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2BABSTRACT 
As a major public health problem affecting more that 76.5 million Americans, chronic 

pain is one main reason why people seek medical attention. It is a pathological nervous 

system disorder that persists for months or years. Sensitization of nociceptive neurons in 

the dorsal horn of the spinal cord is crucial in the development of allodynia and 

hyperalgesia. The work presented in this thesis will focus on spinal protein kinase M zeta 

(PKMζ)-mediated plasticity and GABAergic disinhibition as spinal amplification 

mechanisms that orchestrate persistent changes in the dorsal horn of the spinal cord. As a 

result of central sensitization following peripheral nerve injruy, GABAergic disinhibition 

occurs due to an alteration in Cl- homeostasis via reduced KCC2 expression and function. 

Intrathecal administration of acetazolamide (ACT), a carbonic anhydrase inhibitor, 

attenuated neuropathic allodynia and spinal co-adminitation of ACT and midazolam 

(MZL), an allosteric modulator of the benzodiazepine class of GABAA receptors, 

synergistically inhibited neuropathic allodynia. Further studies concerning the impact of 

altered Cl- homeostasis via reduced KCC2-mediated Cl- extrusion capacity on the 

analgesic efficacy and potency of GABAA receptor agonist and allosteric modulators 

revealed that there is a differential regulation of the agonists and allosteric modulators at 

the GABAA receptor complex when Cl- homeostasis is altered. Another spinal 

amplification mechanism leading to central sensitization is PKMζ –mediated spinal LTP. 

In model of persistent nociceptive sensitization, allodynia induced by IL-6 injection or 

plantar incision was abolished by both the inhibition of protein translation machinery and 

PKMζ inhibitor, ZIP. However, only PKMζ inhibition prevented the enhanced pain 
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hypersensitivity precipitated by a subsequent stimulus after the initial hypersensitivity 

had resolved, asserting that spinal PKMζ underlies the maintenance mechanisms of 

persistent nociceptive sensitization. Also, these results confirmed that the initiation 

mechanisms of persistent sensitization parallel LTP initiation mechanisms and the 

maintenance mechanisms of persistent sensitization parallel LTP maintenance 

mechanisms. Taken together, these results indicate that these amplification mechanisms 

drive a chronic persistent state in these models such that inhibition of these spinal 

amplication mechanisms will serve as an effective approach in the quenching chronic 

pain hypersensitivity in chronic pain models. 
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3BCHAPTER 1: GENERAL INTRODUCTION 

9BA. Pain as a neurological disease  
Whether it is the sharp piercing sensation after stabbing one’s toe on a nail, the 

burning sensation after touching the stove with one’s finger or the dull ache on one’s 

forehead after a day’s share of tension and stress, we encounter pain everyday of our 

lives. According to the International Association for the Study of Pain definition, “Pain is 

an unpleasant sensory and emotional experience associated with actual or perceived 

tissue damage, or described in terms of such damage.” Pain is therefore both a 

physiological and psychological experience and serves  an inherently protective, 

biological function (Merskey 1994). Despite the unpleasant and often debilitating nature 

of pain and associated responses, they are adaptive. They identify and localize noxious 

stimuli, initiate withdrawal responses that limit tissue injury, prevent mobility thereby  

speeding up wound healing and initiate affective responses that modify future behavior 

(Siddall and Cousins 1997).  Also, pain sensation and perception serve as a survival 

mechanism which, when compromised such as in sensory congenital disorders, can lead 

to severe tissue damage and death. As a complex perception, pain is highly influenced by 

our prior experience and the context in which the noxious stimuli occur. This makes pain 

a subjective experience.  In addition, pain varies enormously among individuals and also 

amongst individuals with identical illnesses or injuries.  Pain can also occur in the 

absence of tissue damage (Markenson 1996) .  

Pain categorization is based on several variables such as its duration, the 

pathophysiologic mechanisms and its clinical context. Acute pain results from an 
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inflammation, a disease or tissue injury, usually lasts for the duration of the injury, 

resolves with healing and is linked to temporal reductions in intensity (Loeser and 

Melzack 1999). On the other hand, chronic pain is a debilitating discomfort that persists 

for months or years beyond the expected period of healing and repair from an injury, is 

maladaptive and serves no protective purpose (Markenson 1996).  What distinguishes 

acute pain from chronic pain is not the duration but rather the inability of the body to 

restore its physiological functions to homeostatic levels (Loeser and Melzack 1999). This 

makes chronic pain pathological, persistent and a disease of the nervous system.  

Conditions classified under chronic pain include rheumatoid arthritis, neuropathic pain, 

migraine and fibromyalgia. Though the causes of many chronic pain conditions are 

known, there are others whose origin still remains a mystery. 

Chronic pain affects more Americans than diabetes, heart disease and cancer 

combined. The National Center for Health Statistics Report estimates that 76.5 million 

Americans suffer from chronic pain and back pain is the most common classification. 100 

billion dollars is estimated as the annual cost of chronic pain in the United States 

including health care expenses, lost income and lost productivity (American Pain 

Foundation).  Chronic pain sufferers experience considerable suffering and emotional 

fraught which adversely affects their self-esteem, physical function, emotional state, 

relationships with others and overall quality of life (Markenson 1996).  This makes 

chronic pain a serious public health problem (Tracey and Mantyh 2007) that needs 

critical attention and more research funding. Efforts to improve our ability to diagnose 
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chronic pain and develop new treatments are desperately needed (Tracey and Mantyh 

2007). 

10BB. Chronic pain as an amplification problem 
Though there has been decades of intensive research into the neurobiology of pain and 

pain perception, there are many unanswered questions surrounding chronic pain and its 

treatments. Nevertheless, what has been clearly shown is that many factors influencing 

the chronicity of pain are centrally mediated.  

In the spinal cord, the spatial and temporal aspects of pain signaling are 

determined by inputs from both wide dynamic range (WDR) neurons that are excited by 

thermal, mechanical and chemical stimuli mediated via both c- and Aδ- as well as Aβ 

fibers and nociceptive specific neurons that are activated exclusively by high intensity, 

noxious stimuli mediated by c- and Aδ fibers (Millan 1999). Upon repetitive or sustained 

noxious stimulation elicited by nociceptive primary afferent inputs, both types of neurons 

can acquire heightened sensitivity termed sensitization. Once established, sensitization 

can prevail for long periods of time. Since sensitization results in an enhanced response 

to stimulation, it can occur at any point in the pain pathway (Coyle 2007). Thus, the 

response of spinal neurons to a given primary afferent stimulus can be modified.  

Central Sensitization is one form of functional plasticity elicited by nociceptive 

primary afferent inputs that occur in the spinal cord. The advancement in our 

understanding of the neurobiology of chronic pain disorders implicates central 

sensitization as a key cause of enhanced pain in these disorders (Woolf and Salter 2000). 



17 

 

Central sensitization refers to an amplification of pain signaling in the central nervous 

system that elicits pain hypersensitivity such as hyperalgesia-an exaggerated evoked pain, 

touch-evoked allodynia- the perception of normally innocuous stimulation as painful and 

ongoing spontaneous pain-a magnification of incoming ectopic activity in injured 

peripheral nerves (Woolf; Ji, Kohno et al. 2003; Latremoliere and Woolf 2009).  

Central sensitization was first described by Woolf in the flexion withdrawal reflex 

model where peripheral injury induced an increase in the excitability of the flexion reflex 

that outlasted the initiating stimulus indicative of changes in the activity of the spinal 

cord (Woolf 1983). This was later demonstrated using c-fiber electrical stimuli (Wall and 

Woolf 1984; Woolf and Wall 1986). Subsequent papers also shown that central 

sensitization in the spinal dorsal horn can present as a decrease in threshold and an 

increase in the responsiveness and size of the cutaneous receptive fields of dorsal horn 

neurons (Cook, Woolf et al. 1987; Woolf and King 1990; Grubb, Stiller et al. 1993). 

From these and other experiments, it was gathered that central sensitization is a key 

contributor in the pathogenesis of chronic pain related hypersensitivity (Dubner and Ruda 

1992; Woolf and Chong 1993).  

11BC. Touch-evoked allodynia as product of central sensitization 
A key feature of chronic pain related hypersensitivity is touch-evoked allodynia. 

The idea that touch-evoked allodynia results from central sensitization emerged from 

experiments in which response to normal low-threshold mechanoreceptive Aβ fibers was 

greatly augmented in nociceptive pathways leading to pain generation, suggesting that 
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during central sensitization Aβ fibers are recruited to nociceptive-specific cells in the 

superficial and deep dorsal horn (Cook, Woolf et al. 1987; Simone, Baumann et al. 1989; 

Neugebauer and Schaible 1990; Woolf and King 1990; Simone, Sorkin et al. 1991; 

Grubb, Stiller et al. 1993; Woolf, Shortland et al. 1994).  This was further supported by 

experiments which demonstrated that inputs from normal low-threshold 

mechanoreceptive Aβ fibers elicited pain after allodynia was induced in human subjects 

(Koltzenburg, Lundberg et al. 1992; Torebjork, Lundberg et al. 1992). In addition, 

allodynia develops after peripheral nerve injury due to an aberrant response to low-

threshold mechanoreceptive Aβ fiber inputs (Campbell, Raja et al. 1988). 

In the spinal cord, fast inhibitory synaptic transmission is driven by γ-

aminobutyric acid (GABA) or glycine that acts on GABAA receptors or glycine receptors 

respectively (Kaila 1994).  Behavioral studies using intrathecal administration of GABA 

or glycine receptor antagonists demonstrate that these ligands produce behavior 

hypersensitivity synonymous to allodynia (Roberts, Beyer et al. 1986; Yaksh 1989). 

Pharmacological blockade of GABA or glycine mediated inhibition contributes to central 

sensitization by unmasking low threshold Aβ inputs to nociceptive flexion withdrawal 

reflexes (Sivilotti and Woolf 1994) and recruiting low threshold inputs of lamina II dorsal 

horn neurons (Baba, Ji et al. 2003; Torsney and MacDermott 2006). These studies 

suggest that functional inhibitory input is crucial in the prevention of pain generated by 

normally innocuous stimuli and support reduced inhibitory tone or disinhibition as a 

possible mechanism for central sensitization. This idea was first proposed by Melzack 
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and Wall in the gate-control theory of pain (Melzack and Wall 1962; Melzack and Wall 

1965). This theory hypothesized that the circuitry of spinal dorsal horn neurons exerted a 

tonic inhibitory control over the pain gate.  

12BD. Spinal Disinhibition in chronic pain states 
Under chronic pain conditions, the pain gate can become dysfunctional and allow 

non-painful signals to gain access to the ascending pain pathway and also amplify painful 

information. Therefore, an injury-induced reduction in GABA-mediated postsynaptic 

inhibition results in an enhanced excitability of nociceptive neurons leading to the 

generation of allodynic states (Moore, Kohno et al. 2002; Baba, Ji et al. 2003). Peripheral 

nerve injury induces a loss of spinal inhibition via a reduction in GABAergic and 

glycinergic neurotransmission (Moore, Kohno et al. 2002; Schoffnegger, Ruscheweyh et 

al. 2008) and a disruption in anion gradients in these fast inhibitory ion channels such that 

flow of anions leads to neutral (no net inhibition) or excitatory responses (Kaila, 

Pasternack et al. 1989; Coull, Boudreau et al. 2003; Coull, Beggs et al. 2005; De Koninck 

2007). Thus, increasing spinal inhibition by increasing the efficacy of inhibitory 

neurotransmission or restoring normal anion homeostasis will reverse allodynia. 

As a major inhibitory neurotransmitter in the CNS, GABA’s rapid effect is 

mediated through the ionotropic GABAA receptor and is dependent on the selective 

permeability of the receptor to chloride (Cl-) and bicarbonate (HCO3
-) ions. The flow of 

HCO3
- ions through GABAA channels is always outward at physiological resting 

potentials, leading to neuronal depolarization (Kaila, Pasternack et al. 1989). Neuronal 
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Cl- homeostasis is mainly controlled by the SLC12A family of cation-chloride co-

transporters (CCCs). CCCs are secondary active transporters that derive energy for Cl- 

translocation from the Na+ and K+ gradients generated by the Na-K-ATPase (Price, 

Cervero et al. 2005). CCCs most relevant to neurons are Na-K-2Cl co transporter isoform 

1 (NKCC1) which mediates Cl- uptake and K-Cl cotransporter isoform 2 (KCC2) which 

is responsible for Cl- extrusion (Payne, Stevenson et al. 1996; Plotkin, Snyder et al. 1997; 

Rivera, Voipio et al. 1999; Farrant and Kaila 2007). Under physiological conditions, Cl- 

extrusion by KCC2 leads to a decrease in intracellular chloride concentration which 

maintains the GABAA reversal potential at a negative value with respect to the resting 

membrane potential and therefore maintains the hyperpolarizing currents through 

GABAA channels (Rivera, Voipio et al. 1999). 

Repetitive inhibitory synaptic input leads to a collapse in hyperpolarization and 

larger HCO3
- currents that drives, and enhances depolarization (Ruusuvuori, Li et al. 

2004; Rivera, Voipio et al. 2005). It has been demonstrated that intense or prolonged 

activation of GABAA receptors using GABA agonists or high frequency stimulation 

induces depolarizing GABAergic actions (Staley, Soldo et al. 1995; Kaila, Lamsa et al. 

1997), which is a consequence of Cl- gradient breakdown and a subsequent efflux of 

HCO3- ions through GABAA channels (Staley et al., 1995). This is thought to occur more 

readily under conditions where Cl- extrusion capacity is reduced or weakened due to 

decreased KCC2 expression, for instance after peripheral nerve injury (Coull, Boudreau 

et al. 2003). 
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13BE. Role of reduced Cl- extrusion capacity in chronic pain states 
 

Reduced Cl- extrusion capacity has been established as a key player in the 

pathogenesis of neuropathic pain in rats. Suppressed KCC2 expression leads to decreased 

GABA-mediated inhibitory postsynaptic current (IPSC) amplitudes and a depolarizing 

shift in GABAA-reversal potential in a subpopulation of lamina I/II neurons (Coull, 

Boudreau et al. 2003; Coull, Beggs et al. 2005; De Koninck 2007). Coull et al. (Coull, 

Boudreau et al. 2003) showed that blockade or knock-down of the potassium-chloride 

cotransporter KCC2 in the spinal cord is sufficient to dramatically reduce the nociceptive 

withdrawal threshold in intact rats. Also, a reduction in KCC2 expression in dorsal horn 

neurons contributes to hypersensitivity induced by nerve injury. Furthermore, GABA 

application produces a rise in [Ca2+]i in lamina I neurons from both nerve-injured rats and 

control adult animals with pharmacologically blocked KCC2.  

 

 Intracellular HCO3
- ions are generated by carbonic anhydrases. Carbonic 

anhydrases (CA) are a group of enzymes that catalyze the reversible formation of 

bicarbonate (HCO3
-) ions and protons from carbon dioxide (CO2) and water (H2O). To 

date, 16 catalytically active CA isozymes are known, and five of these show a cytosolic 

localization (Supuran 2008). During a large channel-mediated net efflux of HCO3
-, the 

intracellular HCO3
- is quickly replenished by the activity of a cytosolic CA isoform 
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(Kaila, Saarikoski et al. 1990; Pasternack, Voipio et al. 1993). Carbonic anhydrases have 

one of the fastest reaction rates of all enzymes, which is limited by the rate of diffusion of 

its substrates (Lindskog 1997). As a result, intracellular HCO3
- concentrations are a 

reservoir and the HCO3
- gradient via GABAA channels can only be disrupted when 

carbonic anhydrases are inhibited. 

Carbonic anhydrase inhibitor, acetazolamide decreases GABAA receptor-

mediated depolarizing currents induced by muscimol (Staley, Soldo et al. 1995). Work in 

the hippocampus has illustrated that epileptiform activity driven by large GABAergic 

depolarizations is blocked by carbonic anhydrase inhibitors (Fujiwara-Tsukamoto, 

Isomura et al. 2003; Ruusuvuori, Li et al. 2004; Rivera, Voipio et al. 2005). Also, 

acetazolamide and other compounds such as topiramate, which has carbonic anhydrase 

inhibition activity, have been used in the treatment of epilepsy.  Moreover, topiramate has 

been shown to be clinically effective in neuropathic pain treatments in humans (Chong 

and Libretto 2003; Khoromi, Patsalides et al. 2005; Benoliel, Tal et al. 2006).  

Despite the alteration in GABAergic function in the spinal cord after peripheral 

nerve injury, spinally applied benzodiazepines or systemically administered α1-sparing 

benzodiazepines still effectively alleviate neuropathic pain and other forms of pain in 

preclinical models (Kontinen and Dickenson 2000; Lim, Lim et al. 2006; Anseloni and 

Gold 2008; Knabl, Witschi et al. 2008; Munro, Lopez-Garcia et al. 2008; Shih, Miletic et 

al. 2008; Knabl, Zeilhofer et al. 2009; Zeilhofer, Mohler et al. 2009). This suggests that 

benzodiazepines can still augment GABAergic synaptic transmission to enhance spinal 
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inhibition and attenuate neuropathic pain. With a breakdown of GABAergic inhibition 

after peripheral nerve injury, we would predict that benzodiazepines would exacerbate 

allodynia. Nevertheless, it is clearly not the case. The paradoxical actions of 

benzodiazepines can be explained in several possible ways.  

GABAA receptors contain one γ2 subunit that interacts with a α1, 2, 3 or 5 

subunits to confer its benzodiazepine activity (Farrant and Nusser 2005). The mutation of 

each α subunit has revealed that the α2 subunit of the receptor mostly drives the 

antihyperalgesic effect of benzodiazepines (Knabl, Witschi et al. 2008). Α2 containing 

GABAA receptors are expressed in the superficial layers of the dorsal horn and are found 

both postsynaptically on central neurons and presynaptically on the terminals of primary 

afferents (Bohlhalter, Weinmann et al. 1996). Recent work by Witschi et al. has shown 

that presynaptic α2 containing GABAA receptors may be responsible for the 

antihyperalgesic actions of spinally applied benzodiazepines (Witschi, Punnakkal et al.); 

since KCC2 is only expressed postsynaptically in central neurons (Hubner, Stein et al. 

2001). Therefore, with decreased KCC2 expression, effect of GABAergic transmission 

would be towards excitatory responses as shown in slice recordings (Coull, Boudreau et 

al. 2003; Coull, Beggs et al. 2005; Keller, Beggs et al. 2007) and in vivo (Keller, Beggs 

et al. 2007) and carbonic anhydrase inhibition would reduce this effect. In effect, the 

effectiveness of benzodiazepines would be enhanced by carbonic anhydrase inhibition.  

 Based on the evidence that decreased KCC2 expression after peripheral nerve 

injury collapses the Cl- gradient in Lamina I/II neurons (Coull, Boudreau et al. 
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2003; Coull, Beggs et al. 2005), HCO3
- outflow that drives excitatory GABAA –

mediated currents can be quenched by carbonic anhydrase inhibition (Staley, Soldo 

et al. 1995) and spinally administered benzodiazepines are clinically effective for 

chronic pain states (Serrao, Marks et al. 1992; Borg and Krijnen 1996), we 

hypothesized that carbonic anhydrase inhibition will attenuate evoked pain in the 

spinal nerve ligation (SNL) model of neuropathic pain. Moreover, we purported 

that the effectiveness of benzodiazepines will be enhanced with carbonic anhydrase 

inhibition. These hypotheses will be addressed in Chapter 2 of this thesis. 

 

14BF. Inhibition of KCC2 activity and GABAA agonists and allosteric modulators  
There is ample evidence indicating that spinally applied GABAA agonists 

(Liebman and Pastor 1980; Hill, Maurer et al. 1981; Krogsgaard-Larsen 1981; Hammond 

and Drower 1984; Aanonsen and Wilcox 1989; Krogsgaard-Larsen, Frolund et al. 2004) 

and allosteric modulators (Goodchild and Serrao 1987; Yanez, Sabbe et al. 1990; Bahar, 

Cohen et al. 1997) elicit analgesia. Decreased KCC2 expression or function has been 

demonstrated in neuropathic pain models (Coull, Boudreau et al. 2003), chronic 

inflammation models (Morales-Aza, Chillingworth et al. 2004) and after formalin 

injection (Nomura, Sakai et al. 2006).Nevertheless,  there is strong evidence that 

modulation of spinal GABAA receptors in the setting of peripheral nerve injury or 

inflammation (Anseloni and Gold 2008; Knabl, Witschi et al. 2008; Knabl, Zeilhofer et 

al. 2009; Asiedu, Ossipov et al. 2010) is still capable of producing antinociceptive 
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effects.Thus, the influence of reduced KCC2 activity on the spinal analgesic efficacy 

and/or potency of these agonists and allosteric modulators remains unknown.  

Chapter 3 of this thesis will address the existing gap in knowledge concerning 

how this loss of spinal KCC2 activity differentially impacts the analgesic efficacy or 

potency of GABAA agonists and allosteric modulators. Results from this study will 

be relevant in the development of novel analgesics that target the GABAA receptor 

complex.    

                                       

 

15BG. LTP and how it relates to pain 
Chronic pain persists after an injury has resolved. It results from significant functional 

and structural changes in the pain signaling pathway similar to memory processes. Thus, 

chronic pain is viewed as “a persistence of the memory of pain and/or the inability to 

extinguish the memory of pain evoked by an initial inciting injury”(Apkarian, Baliki et 

al. 2009). 

Long-term-potentiation (LTP), another form of synaptic plasticity, is a well-

established and important feature of learning and memory as well as sensory 

amplification, particularly in pain pathways. LTP was first discovered by Bliss and Lomo 

in 1973 at synapses in the hippocampi of rabbits. They showed that brief high-frequency 

trains of electrical stimuli lead to increased synaptic transmission efficiency at the 
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perforant path-granule cell synapses that lasts for hours. They described this phenomenon 

as Long –Term Potentiation (LTP) of synaptic transmission which became a model of 

learning and memory (Bliss and Lomo 1973; Lomo 2003). Since then, LTP has been 

observed in different parts of the central nervous system (Fox and Daw, 1993; Feldman et 

al 1999; Otani et al, 2003; Sigurdsson et al 2007) and has become a highly used 

experimental paradigm for synaptic plasticity studies and represents a synaptic model for 

information storage throughout the CNS (Sandkuhler 2000).   

As a synaptic amplification mechanism, LTP efficiently enhances the response of 

the postsynaptic neuron in response to neurotransmitter release. Once LTP has been 

established, it does not decay unless it is pharmacologically reversed. Therefore, LTP is 

thought to be the synaptic mechanism responsible for the formation of memory and its 

maintenance (Sacktor 2008). The idea that LTP represents the neurobiological 

mechanism for memory has been supported by in vivo experiments in which learning 

induces LTP in brain regions known to be involved in memory formation and storage 

(Whitlock, Heynen et al. 2006). 

Stimulation of pain pathways induces LTP spinally.  Spinal LTP can be induced 

by a transient high-frequency stimulation of nociceptive c-fibers (Randic, Jiang et al. 

1993; Liu and Sandkuhler 1997; Ikeda, Heinke et al. 2003; Ikeda, Stark et al. 2006). It 

has also been demonstrated that LTP induction occurs in lamina I neurons with low 

frequency c-fiber stimulation (Ikeda, Stark et al. 2006); a discharge rate shown to be 

induced in response to inflammation (Puig and Sorkin 1996).  Relevantly, stimulation of 
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c-fibers using natural noxious agents can also induce LTP in the spinal dorsal horn 

(Ikeda, Stark et al. 2006; Sandkuhler 2007).  Spinal LTP leads to an activity-dependent 

and long lasting enhancement of excitatory postsynaptic potentials (Ikeda, Kiritoshi et al. 

2009). As an amplification mechanism in spinal dorsal horn neurons, LTP may 

participate in pathological pain conditions (Sandkuhler; Sandkuhler 2007). 

An important question is what regulates late LTP (L-LTP) once it is established? 

Several papers published by Todd Sacktor’s group have demonstrated that protein kinase 

M zeta (PKMζ), an atypical protein kinase C (PKC), is necessary and sufficient for L-

LTP maintenance (Sacktor; Shema, Haramati et al.; Ling, Benardo et al. 2002; Serrano, 

Yao et al. 2005; Pastalkova, Serrano et al. 2006; Sacktor 2008). PKMζ contains the 

catalytic domain of the atypical PKCζ isoform but lacks the regulatory region responsible 

for autoinhibition found in PKCs, making it an autonomously active kinase once it is 

translated (Sacktor 2008). It was discovered that PKMζ is not a proteolytic product of the 

full length PKC (Kishimoto, Kajikawa et al. 1983) but is genetically expressed from 

brain-specific PKMζ mRNA transcribed from an internal promoter within the PKCζ gene 

(Hernandez, Blace et al. 2003). PKMζ protein synthesis is induced de novo from PKMζ 

mRNA in the induction of LTP and is persistently translated in increasing levels in the 

maintenance phase of L-LTP (Hernandez, Blace et al. 2003).  PKMζ maintains late-LTP 

through persistent N-ethylmaleimide-sensitive factor (NSF)-dependent trafficking of 

glutamate receptor AMPA subunit 2 (GluA2) to the synapse (Yao, Kelly et al. 2008). 

PKMζ inhibition during L-LTP is the only mechanism demonstrated to reverse LTP 
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(Pastalkova, Serrano et al. 2006). Moreover, in vivo inhibition of PKMζ with a pseudo 

substrate peptide inhibitor, ZIP, via microinjection into the hippocampus and other brain 

regions reverses established LTP and erases previously established memories (Li, Xue et 

al.; Shema, Haramati et al.; Pastalkova, Serrano et al. 2006). Thus, PKMζ, the only 

kinase required for L-LTP maintenance, has emerged as a critical molecule driving the 

molecular mechanism of memory maintenance (Sacktor), and perhaps chronic pain.  

Persistent nociceptive hypersensitivity is a clinically observed physiological 

phenomenon in chronic pain conditions (Reichling and Levine 2009) yet the mechanisms 

that maintain this persistent sensitization are unknown. To gain a better understanding of 

the mechanisms that underlie the maintenance of persistent nociceptive hypersensitivity, 

we used an adaptation of the “hyperalgesic priming” model developed by Jon Levine and 

his group which produces a sensitized state that mimics clinical situations such as 

postsurgical pain wherein the existence of a persisitent sensitized state facilitates 

potential risk of chronic pain development (Aasvang and Kehlet 2005; Reichling and 

Levine 2009). In this model, a transient acute nociceptive hypersensitivity (an allodynic 

state) which resolves within 3 days is initiated by a single hindpaw injection of 

interleukin-6 (IL-6) (Aasvang and Kehlet 2005; Dina, Green et al. 2008; Reichling and 

Levine 2009; Melemedjian, Asiedu et al. 2010) or plantar incision in mice. Once the 

allodynia has resolved, a persistent sensitization state is unmasked by subsequent 

hindpaw injection of prostaglandin E2 (PGE2) (Aasvang and Kehlet 2005; Dina, Green et 

al. 2008; Reichling and Levine 2009; Melemedjian, Asiedu et al. 2010) in mice that 

previously received IL-6 injections. 
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 Relevantly, this persistent sensitization can be precipitated by a CNS directed 

stimulus such as a spinal administration of the mGluR1/5 agonist DHPG suggesting that 

this persistent sensitization is stored in the CNS. Thus, this model establishes a persistent 

nociceptive sensitization which has an initiation phase and a maintenance phase that 

parallels E-LTP and L-LTP, the initiation and maintenance phase mechanisms in the 

encoding of long-term memory traces in CNS structures. We rationalized that the 

maintenance mechanisms of a persistent sensitization state in the spinal cord would be 

strikingly similar to those mediating memory maintenance and persistent synaptic 

plasticity. In effect, PKMζ could possibly be crucial in the maintenance of chronic pain 

states in which there is an underlying state of persistent nociceptive hypersensitivity.  

We hypothesized that the initiation and maintenance of a spinal sensitization state 

promoting pain requires PKMζ (Chapter 4).  
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16BH. Aims of this thesis    
In effect, the objective of this thesis is to evaluate spinal sensitization mechanisms 

that drive chronic pain using pain behavior models in order to unravel how these 

mechanisms keep pain in a persistently active state and simultaneously highlight better 

therapies targeting these mechanisms. A central finding from this entire thesis is that 

spinal synaptic amplification mechanisms, GABAergic disinhibition and PKMζ driven 

LTP induction and maintenance, both lead to a manifestation of touch-evoked allodynia 

suggesting that these mechanisms are centrally mediated. The idea that GABAergic 

disinhibition directly produces allodynia whereas PKMζ driven LTP induction and 

maintenance indirectly produce allodynia via a differential modulation of the inhibitory 

gating system leading to GABAergic disinhibition is also implicitly highlighted.  In 

addition, this differential engagement by PKMζ-mediated plasticity results in allodynia 

arising from temporally distinct mechanisms. Though both PKMζ-mediated plasticity and 

GABAergic disinhibition lead to central sensitization in spinal dorsal horn neurons 
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resulting in aberrant pain sensitivity, GABAergic disinhibition may also be modulated by 

PKMζ mediated plasticity leading to pain hypersensitivity – a link which must be 

experimentally established.  Some of these ideas together with other questions arising 

from each individual work that makes up this entire thesis will be addressed in order to 

gain a holistic understanding of how of the above mentioned spinal amplification 

mechanisms maintain pain in a chronic state and the implications of these findings in pain 

therapies. 
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4BCHAPTER 2: ACETAZOLAMIDE AND MIDAZOLAM ACT 
SYNERGISTICALLY TO INHIBIT NEUROPATHIC PAIN 
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17BA. Abstract 
Treatment of neuropathic pain is a major clinical challenge that has been met with 

minimal success. After peripheral nerve injury, a decrease in the expression of the K-Cl 

cotransporter KCC2, a major neuronal Cl- extruder, leads to pathologic alterations in 

GABAA and glycine receptor function in the spinal cord. The down-regulation of KCC2 

is expected to cause a reduction in Cl- extrusion capacity in dorsal horn neurons, which, 

together with the depolarizing efflux of HCO3
- anions via GABAA channels, would result 

in a decrease in the efficacy of GABAA-mediated inhibition. Carbonic anhydrases (CA) 

facilitate intracellular HCO3
- generation and hence, we hypothesized that inhibition of 

CAs would enhance the efficacy of GABAergic inhibition in the context of neuropathic 

pain. Despite the decrease in KCC2 expression, spinal administration of benzodiazepines 

has been shown to be antiallodynic in neuropathic conditions. Thus, we also hypothesized 

that spinal inhibition of CAs might enhance the antiallodynic effects of spinally 

administered benzodiazepines. Here, we show that inhibition of spinal CA activity with 

acetazolamide (ACT) reduces neuropathic allodynia. Moreover, we demonstrate that 

spinal co-administration of ACT and midazolam (MZL) act synergistically to reduce 

neuropathic allodynia after peripheral nerve injury. These findings indicate that the 

combined use of CA inhibitors and benzodiazepines may be effective in the clinical 

management of neuropathic pain in humans. 
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18BB. Introduction 
Neuropathic pain is a major clinical problem that, despite increasing basic science 

understanding of the disorder, is still poorly managed by available therapeutics.  Recent 

preclinical work in neuropathic pain models suggests that peripheral nerve injury (PNI) 

results in a pathology of the spinal GABAergic system. This may include decreases in 

spinal dorsal horn GABAergic interneurons (Moore, Kohno et al. 2002), decreases in 

GABA release (Moore, Kohno et al. 2002) (but see (Polgar, Hughes et al. 2003; 

Schoffnegger, Heinke et al. 2006)) or alterations in GABAA and glycine receptor  

reversal potentials  (Coull, Boudreau et al. 2003; Coull, Beggs et al. 2005; Prescott, 

Sejnowski et al. 2006) attributed to a decrease in K+-Cl- co-transporter type 2 (KCC2) 

expression in spinal dorsal horn neurons (Coull, Boudreau et al. 2003).  A possible 

mechanism to reverse these effects is through treatment with benzodiazepines (Knabl, 

Witschi et al. 2008; Knabl, Zeilhofer et al. 2009; Zeilhofer, Witschi et al. 2009) which 

augment spinal GABAergic neurotransmission postsynaptically.  This notion is supported 

by the efficacy of spinally applied benzodiazepines for chronic pain conditions in humans 

(for review see (Jasmin, Wu et al. 2004)); and their efficacy in preclinical pain models 

(Knabl, Witschi et al. 2008; Knabl, Zeilhofer et al. 2009).   

While spinally administered benzodiazepines are clearly anti-allodynic in 

neuropathic conditions (Knabl, Witschi et al. 2008) it is also true that reduced KCC2 

expression after peripheral nerve injury causes a decrease in the efficacy of inhibition 

mediated by GABAA and glycine receptors in a subset of dorsal horn neurons (Coull, 

Boudreau et al. 2003; Prescott, Sejnowski et al. 2006).  This reduction of KCC2 
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expression would reduce the Cl- extrusion capacity of dorsal horn neurons leading to a 

reduction of Cl- mediated hyperpolarization through GABAA and glycine channels.  

Under physiological conditions, GABAA receptor channels mediate substantial currents 

carried not only by Cl- but also by HCO3
- (Kaila and Voipio 1987; Kaila, Voipio et al. 

1993) as do glycine receptors (Bormann, Hamill et al. 1987). Hence, a reduced Cl- 

extrusion capacity will favor the depolarizing channel-mediated efflux of HCO3
-, 

especially in neurons equipped with cytoplasmic carbonic anhydrase (CA). Because this 

enzyme is able to quickly replenish intracellular HCO3
- during the channel-mediated net 

efflux, the HCO3
- -dependent depolarization can become large enough to result in 

GABAergic or glycinergic excitation during ongoing neuronal network activity, as 

previously demonstrated in the adult rat hippocampus (Uusisaari, Smirnov et al. 2002; 

Ruusuvuori, Li et al. 2004).  Notably, synchronous network activity in the dorsal horn of 

the spinal cord is enhanced after PNI (Schoffnegger, Ruscheweyh et al. 2008). Therefore, 

inhibition of CA after PNI may be expected to reduce HCO3
- -mediated excitatory 

GABAergic and/or glycinergic currents in the context of neuropathic pain. 

Using a model of PNI based on spinal nerve ligation (SNL) (Kim and Chung 

1992), we have addressed two questions: 1) does inhibition of spinal CA activity reduce 

neuropathic allodynia? and 2) can inhibition of spinal CA augment the anti-allodynic 

activity of spinally administered benzodiazepines?  Our results show that acetazolamide 

(ACT), a widely-used CA inhibitor (Supuran 2008), reduces neuropathic allodynia, and 

that spinally administered ACT and midazolam (MZL) act synergistically to reduce 
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allodynia as a result of PNI.  These findings suggest that these two clinically used drugs 

may be utilized in combination to achieve relief of neuropathic pain in patients.   
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19BC. Materials and Methods 
Animals: Male, Sprague-Dawley rats (Harlan, Indianapolis, IN), 250-275 grams, 

approximately 2 months old, at the time of surgery, were maintained in a climate-

controlled room on a 12-h light/dark cycle (lights on at 6 AM), and food and water were 

available ad libitum.  All testing was performed in accordance with the policies and 

recommendations of the International Association for the Study of Pain and the National 

Institutes of Health guidelines for the handling and use of laboratory animals.  Prior 

approval for the project was received from the Institutional Animal Care and Use 

Committee of the University of Arizona. 

Solutions and Drugs: Acetazolamide (ACT) and midazolam (MZL) were purchased 

from Sigma-Aldrich (St. Louis, MO). ACT was made fresh as described below and 100 

mM stock solutions of MZL were made in ddH2O.  For all experiments the was diluted 

into physiological buffer (145 mM NaCl, 5 mM KCl, 1 mM MgCl2, 0.5 mM CaCl2, 0.4 

mM Na2HPO4, 25 mM NaHCO3 and 5 mM glucose) at a concentration of 10 mM with a 

starting pH of 8.2 to allow for ACT solubility.  The pH was then adjusted down to 7.4 

prior to use.  The physiological buffer was used at pH 7.4 for MZL experiments and as a 

vehicle to control for any possible effects due to the alkalinity of the vehicle.  Doses of 

ACT and MZL were based on (Radhakrishnan and Sluka 2005; Anseloni and Gold 2008). 

SNL surgery: Prior to surgery all animals were assessed for mechanical withdrawal 

thresholds.  SNL was done by tight ligation of the L5 and L6 spinal nerves as described by 
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(Kim and Chung 1992).  Anesthesia was induced using ketamine/xylazine at 80 mg/kg.  

The dorsal vertebral column from L4 to S2 was exposed and the L5 and L6 spinal nerves 

of the left hindpaw were identified and carefully isolated.  The L5 and L6 spinal nerves 

were tightly ligated distal to the dorsal root ganglion with a 4-0 silk suture and the 

incision was closed.  Sham control rats underwent the same surgery and handling as the 

experimental animals but without the SNL. An intrathecal catheter was placed (as 

described previously (Yaksh and Stevens 1986)) at the time of SNL surgery.  All animals 

were allowed to recover for at least 14 days and all testing was performed between 14 

and 28 days post SNL or sham.   Following SNL, only animals that developed paw 

withdrawal thresholds less than 4.7 g by day 14 post surgery were used.  Any animals 

showing motor impairment from the intrathecal catheter placement were immediately 

euthanized. 

Behavioral testing 

Mechanical thresholds: Animals were placed in acrylic boxes with wire mesh floors and 

allowed to habituate for 1 hr.  After baseline or predrug mechanical thresholds were 

taken, animals received intrathecal injections in a volume of 10 μl followed by flushing 

of the catheter with 6 μl sterile saline solution. Calibrated von Frey filaments (Stoelting, 

Wood Dale, IL) were used for mechanical stimulation of the plantar surface of the left 

hindpaw and withdrawal thresholds were calculated using the up-down method (Chaplan, 

Bach et al. 1994).  Stimulation frequency was 0.1 Hz or lower. 
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Rotarod: Animals were tested for their ability to balance on a slowly rotating rod 

(Rotamex 4/8, 6.5 cm diameter for rats, constant rate of rotation of 8 revolutions per min, 

Columbus Instruments, Columbus, OH) after intrathecal administration of compound.  

Prior to drug administration, rats were trained in four consecutive sessions to stay on the 

rod and reach a cut off time of 180 s.  Once trained, the animals were given drugs and 

tested at time points matching mechanical threshold measures for the appropriate route of 

administration.  Only doses that achieved peak effects in reversal of SNL-induced 

allodynia were used. 

Statistics 

All data are presented as mean ± s.e.m. unless otherwise noted.  Percentile data are 

presented as withdrawal frequency for a given time point minus predrug withdrawal 

threshold divided by presurgery baseline.  Significant differences between groups for area 

under curve measures were assessed by one-way analysis of variance (ANOVA) with 

Dunnett’s multiple comparison post-hoc test.  Measures of dose by time and rotarod were 

done by two-way ANOVA with Bonferroni post-hoc test.  Dose-response curves were 

analyzed by variable slope nonlinear regression using GraphPad Prism 5.0 for Mac OS X 

(GraphPad, San Diego, CA). For dose response curves with MZL, where an inverted U 

curve was observed, Emax was set to the most efficacious dose to avoid producing a right-

ward shift in the EC50 calculation; however, all doses are shown for a full representation 

of the data obtained.  The same strategy was also used for A50 analysis with MZL. 
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Isobologram and A50 analysis were done with JFlashCalc (Ossipov, Lozito et al. 1990), 

which is freely available for use at HUhttp://www.u.arizona.edu/~michaeloUH. 

 

20BD. Results 
Effects of intrathecal ACT on neuropathic allodynia: We first tested whether 

intrathecally administered ACT was capable of reducing neuropathic allodynia in the 

SNL model in rats.  ACT was given in doses of 0.225 (n = 4), 2.25 (n = 6), 6.67 (n = 6) 

and 22.5 μg (n = 8) and mechanical withdrawal thresholds were measured at 30, 60, 90, 

150 and 240 min post injection of ACT or vehicle (n = 6).  A significant main effect of 

ACT was observed (Figure 2.1A, F (4,144) = 6.95, p < 0.0001).  ACT dose-dependently 

inhibited neuropathic allodynia compared to vehicle controls (Figure 2.1C-D) with a peak 

effect at the highest dose (Figure 2.1C) at 60 min post injection (Figure 2.1A).  ACT, at 

the highest dose tested (n = 6), had no effect on mechanical withdrawal thresholds in 

sham animals compared to vehicle (n = 6, Figure 2.1B).  This dose of ACT did not, 

either, impair motor performance in the rotarod test compared to vehicle treatment (n = 7) 

at any of the time points tested (n = 5, Figure 2.2).  The EC50 for ACT was calculated as 

1.85 ± 3.3 μg (Figure 2.1D).  Hence, intrathecal injection of ACT inhibits allodynia 

resulting from PNI indicating that spinal CA activity contributes to neuropathic 

mechanical allodynia.  
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Figure 2.1: Intrathecal acetazolamide (ACT) inhibits neuropathic allodynia in the spinal nerve ligation 
(SNL) model 

A) Predrug mechanical withdrawal thresholds were measured and ACT was injected 

intrathecally and mechanical withdrawal thresholds were reassessed at the indicated time 

points. A significant main effect of ACT was observed (F (4,144) = 6.95, p < 0.0001).  B) 

ACT, at the highest dose given, did not alter mechanical withdrawal thresholds in sham 

animals.  C) ACT dose-dependently inhibited neuropathic allodynia with an EC50 (D) of 

1.85 ± 3.3 μg. *** = p < 0.001 with one-way anova and Dunnett’s post-hoc test. 
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The rotarod test was used to assess whether maximum effective doses of ACT or MZL 

impaired motor performance.  Rats with intrathecal catheters were trained as described in 

the text and VEH, ACT, MZL or ACT + MZL (Combined EC50) were administered and 

rotarod performance was assessed at the indicated time points.  Neither ACT, MZL nor 

ACT (0.97 ng) + MZL (1.85 μg) impaired motor performance as compared to vehicle 

injection. 

 

 

Figure 2.2: Acetazolamide (ACT), midazolam (MZL) and ACT and MZL in combination do not impair 
motor performance 
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Effects of intrathecal MZL on neuropathic allodynia: We then tested whether 

intrathecally administered MZL was capable of reducing neuropathic allodynia.  MZL 

was given in doses of 0.4 (n = 9), 2 (n = 7), 6 (n = 8), 20 (n = 9) and 60 ng (n = 6) and 

mechanical withdrawal thresholds were measured at 30, 60, 90, 150 and 240 min post 

injection of MZL or vehicle (n = 8). A significant main effect of MZL was observed (Fig 

2.3A, F(5,246) = 6.31, p < 0.0001).  MZL, as expected, also dose-dependently inhibited 

neuropathic allodynia compared to vehicle controls (Fig 2.3C-D) with a peak effect 

between the 6 and 20 ng doses (Fig 2.3C) at 30-60 min post injection (Fig 2.3A).  Area 

under the curve analysis indicated that the MZL dose-response curve shows an inverted 

U-shape suggesting the effectiveness of MZL may be dose limiting.  MZL, at the highest 

effective dose observed with area under the curve analysis, 6 ng (n =8), had no effect on 

mechanical withdrawal thresholds in sham animals compared to vehicle (n = 8, Fig 2.3B).  

This dose of MZL did not, either, impair motor performance in the rotarod test at any of 

the time points tested (n = 7, Fig 2.2).  The EC50 for MZL was calculated as 0.97 ± 0.72 

ng (Fig 2.3D).  Hence, intrathecal injection of MZL inhibits allodynia resulting from PNI 

but, apparently, in a dose limiting fashion.  
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Figure 2.3: Intrathecal midazolam (MZL) inhibits neuropathic allodynia in the spinal nerve ligation (SNL) 
model 

(A) Predrug mechanical withdrawal thresholds were measured and MZL was injected 

intrathecally and mechanical withdrawal thresholds were reassessed at the indicated time 

points. A significant main effect of MZL was observed (F(5,246) = 6.31, p < 0.0001).  B) 

MZL, at the peak effect dose, did not alter mechanical withdrawal thresholds in sham 

animals.  C) MZL dose-dependently inhibited neuropathic allodynia with an EC50 (D) of 

0.97 ± 0.72 ng. * = p < 0.05, ** = p < 0.01 with one-way anova and Dunnett’s post-hoc 

test. 
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Effects of intrathecal ACT combined with MZL on neuropathic allodynia: We next 

tested the possibility that ACT and MZL might act synergistically to inhibit neuropathic 

allodynia. We used combined doses of ACT and MZL with a fixed dose ratio based on 

the EC50s of both compounds (in ng) given separately.  Hence, animals received 

intrathecal injections of ACT 1850 ng + MZL 0.97 ng (n = 7), ACT 616.7 ng + MZL 

0.32 ng (n = 6) or ACT 185 ng + MZL 0.097 ng (n = 5) representing EC50 values for each 

compound divided by 1, 3 and 10, respectively. At the highest combined dose motor 

performance was not affected (n = 5, Fig 2.2).  Mechanical withdrawal thresholds were 

measured at 30, 60, 90, 150 and 240 min post injection of ACT + MZL or vehicle (n = 5). 

A significant main effect of ACT + MZL was observed (Fig 2.4A, F (3,126) = 6.29, p = 

0.0005).  Area under curve measures for ACT + MZL versus vehicle treatment is shown 

in Fig 2.4B.  The effect of the compounds administered together peaked at 60 min (Fig 

2.4A) and these values were used to construct a dose response curve for ACT + MZL 

where the dose is shown as the combined amount of drug given (Fig 2.4C). This was 

done in order to control for possible artefacts due to an expansion of the area under the 

curve measure from a prolonged action of the drugs given together, as was observed (Fig 

4A).  The EC50 of ACT + MZL at this fixed dose ratio was 190 ± 141 ng.  EC50s for ACT 

or MZL alone were also calculated under this paradigm using peak effects (60 min) for 

the compounds individually.  The EC50 for ACT alone was 2.16 ± 1.75 μg and the EC50 

for MZL was 1.13 ± 0.68 ng (Fig 2.4C).  These observed EC50s were consistent with 

EC50s calculated using the area under the curve measurements (Fig 2.1D and Fig 2.3D).  
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Isobolographic analysis was used to determine whether ACT and MZL act 

synergistically to inhibit neuropathic allodynia.  For this analysis we calculated A50s for 

ACT or MZL alone; a theoretical combined A50 if the drugs acted in an additive fashion; 

and an actual A50 from the observed effects of the drugs given together in the fixed dose 

ratio of 1850 to 0.97.  As in the EC50 measurements shown in Fig 2.4C, we used peak 

effects at 60 min for the drugs alone and in combination for these calculations. In this 

case the A50 for ACT given alone was found to be 2.19 ± 0.75 μg (Fig 2.4D), again 

consistent with EC50s calculated by area under the curve or peak effect methods.  The A50 

of MZL was 1.07 ± 0.88 ng (Fig 2.4D), also consistent with EC50s obtained by the 

methods described above.  The theoretical additive A50 was found to be a combined dose 

of 1058 ± 480 ng whereas the actual A50 observed with ACT and MZL administered 

together was 182 ± 65 ng (Fig 2.4D, closely matching the EC50 calculated from 

regression analysis of 190 ± 141 ng).  The theoretical additive A50 differed from the 

observed A50 significantly (p < 0.001) indicating that ACT and MZL act synergistically 

to inhibit neuropathic allodynia (Fig 2.4D).      

Finally, our findings with MZL indicated that the efficacy of MZL may be limited 

at high doses.  Hence, we tested if co-administration of ACT with MZL could reduce this 

effect.  We administered MZL at 60 ng (n = 6), ACT at 22.5 μg (n = 7) and MZL at 60 ng 

+ ACT at 22.5 μg (n = 8) or vehicle (n = 12) intrathecally to SNL rats and measured 
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reversal of allodynia at 60 min post drug injection, consistent with the peak time point for 

efficacy of these drugs given alone or in combination.  We did not use the fixed dose 

ratio dosage schedule used for synergism studies in this experiment because that dose of 

ACT would have exceeded the maximum dose of ACT given in any other experiments.  

ACT or ACT + MZL significantly reversed neuropathic allodynia while MZL given 

alone did not show a significant reversal, consistent with a loss of efficacy for MZL at 

this dose (Fig 2.4E). Hence, this finding suggests that a dose-limiting loss of efficacy for 

MZL at high doses in PNI animals can be avoided with co-administration of ACT.  
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Figure 2.4: Intrathecal acetazolamide (ACT) combined with midazolam (MZL) acts synergistically to 
inhibit neuropathic allodynia in the spinal nerve ligation (SNL) model 

(A) Predrug mechanical withdrawal thresholds were measured and ACT + MZL, at a 

fixed dose ratio of 1850 to 0.97 ng (see text for explanation) was injected intrathecally 

and mechanical withdrawal thresholds were reassessed at the indicated time points. A 

significant main effect of ACT + MZL was observed (F(3,126) = 6.29, p = 0.0005).  
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(B) ACT + MZL dose-dependently inhibited neuropathic allodynia with a combined dose 

EC50 (C) of 190 ± 141 ng, curves for ACT and MZL alone are shown for comparison.   

(D) Isobolographic analysis revealed that ACT and MZL act synergistically to inhibit 

neuropathic allodynia. The A50 for ACT given alone was 2.19 ± 0.75 μg. The A50 of 

MZL was 1.07 ± 0.88 ng.  The theoretical additive A50 for a combined dose was 1058 ± 

480 ng while the observed A50 for ACT and MZL administered together was 182 ± 65 ng.  

The theoretical additive mixture A50 differed from the observed A50 significantly (p < 

0.001) indicating that ACT and MZL act synergistically to inhibit neuropathic allodynia.  

(E) MZL, ACT or MZL + ACT were given intrathecally and paw withdrawal thresholds 

were measured at 60 min post drug administration to test whether ACT would restore 

efficacy of MZL at a dose where efficacy was lost.  ACT alone and ACT + MZL 

significantly reversed neuropathic allodynia while MZL alone did not.  * = p < 0.05, ** = 

p < 0.01 with one-way anova and Dunnett’s post-hoc test. 
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21BE. Discussion 
Our work shows that ACT reduces mechanic neuropathic allodynia which, 

together with previous observations on the alleviating actions of CA inhibition on thermal 

hyperalgesia (Radhakrishnan and Sluka 2005), suggests that spinal CA is a promising 

target for novel drugs in the treatment of several types of chronic pain. Even more 

importantly, the present data show that ACT and MZL act synergistically to reduce 

allodynia as a result of PNI.  Therefore, the combined use of benzodiazepines with CA 

inhibitors may represent a new therapeutic approach for treatment of neuropathic pain. 

Previous experiments have shown that intrathecal ACT (at a 22.5 μg dose) 

inhibits thermal hyperalgesia after muscle inflammation (Radhakrishnan and Sluka 

2005). Our present results indicate that ACT dose-dependently inhibits PNI-induced 

neuropathic allodynia and that ACT and MZL, when given in combination, act 

synergistically to alleviate the allodynia.  Moreover, our findings suggest that the 

combined use of ACT and MZL may avoid possible dose-limiting effects of MZL which 

are suggested by the inverted U shape of the MZL dose-response curve.  These results 

lend support to a mechanistic scheme, described in detail below, wherein behavioral 

manifestations (allodynia) of the positive shift in reversal potential (Er) of GABAA that 

results from KCC2 downregulation after PNI (Coull, Boudreau et al. 2003; Prescott, 

Sejnowski et al. 2006) can be blocked by reducing HCO3
- availability by CA inhibition.  

A potential anti-neuropathic pain role for CA inhibitors has been postulated previously 

(Chong and Libretto 2003) based largely on the CA inhibitor activity of topiramate, 

which alleviates PNI-induced allodynia in rats (Benoliel, Tal et al. 2006), shows 
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synergism with tramadol after PNI (Codd, Martinez et al. 2008) and reduces daily pain 

scores in humans with lumbar radicular pain (Khoromi, Patsalides et al. 2005).  Although 

topiramate has several molecular targets and inhibits some CAs with low potency, 

topiramate is a potent (low nM) inhibitor of CAVII (Vullo, Voipio et al. 2005), an 

isozyme important for HCO3
- -mediated excitatory GABA actions in the hippocampus 

(Ruusuvuori, Li et al. 2004; Rivera, Voipio et al. 2005).  Our findings with ACT support 

the notion that CA inhibition is effective for the treatment of neuropathic allodynia.  

Further work is warranted to establish whether CA inhibition underlies the anti-

neuropathic pain effects of topiramate.  

Our work also shows that MZL alone dose-dependently inhibits neuropathic 

allodynia in the SNL model. Benzodiazepines require the presence of a γ2 subunit and 

different α subunit compositions can lead to different behavioral effects.  Recent studies 

have elucidated that spinal GABAA receptors are composed of α2, α3 and α5 subunits 

(Knabl, Witschi et al. 2008) and that α2- and α3-containing subunits are critical for 

benzodiazepine anti-allodynic effects in inflammatory, PNI (Knabl, Witschi et al. 2008) 

and anti-nociception in chemical pain models (Knabl, Zeilhofer et al. 2009).  Critically, 

benzodiazepines that “spare” α1-containing subunits do not induce sedation yet achieve 

analgesia in all of these models (Knabl, Witschi et al. 2008; Munro, Lopez-Garcia et al. 

2008; Knabl, Zeilhofer et al. 2009).  Our results with intrathecal MZL are consistent with 

previous electrophysiological experiments in the SNL model (Kontinen and Dickenson 

2000); with behavioral and biochemical experiments in the chronic constriction injury 
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model of PNI (Lim, Lim et al. 2006); with experiments in rats with chronic inflammation 

of the hindpaw from complete Freund’s adjuvant (CFA) injection (Anseloni and Gold 

2008); and with reports of alleviation of pain in humans with spinal benzodiazepines 

(Jasmin, Wu et al. 2004).  Hence, these results provide further support for a spinal site of 

action for anti-allodynic effects of benzodiazepines after PNI. 

 

A major question raised by these findings is: what are the mechanisms via which 

CA inhibitors and benzodiazepines act synergistically to inhibit neuropathic allodynia 

after PNI? PNI produces pathological changes in the spinal GABAergic and glycinergic 

network such that a decrease in the efficacy of inhibition is observed and this process 

may underlie the allodynic state that follows the injury (Moore, Kohno et al. 2002; Coull, 

Boudreau et al. 2003; Coull, Beggs et al. 2005; Prescott, Sejnowski et al. 2006).  PNI 

induces a positive shift in the reversal potential (Er) of GABAA receptors or glycine 

receptor-mediated currents in a subset of dorsal horn neurons (Coull, Boudreau et al. 

2003; Coull, Beggs et al. 2005; Prescott, Sejnowski et al. 2006; Keller, Beggs et al. 

2007).  The decrease in KCC2 expression after PNI would be expected to result in a 

decreased Cl- extrusion capacity in dorsal horn neurons; hence, the positive shift in Er for 

GABAA and glycine receptors may reflect a reduced or collapsed Cl- gradient with Cl- 

reversal potential (ECl) close to the resting membrane potential (Vrest) (Coull, Boudreau et 

al. 2003; Prescott, Sejnowski et al. 2006). Under these conditions, HCO3
- -mediated 

currents would be expected to lead to a further positive shift in Er and, consequently, to 
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strongly depolarizing and even excitatory GABAA or glycine channel responses that 

would be sensitive to CA inhibition. 

While it is clear that PNI produces changes in the spinal GABAergic and 

glycinergic system that reduce the efficacy of GABAA- and glycine receptor-mediated 

hyperpolarizing inhibition, it is also true that spinally applied benzodiazepines are 

effective for reducing neuropathic allodynia and/or hyperalgesia (Kontinen and 

Dickenson 2000; Lim, Lim et al. 2006; Knabl, Witschi et al. 2008; Shih, Miletic et al. 

2008).  According to the findings discussed above this would appear to be paradoxical; 

however, there are several scenarios that can resolve this potential paradox.  The degree 

of positive shift in Er after PNI is paramount to whether GABAA activity would be 

expected to produce gross excitation or shunting inhibition (Prescott, Sejnowski et al. 

2006; Jean-Xavier, Mentis et al. 2007; Blaesse, Airaksinen et al. 2009; Price, Cervero et 

al. 2009), and with smaller positive shifts in Er, benzodiazepine-mediated augmentation 

of GABAA currents would be expected to produce a larger shunting inhibition.  However, 

this would clearly be dependent on the intensity and duration of GABAergic network 

activity (see [35]), as prolonged activity would move Er progressively more positive as a 

result of Cl- accumulation driven by the HCO3
- -mediated depolarization (Kaila, Lamsa et 

al. 1997).  Under this scenario, CA inhibition is expected to augment the anti-allodynic 

activity of benzodiazepines because it reduces the HCO3
- -dependent progressive positive 

shift in Er. Moreover, modeling studies have shown that an increase in shunting 

conductance can lead to an increase in excitability [28].  Such findings may explain the 
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inverted U shape of the MZL dose-response curve found here and, according to the 

model postulated above, and our findings, this would be reversed by inhibition of CA 

activity. 

A further point of importance in the present context is that phasic GABAA 

receptors are found preferentially in the postsynaptic membrane whereas tonic GABAA 

subunits, which possess high affinity for GABA, are found extrasynaptically in CNS 

neurons (Farrant and Nusser 2005).  Phasic, synaptic GABAA receptors preferentially 

contain α1, α2 or α3 and γ2 subunits and are benzodiazepine sensitive while tonic, 

extrasynaptic channels contain a ∂ subunit and, with the exception of those that also 

possess α5 and γ2 subunits, are benzodiazepine-insensitive (Farrant and Nusser 2005). 

Tonic receptors generate persistent currents as observed in dorsal horn neurons with 

prolonged GABA application (Cordero-Erausquin, Coull et al. 2005).  On the other hand, 

after PNI, benzodiazepines generate anti-allodynia on the spinal level largely via α2 and 

α3 containing subunits suggesting that synaptic, or phasic, receptors are responsible for 

this effect (Knabl, Witschi et al. 2008). Hence, during network activity, which can be 

generated in the spinal cord either by the convulsant 4-aminopyridine (Ruscheweyh and 

Sandkuhler 2003) or PNI (Schoffnegger, Ruscheweyh et al. 2008), the large increase in 

conductance caused by the benzodiazepine-sensitive, phasic postsynaptic events might 

well lead to a shunting inhibition despite a substantial depolarization of the target cell, 

while the low-conductance, tonic depolarization mediated by the extrasynaptic  GABAA 

receptors is expected to provide a tonic excitatory drive  that is sensitive to CA blockade 
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(Rivera, Voipio et al. 2005; Blaesse, Airaksinen et al. 2009). Consistent with this, we 

observed striking synergism between benzodiazepines and CA inhibitors after PNI 

suggesting that CA inhibition augments the inhibitory effects of benzodiazepine action by 

suppressing HCO3
- -dependent excitatory events. 

In conclusion, the major finding of the present work is that ACT and MZL act 

synergistically to inhibit neuropathic allodynia.  In light of the available in vitro data 

reviewed above, a parsimonious way to explain this synergism is that CA inhibition 

blocks an HCO3
- -dependent positive shift in the Er of GABA and/or glycine-mediated 

currents and the consequent tonic excitatory drive mediated by extrasynaptic GABAA 

receptors, while preserving shunting inhibition that is augmented by benzodiazepine 

actions at postsynaptic GABAA receptors. Obviously, further work is needed at the in 

vitro level in order to directly examine the cellular and synaptic basis of the ACT-MZL 

synergism and clinical studies are required to determine the safety of intrathecally applied 

CA inhibitors in humans. Since MZL and ACT, as well as several other inhibitors of CA 

(Supuran 2008), are clinically approved, we propose that their use in combination opens 

up a novel approach for the treatment of chronic neuropathic pain.   
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5BCHAPTER 3: MODULATION OF SPINAL GABAERGIC ANALGESIA BY 
INHIBITION OF CHLORIDE EXTRUSION CAPACITY IN MICE 
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22BA. Abstract 
Spinal GABAA receptor modulation with agonists and allosteric modulators evokes 

analgesia and antinociception. Changes in KCC2 expression or function that occur after 

peripheral nerve injury or inflammation can result in an impairment of the Cl- extrusion 

capacity of spinal dorsal horn neurons. This, in turn, alters Cl- mediated hyperpolarization 

via GABAA receptor activation contributing to allodynia or hypersensitivity associated 

with nerve injury or inflammation. A gap in knowledge exists concerning how this loss of 

spinal KCC2 activity differentially impacts the analgesic efficacy or potency of GABAA 

agonists and allosteric modulators.  We addressed this gap in knowledge by utilizing the 

tail flick assay to measure the analgesic effects of general GABAA agonists muscimol and 

ZAPA, the ∂-subunit preferring agonist THIP and allosteric modulators of the 

benzodiazepine (midazolam) and neurosteroid (ganaxolone) class, alone, or in the 

presence of KCC blockade. Intrathecal muscimol, ZAPA, THIP midazolam and 

ganaxolone all evoked significant analgesia in the tail flick test. Co-administration of 

either agonists or allosteric modulators with DIOA (a drug that blocks KCC2) had no 

effect on agonist or allosteric modulator potency.  On the other hand, the analgesic 

efficacy of muscimol and ZAPA and the allosteric modulator ganaxolone were markedly 

reduced while THIP and midazolam were unaffected. In the SNI model, where KCC2 

expression is reduced, midazolam significantly reversed tactile hypersensitivity whilst 

ganaxolone had no effect. These results indicate that the KCC2-dependent Cl- extrusion 

capacity differentially regulates the analgesic efficacy of agonists and allosteric 

modulators at the GABAA receptor complex. 
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Perspective: Our work suggests that drug discovery efforts for the treatment of chronic 

pain disorders should target benzodiazepine or ∂-subunit-containing sites at the GABAA 

complex. 

 

23BB. Introduction 
Targeting spinal ionotropic gamma-aminobutyric acid (GABAA) receptors elicits 

analgesia in rodents (Nadeson, Guo et al. 1996) and humans (Serrao, Marks et al. 1992; 

Ho and Ismail 2008).  The GABAA agonist muscimol possesses antinociceptive activity 

against acute nociception (Liebman and Pastor 1980; Hammond and Drower 1984; 

Aanonsen and Wilcox 1989) and in the formalin model (Dirig and Yaksh 1995).  The δ 

subunit preferring agonist THIP similarly induces analgesia and antinociception in rats 

and mice (Hill, Maurer et al. 1981; Krogsgaard-Larsen, Schultz et al. 1981; Krogsgaard-

Larsen, Frolund et al. 2004). In addition to agonists, positive allosteric modulators, such 

as benzodiazepines, are effective in producing spinally-mediated analgesia (Goodchild 

and Serrao 1987; Yanez, Sabbe et al. 1990; Bahar, Cohen et al. 1997).  GABAA -

mediated inhibitory neurotransmission in both individual neurons and neuronal networks 

is modulated by cation-chloride cotransporter functional expression (Kaila 1994; Payne, 

Rivera et al. 2003; Price, Cervero et al. 2005; Price, Cervero et al. 2009).  These 

cotransporters regulate neuronal Cl- homeostasis. The K+-Cl- cotransporter  isoform 2 

(KCC2) is largely responsible for Cl- extrusion in mature CNS neurons (Payne, Rivera et 

al. 2003; Blaesse, Airaksinen et al. 2009). Dysregulation in Cl- homeostasis resulting 
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from changes in functional KCC2 expression occurs in many CNS pathologies including 

epilepsy (Cohen, Navarro et al. 2002; Jin, Huguenard et al. 2005; Palma, Amici et al. 

2006), neuronal trauma (Toth, Hollrigel et al. 1997; Papp, Rivera et al. 2008) and chronic 

pain (Coull, Boudreau et al. 2003; Prescott, Sejnowski et al. 2006). Because KCC2 

maintains a low intracellular Cl- concentration in CNS neurons, a prerequisite for the 

generation of Cl--dependent, hyperpolarizing GABAA-mediated responses (Kaila 1994; 

Rivera, Voipio et al. 1999; Payne, Rivera et al. 2003), a disruption in functional KCC2 

expression alters Cl- homeostasis and can consequently lead to a reduction in efficacy of 

GABAergic inhibition. 

In the spinal dorsal horn, KCC2 plays a key role in regulating nociceptive circuits. 

Hypomorphic KCC2 mice show altered sensitivity to tactile and noxious thermal stimuli 

(Tornberg, Voikar et al. 2005) and a reduction in nociceptive thresholds in rats is 

observed when KCC2 expression is knocked down or pharmacologically inhibited 

(Coull, Boudreau et al. 2003). Notably, reduced KCC2 expression or function has been 

implicated in the pathogenesis of neuropathic pain. Here, decreased functional KCC2 

expression causes a depolarizing shift in GABAA Cl- reversal potential in lamina I/II 

neurons that leads to a reduction in GABAergic inhibitory efficacy in a subset of lamina 

I/II neurons (Coull, Boudreau et al. 2003; Prescott, Sejnowski et al. 2006; De Koninck 

2007).  Downregulation of KCC2 expression in the spinal dorsal horn has likewise been 

demonstrated in chronic inflammation (Morales-Aza, Chillingworth et al. 2004) and 

following intraplantar formalin injection (Nomura, Sakai et al. 2006).  Despite these 
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findings, there is strong evidence that modulation of spinal GABAA receptors in the 

setting of peripheral nerve injury or inflammation (Anseloni and Gold 2008; Knabl, 

Witschi et al. 2008; Knabl, Zeilhofer et al. 2009; Asiedu, Ossipov et al. 2010) is still 

capable of producing antinociceptive or analgesic effects.   Despite increasing knowledge 

of the analgesic and antinociceptive properties of subtype specific GABAA receptor 

agonists and allosteric modulators, the influence of reduced KCC2 activity on the spinal 

analgesic efficacy and/or potency of these agonists and allosteric modulators remains 

unknown. However, this information is likely important for the development of novel 

analgesics that target the GABAA receptor complex.   

To directly address this question, we used the tail flick assay to measure the 

analgesic effects of GABAA receptor agonists muscimol, ZAPA and THIP, and allosteric 

GABAA modulators midazolam and ganaxolone. We utilized DIOA H(Garay, Nazaret et 

al. 1988)H and furosemide H(Payne 1997) H as inhibitors of KCC2.  Muscimol and ZAPA 

H(Allan, Dickenson et al. 1986) H are derived from the endogenous GABAA receptor agonist 

GABA and target all GABAA receptors without impacting GABAB receptors. THIP 

preferentially targets δ-subunit containing GABAA receptors H(Adkins, Pillai et al. 2001) H 

and activates a tonic current in spinal dorsal horn neurons H(Bonin, Labrakakis et al. 

2011) H. Midazolam and ganaxolone H(Carter, Wood et al. 1997) H belong to two major 

classes of GABAA allosteric modulators, benzodiazepines and neurosteroids, 

respectively.  Benzodiazepines positively modulate both tonic and phasic currents in 

spinal dorsal horn neurons H(Maeda, Katafuchi et al. 2010)H while the effects of 



61 

 

neurosteroids on these currents are unknown.  Our results demonstrate that muscimol, 

ZAPA and ganaxolone lose analgesic efficacy, but not potency with KCC2 blockade 

while potency and efficacy of THIP and midazolam are unchanged.  Moreover, 

midazolam significantly reverses tactile allodynia following peripheral nerve injury while 

ganaxolone is without effect. These findings indicate that impaired Cl- extrusion capacity 

resulting from decreased KCC2 activity reduces the analgesic efficacy of certain GABAA 

receptor agonists and allosteric modulators.  
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24BC. Methods 
Drugs: Muscimol, ZAPA, THIP, ganaxolone, and clonidine hydrochloride were 

purchased from Tocris (Ellisville, MO). DIOA and furosemide were purchased from 

Sigma-Aldrich (St. Louis, MO). Midazolam was purchased from USP. Stock solutions of 

muscimol, ZAPA, THIP, clonidine and midazolam were made were made in distilled 

H2O. DIOA, furosemide and ganaxolone were made in 100% DMSO. DIOA was diluted 

in Ringer’s solution containing 10% DMSO. All other drugs were diluted to final 

concentrations in Ringer’s solution for injection. Final concentrations of DMSO in 

solutions used for intrathecal injection in the tail flick test were 10%.  This concentration 

of DMSO had no effect on tail flick latency at any time point (baseline = 3.55 ± 0.33 s, 

10 min post injection = 3.56 ± 0.40 s, 20 min post injection = 3.18 ± 0.25 s, 30 min post 

injection = 3.16 ± 0.13 sec, n = 7).  Final concentrations of DMSO in intrathecal 

injections in neuropathic animals did not exceed 1%. 

 

Animals: Male ICR mice (Harlan, 18-22g) were used for all studies. Animals were 

housed in a climate-controlled room on a 12-h light/dark cycle where food and water 

were available ad libitum. All animal procedures were approved by the Institutional 

Animal Care and Use Committee of the University of Arizona and were performed in 

accordance with the handling and use of laboratory animal guidelines of the International 

Association for the Study of Pain and National Institutes of Health.  
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Spared Nerve Injury (SNI):  Prior to surgery, all animals were assessed for mechanical 

withdrawal thresholds. SNI was performed by a lesion of two of the three terminal 

branches of the sciatic nerve (tibial and common peroneal nerves) leaving the remaining 

sural nerve intact as described previously(Bourquin, Suveges et al. 2006). Under 

isoflurane anesthesia(induction = 5%, maintenance = 1.7-2% isoflurane in room air), an 

incision was made on the lateral surface of the thigh and a section was made directly 

through the biceps femoris muscle exposing the sciatic nerve and its three terminal 

branches: the sural, common peroneal and tibial nerves. The tibial and common peroneal 

nerves were tightly ligated with 5.0 silk and cut distal to the ligation, removing ~ 2mm of 

the distal nerve stump. The sural nerve was left intact. The skin incision was closed with 

staples. Mice were monitored daily following surgery and were tested for development of 

neuropathic allodynia 7 and 10 days following surgery.  Testing with administration of 

intrathecal drugs was done on day 10-14 after surgery.  The neuropathic pain state in 

these mice lasts for at least 4 weeks and is isolated to the ipsilateral paw H(Bourquin, 

Suveges et al. 2006)H. 

Intrathecal injection: The intrathecal injection was done as previously described by 

Hylden and Wilcox (Hylden and Wilcox 1980) using a 25-μl Hamilton syringe with a 30 

1/2-gauge needle. The injection was performed under brief (less than 3 min) isoflurane 

anesthesia (induction = 5%, maintenance = 1.7-2% isoflurane in room air) in a volume of 

5µl. With the pelvic girdle held to keep the spinal cord in place, the needle was inserted 

into the intervertebral space between the L5 and L6 spinal cord level. A reflexive flick of 
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the tail was used as an indicator of accurate needle placement and also as a confirmation 

of drug injection. 

Tail Flick Latency: Analgesia was measured using the tail immersion method (Janssen, 

Niemegeers et al. 1963). The mice were restrained with the tail extending out. The distal 

portion of the tail (2-3cm) was immersed in a water bath thermostatically controlled at 

52°C ± 0.5. The tail withdrawal reaction time (in seconds) was initially recorded as the 

tail flick latency before drug administration and then recorded at 10, 20, 30, 45 and 60 

min after the administration of the test drug. A cut off latency of 10 seconds was 

maintained to prevent tissue damage.  All the drugs were administered intrathecally. 

Percent maximum possible effect was calculated as: 

%MPE= [(Test latency-Baseline latency) / (Cut off latency-Baseline latency)]*100 

Mechanical thresholds: Animals were placed in acrylic boxes with wire mesh floors and 

allowed to habituate for 1 hr followed by predrug mechanical thresholds recording. Using 

the up-down method (Chaplan, Bach et al. 1994), calibrated von Frey filaments 

(Stoelting, Wood Dale, IL) were used for mechanical stimulation of the plantar surface of 

the left hindpaw and withdrawal thresholds were calculated. 

Statistics: All data are presented as Mean ± S.E.M unless otherwise stated.  Graph 

plotting and statistical analysis were performed using Graphpad Prism Version 5.03 

(Graph Pad Software, Inc. San Diego, CA, USA). Variable slope (4 parameters) 

nonlinear regression was used for dose response curves analysis.  Measures of dose by 
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time were done by two-way ANOVA with Bonferroni post-hoc test in tail flick tests. For 

analysis of mechanical thresholds in neuropathic animals, mechanical thresholds are 

expressed as log of gram force and analyzed by one-way ANOVA with Dunnett post-test 

(as described previously H(Milligan, Mehmert et al. 2000)H) where comparisons were made 

to baseline mechanical thresholds at 10-14 days after SNI.A priori level of significance at 

95% confidence level was considered at p < 0.05. 

25BD. Results 
Effect of intrathecal GABAA agonists in the tail flick test with and without DIOA 

treatment: We first assessed the ability of GABAA receptor agonists and allosteric 

modulators to evoke analgesia in the tail flick test following intrathecal injection.  The 

GABAA agonists muscimol (Figure 3.1A), ZAPA (Figure 3.1B) and THIP (Figure 3.1C) 

each caused significant analgesia in the tail flick test peaking at 0.3, 10 and 3 μg doses, 

respectively.  Tail flick latencies returned to baseline levels within 60 min.  Peak effects 

were observed at 10 or 20 min post injection.  We then retested each of these agonists 

with co-intrathecal administration of the KCC2 inhibitor DIOA (10 μg).  Effects of 

DIOA on muscimol (Figure 3.1A), ZAPA (Figure 3.1B) and THIP (Figure 3.1C) are 

shown as maximal possible effect (MPE) over a 60 min time course next to similar 

graphs of agonist alone.  
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Figure 3.0.1: Effect of intrathecal GABAA agonists in the tail flick test with and without 
DIOA treatment 

(A) Time dependent analgesic effects of increasing doses of muscimol in the absence or 

presence of DIOA. (B) Time dependent analgesic effects of increasing doses of ZAPA in 

the absence or presence of DIOA. (C) Time dependent analgesic effects of increasing 

doses of THIP in the absence or presence of DIOA. 
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Effect of intrathecal GABAA allosteric modulators and clonidine in the tail flick test 

with and without DIOA treatment: The GABAA allosteric modulators midazolam 

(Figure 3.2A) and ganaxolone (Figure 3.2B) and the α2 adrenergic receptor agonist, 

clonidine (Figure 3.2C) also each caused significant analgesia in the tail flick test peaking 

at 10, 10 and 2.67 μg doses, respectively.  Tail flick latencies returned to baseline levels 

within 60 min for each compound.  Again, peak effects were observed at 10 or 20 min 

post injection.  We then retested each of these agonists with co-intrathecal administration 

of the KCC2 inhibitor DIOA (10 μg).  Effects of DIOA on midazolam (Figure 3.2A), 

ganaxolone (Figure 3.2B) and clonidine (Figure 3.2C) are shown as MPE over a 60 min 

time course next to similar graphs of allosteric modulator or agonist alone. 
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Figure 3.0.2: Effect of intrathecal GABAA allosteric modulators and clonidine in the tail 
flick test with and without DIOA treatment 

(A) Time dependent analgesic effects of increasing doses of midazolam in the absence or 

presence of DIOA. (B) Time dependent analgesic effects of increasing doses of 

ganaxolone in the absence or presence of DIOA. (C) Time dependent analgesic effects of 

increasing doses of clonidine in the absence or presence of DIOA. 
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Dose response curves for intrathecal GABAA agonists and allosteric modulators 

with and without DIOA treatment in the tail flick test: We reasoned that blockade of 

KCC2 with DIOA might alter either efficacy or potency (or both) for GABAA agonists or 

allosteric modulators in the tail flick test.  We further anticipated that analgesic efficacy 

and potency of clonidine would be unaffected by KCC2 perturbation because this drug 

does not act on the GABAA receptor complex. In order to establish the analgesic efficacy 

and potency of the different agonists and allosteric modulators alone and in the presence 

of DIOA, dose response curves were constructed and evaluated (Figure 3.3). The dose 

response curves were graphed using the sum of the percent maximal effect (%MPE) at 10 

and 20 min time points where peak analgesia was noted for all GABAA agonists and 

allosteric modulators used. Due to the steep and clear inverted U-shaped nature (in 

agreement with our previous observations and modeling studies (Asiedu, Ossipov et al. 

2010; Doyon, Prescott et al. 2011)) of the dose response curves obtained, the curves for 

all compounds used were fitted with a fixed Emax (a measure of efficacy) based on the 

maximally effective doses listed above. Thus Emax values for the different agonists and 

allosteric modulators could not be found and evaluated through this method. Dose 

response curves were therefore evaluated using the EC50s (a measure of potency) and 

confidence intervals derived from these curves. A comparison of the EC50s and of the 

different agonists and allosteric modulators alone and in the presence of DIOA (Table 

3.1) showed an overlap in confidence intervals for the different agonists and allosteric 

modulators alone and with DIOA present indicating that the compound potency was 
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unchanged by DIOA treatment. This result also illustrates that DIOA is not acting as a 

competitive antagonist at GABAA receptors in this assay. 

 

Figure 3.3: Dose response curves for intrathecal GABAA agonists and allosteric modulators 
with and without DIOA treatment in the tail flick test 
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Log doses of drug are shown on x-axis while sum of MPE for 10 and 20 min time points 

are shown on y-axis. Dose response curves are shown with agonist or allosteric 

modulators ± DOIA 
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Table 3.1: EC50 of intrathecal GABAA agonists and allosteric modulators with and without DIOA 

(10ug) treatment in the mouse tail flick test. No significant changes in ED50 were observed with 

DIOA co-treatment. 

 

 

Drug ED50 95% CI ED50 95% CI 

 Drug Alone  + DIOA (10μg)   

Muscimol 83.6 ng 
(0.42 nmoles)

48.6 ng to 144 
ng 

 

4.70 ng 
(0.024 

nmoles) 

0.23 ng to 
94.4 ng 

 
THIP 1.05 μg 

(5.9 nmoles) 
671 ng to 1.63 

μg 

 

776 ng 
(4.4 nmoles) 

484 ng to 1.24 
μg 

 
ZAPA 3.04 μg 

(12.4 nmoles) 
1.25 μg to 
7.40 μg 

 

560 ng 
(2.3 nmoles) 

144 ng to 2.17 
μg 

 
Midazolam 695 ng 

(2.1 nmoles) 
501 ng to 963 

ng 

 

1.33 μg 
(4.1 nmoles) 

508 ng to 3.50 
μg 

 
Ganaxolone 

 

3.22 μg 
(9.7 nmoles) 

2.04 μg to 
5.08 μg 

 

3.74 μg 
(11.2 nmoles) 

1.64 μg to 
8.50 μg 

 

Clonidine 203 ng 
(0.76 nmoles)

45.9 ng to 894 
ng 

 

798 ng 
(3.0 nmoles) 

560 ng to 1.14 
μg 
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KCC2 blockade reduces analgesic efficacy of GABAA agonists muscimol and ZAPA 

and allosteric modulator ganaxolone: From the plotted MPE data from figure 3.1 and 

3.2, it was evident that the major effect of DIOA was a reduction in analgesic efficacy 

(e.g. reduced Emax). Thus, we compared the peak effect responses for each compound ± 

DIOA.  For the general GABAA agonists muscimol (Figure 3.4A) and ZAPA (Figure 

3.4B), DIOA co-treatment significantly reduced analgesic efficacy at early time points 

indicating a reduction in analgesic efficacy in the presence of KCC2 blockade in the 

presence of these GABAA agonists.  In contrast, the δ-subunit preferring agonist THIP 

failed to lose analgesic efficacy with KCC2 blockade (Figure 3.4C).  The benzodiazepine 

GABAA allosteric modulator, midazolam, showed no loss of analgesic efficacy with 

KCC2 blockade (Fig 4D) whereas the neurosteroid site ligand, ganaxolone did (Figure 

3.4E).  As expected, there was no change in analgesic efficacy in the presence of DIOA 

for clonidine (Figure 3.4F).  
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Figure 3.4: KCC2 blockade reduces analgesic efficacy of GABAA agonists muscimol and 
ZAPA and allosteric modulator ganaxolone 

Peak-effect responses of intrathecal GABAA agonists and allosteric modulators with and 

without DIOA treatment in the tail flick test. Maximal effective doses for each agonist or 

allosteric modulator are shown ± DIOA expressed as MPE over a 60 min time course. 

DIOA reduced analgesic efficacy for agonists muscimol (A) and ZAPA (B) but did not 

influence THIP (C). DIOA did not influence midazolam (D) efficacy but did reduce 

ganaxolone efficacy (E). Clonidine (F) was unaffected by DIOA. * p < 0.05, ** p < 0.01, 

*** p < 0.001. 
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Peak-effect responses for intrathecal THIP and ganaxolone with and without 

furosemide treatment: To further support the reduced analgesic efficacy observed with 

DIOA treatment, we then asked if similar effects would be observed with the structurally 

dissimilar KCC2 inhibitor furosemide (Payne 1997).  Furosemide (30ug) did not 

influence the effects of THIP (Figure 3.5A) but reduced analgesic efficacy for 

ganaxolone (Figure 3.5B) consistent with findings with DIOA.  Importantly, neither 

DIOA at10 μg (%MPE at 10 min = 0.83 ± 3.28% and 20 min = 0.63 ± 4.21%) (Figure 

3.6A) nor furosemide at 30 μg (%MPE at 10 min = 6.66 ± 8.94% and 20 min = 1.75 ± 

4.28%) (Figure 3.6B) alone had an effect in the tail flick test. 

 

Figure 3.0.5: Peak-effect responses for intrathecal THIP and ganaxolone with and without 
furosemide treatment 

Furosemide had no effect on THIP (A) analgesic efficacy but significantly reduced 

ganaxolone analgesia (B). ** p < 0.01, *** p < 0.001. 
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Figure 3.6: Effects of intrathecal DIOA and furosemide alone in the tail flick test. 

Neither DIOA (A) nor furosemide (B) influenced tail flick latencies. 

 

Midazolam but not ganaxolone significantly reverses spared nerve injury –induced 

neuropathic allodynia: Reduced chloride extrusion capacity is thought to underlie 

neuropathic allodynia following peripheral nerve injury (Price, Cervero et al. 2005; De 

Koninck 2007; Price, Cervero et al. 2009). This dysregulation in chloride extrusion 

capacity has been shown to occur via changes in functional KCC2 expression (Coull, 

Boudreau et al. 2003; Keller, Beggs et al. 2007). Because we observed differential effects 

of GABAA allosteric modulator analgesic efficacy with KCC2 blockade, we hypothesized 

that midazolam would retain anti-allodynic effects in the spared nerve injury model while 

ganaxolone would lack anti-allodynic effects. Using doses of midazolam and ganaxolone 
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that were efficacious in the tail flick test under unperturbed KCC2 activity, midazolam 

significantly reversed neuropathic allodynia observed in the spared nerve injury model 

(Figure 3.7A) whereas ganaxolone had no effect (Figure 3.7B). This result confirms our 

hypothesis and suggests that the analgesic efficacy of allosteric modulators that 

differentially target the GABAA receptor complex are under control of KCC2-mediated 

Cl- extrusion capacity. 

 

 

Figure 3.7: Effect of intrathecal midazolam and ganaxolone on spared nerve injury-induced 
neuropathic allodynia. 

SNI surgery was performed and mice were tested for mechanical allodynia on the 

ipsilateral hindpaw 10-14 days post surgery. (A) Intrathecal injection of midazolam 

significantly reversed mechanical allodynia in the mouse SNI model whereas ganaxolone 

(B) was without effect. One way ANOVA with Dunnet post-test was used comparing to 

baseline. * p < 0.05, *** p < 0.001. 
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26BE. Discussion 
Although there is ample evidence for the analgesic and antinociceptive properties 

of GABAA receptor agonists and allosteric modulators at the spinal level, the effect of 

loss of Cl- extrusion capacity on their analgesic and antinociceptive properties has 

hitherto been unexplored. Hence, the primary findings of the current work are that loss of 

Cl- extrusion capacity does not affect the potency (EC50) of either agonists or allosteric 

modulators of the GABAA receptor complex, but, rather, modulates the efficacy (Emax) of 

non-selective GABAA agonists and neurosteroid-derived allosteric modulators. 

Specifically, the agonists muscimol and ZAPA and the allosteric modulator ganaxolone 

lose analgesic efficacy whereas the δ-subunit preferring agonist THIP and the allosteric 

modulator midazolam maintain efficacy when Cl- extrusion capacity is inhibited. 

Importantly, our findings illustrate that spinal midazolam attenuates tactile 

hypersensitivity following peripheral nerve injury, which reduces spinal KCC2 

expression (Coull, Boudreau et al. 2003), whilst ganaxolone is without effect. Thus, in 

clinical situations where spinal functional Cl- extrusion capacity is thought to be 

diminished, targeting spinal GABAA receptors containing the δ-subunit and/or sensitive 

to benzodiazepines is likely to represent a relevant therapeutic approach.  

In spinal dorsal horn neurons, GABAA receptor agonists have been demonstrated 

to attenuate glutamate-induced and/or spontaneous excitability (Curtis, Lodge et al. 1979; 

Zieglgansberger and Sutor 1983) and GABAA agonists and/or allosteric modulators 

applied intrathecally increase nociceptive thresholds in rodents (Hammond and Drower 

1984; Aanonsen and Wilcox 1989; Dirig and Yaksh 1995).  Consistent with these results, 



79 

 

our present findings indicate that the GABAA agonists muscimol, THIP and ZAPA and 

allosteric modulators midazolam and ganaxolone produce analgesia in the mouse tail 

flick test. An important question in terms of GABAA-based therapeutics for the treatment 

of pain in humans arises from our current understanding of the role of KCC2 in 

modulating GABAA-mediated currents in preclinical models. KCC2 expression is 

decreased in the spinal dorsal horn following peripheral nerve injury and after peripheral 

inflammation or injury (Coull, Boudreau et al. 2003; Morales-Aza, Chillingworth et al. 

2004; Nomura, Sakai et al. 2006; Miletic and Miletic 2008; Zhang, Liu et al. 2008). This 

change in KCC2 expression is thought to decrease GABAA-dependent inhibition in a 

subset of dorsal horn neurons and has been proposed as a primary mechanism for the 

generation of allodynia in preclinical neuropathic pain models (Coull, Boudreau et al. 

2003; Price, Cervero et al. 2005; De Koninck 2007; Price, Cervero et al. 2009) and may 

also contribute to hyperalgesia following inflammation (Anseloni and Gold 2008; 

Boegel, Gyulai et al. 2011). However, it is also clear that benzodiazepine class allosteric 

modulators maintain efficacy for reducing neuropathic allodynia and/or inflammation-

induced hyperalgesia (Anseloni and Gold 2008; Knabl, Witschi et al. 2008; Knabl, 

Zeilhofer et al. 2009; Asiedu, Ossipov et al. 2010). These findings suggest that altered 

functional KCC2 expression may differentially modulate the analgesic efficacy of 

GABAA agonists or allosteric modulators (Price, Cervero et al. 2009). Our findings 

strongly support this conclusion and point to specific therapeutic avenues for the 

generation of effective spinal analgesics that target the GABAA receptor complex. 
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Heteropentameric GABAA receptors composed of multiple subunits (α1-6, β1-3, 

γ1-3, δ, ε, θ and ρ) mediate both phasic (synaptic) and tonic (extrasynaptic) inhibition 

(Farrant and Nusser 2005; Farrant and Kaila 2007). The transient activation of phasic 

GABAA receptors composed of two α subunits combined with two β and a γ subunit 

produces phasic inhibition mediating fast GABAergic inhibitory transmission. Tonic 

inhibition is predominately generated by the persistent action of extrasynaptic receptors 

(composed of two α subunits combined with two β and a δ subunit or γ2 subunit) by 

ambient GABA.  These GABAA receptors are based on high affinity isoforms (e.g. 

α6βxδ, α4βxδ and α5βxγ2) with slow desensitization kinetics (Farrant and Nusser 2005; 

Farrant and Kaila 2007).  Muscimol and ZAPA do not pharmacologically distinguish 

GABAA receptors of the tonic and phasic types (Farrant and Kaila 2007); however, THIP 

preferentially acts at receptors of the tonic type (Mortensen, Ebert et al.). 

Electrophysiological studies have shown that THIP exhibits superagonist activity at 

α4β3δ containing receptors (Adkins, Pillai et al. 2001; Brown, Kerby et al. 2002) 

attributed to its efficacy at tonic receptors (Mortensen et al, 2010). Our current work 

shows that THIP, unlike muscimol and ZAPA, produces analgesia in the tail flick test 

which is unaffected by KCC2 inhibition. This suggests that reduced Cl- extrusion 

capacity does not modulate THIP’s analgesic activity. In agreement with our results, 

others have demonstrated the antinociceptive effects of THIP in preclinical models 

(Bonin, Labrakakis et al. 2011) where KCC2 expression is at least transiently decreased 

(Nomura, Sakai et al. 2006). We therefore propose that selective activation of tonic 

GABAA receptors in the setting of decreased Cl- extrusion capacity may represent a 
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viable approach for pharmacological intervention at the spinal level in chronic pain 

states. Further electrophysiological work will be needed to test this hypothesis in more 

detail. 

Ganaxolone is a high affinity synthetic neurosteriod with positive allosteric 

modulatory effects at the GABAA receptor complex. It has been shown to have 

anticonvulsive effects in preclinical models of seizure (Snead 1998; Reddy and Rogawski 

2010). Ganaxolone potentiates GABAA-evoked Cl- currents with similar efficacy and 

potency as allopregnanolone at recombinant human α1β2γ2 and α2β2γ2 GABAA 

receptors (Carter, Wood et al. 1997). Classical benzodiazepines, such as midazolam, 

target GABAA receptors composed of α1, α2, α3 or α5 subunits together with β and γ2 

subunits. Benzodiazepines potentiate GABAA channel opening by increasing agonist 

affinity (Lavoie and Twyman 1996). Benzodiazepines are known to elicit spinal analgesia 

and this effect is maintained in neuropathic and inflammatory pain models.  It has 

recently been shown that midazolam enhances a tonic GABAA current in substantia 

gelatinosa neurons (Maeda, Katafuchi et al. 2010) indicating that spinal, tonic GABAA 

receptors are benzodiazepine sensitive. Here we show that midazolam maintains 

analgesic efficacy in the face of pharmacological perturbation of Cl- extrusion capacity 

whereas ganaxolone efficacy is strongly reduced.  Moreover, in the SNI model, 

midazolam effectively reverses mechanical allodynia while ganaxolone is without effect 

at doses that are efficacious in the tail flick test without Cl- extrusion capacity 

manipulation. These findings, combined with data from GABAA agonists, suggest that 
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ganaxolone (and other neurosteroids) may lack effects on tonic GABAA receptors in the 

spinal dorsal horn.  

A major unresolved question from these studies is whether the primary site of 

action of GABAergic agonists and allosteric modulators employed here, in the presence 

and absence of Cl- extrusion capacity blockade, is pre- or post-synaptic. THIP and 

midazolam maintained analgesic efficacy even in the presence of Cl- extrusion capacity 

inhibition and midazolam reversed neuropathic allodynia in the SNI model. Recent 

findings concerning the nature of spinal analgesia induced by benzodiazepines suggest 

that this action is mediated primarily by α2-containing GABAA subunits (Knabl, Witschi 

et al. 2008) and that these receptors reside on presynaptic terminals of primary afferents 

in the spinal dorsal horn (Witschi, Punnakkal et al. 2011).  Interestingly, THIP also has a 

strong effect on primary afferents and stimulates primary afferent depolarization (Polc 

1979; Desarmenien, Feltz et al. 1984).  Because primary afferents are devoid of KCC2 

expression (Price, Hargreaves et al. 2006), it is tempting to speculate that the insensitivity 

of benzodiazepine- and THIP-induced analgesia to Cl- extrusion capacity inhibition is 

due to an action of these compounds on GABAA receptors expressed by primary 

afferents.  If this is the case, analgesia mediated by these compounds is unlikely to be 

influenced by NKCC1 blockade because furosemide (Payne 1997), which also inhibits 

NKCC1, also did not influence THIP-induced analgesia.  As discussed above, THIP and 

benzodiazepines also have effects on postsynaptic tonic receptors in the spinal dorsal 

horn, hence, electrophysiological studies will be required to clearly define pre- vs. post-

synaptic activities of these compounds in the presence of Cl- extrusion capacity blockade. 
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There are several limitations to the present study that we wish to acknowledge.  

First, we have utilized DIOA and furosemide to influence Cl- extrusion capacity in the 

spinal cord.  While these compounds inhibit KCC2, they also have effects on other co-

transporters: DIOA inhibits all KCCs and furosemide inhibits NKCC1 and 2 at least as 

potently as it influences KCCs (Payne 1997). The recent discovery of more specific 

KCC2 inhibitors may facilitate future work that specifically examines the role of KCC2 

inhibition in modulation of spinal analgesia (Delpire, Days et al. 2009). Second, we have 

previously observed dose-limiting effects of spinal benzodiazepines in preclinical 

neuropathic pain models as demonstrated by inverted U-shaped anti-allodynic dose 

response effects (Asiedu, Ossipov et al. 2010).  Similar results were obtained in the 

present studies at high doses suggesting that Cl- extrusion capacity is insufficient to 

maintain GABAA mediated analgesia under conditions of intense receptor activation. 

Having said this, we were unable to examine higher doses of all of the compounds tested 

due to obvious motor deficits produced by intrathecal injection of high concentrations of 

these compounds.  Finally, although drugs were given intrathecally, we cannot 

completely rule out an effect on higher brain centers; however, GABAA agonist injection 

into the brainstem causes a decrease, not increase, in tail flick latency suggesting that the 

observed effects are largely due to a spinal action (Heinricher and Kaplan 1991).  

In conclusion, the present findings provide direct evidence for differential 

modulation of spinal GABAergic analgesia when Cl- extrusion capacity is reduced via 

KCC2 blockade.  Our findings indicate that while potency remains unchanged, muscimol, 

ZAPA and ganaxolone demonstrate marked declines in analgesic efficacy. On the other 
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hand, THIP and midazolam retain full efficacy when KCC2 is blocked. Because KCC2 

expression is decreased in the spinal dorsal horn in preclinical chronic pain models 

(Coull, Boudreau et al. 2003; Morales-Aza, Chillingworth et al. 2004; Price, Cervero et 

al. 2005; Nomura, Sakai et al. 2006; Zhang, Liu et al. 2008; Price, Cervero et al. 2009), 

these results have potential implications for the generation and clinical testing of GABAA 

agonists and allosteric modulators for the treatment of chronic pain disorders. 
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6BCHAPTER 4: SPINAL PKMζ UNDERLIES THE MAINTENANCE 
MECHANISM OF PERSISTENT NOCICEPTIVE SENSITIZATION 
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27BA. Abstract 
Sensitization of the pain pathway is believed to promote clinical pain disorders.  We 

hypothesized that the persistence of a sensitized state in the spinal dorsal horn might 

depend on the activity of protein kinase M zeta (PKMζ), an essential mechanism of late 

long-term potentiation (LTP). To test this hypothesis we utilized intraplantar injections of 

interleukin-6 (IL-6) in mice to elicit a transient allodynic state (i.e., “priming”) that 

endured approximately 3 days. After the resolution of IL-6-induced allodynia, a 

subsequent intraplantar injection of prostaglandin E2 (PGE2) or intrathecal (i.t.) injection 

of the mGluR1/5 agonist, DHPG, precipitated allodynia and/or nocifensive responses.  

Intraplantar injection of IL-6 followed immediately by intrathecal (i.t.) injection of a 

PKMζ inhibitor prevented the expression of subsequent PGE2–induced allodynia. 

Inhibitors of protein translation were effective in preventing PGE-2-induced allodynia 

when given immediately after the IL-6 priming, but not after the initial allodynia had 

resolved.  In contrast, spinal PKMζ inhibition completely abolished both prolonged 

allodynia to hindpaw PGE2 and enhanced nocifensive behaviors evoked by i.t. mGluR1/5 

agonist injection after the resolution of the IL-6 priming.  Moreover, spinal PKMζ 

inhibition prevented the enhanced response to subsequent stimuli following resolution of 

hypersensitivity induced by plantar incision. The present findings demonstrate that the 

spinal cord encodes an engram for persistent nociceptive sensitization that is analogous to 

molecular mechanisms of late-LTP and suggest that spinally-directed PKMζ inhibitors 

may offer therapeutic benefit for injury-induced pain states. 
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28BB. Introduction 
 The incomplete understanding of the molecular mechanisms underlying 

mechanisms that amplify signaling in the pain pathway has impeded the development of 

novel therapies. Synaptic long-term potentiation (LTP) in nociceptive neurons of the 

dorsal horn closely resembles mechanisms underlying memory trace formation in other 

CNS structures (Woolf and Salter 2000; Ji, Kohno et al. 2003; Ikeda, Stark et al. 2006) 

and may represent a key point of intervention for preventing the expression of persistent 

pain.  We reasoned that spinal dorsal horn neurons might encode an engram representing 

a molecular mechanism of central sensitization that may promote pain.  The maintenance 

of late-LTP (L-LTP) requires an atypical protein kinase C called PKMζ (Ling, Benardo 

et al. 2002; Sacktor 2008).  PKMζ is a unique gene product from the PKCζ gene that 

lacks a regulatory region and is therefore autonomously active at the synapse following 

translation (Sacktor 2008).  PKMζ is sufficient to induce LTP and inhibition of PKMζ 

during L-LTP leads to decay of LTP.  Critically, PKMζ inhibition in vivo leads to the 

erasure of previously established memories (Pastalkova, Serrano et al. 2006; Shema, 

Sacktor et al. 2007).  Thus, PKMζ initiates L-LTP formation and persistent PKMζ 

activity maintains L-LTP, a model consistent with an essential role for PKMζ in the 

persistence of the long-term memory trace (Sacktor 2008). We hypothesized that the 

development and maintenance of a sensitized state promoting persistent pain requires 

PKMζ in the spinal dorsal horn.  
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This possibility was tested using an adaptation of a model of “hyperalgesic 

priming” (Reichling and Levine 2009) that produces a state of sensitization closely 

resembling clinical situations with increased risk of development of chronic pain 

(Aasvang and Kehlet 2005; Reichling and Levine 2009).  A single injection of 

interleukin-6 (IL-6) to mice causes a transient acute nociceptive hypersensitivity that 

resolves within 3 days (Dina, Green et al. 2008; Melemedjian, Asiedu et al. 2010).  In 

this model, persistent sensitization of the nociceptive pathway is revealed by subsequent 

challenge with injury or stress (Dina, Green et al. 2008; Reichling and Levine 2009).  The 

underlying mechanisms of this long-lasting sensitization are not known.  We reasoned 

that long-term maintenance of a sensitized state in the spinal cord would require similar 

mechanisms to those associated with persistent synaptic plasticity and memory 

maintenance. Our findings demonstrate the requirement for spinal PKMζ in the initiation 

and maintenance of a spinal sensitization state with striking parallels to mechanisms 

promoting the formation of long-term memory traces in CNS structures. 
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29BC. Materials and Methods 
Experimental Animals: All animal procedures were approved by the Institutional 

Animal Care and Use Committee of The University of Arizona and were in accordance 

with International Association for the Study of Pain guidelines. Male ICR mice (Harlan, 

20-25 g) were used for all studies except where fmr1-/y mice were used.  Fmr1 mutant 

mice and wildtype littermates were obtained from Jackson Laboratories on a C57Bl/6J 

background and bred for these studies at The University of Arizona.  Male fmr1-/y and 

wildtype littermates were used for these studies between 12 and 16 weeks of age. 

Materials: Human recombinant IL-6 was from R&D systems; temsirolimus was from 

LC Laboratories; ZIP, Scrambled ZIP, pep2m and UO126 were from Tocris; 4EGI1 was 

from Axxora; PGE2 was from Cayman Chemical Company; DHPG was from Ascent 

Scientific; Anisomysin was from Sigma.  Stock solutions of U0126, temsirolimus, 4EGI1 

and Anisomysin were made in 100% DMSO. DHPG stock solution was made in H2O 

with 10% DMSO. ZIP, Scrambled ZIP and pep2m stock solutions were made in distilled 

H2O.  PGE2 stock solutions were made in 100% ethanol. All drugs were diluted to final 

concentrations in saline for injection. Constitutively active PKCζ lentivirus was 

generated by subcloning myristoylated atypical PKCζ (Chou, Hou et al. 1998) IRES 

mCherry in pBOBi. Viral particles were produced as described previously (Tiscornia, 

Singer et al. 2006).  
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Behavioral testing and drug administration: 

Mechanical testing: The experimental design was based on previous experiments 

demonstrating “hyperalgesic priming” in rats (Aley, Messing et al. 2000; Parada, Yeh et 

al. 2003; Parada, Reichling et al. 2005; Dina, Green et al. 2008; Reichling and Levine 

2009).  Animals were placed in acrylic boxes with wire mesh floors and baseline 

mechanical withdrawal thresholds of the left hindpaw were measured after habituation 

for 1 hr using the up-down method (Chaplan, Bach et al. 1994).  The experimenter 

making measurements was always blinded to the experimental conditions.  For day 1 

experiments, IL-6 was injected into plantar surface of the left hindpaw in a volume of 25 

μL.  For paw co-injection experiments drugs were co-injected with IL-6 and IL-6 + nerve 

growth factor (NGF) at doses determined previously (Melemedjian, Asiedu et al. 2010).  

Plantar incision was done as described previously (Banik, Woo et al. 2006).  For 

intrathecal (i.t.) treatments, drugs were injected immediately after intraplantar injections 

under brief (less than 3 min) isoflurane anesthesia in a volume of 5 μL (Hylden and 

Wilcox 1980). Drug concentrations for temsirolimus (Price, Rashid et al. 2007), ZIP 

(Shema, Sacktor et al. 2007), anisomycin (Nader, Schafe et al. 2000) and pep2m (Yao, 

Kelly et al. 2008) were based on published findings and concentrations for 4EGI-1 were 

determined in pilot experiments.  For experiments with i.t. treatments on day 4 or later, 

mice were tested prior to i.t. injection to assure that allodynia had completely resolved.  

I.t. injections were done at these time points under isoflurane anesthesia as described 

above.  PGE2 (100 ng) was injected on day 6 or 18 in the plantar surface of the left 
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hindpaw in a volume of 25 μL.  Allodynia testing was then done at the time points 

indicated in the text.  For viral vector experiments, virus was injected i.t. diluted in saline 

to 1014 plaque forming units per mL.  Transduction was measured 31 days after i.t. 

injection by visualizing mCherry in spinal cord slices (20 um thick) with a Zeiss LSM 5 

confocal microscope. 

DHPG testing: Animals were habituated in a plexiglass behavior chamber for 1 hr prior 

to the beginning of the experiment. DHPG (10 nmol) was injected i.t. (5 µl) under 

isoflurane anesthesia on day 6 or day 10 and caudally directed nociceptive behavior 

(licking of paw and lower portions of the body, and biting or shaking of paw) were 

recorded for 30 min post-injection as described previously (Karim, Wang et al. 2001). 

Statistics: All data are presented as mean ± S.E.M. Graph plotting and statistical analysis 

used Graphpad Prism Version 5.03 (Graph Pad Software, Inc. San Diego, CA, USA). 

Differences between groups for caudally directed nociceptive behavior after i.t. DHPG 

were assessed using student’s t-test. Measures of time dependent allodyna by drug 

treatment were made by two-way ANOVA with Bonferroni post-hoc test. The a priori 

level of significance was set at 95%. 
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30BD. Results 
Local translation is required for the establishment but not maintenance of persistent 

nociceptive sensitization 

 We have previously shown that IL-6 injection into the hindpaw of mice leads to 

allodynia that is dependent on translation regulation via the ERK/MNK/eIF4E pathway 

(Melemedjian, Asiedu et al. 2010).  Following intraplantar IL-6 injection, tactile 

allodynia is observed and endures for ~ 3 days with complete resolution by day 4 (Figure 

4.1A).  A subsequent injection of prostaglandin E2 (PGE2) 6 days following IL-6 

injection causes allodynia that lasts for at least 24 hrs reflecting the presence of a 

persistent sensitized state; mice that previously received an injection of vehicle displayed 

only a transient PGE2-induced allodynia (1 hr or less; Figure 4.1A). We determined that 

expression of sensitization to PGE2 injection was completely blocked when intraplantar 

IL-6 was co-injected with either the MEK inhibitor, U0126 (Figure 4.1B), the protein 

synthesis inhibitor, anisomycin (Figure 4.1C), or the eIF4F complex formation inhibitor, 

4EGI-1 (Figure 4.1D, (Moerke, Aktas et al. 2007)).  Our previous findings have shown 

that IL-6 and nerve growth factor (NGF) signaling in nociceptors converges on the eIF4F 

complex to promote acute allodynia, a process that can be blocked with the eIF4F 

complex formation inhibitor, 4EGI-1 (Melemedjian, Asiedu et al. 2010); however, it is 

not known if local, eIF4F complex formation inhibition is also capable of blocking IL-6 

and NGF-induced sensitization to subsequent PGE2 exposure . Co-injection of 4EGI-1 

with IL-6 and NGF fully blocked expression of sensitization to PGE2 injection on Day 6 

(Figure 4.1E) demonstrating that convergent signaling to the eIF4F complex is required 
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to induce the establishment of the sensitized state at the time of IL-6 and NGF injection.  

Hence, IL-6- and IL-6 and NGF-induced sensitization requires local signaling to the 

eIF4F complex at the time of IL-6 or IL-6 and NGF priming. 

 The fragile X mental retardation protein (FMRP) is involved in multiple facets of 

translation control and synaptic plasticity (Bassell and Warren 2008) and we have 

previously demonstrated the fragile X mental retardation null mice (fmr1-/y) fail to show 

nociceptive sensitization in several preclinical pain models (Price, Rashid et al. 2007).  

To further demonstrate a major role of translation regulation in IL-6-induced allodynia 

and persistent sensitization we assessed this in fmr1-/y mice and their wild-type 

littermates.  IL-6-induced allodynia was strongly reduced in fmr1-/y mice (Figure 4.1F).  

Moreover, establishment of sensitization to subsequent PGE2 injection was blunted in 

fmr1-/y mice compared to their wild-type littermates (Figure 4.1G). Collectively, these 

results point to an important role for translation regulation via convergent signaling to the 

eIF4F complex and FMRP-mediated translation control in IL-6-induced allodynia and 

persistent nociceptive sensitization. 

 We next assessed whether local translation is required to maintain persistent 

sensitization to subsequent PGE2 injection.  IL-6 was injected on day 1 and followed on 

day 4, after initial allodynia had resolved, by intraplantar injection of anisomycin or 

4EGI-1.  On day 6, persistent sensitization was revealed by PGE2 injection into the 

hindpaw (Figure 4.1H).  As opposed to injection of translation inhibitors at the time of 

IL-6 injection, anisomycin (Figure4.1I) and 4EGI-1 (Figure 4.1J) both failed to reduce 
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PGE2 precipitated persistent sensitization expression indicating that local translation is 

not required to maintain the persistently sensitized state. 

 

 

Figure 4.1: IL-6-induced persistent nociceptive sensitization initiation but not maintenance 

depends on local translation within the hindpaw at the time of IL-6 administration.   
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A) Experimental design for initiation of persistent sensitization testing.  IL-6 was 

administered intraplantar (i.pl.) with or without inhibitors of MEK (U0126, B), general 

translation (anisomycin, C) or eIF4F complex formation (4EGI-1, D).  6 days following 

IL-6 and inhibitor co-administration, PGE2 (100 ng) was injected into the same hindpaw 

to assay persistent sensitization.  PGE2-induced allodynia was abrogated by U0126 (B), 

anisomycin (C) and 4EGI-1 (D).  Moreover, 4EGI-1 was also able to block persistent 

sensitization caused by co-injection of IL-6 and nerve growth factor (NGF, E).  Acute 

allodynia induced by IL-6 injection was decreased in fmr1-/y mice (F) and persistent 

sensitization to PGE2 injection on day 6 was also decreased in fmr1-/y mice (G). H) 

Experimental design for maintenance of persistent sensitization testing.  Anisomycin (I) 

or 4EGI-1 (J) injected into the hindpaw 4 days following IL-6 injection into the same 

hindpaw failed to attenuate PGE2-precipitated persistent sensitization. N = 6 for all 

experiments. Colored stars denote significant effects compared to vehicle groups, black 

stars denote significance between IL-6-treated groups. * p < 0.05, ** p < 0.01 and *** p 

<0.001. 
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IL-6-induced persistent nociceptive sensitization is precipitated by a central 

stimulus 

 The failure of local translation inhibitors to reverse the maintenance of persistent 

sensitization led us to hypothesize that the molecular mechanism responsible for the 

maintenance of this persistently sensitized state may reside in the CNS.  Hence, we next 

asked whether IL-6-induced sensitization could be revealed with a stimulus directed at 

the CNS.  Intrathecal (i.t.) injection of the metabotropic glutamate receptor (mGLuR) 1/5 

agonist DHPG during chronic inflammation causes an enhanced nocifensive response 

(Adwanikar, Karim et al. 2004).  It is not known if this enhanced nocifensive response is 

maintained even after overt allodynia induced by the initial stimulus has subsided.  To 

assess this possibility we administered IL-6 or vehicle injections to the hindpaw and 6 

days later, at a time when allodynia was fully resolved, DHPG was injected i.t.. Mice that 

had previously received intraplantar injections of IL-6 showed a markedly enhanced 

response to i.t. DHPG (Day 1 veh: 170.5 ± 52.9 sec, n = 6; Day 1 IL-6: 871.5 ± 82.5 sec, 

n = 6; p < 0.001) consistent with a persistent change in mGluR1/5 responsiveness despite 

the absence of allodynia. Therefore, the sensitized state can be unmasked as an enhanced 

response to a peripheral stimulus leading to allodynia as well as increased nocifensive 

pain behaviors. 
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Establishment of persistent nociceptive sensitization requires spinal protein 

synthesis and PKMζ  

The persistence of a spinally-mediated amplification mechanism even after the 

original allodynia has resolved strongly suggests the existence of a molecular storage 

mechanism for sensitization in the spinal dorsal horn, i.e., an engram that might parallel 

the molecular mechanisms of LTP.  To test this hypothesis we took advantage of the 

observation that the consolidation of L-LTP requires nascent protein synthesis (via 

mTOR and eIF4F complex formation) during LTP induction while L-LTP can be 

maintained even in the presence of translation inhibitors (Kelleher, Govindarajan et al. 

2004).  Conversely, PKMζ, is required for L-LTP consolidation, L-LTP maintenance 

(Ling, Benardo et al. 2002) and the persistence of memory (Pastalkova, Serrano et al. 

2006; Shema, Sacktor et al. 2007).  Injection of IL-6 into the hindpaw was followed 

directly by i.t. injection of the mTOR inhibitor, temsirolimus, the eIF4F complex 

formation inhibitor, 4EGI-1, or by the PKMζ inhibitor, ZIP.  I.t. injection of temsirolimus 

(Figure 4.2A-B), 4EGI-1 (Figure 4.2C-D) or ZIP (Figure 4.2E-F) all prevented both IL-6-

induced initial allodynia and the expression of sensitization after PGE2 injection on day 6.  

It has recently been demonstrated that administration of ZIP reduces synaptic 

transmission in spinal cord slice preparations (Li, Ko et al. 2010), therefore, we asked if 

spinal inhibition of PKMζ could lead to a general depression of synaptic transmission 

that would lead to a long-lasting decrease in nociceptive responses.  I.t. injection of ZIP 2 
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days prior to intraplantar IL-6 injection neither altered IL-6-induced initial allodynia nor 

PGE2 mediated sensitization (Figure 4.3A-B).   

 

Figure 4.2: Persistent nociceptive sensitization depends on early, spinal translation and 
PKMζ activity:  

I.t. injection of the mTOR inhibitor temsirolimus at the time of i.pl. IL-6 injection blocks 

allodynia (A) and persistent sensitization to PGE2 (100 ng, B).  Allodynia (C) and 
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persistent (D) sensitization is also blocked by the eIF4F complex formation inhibitor 

4EGI1 and by the PKMζ inhibitor ZIP (E and F). N = 6 for all experiments. Colored stars 

denote significant effects compared to vehicle groups, black stars denote significance 

between IL-6-treated groups. * p < 0.05, ** p < 0.01 and *** p <0.001. 

 

 

Figure 4.3: PKMζ inhibition prior to IL-6-induced priming does not influence persistent 
nociceptive sensitization:  

I.t. injection of ZIP or Scr ZIP two days prior to i.pl. injection of IL-6 has no effect on IL-

6-induced allodynia (A) or on persistent nociceptive sensitization precipitated by i.pl. 

injection of PGE2 (100 ng) on day 6 (B). N = 6 per group. *** p <0.001. 
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Maintenance of persistent nociceptive sensitization is erased by inhibition of spinal 

PKMζ 

If the maintenance of persistent sensitization is due to the presence of L-LTP in 

dorsal horn neurons we predicted that i.t. administration of ZIP should erase sensitization 

to either hindpaw injection of PGE2 or i.t. injection of DHPG after IL-6 priming.  IL-6 

was injected into the hindpaw of mice on day 1 and i.t. injections of ZIP were made on 

day 4, after acute allodynia had resolved.  In ZIP-treated animals, expression of 

sensitization to hindpaw PGE2 (Figure 4.4A) was absent whereas scrambled ZIP had no 

effect.  Critically, this effect was long-lasting such that i.t. ZIP injection on day 16 

following IL-6 priming fully prevented the expression of PGE2 sensitization (Figure 

4.4B).  Moreover, i.t. ZIP injection on day 4 after IL-6 priming profoundly reduced 

nocifensive behaviors induced by i.t. DHPG on day 6 (Figure 4.4C).  I.t. ZIP injections 

on day 8 followed by i.t. DHPG injections on day 10 yielded similar results (scrambled 

ZIP: 649.2 ± 191 sec, n = 6; ZIP: 53.0 ± 27.4 sec, n = 5, p < 0.05). PKMζ maintains LTP 

through persistent N-ethylmaleimide-sensitive factor- (NSF) dependent maintenance of 

glutamate receptor AMPA subunit 2 (GluA2) to the synapse (Yao, Kelly et al. 2008; 

Migues, Hardt et al. 2010), an interaction that can be disrupted by the peptide pep2m 

(Yao, Kelly et al. 2008).  I.t. pep2m injection 4 days following intraplantar IL-6 

attenuated the expression of sensitization to intraplantar PGE2 injection (Figure 4.4D) and 

i.t. DHPG injection (scrambled pep: 925.8 ± 181 sec, n = 6; pep2m: 268 ± 51 sec, n = 6, p 
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< 0.01).  Hence, a PKMζ-dependent mechanism in the dorsal horn of the spinal cord is 

required to establish and to maintain sensitization promoted by IL-6 priming.  

 

Figure 4.4: Persistent nociceptive sensitization is maintained by spinal PKMζ 

(A) I.t. injection of the PKMζ inhibitor ZIP on day 4 reverses IL-6-induced persistent 

sensitization precipitated by i.pl. PGE2 (100 ng). Moreover, I.t. ZIP fully reverses 

persistent sensitization to PGE2 injection when given up to 16 days following IL-6 

injection while Scr ZIP had no effect (B). C) I.t. injection of the PKMζ inhibitor ZIP on 

day 4 also reverses IL-6-induced persistent sensitization precipitated by i.t. injection of 

DHPG on day 6.  D) I.t. injection of pep2m on day 4 inhibits persistent sensitization to 
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i.pl. PGE2 administration on day 6. N = 6 for all experiments. Colored stars denote 

significant effects compared to vehicle groups, black stars denote significance between 

IL-6-treated groups. * p < 0.05, ** p < 0.01 and *** p <0.001. 

  

Maintenance of persistent nociceptive sensitization does not require spinal protein 

synthesis 

If this mechanism truly parallels L-LTP then inhibition of spinal mTOR or eIF4F 

complex formation in the spinal cord on day 4 should have no effect on expression of 

sensitization.  Indeed, i.t. injection of temsirolimus (Figure 4.5A) or 4EGI1 (Figure 4.5B) 

on day 4 did not influence sensitization to hindpaw injection of PGE2.  Likewise, i.t. 

injection of anisomycin also had no effect on sensitization (Figure 4.5C).  Moreover, i.t. 

injection of temsirolimus (10 μg) on day 8 had no effect on DHPG-evoked nocifensive 

behaviors precipitated on day 10 (vehicle: 1038.7 ± 251.7 sec, n = 6; temsirolimus: 

1193.7 ± 219.0 sec). We also assessed whether inhibition of other PKCs may contribute 

to persistent sensitization.  ZIP specifically inhibits PKMζ while staurosporine inhibits 

other PKCs but not PKMζ (Ling, Benardo et al. 2002).  I.t. injection of staurosporine 

(4.67 μg (Pastalkova, Serrano et al. 2006)) on day 5 had no effect on IL-6-induced 

persistent sensitization precipitated by PGE2 on day 7 (Figure 4.5D) indicating that 

persistent sensitization is maintained specifically by PKMζ. These results strongly 



103 

 

suggest that molecular mechanisms of L-LTP in the dorsal horn underlie the maintenance 

of nociceptive sensitization. 

 

 

 

 

 

Figure 4.5: Spinal translation inhibition after the resolution of IL-6-induced allodynia fails 

to reverse persistent nociceptive sensitization 
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 I.t. injection of the mTOR inhibitor, temsirolimus (A), the eIF4F complex formation 

inhibitor, 4EGI-1 (B), or the general protein synthesis inhibitor, anisomycin (C), on day 4 

does not reverses persistent sensitization caused by IL-6 injection into the paw (i.pl.) on 

day 1 when the persistent sensitization is induced by i.pl. PGE2 (100 ng) administration. 

(D) I.t. injection of staurosporine on day 5 following intraplantar IL-6 injection does not 

influence PGE2-precipitated persistent sensitization on day 7. N = 6 for all experiments. 

Colored stars denote significant effects compared to vehicle groups. *** p <0.001. 

 

Spinal PKMζ maintains persistent nociceptive sensitization after plantar incision 

 Previous studies using the “hyperalgesic priming” model have shown that acute 

inflammation with carrageenan is sufficient to induce a long-lasting hypersensitivity to 

subsequent PGE2 injection (Aley, Messing et al. 2000).  It is now known, however, if 

other procedures, such as plantar incision (a model of post-surgical pain (Banik, Woo et 

al. 2006)), are capable of producing similar priming. Surgery induces chronic pain in a 

cohort of patients and this persistent pain state is thought to be mediated, at least in part, 

by amplification of central pain pathways (Aasvang and Kehlet 2005; Kehlet, Jensen et 

al. 2006).  Mice were randomly assigned to plantar incision or naïve groups and 

subdivided into further groups that would receive either ZIP or scrambled-ZIP 15 days 

following plantar incision.  Plantar incision produced mechanical allodynia that resolved 

within 13 days (Figure 4.6A).  On day 13, all mice received i.t. injection of either ZIP or 
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scrambled-ZIP.  On day 15, PGE2 was injected into the paw and mechanical allodynia 

was measured over the following 24 hrs.  Mice with previous plantar incision that 

received i.t. scrambled ZIP displayed mechanical allodynia after PGE2 injection that 

lasted for at least 24 hrs (Figure 4.6B) demonstrating that plantar incision is capable of 

producing persistent nociceptive sensitization.  Mice that received ZIP i.t. injection on 

day 13 failed to develop PGE2-induced allodynia (Figure 4.6B) indicating that spinal 

PKMζ maintains persistent nociceptive sensitization in this model of post-surgical pain.  

 

Figure  4.6: Plantar incision produces a spinal PKMζ-dependent persistent nociceptive 
sensitization 

 Plantar incision was done on day 1 (BL) and mechanical allodynia was measured on 

post-operative day (POD) 1, 9 and 13.  Mice with plantar incision developed allodynia 

lasting for 9 days and fully resolved by POD 13 (A).  ZIP or Scr ZIP was injected i.t. on 

POD 13 and PGE2 was injected i.pl. on day 15.  I.t. ZIP abolished persistent nociceptive 
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sensitization induced by plantar incision (B). Colored stars denote significant effects 

compared to naïve groups that also received i.pl. PGE2, black stars denote significance 

between ZIP and Scr ZIP-treated groups. N = 6 per group. ** p < 0.01 and *** p <0.001. 

 

Spinal expression of constitutively active PKCζ recapitulates persistent sensitization 

 If PKMζ maintains persistent nociceptive sensitization then virally-mediated 

expression of a constitutively active PKCζ which mimics PKMζ should recapitulate the 

persistently sensitized state.  We utilized a bicistronic lentiviral vector expressing a 

modified PKCζ construct, including a myristoylation sequence to induce membrane 

targeting and constitutive activity of PKCζ (mimicking PKMζ; (Chou, Hou et al. 1998)), 

and mCherry to test this hypothesis.  I.t. injection of the lentiviral vector led to stable 

expression of mCherry for at least 31 days (Figure 4.7A).  To test for persistent 

sensitization, the constitutively active PKCζ or GFP control virus were injected i.t. into 

mice following baseline mechanical threshold assessment and mice were tested for 

mechanical allodynia on subsequent days.  Mice receiving the active virus developed 

mechanical allodynia starting on day 6 after injection and lasting until at least day 12 

post-injection (Figure 4.7B).  Thirty-one days after i.t. virus injection we tested for 

persistent sensitization through i.t. injection of DHPG.  Mice harboring spinal expression 

of constitutively active PKCζ displayed larger nocifensive responses to i.t. DHPG than 

mice previously injected with control virus (Figure 4.7C).  Hence, expression of 



107 

 

constitutively active PKCζ, mimicking PKMζ activity, in the spinal cord reproduces 

persistent nociceptive sensitization without prior IL-6 injection or plantar incision.   

 

Figure 4.7: Spinal expression of constitutively active PKCζ recapitulates persistent 
sensitization  

 (A) mCherry expression in dorsal horn neurons, 31 days following i.t. injection of 

lentiviral construct bicistronically expressing constitutively active PKCζ and mCherry. 

B) Mice receiving i.t. injection of the active virus developed mechanical allodynia lasting 

until at least 12 days post injection, N = 6 per group.  C) Expression of constitutively 

active PKCζ increased nocifensive behaviors induced by i.t. injection of DHPG on day 

31 after virus injection, N = 5 per group. * p < 0.05 and *** p <0.001. 
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31BE. Discussion 
 Data from the present experiments support several conclusions: (A) local 

translation plays a key role in the initiation, but not maintenance, of IL-6 priming-

induced persistent nociceptive sensitization, (B) IL-6-induced priming promotes 

sensitization that can be precipitated by either a peripheral (PGE2) or central (DHPG) 

stimulus, (C) spinal protein synthesis- and PKMζ-dependent mechanisms are required for 

the initiation of persistent sensitization, (D) the maintenance mechanism of persistent 

nociceptive sensitization following IL-6 injection or plantar incision requires spinal 

PKMζ and (E) spinal expression of a constitutively active PKCζ, mimicking PKMζ 

activity, is sufficient to induce persistent nociceptive sensitization.  Collectively, these 

findings point to a spinally encoded mechanism for the persistence of nociceptive 

sensitization with molecular underpinnings that closely resemble those involved in L-

LTP and the maintenance of long-term memory traces.  

 The present experiments demonstrate a clear role for translation control via 

mTOR signaling to the eIF4F complex in the spinal dorsal horn in the initiation of IL-6-

induced sensitization but not in its maintenance.  Previous findings show that spinal 

mTOR signaling is important for the full expression of formalin-induced pain (Price, 

Rashid et al. 2007; Asante, Wallace et al. 2009), inflammatory pain (Norsted Gregory, 

Codeluppi et al. 2010; Xu, Fitzsimmons et al. 2011) and neuropathic pain (Asante, 

Wallace et al. 2010).  Our experiments demonstrate that IL-6-induced allodynia is 
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decreased by spinal inhibition of mTOR or eIF4F complex formation.  Moreover, when 

these pathways are inhibited at the time of IL-6 injection into the hindpaw, persistent 

nociceptive sensitization fails to develop.  It is likely that this effect is mediated 

postsynaptically in dorsal horn neurons because mTOR immunoreactivity in primary 

afferents fails to invade central terminals of these fibers past the dorsal root entry zone 

(Geranton, Jimenez-Diaz et al. 2009).  Importantly, however, inhibition of mTOR, eIF4F 

complex formation or general protein synthesis after initial IL-6-induced allodynia has 

resolved has no effect on persistent nociceptive sensitization.  The time-dependence of 

these effects is reminiscent of the maintenance of L-LTP which is not sensitive to 

translation inhibition (Kelleher, Govindarajan et al. 2004) leading us to search for other 

spinal mechanisms that may be responsible for the persistence of the sensitized state. 

 Our results indicate that spinal PKMζ underlies the maintenance mechanism of 

persistent nociceptive sensitization.  Inhibition of PKMζ, either at the time of IL-6 

injection into the hindpaw or at multiple time-points after this allodynia has resolved 

leads to a complete resolution of sensitization precipitated by both hindpaw PGE2 

injection and i.t. DHPG injection.  We attribute this enhanced DHPG-mediated effect to 

postsynaptic sites because 1) previous studies have linked mGluR-mediated ERK activity 

in dorsal horn neurons to increased excitability (Karim, Wang et al. 2001; Adwanikar, 

Karim et al. 2004; Hu, Alter et al. 2007), 2) greater than 90% of mGluR1/5 

immunoreactive sites in the dorsal horn are dendritic (Pitcher, Ribeiro-da-Silva et al. 

2007) and 3) pep2m, which acts via disruption of postsynaptic GluA2 trafficking, 
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inhibited persistent sensitization to i.t. DHPG.  On the other hand, TRPV1/mGluR5 

signaling has been described on the central terminals of primary afferent neurons and 

TRPV1-/- mice show a small but significant decrease in DHPG-evoked nocifensive 

behaviors (Kim, Park et al. 2009).  Hence, we cannot completely exclude the possibility 

of presynaptic effects in persistent sensitization to i.t. DHPG.  Inhibition of PKMζ also 

led to a resolution of persistent sensitization following plantar incision indicating that 

spinal PKMζ is likely to play a key role in post-surgical pain conditions.  Chronic pain 

presents in a large cohort of patients following surgery and the incidence of chronic pain 

in these patients is linked to pre-surgical pain status and previous surgeries (Aasvang and 

Kehlet 2005; Kehlet, Jensen et al. 2006; Aasvang, Gmaehle et al. 2010).  It is tempting to 

speculate that spinally-directed, PKMζ-based therapies may be able to reduce the 

incidence of chronic post-operative pain by resolving central amplification mechanisms 

responsible for its persistence or even emergence in the case of pre-existing pain 

conditions (Kehlet, Jensen et al. 2006; Aasvang, Gmaehle et al. 2010) or multiple 

surgeries at the same site (Aasvang and Kehlet 2005).   

PKMζ is necessary and sufficient for the maintenance L-LTP (Ling, Benardo et 

al. 2002) and inhibition of PKMζ with ZIP causes the decay of previously established 

memories (Pastalkova, Serrano et al. 2006; Shema, Sacktor et al. 2007; von Kraus, 

Sacktor et al. 2010). The molecular substrate for PKMζ in the setting of L-LTP appears 

to be regulation of GluA2 localization to the potentiated synapse in an NSF-dependent 

fashion (Yao, Kelly et al. 2008; Migues, Hardt et al. 2010).  Consistent with this, we 
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found that pep2m, a peptide that disrupts GluA2-NSF interaction was capable of 

suppressing persistent sensitization after IL-6-induced allodynia had resolved.  We also 

demonstrate that virally-mediated spinal expression of constitutively active PKCζ, 

thereby mimicking PKMζ activity, recapitulates persistent nociceptive sensitization.  

This demonstration suggests that, like L-LTP (Ling, Benardo et al. 2002), PKMζ is 

sufficient for persistent nociceptive sensitization. While our results show a striking 

similarity to maintenance mechanisms of L-LTP in terms of pharmacology, the role of 

spinal LTP in persistent pain states remains unclear (Latremoliere and Woolf 2009; 

Latremoliere and Woolf 2010; Sandkuhler 2010). Further electrophysiological work is 

needed to definitively link PKMζ to LTP initiation and maintenance in dorsal horn 

neurons of the spinal cord. 

A role for anterior cingulate cortex (ACC) PKMζ has recently been demonstrated 

in the setting of neuropathic pain.  This work suggests that ACC PKMζ phosphorylation 

is increased following peripheral nerve injury and that inhibition of PKMζ in the ACC 

leads to a transient (at 2 hr) reversal of neuropathic mechanical allodynia (Li, Ko et al. 

2010).  In contrast, neuropathic allodynia was not alleviated by spinally-directed PKMζ 

inhibition at the time point(s) examined after peripheral nerve injury although PKMζ 

inhibition was capable of suppressing synaptic transmission in spinal slice preparations 

(Li, Ko et al. 2010).  We rule out a general suppression of synaptic transmission in the 

dorsal horn as a causative factor in the present findings because PKMζ inhibition prior to 

the priming stimulus had no effect on subsequent IL-6-induced allodynia or persistent 



112 

 

nociceptive sensitization.  Nevertheless, differences between our findings and those of Li 

et. al., are likely to be important for fully understanding the mechanisms that maintain 

sensitization and that could contribute to chronic pain.  We have employed models where 

afferent discharge is expected to resolve after stimulation with an acute stimulus (IL-6) or 

where afferent spontaneous activity is known to last for a short period of time (about 1 

day, plantar incision) (Banik and Brennan 2004; Banik and Brennan 2008).  It is tempting 

to speculate that this type of stimulus leads to PKMζ-maintained plasticity that does not 

invade CNS structures outside the dorsal horn of the spinal cord.  While this hypothesis 

clearly requires further investigation, gaining a better understanding of these processes 

may lead to considerable insight into differential molecular mechanisms of persistent 

pain states.   

In conclusion, the present results reveal the encoding of a spinal cord engram for 

nociceptive sensitization promoting enhanced responses that facilitate the development of 

a persistent pain state (Aasvang and Kehlet 2005; Kehlet, Jensen et al. 2006; Reichling 

and Levine 2009). Our data strongly suggest that spinal PKMζ is essential for the storage 

of persistent nociceptive sensitization.  The findings point to a model in which spinal 

LTP, one form of central sensitization (Ikeda, Stark et al. 2006; Sandkuhler 2007; 

Latremoliere and Woolf 2009; Woolf 2010), is responsible for the amplification of 

subsequent noxious stimuli following a priming event to promote persistent pain. Hence, 

we have demonstrated a novel, PKMζ-mediated mechanism for the maintenance of a 
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sensitized state promoting persistent pain that points to the potential value of spinal 

PKMζ inhibitors as pain therapeutics. 
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7BCHAPTER 5: GENERAL DISCUSSION 
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The work presented here suggests that allodynia and hyperalgesia result from 

central changes in dorsal horn neurons mediated by GABAergic disinhibition and PKMζ-

mediated plasticity.  GABAergic disinhibition is reversed by spinal administration of 

ACT and synergism is attained with spinal co-administration of ACT and MZL in the 

reduction of neuropathic allodynia. Under conditions of reduced KCC2-mediated Cl- 

extrusion capacity, analgesic efficacy of GABAA receptor agonists and allosteric 

modulators is differentially affected. Here, muscimol, ZAPA and ganaxolone lose their 

analgesic efficacy. Yet, the analgesic efficacy of midazolam and THIP is maintained. An 

injection of IL-6 or plantar incision initates an acute sensitization abolished by both 

protein translation inhibitors and PKMζ inhibitor, ZIP. PKMζ inhibition also resolved 

persistent sensitization precipitated by a subsequent insult such as intraplantar PGE2 or 

spinal DHPG injection suggesting that PKMζ maintains this persistent spinal plasticity. 

Overall, this work implicates GABAergic disinhibition and PKMζ-mediated persistent 

sensitization as prepotent contributors governing central sensitization in the dorsal horn 

of the spinal cord. 

Yet there are still more unresolved questions that this work brings to light. Thus, 

this section of the dissertation will attempt to address some of these questions emanating 

from this work. 
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32BA. Why do spinally administered benzodiazepines induce antiallodynia/analgesia in a 
dose-limiting fashion? 

Benzodiazepines are known to potentiate the amplitude and prolong the decay of 

GABAA receptor-mediated inhibitory postsynaptic currents in the spinal cord by acting 

on GABAA receptors containing α2 and α3 subunits (Knabl, 2008). One of the findings 

observed in Chapter 2 was that the antiallodynic effect of midazolam declines at high 

doses when KCC2 activity weakens, for instance under peripheral nerve injury 

conditions. Recent work from De Koninck and colleagues addressing how the efficacy of 

synaptic inhibition is greatly influenced by dynamic changes in Cl- homeostasis via 

changes in Cl- extrusion capacity have demonstrated that under altered Cl- homeostasis, 

an increase in GABAA input does not necessarily produce more inhibition. Here, when 

KCC2 function or activity was reduced with furosemide or a KCC2 blocker- VU 

0240551, the effective inhibition of firing did not only collapse at increasing GABAA 

input frequencies but also reversed at a point indicative of net excitation. This was also 

observed when input was increased by prolonging IPSP/C decay time similar to what 

occurs with benzodiazepines. This suggests that enhancing GABAA activity can 

counteract disinhibition due to reduced Cl- extrusion capacity only up to a point.  

As a result of an increase in activity-dependent accumulation of intracellular Cl- 

under conditions of decreased KCC2 activity, enhancing frequency or duration of 

GABAA input cannot effectively compensate for this GABAergic disinhibition.  The 

inverted bell shaped curve obtained for increasing GABAA input frequency and estimated 

effective inhibition either with total charge carried or firing rate reduction in this paper is 
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synonymous to the bell shaped dose response to midazolam in the neuropathic pain 

model (Figure 2.2 in Chapter 2). Thus, observations from this paper possibly explain why 

spinal administration of midazolam was efficacious at reversing neuropathic allodynia at 

certain doses while at higher doses its antiallodynic effects were reduced. However, this 

effect is restored with acetazolamide. 

In addition, the above finding suggests that weaker Cl- extrusion capacity may 

mitigate the efficacy of GABA agonists and allosteric modulators at high doses. 

Consistent with our previous finding, this phenomenon is clearly evident in some of the 

findings in Chapter 3 of this thesis and further supports our hypothesis that the loss of 

spinal KCC2 activity differentially influences the analgesic efficacy of GABAA agonists 

and allosteric modulators. Under reduced Cl- extrusion capacity conditions via KCC2 

inhibition, the analgesic effect of muscimol, ZAPA and ganaxolone at higher doses 

significantly drops. 

The work from chapter 3 demonstrates that the KCC2-dependent Cl- extrusion 

capacity differentially regulates the analgesic efficacy of agonists and allosteric 

modulators at the GABAA receptor complex. These results could be interpreted based on 

different possible explanations. One of the possible explanations raised in chapter 3 is the 

pre- vs postsynaptic effect of these agonists and allosteric modulators under reduced Cl- 

extrusion capacity conditions that can be resolved using electrophysiological studies. To 

further explain the modulation of the antihyperalgesic effects of benzodiazepines by 

reduced Cl- extrusion capacity, the antinociceptive actions of benzodiazepines could also 
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be tested in sns-α2−/− mice used by Witschi et al. 2011 (where benzodiazepine- mediated 

presynaptic antinociceptive actions are lost) after nerve injury or with KCC2 blockade.  

 

33BB. What about facilitation of tonic versus phasic inhibition? 
Another question surrounding the work from Chapter 3 is whether the observed 

differential effect of GABAA allosteric modulators, particularly the neurosteroid, is due to 

the facilitation of tonic versus phasic inhibition. In the CNS, fast phasic inhibition is 

mediated by synaptic GABAA receptors that have a low sensitivity to GABA. On the 

other hand, extrasynaptic GABAA receptors, which contain a δ subunit and have a 

relatively high GABA sensitivity, are activated by low concentration of ambient GABA 

to facitilate tonic inhibition. Endogenously occurring neurosteroids and synthetic 

derivatives activate both synaptic and extrasynaptic receptors to enhance phasic and tonic 

inhibition (Reddy). It has been shown that neurosteroids potentiate GABAA receptor 

currents at low concentrations whereas at higher concentrations, they directly activate 

GABAA receptors (Harrison, Majewska et al. 1987; Reddy and Rogawski 2002). 

Although neurosteroids act on all GABAA receptor isoforms, they have large effects on 

extrasynaptic δ-subunit-containing GABAA receptors that mediate tonic currents (Belelli, 

Casula et al. 2002; Wohlfarth, Bianchi et al. 2002) and mice lacking δ-subunits show 

drastically reduced sensitivity to neurosteroids (Mihalek, Banerjee et al. 1999; 

Spigelman, Li et al. 2002). 

The analgesic effects of endogenously occurring neurosteroids and their synthetic 

derivatives have been demonstrated in various behavioral studies (Goodchild, Guo et al. 
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2000; Winter, Nadeson et al. 2003). Intrathecal administration of 3α-neurosteroids or 5α-

reduced neurosteriods such as allopregnanolone and pregnanolone have been shown to 

reduce mechanical allodynia and thermal heat hyperalgesia in the λ-carrageenan model of 

inflammatory pain (Charlet, Lasbennes et al. 2008).  On the contrary, we have shown that 

ganaxolone, a 3β-methyl synthetic analogue of allopregnanolone with similar GABA 

modulatory potency and efficacy as allopregnanolone at recombinant GABAA receptors 

(Carter, Wood et al. 1997), loses its antiallodynic effects in the spared nerve injury model 

in which KCC2 activity is altered. Here, the discrepancy in results could be attributed to 

differences in the pain models used.  

Also, intraplantar injections of 5α-reduced neuroactive steroids have 

demonstrated to be effective in alleviating thermal and mechanical hyperalgesia in 

neuropathic rats. The lack of a systemic effect seen in this study suggests that the 

antihyperalgesic effects of these compounds are due to a direct effect of nerve endings in 

the peripheral receptive field. In the presence of bicuculline, the antihyperalgesic effects 

of 5α-reduced neuroactive steroids were significantly reduced in nerve ligated and sham 

animals (Pathirathna, Todorovic et al. 2005). Though the analgesic effect of ganaxolone 

was reduced in the presence of KCC2 blockade, the effect of this blockade on ganaxolone 

mediated tonic currents is not known. Electrophysiological studies in lamina I/II of spinal 

dorsal horn neurons where changes in the properties of tonic currents (revealed with 

application of bicuculline or picrotoxin in the presence of ambient GABA) via 

ganaxolone application is assessed in the presence or absence of KCC2 blockade are 
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warranted. Findings from these studies will confirm that KCC2-mediated modulation of 

neurosteriods is dependent on extrasynaptic receptors. 

In addition, it has also been shown that 3α-neurosteroids such as pregnanolone 

can produce a dual modulation of GABAA mediated currents in melanotrophs depending 

on the concentration of both GABA and pregnanolone.  Here, at submaximal 

concentrations of GABA, pregnanolone at low micromolar concentrations enhanced 

GABA mediated currents. However, at high GABA concentrations, increasing the 

concentration of pregnanolone markedly diminished pregnanolone’s potentiating effect 

on GABAA receptor mediated currents (Le Foll, Castel et al. 1997). This suggests that 

GABA-mediated currents can be maximally potentiated with high concentrations of 

steroids under conditions of low GABA concentrations. 

Consistent with the idea that potentiating GABAA receptor current responses with 

neurosteroids is partly dependent on the concentration of GABA, a recent paper showed 

that varying ambient GABA levels can impact the ability of neurosteroids to modulate 

tonic inhibition (Houston, McGee et al.). Alterations in ambient GABA levels have been 

reported in both physiological behaviors in rodents and cats (Kekesi, Dobolyi et al. 1997; 

de Groote and Linthorst 2007) and in pathological conditions in humans (Clarkson, 

Huang et al.). Thus, it is plausible to speculate that changes in ambient GABA levels can 

contribute to the differential analgesic effects of ganaxolone and THIP under conditions 

of reduced chloride extrusion capacity. To explore this idea, the analgesic effects of 

GABAA receptor agonists and allosteric modulators can be measured in the tail flick test 
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in the presence of GABA transporter inhibitors under normal and reduced chloride 

extrusion capacity conditions. 

So far, the discussion has focused on Chapters 2 and 3 of this dissertation that 

have explored how spinal GABAergic disinhibition promotes pain. The next part of the 

discussion will highlight some of of the key observations made in Chapter 4 that explores 

the role PKMzeta mediated- plasticity as a spinal sensitization mechanism that promotes 

pain and how these observations can be explained.  

As a manifestation of central sensitization, allodynia measured as an evoked 

response to tactile stimulation is produced by most models of chronic pain. The central 

idea surrounding the development of allodynia is that changes in the neurochemical 

gating of inhibitory neurotransmission mediated by GABA, the primary inhibitory 

neurotransmitter in the brain, can switch from inhibition to excitation allowing Aβ fibers 

to gain access to the nociceptive pathway ( Figure 5.1). 
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Figure 5.1: Conveyance of low threshold input to nociceptive neurons by distinct 
mechanisms under altered Cl- homeostasis conditions 

(Taken from Theodore J. Price, et al. Curr Top Med Chem. Curr Top Med Chem; 5(6):547-555.) 

 

The maintenance of allodynia therefore seems dependent on what is regulating the 

gating. The model of persistent nociceptive sensitization addressed in Chapter 4, has two 

temporally distinct phases of allodynia. The first allodynia induced by intraplantar IL-6 

injection or plantar incision and a subsequent allodynia unmasked by interplantar PGE2 

injection. This suggests a temporary modulation of the spinal inhibitory “gate” and the 

exisitence of different molecular mediators in the gating mechanism. Thus, what 

modulatory mechanisms of the gate induce the initial allodynia? 

In spinal projection neurons, afferent discharge drives neuronal excitability. 

Previous studies have delineated that plantar incision markedly decreases withdrawal 

threshold to von Frey monofilament application adjacent to the incision for mechanical 



123 

 

testing, and this response is sustained for 5 to 10 days. Yet the measured prevalence and 

rate of spontaneous activity in nociceptors and dorsal horn neurons after skin plus deep 

tissue incision heightened on postoperative day 1 (Xu and Brennan; Xu and Brennan 

2009). In afferent fibers, spontaneous activity, such as high-frequency discharge of c-

fibers, may evoke sustained depolarization of dorsal horn neurons and amplify responses 

to mechanical stimuli (Sandkuhler 2000). Thus, the spontaneous activity observed after 

plantar incision perhaps initiates changes in the activity and function of nociceptors and 

dorsal horn neurons that contributes to the modulation the neurochemical gating of 

inhibitory transmission such that Aβ fibers gain access to the nociceptive pathway 

allowing dorsal horn neurons to start receiving inputs from Aβ fibers.  

34BC. Can PKMζ modulate the inhibitory gating system? 
The work from Chapter 4 highlights the role of PKMζ in the initiation and 

maintenance of persistent nociceptive sensitization. Herein, the inhibition of spinal PKMζ 

and spinal translation control via mTOR signaling abolished acute spinal sensitization yet 

it was only the inhibition of spinal PKMζ that was able to extinguish persistent 

sensitization unmasked by plantar PGE2 injection or spinal DHPG (Figure 5.2).  
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Figure 5.2: Summary of work in Chapter 4 

 

The abolishment of the acute spinal sensitization by spinal PKMζ inhibition supports the 

notion that PKMζ participates in the inhibitory gating mechanism that induces the 

observed acute sensitization and strongly implicates spinal PKMζ as the key perpetrator 

perpetuating the insidious central amplification mechanisms that is responsible for the 

persistent sensitization. In effect, this finding proposes that PKMζ targets two distinct 

pathways that differentially modulate the inhibitory gating system such that acute 

sensitization can resolve whereas persistent sensitization cannot.  

To answer the question concerning PKMζ’s role in the induction of acute 

sensitization, one can hypothesize that in acute sensitization PKMζ directly targets 

molecules such as NKCC1 and KCC2 modulating the inhibitory gating system or 
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indirectly targets other molecules that in turn direct the modulation of the inhibitory 

gating system. It is known that CCCs are oppositely regulated by phosphorylation. 

Phosphorylation reciprocally activates NKCC1 and inhibits KCC2 to promote 

intracellular Cl- accumulation whereas dephosphorylation has opposite effects (Kahle, 

Rinehart et al. 2005). 

NKCC1-mediated Cl- transport is highly modulated by phosphorylation, making 

phosphorylation its major regulatory mechanism. When the intracellular N-terminus of 

NKCC1 is phosphorylated, an increase in ion transport is induced resulting in an 

accumulation of intracellular Cl- (Piechotta, Lu et al. 2002; Dowd and Forbush 2003; 

Gagnon, England et al. 2006). Several kinases have been implicated in the 

phosphorylation of NKCC1, their role in the nervous system remains unknown. Also, the 

ability of PKMζ to phosphorylate NKCC1 has not been investigated. Because PKMζ 

might integrate the signaling that converges onto NKCC1, an investigation into how 

PKMζ contributes to NKCC1 activity is warranted. The phosphorylation of NKCC1 by 

PKMζ in the IL-6 or plantar incision model and how this phosphorylation is affected by 

PKMζ inhibition will demonstrate NKCC1 as a molecular substrate of PKMζ. In 

addition, phosphorylation also inhibits KCC2. Thus, the link between PKMζ and KCC2 

activity is also vital to the understanding of how PKMζ might modulate the inhibitory 

gating system. 

Though phosphorylation has been shown to be the main mechanism that regulates 

NKCC1 activity, there is evidence primarily from NKCC2 studies that suggests that the 
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activity of NKCCs can be influenced by the trafficking of NKCCs to the plasma 

membrane.  Ortis et al. have demonstrated  the activity and localization of NKCC2, a 

kidney specific isoform in the thick ascending limb of the loop of Henle,  to the plasma 

membrane increases with cyclic AMP and this effect is blocked by tetanus toxin,  linking  

the translocation process to vesicle associated membrane protein (VAMP)-2 and 3 (Ortiz 

2006). Yet, cAMP-dependent NKCC1 trafficking has not been illustrated. Nevertheless, 

there is evidence from Galan et al. indicating that a persistent painful stimulus can drive a 

prolonged increase in NKCC1 at the plasma membrane in the spinal dorsal horn (Galan 

and Cervero 2005).  These results implicate NKCC1 protein trafficking as other pathway 

in neurons that enhances NKCC1 activity.  

It is known that PKMζ maintains late LTP by regulating NSF/GluR2-dependent 

trafficking of AMPA receptors to synapses (Yao, Kelly et al. 2008; Migues, Hardt et al. 

2010). Since PKMζ plays a role in trafficking, there is a possibility that NKCC1 protein 

trafficking is mediated by PKMζ. To investigate the idea, naïve animals can be treated 

with or without PKMζ and then surface biotinylation assay or subcellular fractionation of 

proteins and cross-linking of membrane protein can be used to assess NKCC1 trafficking 

to plasma membrane. In addition, the presence of PKMζ- mediated NKCC1 trafficking 

can be assayed in animals injected with IL-6 or have plantar incision in the presence or 

absence of a PKMζ inhibitor. 

Though a definite link between PKMζ and LTP induction and maintenance in 

spinal dorsal horn is yet to be established, one probable and relevant link that the findings 
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from Chapter 4 brings to light is the influence of PKMζ on persistent sensitization related 

allodynia. Here, spinal PKMζ inhibition abolished persistent sensitization related 

allodynia unmasked by plantar PGE2 injection. This demonstrates that PKMζ might play 

a role in maintaining the allodynia. Hence, GABAergic disinhibition might be modulated 

by PKMζ-mediated plasticity leading to pain hypersensitivity. Further studies are needed 

in order to strongly assert this link.  

An obvious question arising from Chapter 4 is  

35BD. Why does the acute-sensitization allodynia go away? 
 

To answer this question, the discussion will focus on influences of supraspinal 

mechanisms in persistent nociceptive sensitization. 

As mentioned earlier, PKMζ is autonomously active once it has been translated. 

This suggests that there is continuous PKMζ activity and as such if the initial allodynia 

induced by IL-6 injection- or plantar incision- mediated acute sensitization is driven by 

PKMζ and NKCC1 is the target, then this initial allodynia should never resolve, but it 

does. The resolution of the initial allodynia indicates that other mechanisms are at play in 

short-circuiting access to the nociceptive pathway modulated by PKMζ-mediated 

plasticity. These mechanisms may include an inherent activation of the descending 

pathways of the central nervous sytems or a centrally mediated shut-off mechanism in a 

subset of spinal neurons. 
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Though the spinal cord has been the primary focus of studies surrounding the 

mechanisms of pain hypersensitivity due to the fact the central sensitization reflects 

plasticity at spinal synapses, there is an accumulating body of evidence that reveals a 

significant contribution of descending influences from supraspinal sites in the 

development and maintenance of central sensitization and secondary hyperalgesia 

(Ossipov, Dussor et al.; Urban and Gebhart 1999). It has been shown that inhibitory and 

facilitatory influences can be produced in many of the same sites in the brainstem, 

particularly in the rostral ventromedial medulla (RVM). Thus, the RVM represents a 

central focal point within the brain that sends and receives descending influences on pain 

transmission (Ossipov, Hong Sun et al. 2000; Burgess, Gardell et al. 2002; Gebhart 

2004).  

Facilitating influences from the RVM have been implicated in different pain 

models. It has been demonstrated that spinal cord transection prevents development of 

secondary, but not primary, mechanical and/or thermal hyperalgesia after topical mustard 

oil application (Mansikka and Pertovaara 1997; Pertovaara 1998), carrageenan 

inflammation (Herrero and Cervero 1996; Urban, Zahn et al. 1999), or nerve root ligation 

(Pertovaara, Wei et al. 1996; Kauppila 1997; Bian, Ossipov et al. 1998). Similarly, 

inactivation of the RVM attenuates hyperalgesia, allodynia and central sensitization in 

several models of persistent pain (Porreca, Burgess et al. 2001; Dogrul, Ossipov et al. 

2009; Edelmayer, Vanderah et al. 2009; King, Vera-Portocarrero et al. 2009). Together, 

these results suggest a prominent role for the RVM in mediating the sensitization of 

spinal neurons and development of secondary hyperalgesia and indicate that peripheral 
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injury or persistent input engages the spinobulbospinal circuitry that may be dominantly 

important to the development and maintenance of central sensitization and secondary 

hyperalgesia (Urban and Gebhart 1999). 

Based on the type of stimulus used, it is tempting to speculate that the model of 

persistent nociceptive sensitization used leads to PKMζ-mediated plasticity that does not 

invade CNS structures outside the dorsal horn of the spinal cord yet the role of 

supraspinal influences in this model should not be overlooked. Knowing that the 

pronociceptive role of the RVM in a sensitized pain state is critical, it is crucial to 

investigate the influence of supraspinal mechanisms in this model. One question that can 

be addressed is what is the role of the RVM in the induction and maintenance of 

persistent sensitization?  

One can speculate that with intraplantar IL-6 administation, afferent input 

activates projection neurons that send pain signals to the brain. The brain in turn signals 

to the RVM, activating descending facilitation via “ON” cell activation and terminating 

descending inhibition via “OFF” cell inactivation. Though, “ON” cells continue to fire 

once afferent input stops and activity in projection neurons cease, activity of “OFF” cells 

dominates; and activates descending inhibition. With subsequent interplantar PGE2 

injection, the afferent input activates the projection neurons that send pain signals to the 

brain. The brain then shuts off descending inhibition and turns on descending facilitation. 

With RVM ketazocine saporin treatment, the latent period will be lost and only “ON” cell 

activity will be observed. Allodynia will persist with or without PGE2 injection (Figure 

5.3). 
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 Figure 5.3: Schematic representation of descending modulation in persistent nociceptive 
sensitization 
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Here, electrophysiological studies can be used to investigate the behavior of “ON” 

and “OFF” cells. Also, the inactivation of the RVM using a local anesthetic, permanent 

destruction of putative pain facilitation cells with the κ-opioid receptor cell toxin, 

ketazocine-saporin, and the blockade of cholecystokinin receptors can be used to evaluate 

changes in the induction and maintenance of persistent sensitization.  If the RVM is 

responsible for the disappearance of the intial allodynia, one would predict that RVM 

inactivation with a local anesthetic such as lidocaine after initial allodynia has resolved 

will recapitulate the allodynia (Figure 5.4).  

 

 

 Figure 5.4: Recapitulation of allodynia with RVM lidocaine 

 

To further unravel the role of the RVM in persistent nociceptive sensitization, the 

mice can be pre-treated with ketazocine-saporin before interplantar IL-6 injection. If the 

RVM drives the latency period observed in the model of persistent nociceptive 
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sensitization, the established allodynia following interplantar IL-6 injection will be 

permanent (Figure 5.5) 

 

 Figure 5.5: Establishment of permanent allodynia with ketazocine saporin 

 

Apart from influences from the descending pathway via the RVM, one can 

purport that changes in a subset of neurons along the pain pathway may contribute to the 

resolution of the initial allodynia. PKMζ activity may shut off in projection neurons 

whilst PKMζ activity in glutamatergic interneurons is maintained. To test the idea that 

PKMζ activity in projection neurons shut off to enable the intial allodynia to cease, 

glutametergic interneuron targeted toxins can be used to ablate these neurons in the spinal 

cord at the time when the allodynia has disappeared. If projection neurons are inactive, 

the subsequent PGE2 injection will not re-establish the persistent sensitization-induced 

allodynia (Figure 5.6).  
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Figure 5.6: Effect of ablating glutametergic neurons on persistent nociceptive 
sensitization 

 

To evaluate the idea that PKMζ activity is maintained in glutamatergic neurons 

during the latent period of this model, PKMζ phosphorylation in both projection neurons 

(NK1 neurons) and glutmatergic neurons (VGlut1 neurons) in the spinal cord at the latent 

stage where allodynia has gone away can be assayed using immunohistochemistry (IHC). 

One will predict that if PKMζ is active during the latent phase, VGlut1 neurons will 

exhibit increased phosphorylation of PKMζ that can be blocked with ZIP treatment 

(Figure 5.7). 
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 Figure 5.7: Immunohistochemical analysis of PKMζ phosphorylation in central 
neurons of the spinal cord in the persistent nociceptive sensitization model 

 

 

E. What does it all mean? Conclusions  
 

Pathologic chronic pain states are sustained by spinal amplification mechanisms 

that lead to the central sensitization characterized by hyperalgesia and allodynia. Two 

such spinal amplification mechanisms, GABAergic disinhibition and PKMζ-mediated 

persistent sensitization are the basis for the work described in this dissertation. Thus, the 

reversal of GABAergic disinhibition and spinal PKMζ inhibition represent potential pain 

therapy avenues that will be beneficial in pathologic chronic pain conditions. 
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GABAA receptors are key ligand-gated chloride channels present on both pre- and 

postsynaptic neurons and important in the regulation of pain transmission. The efficacy 

of spinally administered benzodiazepines demonstrated by the work in chapters 2 and 3 

of this dissertation indicates the potential for GABAA-mediated analgesia and creates a 

compelling rationale for the development of such therapies for various chronic pain 

conditions. However, the usefulness of systemic benzodiazepine treatments is limited by 

its unwanted CNS side effects. To circumvent this problem, α2α3-selective 

benzodiazepines which lack α1-subunit affinity that mediates major side-effects are being 

developed and continue to be tested (Knabl, Witschi et al. 2008). The analgesic efficacy 

of α2α3-selective benzodiazepines so far suggests that α2α3-selective benzodiazepines 

may effectively offer pain relief in humans.  

Spinal PKMζ inhibition is another potential therapy that has emerged from the 

work in chapter 4 of this dissertation. Local inhibition of PKMζ may be an efficient and 

effective way of targeting persistent spinal plasticity. Intrathecal delivery systems used 

for drugs such as Prialt can be applied here. However, potential spinal PKMζ inhibition 

effects on memory need to be investigated. Drugs that are used clinically to maintain 

descending inhibition such as norepinephrine reuptake inhibitors or α2-adrenergic 

receptor agonists highlight the RVM as a crucial player in the descending pain 

modulatory system. If the RVM participates in persistent nociceptive sensitization, then 

drugs that maintain descending inhibition can be utilized in a broader spectrum of chronic 

pain conditions.  
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Overall, this work has significantly furthered our understanding of how spinal 

GABAergic disinhibition and PKMζ-mediated plasticity create persistent changes in 

dorsal horn neurons of the spinal cord and augment the sensitization of these neurons 

thereby maintaining pain in a chronic state. Findings from this work suggest that drugs 

that reverse GABAergic disinhibition, or inhibit PKMζ will be effective pain therapies 

for chronic pain conditions.  
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