia is a critical link in inflammation-induced spinal pain processing. J 

Neurochem 2003; 86: 1534-44. 

Tanabe K, Nishimura K, Dohi S, Kozawa O. Mechanisms of interleukin-1beta-induced GDNF release 

from rat glioma cells. Brain Res 2009;  

Taniguchi K, Shinjo K, Mizutani M, Shimada K, Ishikawa T, Menniti FS, Nagahisa A. Antinociceptive 

activity of CP-101,606, an NMDA receptor NR2B subunit antagonist. Br J Pharmacol 1997; 

122: 809-12. 

Thiel G, Czernik AJ, Gorelick F, Nairn AC, Greengard P. Ca2+/calmodulin-dependent protein kinase 

II: identification of threonine-286 as the autophosphorylation site in the alpha subunit 

associated with the generation of Ca2+-independent activity. Proc Natl Acad Sci U S A 

1988; 85: 6337-41. 

Todd AJ. Anatomy of primary afferents and projection neurones in the rat spinal dorsal horn with 

particular emphasis on substance P and the neurokinin 1 receptor. Exp Physiol 2002; 87: 

245-9. 

Verity AN, Wyatt TL, Hajos B, Eglen RM, Baecker PA, Johnson RM. Regulation of glial cell line-

derived neurotrophic factor release from rat C6 glioblastoma cells. J Neurochem 1998; 70: 

531-9. 

Vikman KS, Duggan AW, Siddall PJ. Increased ability to induce long-term potentiation of spinal 

dorsal horn neurones in monoarthritic rats. Brain Res 2003; 990: 51-7. 

Wallin J, Fiska A, Tjolsen A, Linderoth B, Hole K. Spinal cord stimulation inhibits long-term 

potentiation of spinal wide dynamic range neurons. Brain Res 2003; 973: 39-43. 

Watkins LR, Hutchinson MR, Ledeboer A, Wieseler-Frank J, Milligan ED, Maier SF. Norman Cousins 

Lecture. Glia as the "bad guys": implications for improving clinical pain control and the 

clinical utility of opioids. Brain Behav Immun 2007; 21: 131-46. 

Watkins LR, Martin D, Ulrich P, Tracey KJ, Maier SF. Evidence for the involvement of spinal cord glia 

in subcutaneous formalin induced hyperalgesia in the rat. Pain 1997; 71: 225-35. 



69 

 

Werry EL, Liu GJ, Bennett MR. Glutamate-stimulated ATP release from spinal cord astrocytes is 

potentiated by substance P. J Neurochem 2006; 99: 924-36. 

Wiberg M, Westman J, Blomqvist A. Somatosensory projection to the mesencephalon: an 

anatomical study in the monkey. J Comp Neurol 1987; 264: 92-117. 

Willis WD. Long-term potentiation in spinothalamic neurons. Brain Res Brain Res Rev 2002; 40: 

202-14. 

Willis WD, Westlund KN. Neuroanatomy of the pain system and of the pathways that modulate 

pain. J Clin Neurophysiol 1997; 14: 2-31. 

Woolf CJ. Evidence for a central component of post-injury pain hypersensitivity. Nature 1983; 306: 

686-8. 

Woolf CJ. Windup and central sensitization are not equivalent. Pain 1996; 66: 105-8. 

Woolf CJ, Doubell TP. The pathophysiology of chronic pain--increased sensitivity to low threshold A 

beta-fibre inputs. Curr Opin Neurobiol 1994; 4: 525-34. 

Woolf CJ, Salter MW. Neuronal plasticity: increasing the gain in pain. Science 2000; 288: 1765-9. 

Woolf CJ, Shortland P, Coggeshall RE. Peripheral nerve injury triggers central sprouting of 

myelinated afferents. Nature 1992; 355: 75-8. 

Xin WJ, Gong QJ, Xu JT, Yang HW, Zang Y, Zhang T, Li YY, Liu XG. Role of phosphorylation of ERK in 

induction and maintenance of LTP of the C-fiber evoked field potentials in spinal dorsal 

horn. Journal of Neuroscience Research 2006; 84: 934-43. 

Yang HW, Hu XD, Zhang HM, Xin WJ, Li MT, Zhang T, Zhou LJ, Liu XG. Roles of CaMKII, PKA, and PKC 

in the induction and maintenance of LTP of C-fiber-evoked field potentials in rat spinal 

dorsal horn. J Neurophysiol 2004; 91: 1122-33. 

Yezierski RP. Spinomesencephalic tract: projections from the lumbosacral spinal cord of the rat, cat, 

and monkey. J Comp Neurol 1988; 267: 131-46. 

Ying B, Lu N, Zhang YQ, Zhao ZQ. Involvement of spinal glia in tetanically sciatic stimulation-induced 

bilateral mechanical allodynia in rats. Biochemical & Biophysical Research Communications 

2006; 340: 1264-72. 

Yung KK. Localization of glutamate receptors in dorsal horn of rat spinal cord. Neuroreport 1998; 9: 

1639-44. 

Zhang RX, Li A, Liu B, Wang L, Ren K, Zhang H, Berman BM, Lao L. IL-1ra alleviates inflammatory 

hyperalgesia through preventing phosphorylation of NMDA receptor NR-1 subunit in rats. 

Pain 2008; 135: 232-9. 

Zhang X, Ding L, Sandford AJ. Selection of reference genes for gene expression studies in human 

neutrophils by real-time PCR. BMC Mol Biol 2005a; 6: 4. 



70 

 

Zhang XC, Zhang YQ, Zhao ZQ. Involvement of nitric oxide in long-term potentiation of spinal 

nociceptive responses in rats. Neuroreport 2005b; 16: 1197-201. 

 



I



This article is removed.  



II



This article is removed.  



III



This article is removed.  



IV



This article is removed.  



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on '[Press Quality]'] Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars true
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        8.503940
        8.503940
        8.503940
        8.503940
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




