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Abstract 

Title of Dissertation: Regulatory Mechanisms of the Posterior Nucleus of Thalamus and 

Their Contributions to Pain After Spinal Cord Injury 

Anthony Sungwook Park, Doctor of Philosophy, 2016 

Dissertation Directed by: Asaf Keller, Professor, Program in Neuroscience 

 

 For patients suffering from spinal cord injury (SCI), chronic pain is one of the most 

debilitating aspect of the disorder. As many as 80% of patients with SCI eventually 

develop chronic pain, typically described as burning, stabbing, and shooting (SCI-Pain). 

Such pain occurs spontaneously, and diffusely across the body, and are typically 

combined with enhanced pain responses to both noxious, and normally innocuous, 

stimuli. While the precise mechanisms underlying such pain has remained elusive, 

accumulating evidence implicates pathologically disinhibited thalamus. The posterior 

nucleus of thalamus (PO) is a higher-order somatosensory nucleus thought to be 

specialized in processing nociceptive information, and prior work from our laboratory has 

shown that activity in PO is dramatically increased in SCI-Pain. This hyperactivity, in 

turn, was found to be mediated by pathological suppression of inhibition from the zona 

incerta (ZI; this forms the incerto-thalamic circuit), an inhibitory nucleus that sends 

powerful GABAergic afferents to PO and mediates both tonic and feed-forward 

inhibition. Notably, inactivation of ZI results in immediate and profound hyperalgesia in 

naive rats, along with a concomitant increased activity of thalamic neurons while direct 

stimulation of ZI in SCI animals results in immediate reversal of behavioral signs of pain. 

Direct stimulation of ZI, however, is a highly undesirable clinical solution; instead, we 



endeavor to discover molecular targets for interventions, and to this end, examine 

synaptic mechanisms regulating PO activity. In Chapter 1, we develop a biophysically 

realistic in silico model of the incerto-thalamic circuit, generating several critical 

predictions. Among them, the most insightful predictions were 1) that spontaneous PO 

activity is preferentially regulated by GABABR-mediated mechanisms, while evoked 

activity is preferentially regulated by GABAAR, and 2) that modulation of presynaptic 

GABA release an effective means to regulate the incerto-thalamic circuit. In Chapter 2, 

we experimentally test the second prediction that modulation of presynaptic release is an 

effective regulatory mechanism in PO, and demonstrate several potential mechanisms by 

which presynaptic regulation occurs. In Chapter 3, we test whether regulatory 

mechanisms of presynaptic release are altered in SCI-Pain, and show evidence of 

pathological alterations in regulatory mechanisms of presynaptic release mediated by 

GABAB receptors. 
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GENERAL INTRODUCTION 

" We must all die. But that I can save him from days of torture, that is what I feel as my 

great and ever new privilege. Pain is a more terrible lord of mankind than even death 

itself." –Albert Schweitzer–  

 

Though unpleasant, the ability to feel pain is essential for life: the sensation provides a 

dominating and salient signal that serves as a warning against bodily harm, initiating 

escape and protective behaviors. Indeed, clinical observations of patients unable to feel 

pain, such as those with congenital insensitivity to pain, or advanced peripheral 

neuropathy, demonstrate markedly increased rates of traumatic damage, self mutilation, 

and delays in seeking medical care (Ashwin et al. 2015; Butler et al. 2006; Narayanan 

1996; Ogden et al. 1959; Rasmussen 1996). This physiologically beneficial pain resolves 

once the stimuli or damage that initiated the sensation is removed, and is thus also 

referred to as acute pain.  

 

In some cases, however, this beneficial pain pathway can become hijacked and produce 

pathological chronic pain that persists in the absence of tissue damage or after the inciting 

damage has appropriately healed. The prevalence and effect of chronic pain, both on an 

individual and societal level, are staggering. An estimated 100 million, or one in three, 

Americans suffer from some form of chronic pain with approximately half experiencing 

daily pain (Committee on Advancing Pain Research 2011; Johannes et al. 2010; Nahin 

2015). On an individual level, patients suffering from chronic pain report significant 

reduction in quality of life not only due to pain itself, but also due to inability to perform 
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daily activities, reduced social interactions, and diminished self image (Committee on 

Advancing Pain Research 2011; McCarberg et al. 2008; McCarberg and Billington 2006). 

It is because chronic pain impairs a person’s ability to lead a productive, and enjoyable 

life that Albert Schweitzer, physician-philosopher and Nobel laureate, deemed it worse 

than death itself. Chronic pain is also associated with other mental and physical disorders, 

including anxiety, depression, suicidal ideation, sleep disturbances, cognitive decline, 

fatigue, and cardiovascular events, further affecting patients’ quality of life (Bair et al. 

2003; Goodson et al. 2013; Kroenke and Price 1993; Narasimhan and Campbell 2010; 

Ohayon 2004). On a societal level, the annual economic cost is estimated to range from 

$560 to $635 billion, largely attributable to direct health care costs and the costs of lost 

productivity (Committee on Advancing Pain Research 2011), though even these 

estimates are likely conservative due to omission of costs associated with comorbidities, 

lost productivity of family and guardians, and long term effects on academic or career 

achievements.  

 

While conscious public efforts to address under treatment of pain, as well as improved 

pharmacotherapy, have encouraged progress in both better basic science understanding of 

pain processing and in clinical management of pain conditions (Kroenke et al. 2009), 

options for clinical management of chronic pain remain regrettably limited, with opiates 

and invasive interventional procedures forming the backbone of clinical pain 

management. These treatment approaches undeniably make a tremendous impact in 

providing some relief for patients suffering from chronic pain; yet, copious literature 

highlights the many inadequacies of such therapies, including addiction,  significant side-
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effect profiles and limited efficacy (Finnerup et al. 2015; McNicol et al. 2013; 

Rosenblum et al. 2008; Turk 2002). Such is particularly true in a number of chronic pain 

conditions, including pain after spinal cord injury (SCI-Pain), which is particularly 

refractory to conventional pain management approaches. Thus, it is imperative that safer 

and more efficacious treatments for chronic pain be found, and to do so, a better 

understanding of pain processing will be critical.  

 

The present dissertation attempts to provide new insights into mechanisms of pain 

processing, particularly regarding the role of the posterior nucleus of thalamus (PO), and 

provide novel potential targets for better treatments for SCI-Pain. More specifically, the 

following chapters attempt to dissect regulation of synaptic release that may contribute to 

thalamic abnormalities documented in SCI-Pain. The current chapter provides a brief 

overview of thalamic physiology, particularly as it relates to pain processing, clinical 

description of SCI-Pain, and the currently available treatment approaches, and a 

description of mechanisms presynaptic regulation.  

 

I. The Thalamus 

The thalamus is a structure uniquely located, near the very center of the brain, to mediate 

the communication between the periphery and higher-order processing centers of the 

brain. Befitting such physical location, the thalamus has traditionally been thought of as 

the “gateway to the cortex,” a relay station for all sensory information—with the 

exception of olfaction—traveling to the cortex for further processing (Sherman and 

Guillery 2009). The thalamus is divided into subunits, or nuclei, each specialized for 
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transmitting a specific type of information. For instance, the ventrobasal nuclei (VB)—

the collection of ventral posteriomedial and ventral posteriolateral nuclei that mediate 

sensation from the face and neck, and the rest of the body, respectively—is commonly 

known to be the somatosensory nucleus of thalamus. As such, VB receives driving 

excitatory inputs from spinal cord and brainstem that carry tactile information, and 

patterns of activity in VB neurons are largely defined by such peripheral inputs. These 

neurons, in turn, project to somatosensory cortical areas.  

 

Cortical regions also send excitatory afferents back to the thalamus in two forms. All 

thalamic nuclei receive distal and weak excitatory inputs from layer VI of cortex. These 

connections are considered to be modulatory rather than driving connections, as the 

connections are not robust enough to evoke action potentials in thalamic neurons 

(Bourassa et al. 1995; Deschenes et al., 1998). In contrast, projections from layer V of 

cortex target only subset of thalamic nuclei, but provide robust excitatory inputs, 

characterized by powerful, giant terminals that target proximal dendrites (Hoogland et al. 

1991). In the classical view of thalamic processing, the subset of thalamic nuclei that 

receive such driving inputs from cortex are categorized as “higher-order” nuclei, distinct 

from those nuclei primarily responsible for relaying peripheral information to the cortex, 

which are known as “first-order” nuclei (Sherman and Guillery 2009). These higher-order 

nuclei, like first-order nuclei, target various cortical regions with excitatory afferents. 

Thus, first-order nuclei act as centers for relaying peripheral information to cortex, while 

higher-order nuclei mediate trans-cortical transfer of information. The precise function of 

such trans-cortical communication mediated by higher-order nuclei is yet unclear; 
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however, it is clear that higher-order nuclei play important roles in more complex 

functions than simple ascending information relay. Such proposed roles include coding of 

sensory stimuli in context of space and time, assignment of value to sensory stimuli, and 

regulating arousal-level dependent processing (Ahissar and Arieli 2001; Kinomura et al. 

1996; Komura et al. 2001).  

 

Emerging evidence, however, suggests that higher-order nuclei may, in fact, include first-

order-like components. Anatomical studies have shown driver-like projections from 

peripheral sensory regions in a number of higher-order nuclei, including the pulvinar, the 

dorsal medial geniculate, and the posterior complex (Kelly et al. 2003; Kuroda and Price 

1991; Ling et al. 1997; Mathers 1971), and first-order-like physiological responses to 

peripherally evoked somatosensory stimuli have been observed under certain arousal 

conditions (Casanova and Molotchnikoff 1990; Trageser et al. 2006), blurring the line 

distinguishing first and higher order nuclei.  

 

a. Posterior nucleus of thalamus 

PO is a higher-order somatosensory nucleus involved in processing both innocuous and 

noxious information. Much is yet unknown about PO, and some, such as Jones (2007) 

suggest that PO may not be a distinct nucleus, but rather a collection of regions that 

ultimately will be relegated to other thalamic nuclei. Classically, the regions of PO are 

separated into three areas: the medial (Pom), lateral (Pol), and intermediate (Poi). 

Another region, known as the limitans-suprageniculate nucleus, has historically been 
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included as a part of PO, but have mostly been distinguished as a separate entity (Jones 

2007).  

 

Pol, originally identified in the cat, receives inputs from the central nucleus of the inferior 

colliculus (Moore and Goldberg 1963; Tarlov and Moore 1966), and thus responds 

mostly to auditory stimuli. Similarly, Poi also responds to auditory stimuli, and is thought 

to have similar functions as Pol, though it has been largely ignored (Diamond et al. 1969). 

Analogs of Poi and Pol have not yet been identified in primates, and it has been proposed 

that the anterodorsal nucleus of the medial geniculate complex has subsumed this role 

(Jones 2007).  

 

Of particular interest to the present dissertation is Pom. Notably, Pom is the only readily 

identifiable component of the posterior complex in rodents (Neylon and Haight 1983; 

Rockel et al. 1972), and thus, has been referred to as various names, such as nucleus C 

(Oswaldo-Cruz and Rocha-Miranda 1967), or the central intralaminar nucleus (Killackey 

and Ebner 1973). To this day, there is some inconsistency in the nomenclature of this 

understudied nucleus. For the rest of the dissertation, the term PO is used to refer to the 

anatomical area in mouse and rat, as defined by Paxinos and Watson (2007), which 

encompasses the region others call Pom.  

 

Early histological studies have shown that much of PO is taken with terminations of 

spinothalamic and trigeminothalamic projections (trigeminothalamic tract is an analog of 

the spinothalamic tract carrying facial information; Erickson et al. 1967; Gauriau and 
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Bernard 2004; Ledoux et al. 1987; Peschanski et al. 1985; Ring and Ganchrow 1983; 

Rockel et al. 1972). In addition to these direct projections, PO also receives inputs from 

the deep layers of the superior colliculus (Roger and Cadusseau 1984), which is a site of 

convergence for dorsal column and spinothalamic inputs (Graham 1977). Thus, PO 

receives ascending inputs from the periphery carrying tactile information. As a higher-

order nucleus, PO also receives descending corticothalamic projections from layer V of 

both the primary and second somatosensory cortical areas, as well as the motor cortex 

(Alloway et al. 2003; Bourassa et al. 1995; Doron and Ledoux 2000; Fabri and Burton 

1991; Spreafico et al. 1987; Wise and Jones 1977) that form powerful, driving 

connections (Hoogland et al. 1991; Reichova and Sherman 2004; Rouiller and Welker 

2000).   

 

Sources of inhibition for thalamic nuclei typically arise from two sources: the thalamic 

reticular nucleus (TRN), and local interneurons. Notably, there are no few, if any 

interneurons in rodent PO (Arcelli et al. 1997; Barbaresi et al. 1986; Ottersen and Storm-

Mathisen, 1984); thus, all GABAergic inhibition is mediated by external afferents. The 

TRN forms a capsule around the periphery of the thalamus and sends GABAergic 

afferents to nearly all thalamic nuclei. However, Winer et al. (1999) have shown that 

GABAergic terminals innervating first and higher order nuclei are morphologically 

dissimilar. In first-order nuclei, TRN accounts for the majority of inhibitory tone 

provided, and form synapses both proximally and distally (Jones 1975). Instead, in higher 

order nuclei—including PO—potent inhibition mediated by large, proximal terminals 

arises from two extra-thalamic sources: the zona incerta, and the anterior pretectal 
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nucleus (Bartho et al. 2002, 2007; Power et al. 1999; Power and Mitrofanis 2002). 

Further, electrophysiological evidence in PO suggests that these extra-thalamic sources of 

GABAergic inputs are much stronger than those of reticular origin (Lavallee et al. 2005; 

Trageser and Keller 2004). 

 

Consistent with PO’s role in trans-cortical communication, efferent projections from PO 

largely target somatosensory cortical regions, including primary and second 

somatosensory cortex (Fabri and Burton 1991; Spreafico et al. 1987). Notably, however, 

PO also extends projections to regions implicated in emotional and pain processing, such 

as the insular cortex and the amygdala (Gauriau and Bernard 2004; Linke et al. 2000; 

Linke and Schwegler 2000). 

 

Poggio and Mountcastle (1960) were the first to note the dramatic physiological 

differences between VB, the first-order somatosensory nucleus, and PO. VB responses 

are characteristically high fidelity responses that are restricted to small contralateral 

receptive fields. In contrast, PO neurons respond with significantly larger receptive fields, 

which sometimes span both sides. The responses also typically have longer durations and 

smaller magnitudes. Most importantly, however, they found that PO neurons respond 

preferentially to noxious peripheral stimulation such as pinpricks, a finding later 

confirmed by others (Casey 1966; Perl and Whitlock 1961; Whitlock and Perl 1961). 

Thus, the anatomical presence of terminals originating from the spinothalamic tract, and 

physiological evidence supporting preferential responses to noxious stimuli suggest that 

PO likely plays an important role in processing noxious information.   
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II. Pain After Spinal Cord Injury 

Central pain syndrome is a disorder resulting from damage or dysfunction of the central 

nervous system and is characterized by chronic, excruciating, and relentless pain. In one 

of the first characterizations of the disease, Head and Holmes (1911) reported a patient 

describing the pain “as if knives heated in Hell’s hottest corner were tearing me to pieces.” 

Damage leading to central pain can result from a variety of conditions, including stroke, 

trauma, degenerative diseases, primary and metastatic tumors of the nervous system, 

radiation, and chemotherapy (Boivie 2005; Canavero and Bonicalzi 2007b). Among these, 

one of the most common causes is spinal cord injury: it is estimated that 12,000 new 

spinal cord injuries occur every year in the US alone, and that up to 80% of these patients 

ultimately develop pain after injury (Siddall et al. 2003). Thus, we focus on pain after 

spinal cord injury (SCI-Pain) in the present dissertation. 

 

a. Clinical characteristics of SCI-Pain 

It is difficult to characterize the “typical” experience of a patient suffering from SCI-Pain, 

as any number of different forms of pain can manifest in a patient. The most debilitating 

form is the diffuse, bilateral pain, typically described as burning, sharp, stabbing, and 

shooting pain. This pain is often spontaneously present in patients, and aggravated by 

tactile stimuli. Previously non-noxious stimuli often become unbearably painful 

(allodynia), and pain perception of noxious stimuli is generally amplified (hyperalgesia) 

across different types of somatosensory stimuli, such as mechanical pressure and heat or 

cold (Barrett et al. 2003; Berić et al. 1988; Defrin et al. 2001; Felix et al. 2007; Finnerup 

2013; Finnerup and Jensen 2004; Siddall et al. 1995).  
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Despite such large prevalence and enormous disease burden, little can be done for 

patients suffering from SCI-pain, as this debilitating pain is largely refractory to most 

conventional treatments (Attal et al. 2009; Baastrup and Finnerup 2008; Bensmail et al. 

2009; Finnerup and Baastrup 2012; Koulousakis et al. 2007; Siddall et al. 1995; Warms et 

al. 2002). Thus, it is critical that newer, better therapeutic approaches be developed to 

address this debilitating disorder. However, much of the underlying mechanisms 

responsible for the development and maintenance of SCI-Pain are still unknown.  

 

b. Mechanisms underlying SCI-Pain 

It is generally agreed upon that SCI-Pain results from partial damage to the pain 

processing pathway that includes the spinothalamic tract and somatosensory thalamus 

(Bowsher 1995; Kim et al. 2007; MacGowan et al. 1997; Schmahmann and Leifer 1992). 

In fact, evidence now suggests that damage to this pathway is requisite for the 

development of central pain (Canavero and Bonicalzi 2007b; Wasner et al. 2008). Such 

damage to the pain processing pathway is thought to produce maladaptive plastic changes 

throughout the neural axis, leading to the manifestation of pain. Beyond these basic 

notions, however, proposed mechanisms underlying SCI-Pain remain controversial.  

One hypothesis that remains in favor is the thalamic disinhibition hypothesis of SCI-Pain. 

This hypothesis posits that manifestation of pain is mediated by thalamic hyperactivity 

due to pathologically diminished inhibitory tone. As previously discussed, PO is thought 

to be extensively involved in nociceptive processing. Indeed, direct stimulation of the 

anatomical area thought to be the human analog of PO produces perception of pain 
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(Dostrovsky et al. 1991; Halliday and V 1972; Hassler and Riechert 1959; Lenz et al. 

1993), while posterior thalamectomies have been shown to be beneficial in eliminating 

some forms of chronic pain (Hassler et al. 1960; Helfant et al. 1965; Mark et al. 1960; 

Wycis and Spiegel 1962). Such role of PO in pain processing uniquely places the nucleus 

as the potential site of maladaptive plasticity occurring in SCI-Pain.  

 

Consistent with this hypothesis, prior work from our laboratory has shown, in animal 

models of SCI-Pain, that activity in PO is increased 30-fold in animals with SCI-Pain 

(Masri et al. 2009). This dramatic hyperactivity likely results from suppression of 

inhibitory inputs from the zona incerta (ZI; this forms the "incerto-thalamic" pathway), as 

demonstrated by several findings. First, firing rates in ZI are concomitantly decreased as 

PO firing rates are pathologically increased in animals with SCI-Pain. More importantly, 

however, restoring inhibitory tone through direct electrical stimulation of ZI successfully 

ameliorates behavioral measures of pain in SCI-Pain animals (Masri and Keller 2012). 

These findings suggest that dysfunction in the incerto-thalamic regulation is causally 

related to the behavioral manifestation of SCI-Pain.  

 

c. Current treatments for SCI-Pain 

The treatment of SCI-Pain revolve around four central approaches: pharmacotherapy, 

physical therapy, behavioral and cognitive therapy, and neuromodulation. Antiepileptic 

medications, and various antidepressant medications—particularly tricyclics—have been 

suggested to be efficacious in the treatment of SCI-Pain, and are currently recommended 

as first line agents (Brummett and Raja 2011). The most studied of the antidepressants is 
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amitriptyline, which has been used to treat various forms of neuropathic pain for several 

decades (Ventafridda et al. 1987; Young and Clarke 1985). In SCI-Pain, specifically, the 

evidence is mixed, with several studies demonstrating efficacy (Fenollosa et al. 1993; 

Leijon and Boivie 1989; Rintala et al. 2007), while others dispute this (Cardenas et al. 

2002). Of note, however, is that the use of these medications is largely empirical; limited 

attempts have been made to demonstrate a mechanism of action for any effects.  

 

Of the antiepileptics, the most commonly prescribed are the newer antileptics, gabapentin 

and pregabalin, though carbamazepine and lamotrigine are also occasionally used. 

Similarly to the tricyclics, these antileptics have been shown to be useful in several forms 

of peripheral neuropathic pain (Backonja 1999; Backonja et al. 1998; Rowbotham et al. 

1998; Sindrup and Jensen 1999). These drugs appear to be particularly effective in SCI-

Pain, and emerging evidence suggests that they may be the best treatment options 

currently available (Finnerup et al. 2002; Hao et al. 1991; Levendoglu et al. 2004; Siddall 

et al. 2006; To et al. 2002; Vranken et al. 2008; but see Tzellos et al. 2008). These 

medications have several modes of action in the nervous system, including direct effects 

on the GABAergic system (Errante et al. 2002), inhibition of voltage-gated potassium 

channels (McClelland et al. 2004), and inhibition of voltage-gated calcium channels 

(Fink et al. 2002; McClelland et al. 2004), and several theories have been proposed to 

explain their analgesic effects. The most prominent theory of analgesia maintains that 

these mechanisms combine to decrease neurotransmitter release from hyperexcited 

neurons in both the peripheral and central nervous system (Dooley et al. 2000; Fink et al. 

2000; Maneuf et al. 2001; Tzellos et al. 2008). It is critical to note, however, that pain 



 

13 
 

scores, while appreciably decreased, remain unacceptably high, and that these therapies 

often target paroxysmal shooting pain with only minor effects on spontaneous pain, and 

generally no effect on evoked pain (Attal et al. 1998; Tai et al. 2002).  

 

Opiates form the mainstay of pain management due to their high efficacy. Yet, opiates are 

generally ineffective for SCI-Pain. In trials, extremely high doses were required to 

produce small effects (Rowbotham et al. 2003), and initial benefits often did not last long 

term (Attal et al. 2002; Przewlocki and Przewlocka 2005). 

 

Several less traditional therapies have been proposed to some effect. Systemic 

intravascular injection of lidocaine has been demonstrated to modestly reduce 

spontaneous pain in a small percentage of patients (Attal et al. 2000; Finnerup et al. 

2005), though, mexiletine, an oral lidocaine analogue has been shown to be ineffective 

(Chiou-Tan et al. 1996). Low dose ketamine, too, has shown modest effects, but its use is 

restricted due to side effects and abuse potential (Visser and Schug 2006). Cannabinoids 

have shown tremendous promise as a potential therapeutic for central pain, and chronic 

pain in general (Hosking and Zajicek 2008; Rog et al. 2005). However, research into 

analgesic mechanisms of cannabinoids or their long-term effects is yet limited.  

 

The mode of drug delivery can be an important consideration for certain drugs. For 

treatment of pain, intrathecal delivery of drugs presents several advantages, including the 

ability to deliver drugs that do not easily cross the blood-brain barrier, use drugs at 

significantly smaller doses, and decrease side effects often associated with systemic 
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delivery mechanisms. The most common medications administrated intrathecally are 

opiates, clonidine, and sodium channel blockers, such as bupivacaine. Both animal and 

human studies have suggested effective reduction of certain markers of pain with these 

treatments (North and Wetzel 2002; Siddall et al. 2000), though some practitioners 

question these findings (Bensmail et al. 2009). Another popular intrathecal medication is 

baclofen, which has been shown to reduce pain behaviors in animal models of SCI-Pain 

(Hao et al. 1991; von Heijne et al. 2001) and in patients (Herman et al. 1992). However, 

it has been suggested that these effects may be limited to musculoskeletal pain related to 

spasticity with little to no effect on more severe types of pain associated with SCI-Pain 

(Loubser and Akman 1996; Slonimski et al. 2004). Additionally, the invasive nature of 

such procedures, as well as documented risk of intrathecal opiate delivery, limit the 

usefulness of these treatments (Coffey et al. 2009).  

Physical therapy is an effective and important aspect of pain management that is often 

underappreciated. In SCI-Pain, classical physical therapy has not been evaluated, as 

patients are often unable to tolerate therapy; however, surveys have suggested that it may 

provide some benefit (Cardenas and Jensen 2006). Transcutaneous electrical nerve 

stimulation has shown some relief in those with incomplete SCI (Eriksson et al. 1979).  

 

Numerous psychological factors have been shown to worsen SCI-Pain, including feelings 

of helplessness, catastrophizing, higher anger levels and denial, and behavioral therapy to 

address such factors have been suggested to help (Wollaars et al. 2007). Cognitive 

behavioral therapy, as well as coping techniques such as biofeedback, hypnosis, and 

distraction techniques, have been shown to decrease pain and increase participation in life 
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activities (Haythornthwaite and Benrud-Larson 2000; Heutink et al. 2012). However, 

psychological interventions are limited by wariness in some patients, providers, and 

payers due to common misconceptions of psychological treatments, heavy dependence on 

self-motivation and continual effort, and limited availability of highly trained specialists 

for such modalities 

 

Neuromodulation involves direct targeting of the nervous system through electrical 

stimulation. Spinal cord stimulation, or dorsal column stimulation, requires the 

implantation of electrodes to deliver paresthesia-inducing stimulations. The goal of this 

treatment is to replace painful sensations with induced paresthesia, which is commonly 

described as a tingling, vibratory, or numbing sensation. Significant pain relief has been 

demonstrated in patients with pain of spinal origin (North and Wetzel 2002), but few 

patients suffered from direct spinal damage, and efficacy of spinal cord stimulation in 

SCI-Pain is yet unclear.  

 

A promising therapeutic modality under investigation is stimulation of the primary motor 

cortex. Tsubokawa et al. (1991a; 1991b) first proposed motor cortex stimulation as a 

potential therapy for post-stroke central pain in both animals and humans. Since then, 

motor cortex stimulation has been adopted to treat several pain conditions, including 

phantom limb pain (Bolognini et al. 2015; Sol et al. 2001) and fibromyalgia (Fagerlund et 

al. 2015; Fregni et al. 2006). The currently adopted form of motor cortex stimulation 

involves non-invasive application of transcranial magnetic stimulations (Huang et al. 

2005), which eliminates the risk of infection and  significantly lowers the risk of epileptic 
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events (Bezard et al. 1999; Canavero and Bonicalzi 2007a). While it seems that motor 

cortex stimulation has established itself as a effective and reliable tool in the treatment of 

several forms of chronic pain, including SCI-Pain at least in the short term (Canavero and 

Bonicalzi 2002; Defrin et al. 2007; Sokal et al. 2011), questions remain regarding the 

long term effectiveness (Previnaire et al., 2009), and the details regarding patient 

selection (Im et al. 2015), and stimulation protocols (Cruccu et al. 2007) remain to be 

determined.  

 

Neuroablative procedures are some of the last line options available to patients that are 

refractory to the previously described treatments, and can range from dorsal root lesions 

to cordectomies. Some pain relief has been documented with these approaches, 

particularly with evoked below-lesion pain; however, these procedures often fail to 

provide relief for other forms of pain including the diffuse burning pain, and the 

significant risks of further damaging the central nervous system usually outweigh the 

potential benefits (Nashold et al. 1990; Tasker et al. 1992). Historically, several regions of 

the posterior thalamus have been lesioned in patients to alleviate intractable pain; while 

such ablations are very effective in the short term, pain often returned (Hassler et al. 1960; 

Helfant et al. 1965; Mark et al. 1960; Wycis and Spiegel 1962).  

 

Despite this broad array of treatment options, patients experience, at best, small 

reductions in pain scores and modest improvements in quality of life (Baastrup and 

Finnerup 2008). Today, the standard of care for patients suffering from central pain 

begins with expectation management, where patients must first come to grasps with the 
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fact that complete elimination of pain is not a possibility, and that the goals of therapy 

focus on improved functionality and reducing certain aspects of this complex pain 

syndrome. Thus, it is critical that better treatment options be found for this intractable 

pain.  

 

d. Animal models of SCI and SCI-Pain 

In human patients, a tremendous heterogeneity exists in both the cause and presentation 

of SCI. Causes of injury can be broadly classified as traumatic and non-traumatic. The 

epidemiology of these causes vary widely by demographics and geographic location, but 

most estimates concur that most SCI result from traumatic events (Albert et al. 2005; 

Chiu et al. 2010; Dahlberg et al. 2005; Devivo 2012; Yang et al. 2014). Among these, the 

major inciting events are motor vehicle accidents, falls, crushing injuries, and violence 

(stab and gunshot wounds). Non-traumatic causes of SCI include various degenerative 

disorders, neoplasms, ossifications, and vascular damage, both ischemic and hemorrhagic 

(Jackson et al. 2004; McKinley et al. 1999). Even amongst these various causes, location 

and degree of damage can vary significantly, and, due to the traumatic nature of the 

majority of SCI, many patients present with noncontiguous damage to the spinal cord as 

well as additional damage to muscles, bones, and brain (Feng et al. 2011; Vaccaro et al. 

1992).  

 

Reflecting such heterogeneity in the human condition, numerous animal models have 

been developed to study SCI. Various studies focusing on different aspects of SCI utilize 

significantly overlapping animal models; however, for brevity, we focus here on those 
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commonly used in studying SCI-Pain. The oldest, and most popular, model is the spinal 

contusion model that employs weight-drop techniques. Initially developed for the dog 

(Allen 1911), and adapted for the rat (Gruner 1992; Wrathall et al. 1985), these models 

drop calibrated weights from precise heights to cause contusive damage to a precise 

region of the surgically exposed spinal cord. These models are thought to model crushing 

injuries often seen in the human condition, and demonstrate extensive motor and sensory 

dysfunction, including neuropathic pain; for these advantages, the contusion model has 

since been extensively translated into the mouse as well (Hoschouer et al. 2010; Kerr and 

David 2007; Metz et al. 2000; Tanabe et al. 2009). Yet, this model is not without its 

limitations. Despite precise calibrations of weight and distance, the extent of damage can 

vary significantly (E.g. see Fig 1 in Basso et al. 1996; and Fig 9 in Jakeman et al. 2000). 

The motor dysfunction may also complicate analysis of pain-related behaviors (Fehlings 

and Tator 1995). Additionally, the contusion model generally uses the dorsal portion of 

thoracolumbar region for reasons of access and stability (Wrathall et al. 1985; Yeo et al. 

2004; Young 2002) despite most human injuries occurring in the central or anterior aspect 

of the cervical spine (Burney 1993; McKinley et al. 2007).  

 

In some studies, the spinal cord of animals are surgically transected to model complete 

spinal injuries seen in humans. Such transections are easy to perform and replicate, and 

are commonly used in bioengineering and motor recovery studies (Battistuzzo et al. 2012; 

Han et al. 2010; Min et al. 2011). Transection models have been proposed as models for 

at-level neuropathic (Scheifer et al. 2002) and below-level muscular-spasm pain (Bennett 

et al. 2004; Crone et al. 2007); however, severe locomotive limitations restrict their utility 
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in assessing pain behaviors. A similar, but much more commonly used model is the 

hemisection model, or the partial spinal transection model. Hemisection models present 

clear advantages, as they better simulate clinical injuries, and cause motor less severe 

motor dysfunction, while reliably producing bilateral mechanical and thermal 

hyperalgesia (Bennett et al. 2004; Han et al. 2010; Scheifer et al. 2002). However, 

hemisections are difficult to perform consistently, and it is often difficult to assess 

whether the targeted tract is appropriately severed (Cloud et al. 2012). Other mechanical 

models of SCI include clip compression or constriction (similar to contusion injury; 

Bruce et al. 2002; Kalous et al. 2009; Marques et al. 2014), and spinal cord 

dislocation/displacement/tractive model that presses on or retracts the cord (Choo et al. 

2009; Fiford et al. 2004; Jakeman et al. 2000; Liu et al. 2004; Wang et al. 2011). All 

aforementioned models induce mechanical damage to the spinal cord, which better model 

clinically relevant damage, but require additional invasive procedures such as 

laminectomy.  

 

A different approach to inducing SCI has been to indirectly damage the tissue through 

inflammation or ischemia. Neuro-inflammatory damage of the spinal cord has been 

successfully demonstrated through injection of pro-inflammatory substances, such as 

phospholipase A2, kainic acid, TNF-α, and zymosan (Beattie et al. 2002; Clark et al. 2007; 

Liu et al. 2006; Meller et al. 1994; Sweitzer et al. 1999; Titsworth et al. 2007), or 

excitotoxins such as quisqualic acid, glutamate, and N-methylasparate (Fairbanks et al. 

2000; Liu et al. 1999; Yezierski et al. 1993) resulting in widespread glial activation, 

axonal demyelination and degeneration, and neuronal death, modeling secondary damage 
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following the acute phase of injury. Direct injection of such pro-inflammatory substances 

have been essential in understanding the role of secondary damage after acute injury, and 

studying the effects of remyelination, but suffer from inconsistent reproducibility. For 

ischemic SCI models, several options have been developed. The most common involve 

direct clamping of the descending aorta (Awad et al. 2010) or through intraluminal aortic 

occlusion (Coston et al. 1983). These approaches often model iatrogenic damage to 

vasculature and spinal strokes. However, the location and extent of damage is often 

uncontrolled, resulting in severe post-operative complications (Lafci et al. 2013), and 

inconsistently produce pain. To enhance control over extent and location of damage, 

Watson et al. (1986) introduced the photochemical model of spinal cord injury, which has 

been significantly growing in popularity due to its reliability, high reproducibility, and 

lack of mechanical trauma. This process utilizes intravascular injection of photoreactive 

dye that produces oxidative damage in response to argon laser stimulation. The reaction 

leads to robust platelet response, causing vascular stasis in the microvasculature and 

produce ischemic damage (Bunge et al. 1994; Hao et al. 1991). The overall outcome is 

similar to that of other ischemic models, but with improved consistency, and robust 

development of chronic pain following the procedure has been documented (Hao et al. 

1991).  

 

A unique model developed at the University of Maryland School of Medicine takes 

advantage of clinical findings that SCI-Pain requires damage specifically to the 

spinothalamic tract (Defrin et al. 2001; Eide et al. 1996; Finnerup et al. 2003; Finnerup 

and Jensen 2004; Osterberg et al. 2005), and the emerging evidence that a partial sparing 
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of the tract may be required (Cruz-Almeida et al. 2012; Wasner et al. 2008). Thus, the 

electrolytic model specifically targets the spinothalamic tract and passes sufficient current 

to damage a portion of the tract (Masri et al. 2009; Wang and Thompson 2008). 

Unilateral damage has been shown to be sufficient to induce consistent above-, at-, and 

below-level pain, as well as spontaneous pain, closely resembling the pain characteristics 

experienced by human patients (Davoody et al. 2011; Masri et al. 2009; Wang and 

Thompson 2008; Whitt et al. 2013).  

 

Given the enormous complexity of the human spinal cord injury, no single model is likely 

to satisfactorily address all necessary aspects. It is, thus, important to understand the 

individual strengths and weaknesses of each model and continue to further improve and 

validate the models to better approximate the human condition, allowing future studies a 

more refined battery of models to fit their study goals and circumstances.  

 

III. Presynaptic Release and Its Regulation  

The neuron doctrine, championed by Santiago Ramon y Cajal, postulated that the nervous 

system is made of discrete, individual cellular units (Cajal 1888, but for brief context, see 

Glickstein 2006). While seemingly obvious through the modern lens, its triumph over the 

reticular theory was arguably one of the greatest scientific debates to date. Implicit in the 

doctrine positing individual processing units is a means of communication; we now know 

such points of communication as synapses, a portmanteau of the Greek syn, meaning 

“together,” and haptein, meaning “to attach”—a term first used by Sir Charles Scott 

Sherrington in the Textbook of Physiology, 1897. The neuron vs. reticular debate was 
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quickly followed by the “soup vs. spark" debate that attempted to identify the mode of 

communication between neurons as either chemical (soup) or electrical (spark). We now 

know that neurons communicate through both, though electrical coupling is thought to be 

rare in the adult mammalian nervous system. Chemical synapses communicate through 

presynaptic release of chemical messengers, called neurotransmitters, and postsynaptic 

binding of said neurotransmitters to specialized receptors that either cause direct opening 

of ion channels to produce changes in membrane voltage, or initiate second messenger 

cascades.  

 

A critically important aspect of the nervous system is its ability to adjust the strength of 

synaptic connections. One mechanism by which modulation of synaptic strength occurs is 

through regulation of neurotransmitter release on the presynaptic side; through 

modulation of presynaptic release, the nervous system can effectively regulate the extent 

to which an incoming action potential to the terminal translates into postsynaptic 

excitation or inhibition. Such regulation of presynaptic release is accomplished by factors 

both intrinsic and external to the presynaptic terminal.  

 

Intrinsic presynaptic regulation typically depends on a weighted recent history of the 

terminal’s activity. Neurotransmitter release depends on activation of molecular 

machinery by calcium, which rushes into the synaptic terminal when an action potential 

invades the terminal (Adler et al. 1991; Augustine et al. 1985; Dodge and Rahamimoff 

1967; Wheeler et al. 1994). Thus, at high rates of firing, calcium can accumulate inside 

the terminal, leading to an increase in release probability over a short time period, while, 
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alternatively, repetitive firing can deplete the pool of vesicles containing 

neurotransmitters if release occurs faster than the pool can be replenished, leading to a 

decrease in release probability. Both processes have been shown to be critically important 

in the normal functioning of the nervous system (Del Castillo and Katz 1954; Hubbard 

1963; Katz and Miledi 1968; Otsuka et al. 1962; von Gersdorff and Borst 2002). 

 

In contrast to modulation of release probability by mechanisms intrinsic to the terminal, 

regulation also occurs through extrinsic mechanisms. A large number of molecules, 

ranging from neurotransmitters to growth factors, metabolic substances, and even 

exogenous toxins, have been shown to directly affect presynaptic release through equally 

diverse populations of receptors and mediators (for a comprehensive review, see Sudhof 

and Starke, 2008). Among such receptors that mediate powerful regulation of presynaptic 

release are G-protein coupled receptors (GPCRs), a class of transmembrane receptors 

whose intracellular C-termini begin a signaling cascade. In the presynaptic terminal, 

downstream effectors of GPCR signaling cascades can directly modulate various ion 

channels to manipulate excitability of the terminal, modulate calcium influx through 

calcium channels, and directly enhance or suppress molecular machinery involved in 

vesicle release. (Blackmer et al. 2001, 2005; Delaney et al. 2007; Gerachshenko et al. 

2005; Isaacson 1998; Wu and Saggau 1995).  

 

Given the ubiquity of such mechanisms in the nervous system, it is not surprising that 

they have been implicated in various physiological and pathological roles. In the pain 

field, for example, presynaptic regulation in the spinal cord is a critical mediator of 
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descending modulation of pain under physiological conditions. Thus, changes to 

presynaptic release may equally be involved in pathological development of pain. In the 

present dissertation, we explore such possibilities.  
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CHAPTER 1: Roles of GABAA and GABAB Receptors in Regulating Thalamic 

Activity by the Zona Incerta: A Computational Study 1 

 

I. Introduction 

The posterior thalamic nucleus (PO) is a higher-order somatosensory nucleus (Sherman 

and Guillery 2009) involved in processing both innocuous and noxious sensory 

information. Its analogs in primates, including humans, include the thalamic posterior 

complex (Jones 2007) and the anterior pulvinar (Cusick 2002). PO receives peripheral 

inputs through dense afferent projections from the spinothalamic (STT) and spinal 

trigeminal tracts (Gauriau and Bernard 2004; Lund and Webster 1967; Peschanski et al. 

1985), and also receives inputs from several brain regions, including the cortex, thalamic 

reticular nucleus (TRN), and zona incerta (ZI) (Bartho et al. 2007; Power et al. 1999). 

While responsive to both innocuous and noxious stimuli, Poggio and Mountcastle (1960) 

found that PO preferentially responds to noxious inputs (Casey 1966; Perl and Whitlock 

1961; Whitlock and Perl 1961). We have shown that chronic pain after spinal cord injury 

(SCI-Pain) is causally related to dramatic changes in PO activity: Spontaneous firing of 

PO neurons increase 30-fold, and their responses to peripheral stimuli also increase 

significantly (Keller and Masri 2014; Masri et al. 2009). These findings strongly 

implicate PO as a site of maladaptive plasticity in SCI-PAIN. 

 

We also demonstrated that both spontaneous and evoked activity in PO are regulated by  

 
1. Park A, Hoffman K, Keller A. Roles of GABAA and GABAB receptors in regulating thalamic activity by 
the zona incerta: a computational study. J Neurophysiol 112: 2580-2596, 2014. 
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inhibitory inputs from the GABAergic nucleus ZI (Trageser et al. 2006; Trageser and 

Keller 2004). Indeed, in animals with SCI-Pain, the increased spontaneous and evoked 

activity in PO is causally related to the decreased tonic and feedforward inhibition 

exerted upon PO from ZI (Keller and Masri 2013; Masri et al. 2009). 

 

Here, we explore the mechanisms by which ZI regulates PO activity, and test the 

hypothesis that the inhibitory regulation of PO by ZI is differentially regulated by 

GABAA and GABAB receptors (GABAAR and GABABR, respectively). For this, we 

developed a computational model of the incerto-thalamic circuit. The model allows us to 

explore the interplay between ZI firing rates, concentration of GABA in the synaptic cleft 

([GABA]), and the respective roles of GABAAR and GABABR. We show that GABABR 

mediated inhibition is the main mechanism for regulating the spontaneous firing of PO 

neurons, whereas evoked PO activity is preferentially regulated by GABAAR. Further, we 

show that modulation of ZI firing rate and [GABA] are effective means of regulating PO 

activity. 



II. Methods

We used single compartment models of each of the two neuronal types involved in the

circuit of interest: PO and ZI neurons. We modified models of the generic thalamocorti-

cal neuron and the TRN neuron (Destexhe et al. 1994, 1996a, 1996b, 1998), with each

neuron’s behavior defined as an interplay between both its intrinsic and synaptic currents.

All intrinsic currents, with the exception of the t-type calcium current in PO, were defined

using Hodgkin-Huxley formalisms (Hodgkin and Huxley 1952); the PO t-current was mod-

eled using a constant field (Goldman-Hodgkin-Katz) formalism, as the ratio of intracellular

to extracellular calcium concentrations is large (De Schutter and Smolen 1998; Destexhe

and Huguenard 2000). All models were simulated using NEURON (Carnevale and Hines

2006).

a. Model PO neuron

The model PO neuron was based on a model of a generic, single compartment thalamo-

cortical neuron (Destexhe et al. 1998). It modeled the neuron as a single compartment

cylinder with a surface area of 16.018 µm2 (length = 100 µm and diameter = 76.58 µm)

and used Hodgkin-Huxley type kinetics for the intrinsic currents, with the exception of the

t-type calcium current, which used a constant field equation. Destexhe et al. (1998) estab-

lished the membrane area and capacitance so that the simplified single compartment model

behavior matched that of passive voltage-clamp recordings. The membrane potential was
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described by:

Cm
dVPO

dt
= It,PO � Ih � Ina,PO � Ik,PO � Ipas,PO � IGABAa � IGABAb � IAMPA , (1)

where VPO is the membrane voltage, Cm = 0.88 µF/cm2 is the specific membrane capaci-

tance, It,PO is the t-type calcium current, Ih is the hyperpolarization mediated nonspecific

cation current, Ina,PO and Ik,PO are sodium and potassium currents underlying action po-

tentials, and Ipas,PO is the leakage current. IGABAa and IGABAb are synaptic currents medi-

ated by GABAAR and GABABR, and IAMPA is the AMPA receptor mediated current.

The t-type calcium current is a transiently activated, low-threshold, voltage dependent

calcium current with characteristic kinetics (Crunelli et al. 1989). At rest, or at more depo-

larized potentials, the channel is inactivated, requiring hyperpolarization below the resting

membrane potential to de-inactivate and to open upon depolarization. The t-current, taken

directly from the Destexhe et al. (1998) model, was defined by the equation:

It,PO = pcam
2h

Z2F 2V

RT

(Cai � Cao)e�
ZFV
RT

1� e�
ZFV
RT

,

where pca = 6⇥ 10�5 cm /sec is the maximum permeability of calcium ions, m and h

are the activation and inactivation parameters, Z = 2 is the valence of calcium ions, F is

Faraday’s constant, V is the membrane voltage, R is the ideal gas constant, T is temperature

in kelvins, and Cai = 240 nM and Cao = 2mM are intracellular and extracellular calcium

concentrations, respectively. The chosen t-channel permeability accurately reflects the peak
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t-current amplitude though it slightly deviates from the experimental IV curve (Destexhe et

al. 1998). The activation and inactivation kinetics of all voltage-dependent currents were

defined in the standard Hodgkin-Huxley style:

m(t) = m0 � [(m0 �m1)(1� e(�t/⌧m))]

h(t) = h0 � [(h0 � h1)(1� e(�t/⌧h))]

m(t) = n0 � [(n0 � n1)(1� e(�t/⌧n))] ,

and the voltage-dependence of t-current activation and inactivation constants by the equa-

tions:

m1,t,PO(V ) =
1

1 + e(
�V +56mV

6.2mV )

h1,t,PO(V ) =
1

1 + e(
V +80mV

4mV )

⌧m,t,PO(V ) = 0.204ms+
0.333ms

e(
�V +131mV

16.7mV ) + e(
V +15.8mV
18.2mV )

⌧h,t,PO(V ) = 0.333ms · e(
V +466mV
66.6mV ), for V < �81mV

⌧h,t,PO(V ) = 9.32ms+ 0.333ms · e(
�V +21mV
10.5mV ), for V > �81mV .

These kinetics were derived from experiments performed at 24 �C (Huguenard and Mc-

Cormick 1992; Huguenard and Prince 1992). For this and all other currents, Q10 values

were used to adjust the temporal kinetics to those of the temperature of the simulation; e.g.

because our simulations were run at 36 �C and the t-current kinetics were experimentally

determined at 24 �C, the t-current kinetics were adjusted by using their Q10 values to reflect
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the kinetics the t-channels would express at 36 �C. For the PO t-current, Q10 of 2.5 were

used for both m and h.

For the model PO neuron, we did not implement mechanisms to dictate intracellular cal-

cium concentrations; i.e. calcium ions acted only as charge carriers that mediate the depo-

larizing t-current, and did not affect intracellular calcium concentrations. The rationale was

that there were no calcium dependent processes in the model PO neuron. While the small

changes in calcium concentration due to the t-current may affect the reversal potential—and

thus the amplitude of the t-current, we ascertained that the addition of t-current dependent

calcium concentration changes (similar to those implemented in ZI described later) has no

effect on PO activity (data not shown). Tscherter et al. (2011) further showed that changes

in intracellular calcium concentration due to t-channel-mediated calcium influx has negli-

gible effect on thalamic neuron activity.

The h-current is the hyperpolarization mediated nonspecific cation current. This current

is important for oscillatory behaviors and has important interactions with the t-channels;

the h-current causes the membrane voltage to return to a more depolarized state after a hy-

perpolarizing event, allowing de-inactivated t-channels to become active (McCormick and

Pape 1990). This current was omitted in the Destexhe et al. (1998) model upon which we

based our current model. To include the h-current we modified a previously described bio-

physical model (Destexhe et al. 1996a). The original biophysical model included a calcium

dependence that causes increased current activation in response to increased intracellular
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calcium concentrations. We removed this calcium dependence of the h-current from our

model because it is not known if and how calcium affects h-current kinetics in thalamic

cells, and because the original model (Destexhe et al. 1996a) caused large and long lasting

membrane voltage fluctuations that are not consistent with intracellularly recorded activ-

ity (not shown). Further, Destexhe et al. (1996a) explained that the calcium dependence

was added to match the calcium dependence of a hyperpolarization-activated current in

sino-atrial cells of the heart; however, there is no evidence that the h-currents in thala-

mic neurons and sino-atrial cells of the heart have similar kinetics. Thus, we defined the

h-current equation by

Ih = ghm(V � Eh) ,

where gh = 2⇥ 10�5 mho/cm2, and Eh = �43mV (Destexhe et al. 1996a). The activation

and inactivation kinetics determined at 36 �C, with Q10 = 3, were defined by

m1,h(V ) =
1

1 + e(
V +75mV
5.5mV )

⌧m,h(V ) =
1ms

e(�14.59mV�0.086·V ) + e(�1.87mV+0.0701·V )
.

The sodium and potassium currents underlying action potentials were modeled using

the Traub formalism (Traub and Miles 1991) with parameters taken from Destexhe et al.

(1998). The ionic equations were

Ina,PO = gna,POm
3h(V � Ena,PO) (2)

Ik,PO = gk,POn
4(V � Ek,PO) , (3)
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where gna,PO = 0.01mho/cm2, Ena,PO = 50mV, gk,PO = 0.01mho/cm2, and Ek,PO =

�100mV. These activation and inactivation kinetics are written in alpha and beta forms.

While these can readily be converted to more commonly used steady-state and tau forms,

alpha and beta forms are shown for fidelity to original derivation and how they are explicitly

modeled. These kinetics, determined at 36 �C with Q10 = 3 for both currents, were

↵m,na,PO(V ) = 0.032
(13mV � (V � Vtraub))

e(
13mV �(V �Vtraub)

4mV ) � 1

�m,na,PO(V ) = 0.28
((V � Vtraub)� 40mV )

e(
(V �Vtraub)�40mV

5mV ) � 1

↵h,na,PO(V ) = 0.128e(
17mV �(V �Vtraub)

18mV )

�h,na,PO(V ) =
4

e(
40mV �(V �Vtraub)

5mV ) + 1

↵n,k,PO = 0.32
(15mV � (V � Vtraub))

e(
15mV �(V �Vtraub)

5mV ) � 1

�n,k,PO(V ) = 0.5
10mV � (V � Vtraub)

e(
10mV �(V �Vtraub)

40mV )
,

where Vtraub,PO = �52mV.

The leak current was defined by

Ipas,PO = gpas,PO(V � Epas,PO) , (4)

where gpas,PO = 3.79⇥ 10�5 mho/cm2, and Epas,PO = �65mV. The conductance was
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taken from Destexhe et al. (1998) while the reversal potential was chosen to keep the

membrane potential around �61mV.

b. Model ZI neuron

The model ZI neuron was based on a TRN model (Destexhe et al. 1994). Like the PO

model, the ZI model is also represented as a cylindrical, single compartment model. We

set the ZI surface area to match that of PO (16.018 µm2) to allow comparisons between the

relative strength of inputs onto PO and ZI. However, ZI’s intrinsic behaviors was unaffected

by its surface area, as all intrinsic currents were defined per surface area which compensated

for any change in surface area. Additionally, the model was isoelectronic, rendering it

homogenous in space. The membrane potential was defined by the equation

Cm
dVZI

dt
= �It,ZI � Iahp � Ican � Ina,ZI � Ik,ZI � Ipas,ZI ,

where VZI is the membrane voltage, Cm = 1 F/cm2, It,ZI , Ina,ZI , Ik,ZI , and Ipas,ZI are

analogous to those of PO (1), Iahp is the slow calcium dependent potassium current, and

Ican is the calcium dependent nonspecific cation current.
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The t-type calcium current and kinetic equations, determined at 24 �C, have the form

It,ZI = gt,ZIm
2h(V � Eca)

m1,t,ZI(V ) =
1

1 + e(
�V �48mV

7.4mV )

h1,t,ZI(V ) =
1

1 + e(
V +80mV

5mV )

⌧m,t,ZI(V ) = 3ms+
1ms

e(
V +27mV
10mV ) + e(

�V �98mV
15mV )

⌧m,t,ZI(V ) = 85ms+
1ms

e(
V +48mV

4mV ) + e(
�V �403mV

50mV )
,

where Eca ⇡ 120mV at rest, and gt,ZI varied from 0.2 to 1.2mho/cm2 when quiescent

(gt,ZI is used to manipulate ZI firing rate; below). Q10 values were 5 and 3 for m and

h, respectively. Unlike the model PO neuron, the model ZI neuron had a mechanism

that controlled intracellular calcium concentrations. This allowed us to include the after-

hyperpolarization (AHP) current and calcium-dependent nonspecific cation (CAN) current,

both of which have calcium dependent kinetics. This also had the effect that Eca varied

in time as calcium concentrations changed, causing changes to the t-current magnitude,

though these changes were minor. The calcium kinetics were defined by the following

equations

d[Ca]i
dt

= Channel + Pump+Decay

Channel =
10000It,ZI

2Fdepth
Pump = �kt

[Ca]i
[Ca]i + kd

Decay =
[Ca]1 � [Ca]i

⌧decay
,
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where F is Faraday’s constant, depth = 1 µm is the depth of the shell of intracellular cal-

cium that is affected by t-channel opening, kt = 10�4 mM/ms and kd = 10�4 mM are the

time constants defining how rapidly an active calcium pump removes calcium from the in-

tracellular shell, [Ca]i is the intracellular calcium concentration, [Ca]1 = 2.4⇥ 10�4 mM

is the steady state intracellular calcium concentration, and ⌧decay = 1010 ms is the time

constant defining how rapidly passive decay of calcium from the shell occurs. [Ca]o was a

constant equal to 2mM.

The AHP current is a slow potassium current assumed to be independent of voltage,

and whose activation depends on intracellular calcium concentration (Bal and McCormick

1993). This current causes membrane AHP following calcium influx through t-channels

(Bal and McCormick 1993). The AHP current was defined by the equations

Iahp = gahpm
2(V � Ek,ZI)

dm

dt
=

(m�m1)

⌧m

m1,ahp([Ca]i) =
↵[Ca]2i

↵[Ca]2i + �

⌧m,ahp([Ca]i) =
1

↵[Ca]2i + �
,

where gahp = 0.01mho/cm2, Ek,ZI = �95mV, the rate constants ↵ and � equal 48ms�1,

and 0.03ms�1, respectively, and [Ca]i is the intracellular calcium concentration.

Similarly, the CAN current, responsible for slow membrane after-depolarization after cal-
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cium influx, was also assumed to be voltage independent. The CAN current was defined

by the same kinetics used for the AHP current, but with slower parameters: ↵ = 20ms�1,

and � = 0.002ms�1. The conductance and reversal potentials were also different with

gcan = 2.5⇥ 10�4 mho/cm2, and Ecan = �20mV. The kinetics for both of these calcium

dependent currents were determined at 22 �C, and Q10 of 3 are used for both (Bal and Mc-

Cormick 1993; Destexhe et al. 1994).

The sodium, potassium, and leak currents were defined by the same mechanisms de-

scribed for PO (2,3,4) with different parameters: gna,ZI = 0.1mho/cm2, Ena,ZI = 50mV ,

gk,ZI = 0.01mho/cm2, Ek,ZI = �95mV, gpas,ZI = 5⇥ 10�5 mho/cm2 at rest, Epas,ZI =

�70mV and Vtraub,ZI = �55mV. These parameters were obtained from Destexhe et al.

(1994), except for Epas,ZI ; we determined the parameter value of Epas,ZI empirically (i.e.

through a manual parameter search) in order to keep the resting membrane potential at

�64mV.

The above parameters recreated a cell that was quiescent at rest. However, ZI neurons

fire spontaneously, both in vitro and in vivo (Masri et al. 2009; Trageser et al. 2006).

To recreate this intrinsic firing behavior, we caused a partial block of leak currents—a

mechanism by which intrinsic neuronal activity is induced and modulated (Destexhe et

al. 1996a; Wallenstein 1994). This is applied to the ZI model, where gpas,ZI was de-

creased from 5⇥ 10�5 mho/cm2 to 5⇥ 10�6 mho/cm2, resulting in regular intrinsic firing

in ZI. Additionally, gt,ZI was manipulated to control the firing rate of this newly induced
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intrinsic activity (Fig 2B). In simulations where ZI had no intrinsic activity, gpas,ZI was

kept at 5⇥ 10�6 mho/cm2 and gt,ZI was set to 2⇥ 10�4 mho/cm2. This was to keep the

passive current conductance consistent across simulations with different ZI firing rates.

To demonstrate how these two parameters affect ZI firing rate (Fig 2D), these parame-

ters were systematically varied (gpas from 5⇥ 10�7 to 5⇥ 10�5 mho/cm2 by step sizes of

5⇥ 10�6 mho/cm2, and gt,ZI from 0 to 7⇥ 10�3 mho/cm2 by step sizes of 1⇥ 10�4 mho/cm2)

and the resulting ZI firing rates plotted as a heat map. To denote the region in the param-

eter space where non-physiological activity was occurring (see Results), the waveforms

were inspected manually, and data of the non-physiological activity were removed from

the plot.

c. Synaptic components

Kinetic models of GABAergic synaptic currents use chemical kinetics representations of

the physical neurotransmitter-receptor interaction (Destexhe et al. 1996a). In the current

investigation, [GABA] was set at 0mM at baseline. Then, a brief pulse of GABA release

was initiated if an action potential in the presynaptic cell (ZI) caused its membrane potential

to exceed a threshold (set to 0mV). This release event was defined as a square pulse

of [GABA] = 0.5mM lasting 0.3ms, creating postsynaptic potentials according to the
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following equations:

IGABAa = gGABAa[O]GABAa(V � Ecl) (5)

IGABAb = gGABAb
[G]4

[G]4 +Kd

(V � Ek) , (6)

where gGABAa is 0.02mho, Ecl, the post-synaptic chloride reversal potential is �70mV,

gGABAb is 0.04mho, Ek, the post-synaptic potassium reversal potential is �100mV, [O] is

the channel open probability, [G] is the g-protein concentration, and Kd, the dissociation

constant for GABABR kinetics, is 100M. Unlike the intrinsic currents, synaptic conduc-

tances were not normalized to the surface area of the neuron. The GABAAR current equa-

tion (5) shows that the current follows a simple Hodgkin-Huxley formalism multiplied by

the channel open probability. This channel open probability was determined by

[C] + [GABA]
↵�*)�
�
[O] ,

where [O] and [C] represent channel open and closed probabilities, respectively, ↵ =

20ms�1 mM�1 and � = 0.16ms�1.

The GABABR current equation (6) was a similar formalism multiplied by the binding

of four G-protein molecules. Following the metabotropic character of the GABABR and

its associated potassium channels, the kinetics describe the activation of G-protein by the

GABA bound GABABR and the opening of potassium channels by the binding of activated
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G-proteins. These were defined by

d[R]

dt
= K1[GABA](1� [R])�K2[R]

d[G]

dt
= K3[R]�K4[G] ,

where [R] represents concentration of activated receptor, K1 = 0.5ms�1 mM�1, K2 =

0.0012ms�1, K3 = 0.18ms�1, and K4 = 0.034ms�1.

AMPA mediated excitation can be described as having two components: a pulse gener-

ator, and a synapse. The pulse generator was created using NEURON’s NetStim function,

which generates a train of pulses with interspike intervals following a negative exponential

distribution (Poisson distribution of events) around a defined mean interspike interval. This

pulse generator was then set to trigger EPSPs to its target following the equation:

IAMPA = gAMPA
e
� t

⌧1 � e
� t

⌧2

⌧1 � ⌧2
(V � EAMPA) ,

where gAMPA = 0.016 µmho, ⌧1 = 0.1ms, ⌧2 = 7ms, and EAMPA = 0mV. The reversal

potential was taken from Destexhe et al. (1996a), while the time constants and conductance

were determined empirically, so as to keep the time course of the EPSP approximately

consistent with that of Destexhe et al (1996a). gAMPA was chosen to be just suprathreshold

for a single action potential initiation in PO. This was to model the physiological action

potential generation by summation of smaller EPSPs. Two independent instances of the

pulse generator were used to simulate spontaneous PO activity and peripherally evoked
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activity in PO and ZI (external PO driver and STT, respectively). Three instances of the

synapse mechanism were used: PO driver!PO, STT!PO, and STT!ZI synapses.

d. Regulation of spontaneous activity

To simulate regulation of spontaneous PO activity by ZI, a single model PO neuron was set

up to receive excitatory inputs from the external PO driver, and GABAAR and GABABR

mediated inhibition from the ZI, which was also a single neuron. The external PO driver

was set up to provide excitatory inputs at an average rate of 2 Hz; this rate was chosen

because prior work have shown PO spontaneous firing rates to reach such rates with ZI in-

activation, though significantly lower rates were observed with intact ZI neurons (Lavallee

et al. 2005; Masri et al. 2009). When other rates were tested, however, the overall findings

were unaffected (not shown). We first examined the role of each GABA receptor type by

setting either gGABAa or gGABAb to zero. Then, we set both to their respective non-zero

values to examine their overall combined effect.

For each case, we also show how spontaneous ZI firing rate and [GABA] affect PO fir-

ing rate by systematically varying these parameters. We used heat maps to illustrate these

effects. The [GABA] vs. ZI firing rate heat maps (Figs. 3C, 4GJ) were generated by vary-

ing [GABA] over the range of 0 mM to 0.5 mM with a step size of 0.05 mM, and varying

ZI firing rate from approximately 0 Hz to 14 Hz (varying gt,ZI from 0.2 to 1.2mmho/cm2

by 0.05mmho/cm2). Each of these simulations was run for 100 seconds and the PO firing

rate was calculated to find the value of each pixel.
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e. Regulation of evoked PO activity

To simulate peripherally evoked activity, a different external pulse generator was introduced

to represent STT inputs. This pulse generator provided AMPA mediated excitatory currents

to both ZI and PO, modeling peripherally evoked nociceptive inputs to both nuclei. To

observe only the effects of these evoked inputs, the external PO driver (that simulated

spontaneous PO activity) was turned off. Under this condition, we examined the two GABA

receptor types independently, then examined their combined effect. The relative timing of

STT!PO and STT!ZI excitation was modeled by introducing a variable time lag between

the time when the model STT generated a pulse and when the excitation arrived at the

target. Then, we searched, and show the relative lag parameter space during which each

receptor class is effective at suppressing PO evoked activity (Figs. 5, 6).

f. Simulation parameters

All simulations were run at 36 �C and with step size of 0.1ms. Because of the pseudoran-

dom nature of the Poisson pulse generator, each simulation in a series forming a single heat

map used identical trains of presynaptic pulses from the PO driver and/or STT; i.e. the seed

of the random number sequence in the simulation environment was set to the same number

for all runs. To ascertain that patterns observed were not artifacts specific to the random se-

quence, the same set of simulations were run while using a randomly generated list of seeds

such that each simulation within a set had a different random number sequence. These re-

sults with random seeds are not shown, but reveal the same patterns as those without the
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random seeds (shown in present chapter).

All heat maps displaying the results of the spontaneous PO activity share an identical scale

for their pixel magnitude (Figs. 3C, 4GJ) so that comparisons across different conditions

can easily be made. The maps are scaled by the largest value across the plots. Similarly, all

heat maps displaying the results of the evoked activity also share an identical scale, with

the exception of Fig. 5B (Figs. 5CF, 6ABC).
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III. Results

We present first the general characteristics of each neuron type, followed by behaviors of

the circuit, with particular focus on the details of the GABAergic inhibition from ZI to

PO.

a. PO neuron

The model PO neuron expressing intrinsic currents described in Methods did not exhibit in-

trinsic, spontaneous activity. In the absence of experimental or synaptic perturbations, PO

was quiescent at a stable membrane potential. As expected, the resting membrane potential

was influenced most by the leak current. The resting membrane potential was maintained,

for example, at –69, –62, and –54 mV when the leak current reversal potential (Epas,PO)

is set to –75, –65, and –55 mV, respectively. Similarly, changes to the maximum leak

conductance (gpas,PO) were reflected in the resting membrane potential: decreased conduc-

tance caused the membrane potential to be less sensitive to Epas,PO, and vice versa.

Intrinsic firing could be induced in the model PO neuron by manipulating either the leak

current, or the t-current conductance. By altering the leak current to depolarize the mem-

brane (gpas,PO < 2⇥ 10�6 mho/cm2 or Epas,PO > �47mV), or by increasing the t-current

permeability (pca > 7⇥ 10�4 cm/s), such that the magnitude of the window current at

rest became significantly larger (e.g. t-current (It,PO) = �8.4⇥ 10�5 mA/cm2 when

pca = 6⇥ 10�5 cm/s versus It,PO = �9.7⇥ 10�4 mA/cm2 when pca = 7⇥ 10�4 cm/s), the
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model PO neuron fired spontaneously as a result of the interplay among its intrinsic cur-

rents. This was consistent with experimental evidence that depolarization to ⇠-45 mV ini-

tiates self-maintained oscillations in thalamocortical cells (Jahnsen and Llinas 1984b), and

that manipulation of specific currents, such as the t-, h-and the leak current, can evoke and

modulate intrinsic oscillations (Soltesz et al. 1991; McCormick and Pape 1990; Hughes

et al. 1999; 2002). While further manipulation of these parameters could replicate cer-

tain oscillations recorded in thalamus (Destexhe et al. 1996a), thalamocortical neurons in

our model were set up to exhibit no intrinsic activity because these oscillations are often

observed under specific arousal states such as sleep (Timofeev and Bazhenov 2006) and

are considered disruptive to the relaying ability of the thalamocortical neurons (Lo et al.

1991). Additionally, for oscillations at certain bandwidths, there is conflicting evidence on

whether they originate intrinsically from thalamocortical cells (Leresche et al. 1991) or

emerge as network behaviors (Deschenes et al. 1984). Therefore, for the rest of this inves-

tigation, gpas,PO = 3.79⇥ 10�5 mho/cm2, Epas,PO = �65mV, and pca = 6⇥ 10�5 cm/sec

were used, resulting in a quiescent neuron with a resting membrane potential of �62mV.

Thalamocortical cells in vivo, however, exhibit spontaneous activity as a result of synaptic

inputs, particularly in response to corticothalamic barrages (Contreras et al. 1996; Steriade

2001). To model this spontaneous activity, an external driver was created to provide exci-

tatory inputs to PO, as outlined in Methods. Briefly, the external driver is a pulse generator

whose inter-pulse interval is governed by a Poisson distribution. When a pulse occurs, it

triggers a synaptic event that passes depolarizing current into PO in an alpha function-like
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time course (see Methods). Synaptic weight of the external driver was set at 0.016 mho, a

value that is just suprathreshold for action potential generation. This value was chosen to

model the effects of summation of small amplitude EPSPs to a suprathreshold level. Fig-

ures 1A and B show sample traces PO activity and the corresponding external driver pulses

(timestamps below traces) at different driving firing rates (2 and 10Hz). The excitatory

inputs reliably evoked action potentials in the PO neuron, unless the inter-pulse interval

was too short (examples marked with stars in 1B). For example, two stimuli needed to be

approximately 50 ms or more apart to each trigger an action potential due to the latency

to action potential from stimulus arrival (⇠17ms; this latency decreased with increasing

strength of excitation–not shown), duration of action potential (⇠0.5ms FWHM), refrac-

tory period, and after-hyperpolarization (⇠30ms), though these interactions between stim-

uli rapidly become complex as more stimuli occur within a short time interval.

The model also recapitulated other well established characteristics of PO neurons: rebound

spike bursts after release from hyperpolarization, and trains of single action potentials in

response to depolarization (Jahnsen and Llinas 1984a). In Figure 1C, the neuron is exhibit-

ing a rebound burst in response to release from a hyperpolarizing current injection (–0.2

nA for 500 ms). A sag following current injection due to of an h-current characteristic of

thalamic neurons (McCormick and Pape 1990) was also observed. Figure 1D shows the

neuron responding with a train of single action potentials in response to a depolarizing cur-

rent injection (+0.2 nA for 500 ms). As expected, the firing rate of the train varied directly

with the amplitude of the injected current (not shown).
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Figure 1
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Figure 1: Characteristics of model PO neuron. A: Trace shows PO membrane voltage,
and timestamps show pulse generation in the external PO driver. The PO driver is firing
at an average of 2 Hz, and PO responds with action potentials with high fidelity. B: The
PO driver is firing at an average of 10 Hz. Stars show examples of instances when the
external pulse fails to trigger an action potential in PO. C: PO displays rebound burst by
being released from hyperpolarizing current. Driving current is -0.2 nA for 500 ms. D: PO
displays tonic firing under depolarizing current clamp input. Driving current is 0.2 nA for
500 ms.(next page)
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b. ZI neuron

Unlike their counterparts in PO, ZI neurons display regular and repetitive intrinsic fir-

ing that is independent of synaptic inputs (Trageser et al. 2006). Therefore, unlike in

the original TRN model of Destexhe et al. (1994), in which the TRN neuron displays

no intrinsic activity, we implemented intrinsic firing in the ZI neurons to replicate the

biological behavior of ZI. We implemented this intrinsic activity based on findings by

Hughes et al. (1999; 2002) that changes in passive leak conductance (gpas,ZI) and t-

current conductance (gt,ZI) drive intrinsic firing in thalamic cells. Figure 2A demon-

strates intrinsic firing resulting from a reduction in gpas,ZI ; The neuron is quiescent (left

trace) when gpas,ZI = 5⇥ 10�6 mho/cm2 while it is intrinsically firing (right trace) when

gpas,ZI = 5⇥ 10�5 mho/cm2). Figure 2B shows three traces of ZI intrinsically firing at

different firing rates (4, 7, and 15 Hz) when gt,ZI was set at different levels (gt,ZI =

0.000342, 0.000590, 0.001 25mho/cm2, respectively).

While altering t-current conductance affected intrinsic firing rate, large increases in gt,ZI

resulted in non-physiological firing patterns, characterized by extremely hyperpolarized

membrane potentials and irregular spike profiles. The physiological firing patterns (Figs.

2AB) were characterized by membrane potentials of -71mV at their most hyperpolarized

points and the regular and stereotypical profile of their spikes. In comparison, the non-

physiological firing pattern (Fig. 2C; gt,ZI = 0.01mho/cm2) was characterized by a mem-

brane potential of �93mV at its most hyperpolarized point and an unusual profile of its
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Figure 2
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Figure 2: Characteristics of model ZI neuron. A: Inducing intrinsic firing in ZI. Thick
line depict a quiescent ZI neuron (gpas = 5 ⇥ 10�5mho/cm2). Thin line depict in-
trinsically firing ZI neuron, induced by partial obstruction of leak current (gpas = 5 ⇥
10�6mho/cm2). B: T-current conductance is used to control the intrinsic firing rate of ZI.
gt = 0.000342, 0.000590, 0.00125mho/cm2 to induce 4 Hz (top), 7 Hz (middle), and 15 Hz
(bottom) firing rates. C: Breakdown of physiological intrinsic firing behavior in ZI. Non-
physiological firing characteristics occur when parameters used to determine ZI intrinsic
activity are significantly changed. Inset depict magnified view of a single action potential
(dotted box). Arrows and arrowhead point to non-physiological (next page.)
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Figure 2: (Previous page.) waveform characteristics. D: ZI activity phase plot. The plot
shows zones of quiescence (dark blue; firing rate = 0), physiological firing (firing rates
shown as colors), and non-physiological firing (beyond the last datapoint) as a function
of leak and t-current conductances. E: ZI exhibits rebound firing behavior in response to
release from hyperpolarizing currents. Injected currents are –0.02, –0.03, and –0.04 nA.

spikes, such as the subthreshold depolarization that occurs just before action potential trig-

gering (arrow) and non-smooth repolarization following the action potential (arrow head).

To examine how the leak current and t-current interacted to result in these different types

of intrinsic activity (quiescence, physiological firing, and non-physiological firing), a plot

of ZI firing rate (denoted by color) as a function of these two parameters is shown in Fig-

ure 2D. The deep blue region at the bottom of the plot represents ZI is quiescence (firing

rate = 0 Hz). From quiescence, firing rate steadily increases as t-current conductance in-

creases (moving up vertically in the plot) for any value of gpas,ZI until plot is discontinued

at the top of the color map. This discontinuation marks the transition from physiologi-

cal to non-physiological firing. Figure 2D shows that while manipulation of either gpas or

gt,ZI alone could modulate firing rate, firing rate was much more sensitive to changes in

gt,ZI over changes in gpas,ZI . However, lower firing rates (<10 Hz)—which occur phys-

iologically (Masri et al. 2009; Trageser et al. 2006), occurred only at lower values of

gpas,ZI ; at higher values, the firing rate transitioned directly from a quiescent state to a

high frequency (⇠ 20Hz) state. For these reasons, gpas,ZI = 5⇥ 10�6 mho/cm2 was used

while gt,ZI was varied within the physiologically firing range (⇠ 2.2⇥ 10�4 mho/cm2 to

⇠ 5.5⇥ 10�3 mho/cm2) to regulate ZI firing rate for the remainder of this investigation.
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An additional characteristic of ZI is rebound spiking behavior, similar to that seen in PO.

Figure 2E shows the model neuron exhibiting rebound spikes upon release from hyperpo-

larizing current injections of –0.1, –0.08 or –0.06 nA.

c. Regulation of spontaneous activity

Our model consisted of a single ZI neuron providing both GABAAR and GABABR me-

diated inhibitory inputs to a single PO neuron that also received excitatory input from the

external PO driver. Because previous work showed that PO activity is closely linked with

states of arousal and with sensory and pain processing (Masri et al. 2009; Trageser et al.

2006), the main metric of interest was PO firing rate. As illustrated above, PO spontaneous

activity was entirely dependent on external excitation in the absence of inhibition. How-

ever, when ZI inhibition is active, PO activity is significantly affected by these GABAergic

inputs.

GABA

A

R mediated inhibition of spontaneous activity. To model the inhibitory action of

ZI we introduced GABAAR mediated synaptic mechanisms to act on PO, as described in

Methods. Briefly, a square pulse of GABA (0.5 mM for 0.3 ms) is released in response to

an action potential in ZI. The pulse of GABA interacts with and activates the receptors in

PO, according to the chemical kinetics defined in Methods. Following this formalism, in

response to an isolated ZI action potential, the GABAAR mediated synaptic current caused

an IPSC across the PO membrane, characterized by a time constant of 6.3 ms and a peak of
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0.14 nA (Fig. 3A, top trace). Consistent with this short time course, the GABAAR medi-

ated current showed no temporal summation to a tonic train of ZI action potentials, unless

ZI fired at a rate greater than approximately 20Hz (not shown). Such fast time course and

limited temporal summation of GABAAR mediated current is consistent with physiological

observations (Otis and Mody 1992; Zhang et al. 1997). The model neuron’s input resis-

tance remained fixed throughout the investigation. Thus, the time constant was not affected

by any changes to input resistance.

Because of the high affinity of GABAAR GABA, GABAAR mediated currents are rela-

tively insensitive to changes in [GABA] in the synaptic cleft (Karim et al. 2013). Indeed,

Figure 3A shows that as [GABA] (0.50 mM by default) is decreased to 0.35 mM (70% of

original) and 0.175 mM (35% of original), GABAAR mediated current peak magnitudes

(0.139 nA at default [GABA]) only decreased to 0.122 nA (⇠88% of original) and 0.081

nA (⇠58% of original).

Previous studies suggest that the degree of incertal inhibition of spontaneous PO activ-

ity is modulated by changes in both ZI firing rate (Masri et al. 2009) and the amount of

GABA released (Keller 2011; Keller and Masri 2014). However, the relative insensitivity

of GABAAR to changes in [GABA] suggests that GABAAR mediated inhibition is unlikely

to be significantly affected by changes in [GABA]. Likewise, limited temporal summation

and the short time course of GABAAR currents suggest that changes in ZI firing rates are

unlikely to significantly modulate incertal inhibition. Indeed, our simulation shows that
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GABAAR mediated mechanisms are insufficient to significantly inhibit PO activity. In Fig-

ure 3B, the first 10 seconds of the trace depict PO firing spontaneously at approximately 2

Hz in the absence of inhibition from ZI. In the next 10 seconds, we set ZI to fire regularly at

4 Hz, as evidenced by the resulting IPSPs in PO. However, ZI activity did not suppress the
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Figure 3: GABAAR mediated incerto-thalamic inhibition of spontaneous PO activity. A:
GABAAR mediated current waveform in PO in response to a single ZI action potential.
The three traces represent different [GABA] released: 0.5 mM (top), 0.35 mM (middle),
and 0.175 mM (bottom). The GABAAR current has a short time course and is insensitive to
changes in [GABA]. B: Effect of GABAAR mediated current on PO spontaneous activity.
PO is firing at 2 Hz for the first ten seconds in the absence of inhibition; the next ten
seconds are in the presence of GABAAR mediated inhibition driven by 4 Hz ZI activity. PO
spontaneous activity is not inhibited by GABAAR mediated inhibition. C: Spontaneous PO
firing rate under GABAAR mediated inhibition as a function of ZI firing rate and [GABA].
Each pixel in the heat map represents PO firing rate under inhibitory control of GABAAR
mediated currents driven by the specified ZI firing rate and [GABA] released. Overall,
GABAAR mediated inhibition is ineffective at suppressing PO spontaneous activity.
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spontaneous activity in PO. Therefore, GABAAR mediated mechanisms do not effectively

inhibit PO activity when ZI is firing at 4 Hz and releasing 0.5 mM pulses of GABA, which

are physiologically relevant parameters (Destexhe et al. 1996a; Destexhe and Sejnowski

1995; Trageser et al. 2006).

For a more systematic examination of ZI firing rates and [GABA], PO firing rate was

recorded over a series of simulations while varying these two parameters. The results are

presented in Figure 3C in the form of a heat map. Every pixel in the heat map represents

the results of a single simulation in which the two parameters being examined were set

to a specific value designated by their abscissa and ordinate while all else were held the

same. The first noticeable characteristic is that the PO firing rate is constant across the

bottom row and down the leftmost column (approximately 2 Hz). These represent cases

in which no inhibition is available to PO; across the bottom row, [GABA] is zero, while

down the leftmost column, ZI firing rate is zero. As ZI firing rate increases (across the

abscissa; iso-[GABA]), PO firing rate decreases gradually. This illustrates that GABAAR

mediated inhibition is approximately proportional to ZI firing rate. At the same time, mini-

mal differences in PO firing rate across different [GABA] (vertically on the ordinate; iso-ZI

firing rate) illustrates that GABAAR mediated inhibition is mostly insensitive to changes in

[GABA]. Overall, this inhibition is weak, reaching a minimum PO firing rate (maximum

inhibition) of approximately 1 Hz, even at a high ZI firing rate of 14 Hz. Thus, GABAAR

mediated mechanisms have a limited role in the suppression of spontaneous PO activity.

GABA

B

R mediated inhibition of spontaneous activity. In contrast to GABAAR mediated
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current, GABABR mediated current was not activated in response to single action poten-

tials from ZI (Fig. 4A cf. Fig. 3A; note difference in scales); rather, it required a series

or cluster of presynaptic action potentials (Kim et al. 1997). This is due to fundamental

kinetic differences between the receptor types: GABAAR are ionotropic while GABABR

are metabotropic (Chebib and Johnston 1999). Thus, GABABR receptors, when activated

by GABA, activate G-proteins, several of which are required to then activate ion channels

mediating the current. The metabotropic nature of GABABR requires prolonged activation

of receptors to accumulate sufficient concentrations of activated G-proteins required to ac-

tivate the ion channels. Further, the G-protein concentrations take time to accumulate and

to deactivate. As a result, GABABR mediated current has a long time course, and a long

integration time window. Figure 4B illustrates the concentration of activated G-protein as a

function of different ZI firing rates: at 0.5 Hz (bottom trace), there was negligible accumu-

lation of activated G-proteins, while as ZI firing rate increases to 2 Hz (middle trace) and

10 Hz (top trace), accumulation increased significantly. Thus, as expected, the magnitude

of the GABABR mediated current also increased as ZI firing rate increases (Fig. 4C), and

when ZI was firing regularly, the current magnitude was entirely dependent on the firing

rate of ZI activity.

An IPSC evoked in response to a train of ZI action potentials—firing at 1.25 Hz—is illus-

trated in Figure 4D (top trace). This shows a peak amplitude of 1.2 pA and a time constant

of 235 ms, demonstrating that GABABR mediated current is generally smaller, but longer

lasting in comparison to GABAAR mediated current. Such characteristics are consistent
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Figure 4: GABABR mediated incerto-thalamic inhibition of spontaneous PO activity. A:
GABABR mediated current in PO in response to a single ZI action potential. Note the
scales; GABABR is barely activated by isolated events. B: Concentrations of activated G-
protein (in M) at three different ZI firing rates: 0.5 Hz (bottom), 2 Hz (middle), 4 Hz (top).
C: GABABR mediated currents at the same ZI firing rates. GABABR mediated currents
activate slowly and require significant temporal summation to induce significant levels of
inhibition. D: GABABR mediated currents in response to different levels of [GABA] re-
leased. The three traces represent different [GABA] released: 0.5 mM (top), 0.35 mM
(middle), and 0.175 (bottom). The GABABR current has a long time course and is highly
sensitive to changes in [GABA]. E. GABABR mediated current in response to irregular
ZI activity (timestamps). The GABABR mediated current is sensitive to the instantaneous
firing rate of ZI. F. Effect of GABABR mediated current on PO (next page.)

55



Figure 4: (Previous page.) spontaneous activity. PO is firing at 2 Hz for the first ten seconds
in the absence of inhibition. The next ten seconds are in the presence of GABABR mediated
inhibition driven by 4 Hz ZI activity. PO spontaneous activity is significantly attenuated
by the inhibition. G: Spontaneous PO firing rate under GABABR mediated inhibition as
a function of ZI firing rate and [GABA]. GABABR mediated inhibition is extremely ef-
fective at suppressing PO spontaneous activity under specific [GABA] and ZI firing rate
conditions. Note the sharp delineation of the zone of suppression. H: PO displays burst
firing when [GABA] and ZI firing rate are very high under GABABR mediated influences.
Strong inhibition by GABABR causes prolonged hyperpolarization of PO, leading to burst
firing. I: Effect of both GABAAR and GABABR mediated currents on PO spontaneous ac-
tivity. Inhibition of PO spontaneous activity by both receptor types is qualitatively similar
to that solely by GABABR. J: PO firing rate under both GABAAR and GABABR mediated
inhibition as a function of ZI firing rate and [GABA]. The heat map recapitulates all salient
features of the heat maps of individual receptor types.

with physiological studies of GABAergic IPSCs (Davies et al. 1990).

When ZI activity was irregular—i.e. interspike intervals were non-uniform—GABABR

mediated current magnitude became sensitive to the instantaneous ZI firing rate. Figure 4E

shows that the current fluctuates significantly over time, and that the amplitude at any time

is strongly dependent on the instantaneous frequency of ZI activity immediately preceding

that time point. This indicates that activation of GABABR mediated current does not de-

pend on the regularity of ZI firing. This also demonstrates that GABABR mediated current

has supra-linear summation, which may contribute to the sensitivity of the magnitude of

this current to ZI firing rate. Although this irregular firing effect may be physiologically

relevant, it was not pursued further in the current investigation.

Another important characteristic of GABABR mediated current is its [GABA] dependence.

Fig. 4D shows that, unlike GABAAR mediated current (cf. Fig. 3B), it rapidly attenuates
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with decreasing [GABA]: as [GABA] (default, 0.50 mM) decreased to 0.35 mM and 0.175

mM, the peak magnitudes of GABABR mediated current (1.22 pA at default [GABA]) de-

creased to 1.22 pA (26% of original) and 0.0224 pA (2% of original) when ZI is firing at

1.25 Hz. In comparison, GABAAR mediated current was reduced to 88% and 58% of the

original amplitude (see above).

To examine whether GABABR mediated current plays a significant role in regulating spon-

taneous PO activity, simulations analogous to those performed for GABAAR mediated cur-

rent were performed. Figure 4F shows 10 seconds of PO firing at 2 Hz with no inhibition,

followed by 10 seconds with 4 Hz ZI activity; when GABABR mediated current was ac-

tivated by ZI inputs, PO firing was effectively reduced. A systematic examination of how

different [GABA] and ZI firing rates affected the GABABR mediated regulation of PO is

depicted in Figure 4G. The bottom row and the leftmost column are characterized by max-

imal spontaneous activity (2 Hz firing in absence of any inhibition). However, unlike with

GABAAR mediated inhibition which exhibited a gradual strengthening of inhibition with

increasing ZI firing rate, GABABR mediated inhibition showed no such gradient. Instead,

there was a sharply delineated zone of effective suppression (PO firing rates below 0.5 Hz)

as both ZI firing rate and [GABA] increased. Such sharp boundaries indicate that very

small changes in [GABA] or ZI firing rate, past a certain threshold, can cause a dramatic

difference in PO activity.

As both ZI firing rate and [GABA] reached their maxima (14 Hz and 0.50 mM), PO fir-
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ing rate began to increase to values even higher than those in the absence of inhibition.

While counterintuitive, this phenomenon was due to significant hyperpolarization (< –75

mV; Fig. 4H) caused by GABABR current summation. This hyperpolarization caused

significant t-channel de-inactivation, such that the channels were primed for activation by

excitatory synaptic inputs (t-channel inactivation constant when ZI firing at 4 Hz = 0.0187;

when firing at 14 Hz = 0.372; note that inactivation = 0 reflects all gates being closed while

inactivation = 1 reflects all gates being open). These responses caused burst firing, which

explain the paradoxical increases in PO firing rate to values higher than those without any

inhibition.

Finally, we incorporated both GABAAR and GABABR mediated currents into the circuit

and repeated the simulations. Figure 4I shows a trace of PO activity with and without

inhibition from ZI. As in Figure 4F, the thalamic membrane voltage trace shows sponta-

neous firing for the first ten seconds; when incerto-thalamic inhibition activates 10 seconds

later, the inhibition effectively suppresses PO spontaneous activity. These results show that

co-expression of GABAAR and GABABR mediated mechanisms effectively inhibits PO

activity. Significantly, PO behavior, in the presence of both GABA receptor types, was

qualitatively similar to that when only GABABR mediated current was present (cf. Fig.

4F), indicating that GABABR mediating inhibition is the dominant mechanism of action in

the regulation of PO spontaneous activity by ZI.

Figure 4J illustrates the systematic investigation of the effects of [GABA] and ZI firing
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rate with both receptor types present. When compared to the analogous figures with each

of the GABA mechanisms independently (Figs. 3C, 4G), Figure 4J essentially depicts the

sum of the most salient features of the two prior figures; the distinct zones of effective sup-

pression and of paradoxically increased firing rate from GABABR mediated inhibition are

present, as well as the minor, ZI firing rate-dependent suppression from GABAAR medi-

ated inhibition. Thus, the combination of individual GABAergic inhibitions fully explain

the overall behavior observed in the simulations, with both receptor types present. From

these results, we conclude that GABABR mediated inhibition predominates the incertal in-

hibition of PO spontaneous activity while GABAAR—mediated inhibition has negligible

or minor contributions only when ZI firing rates are significantly high.

d. Feed-forward inhibition

Thus far we explored the regulation of spontaneous PO activity, and showed that the in-

hibition is mainly mediated by GABABR. However, PO and ZI receive peripheral inputs,

including nociceptive inputs relayed through the STT (Craig 2004; Jones 2007; Shammah-

Lagnado et al. 1985). To explore the role of the incerto-thalamic pathway in regulating

this peripherally evoked activity, we included an additional external driver—the STT—to

model the peripheral inputs to both ZI and PO. The STT used the same mechanism as the

PO driver; it generates pulses according to a Poisson distribution that act as presynaptic

triggers for evoking AMPA receptor mediated excitatory postsynaptic potentials at both

PO and ZI. The physiological responses of PO and ZI to this feed-forward input likely de-

pend on several factors, including the relative strengths of STT inputs to PO and ZI and the
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relative timing of arrival of these inputs. Because these parameters are largely unknown,

we use a range of values to explore the parameter space.

GABA

A

R mediated feed-forward inhibition. We first examined feed-forward inhibition me-

diated by GABAAR mediated current alone. STT input strength was set to evoke EPSPs

large enough to elicit action potentials in both ZI and PO, in the absence of ZI!PO inhi-

bition (0.016 mho). In the presence of ZI !PO inhibition, STT evoked an EPSP in the ZI

neuron, causing a transient feed-forward IPSP in PO. When STT inputs simultaneously en-

gaged both ZI and PO, the feed-forward hyperpolarization suppressed the action potential

in PO (Fig. 5A; orange traces). However, the effectiveness of this feed-forward inhibition

depended on the relative timing of arrival of these EPSPs and IPSPs. To examine this tem-

poral dependence, we introduced a variable temporal delay between the EPSPs generated

in ZI and in PO in response to STT input, while keeping the strength of the inputs constant.

Figure 5A shows a series of traces representing the behavior of the PO neuron in response

to the STT!PO EPSP arriving at different times relative to the STT!ZI EPSP. The first

trace in the series shows a simulation when STT excites PO 10 ms before it excites ZI.

It is shown in blue to represent the evocation of an action potential in PO. Each subse-

quent trace shows simulations in which STT excites PO 2 ms later than in the previous

simulation, while keeping the time of ZI excitation the same; thus, the second trace shows

excitation of PO 8 ms before that of ZI. In the third trace (PO excited 6 ms before ZI),

the excitation no longer evoked an action potential due to the feed-forward inhibition. The

simulations in which the STT failed to evoke an action potential are represented by orange
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traces. This effective feed-forward inhibition continued until the second to last trace (PO

excited 32 ms after ZI) when the excitation once again evoked an action potential in PO.

Thus, if STT!PO excitation occurred anywhere between 6 ms before and 30 ms after the

STT!ZI excitation, feed-forward inhibition suppressed STT evoked action potentials in

PO. However, if STT !PO excitation occurred outside this time window, feed-forward

inhibition was ineffective.

These findings suggest that GABAAR mediated feed-forward inhibition effectively sup-

presses PO EPSPs that arrive within an approximately 40 ms window. Lavallee et al. (2005)

have shown that, in PO, peripheral stimulation evokes direct EPSPs and incerto-thalamic

feed-forward IPSPs that tend to occur within 15 msec of each other. Thus, GABAAR me-

diated feed-forward inhibition is likely effective at suppressing STT inputs to PO.

Next, we explored how changing the strength of STT !PO excitation affects this feed-

forward mechanism. We generated a heat map which depicts how PO firing rate changes by

varying both STT !PO input strength and the relative timing of STT!PO and STT!ZI.

Figure 5B shows this result under conditions of no intrinsic ZI firing, 0.5mM of GABA re-

leased per ZI action potential, and 0.016 mho, and 0.02 mho for the strengths of STT!ZI,

and GABAAR mediated ZI!PO synapses, respectively. The abscissa represents relative

timing of the EPSPs; t=0 represents coincident arrival, positive values represent conditions

in which STT inputs arrive first in PO, and negative values represent conditions in which

ZI is activated first. These relative latencies ranged from +75 ms (EPSP arrives at PO 75
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Figure 5: GABAAR mediated incerto-thalamic inhibition of evoked PO activity. A: The
effect of latency differences of STT inputs onto PO and ZI. Each trace represents a separate
simulation in which the relative timing of STT excitation onto PO versus ZI are varied. The
red dotted line marks the time at which STT excites ZI; time of PO excitation (next page.)
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Figure 5: (Previous page.) varies. The first trace represents STT exciting PO 10 ms before
it excites ZI. Each subsequent trace represents STT exciting PO 2 ms later than the previous
trace. Feed-forward inhibition is noticeable after the excitation of ZI. In blue traces, PO ex-
citation is temporally distant enough from ZI excitation (and thus, feed-forward inhibition)
that STT successfully triggers PO action potentials. In orange traces, feed-forward inhibi-
tion prevents the PO EPSP from reaching threshold. B: The effect of STT!PO excitation
strength and relative timing of PO and ZI excitation on GABAAR mediated feed-forward
inhibition. Color of each pixel represents averaged PO firing rate over a 100 second sim-
ulation. STT!PO excitation strength (ordinate) and relative excitation times of PO and
ZI (abscissa) are varied. Inhibition is most effective when the PO and ZI excitations are
time locked. C: GABAAR mediated feed-forward inhibition as a function of ZI firing rate
and [GABA]. Color of each pixel represents the averaged PO firing rate. The pixels across
a subplot reflect different simulations in which STT!PO strength and relative excitation
times of PO and ZI are varied (analogous to Fig. 5B). The subplots reflect different sets of
simulations in which [GABA] and ZI intrinsic firing rates are varied. Strength of inhibition
increases with increases in [GABA] and ZI firing rate. D: The traces show intrinsic and
STT evoked activity of a ZI neuron. STT inputs arrive at T1 and T2; comparing T1 and T2
illustrates the variability in the time-to-peak. This variability arises from the fluctuations of
membrane voltage underlying the intrinsic activity. Comparing the responses across traces
illustrates the increasing number of action potentials evoked by the same stimulus due to
the increased t-current conductance in higher intrinsic firing rate ZI neurons. STT!ZI ex-
citation strength = 0.016 mho. E: STT!ZI excitation strength = 0.032 mho. Compared to
traces in D, these traces respond with larger numbers of action potentials and with shorter
latencies due to the increased strength of STT!ZI excitation strength. F. The same setup
as C, except with increased STT!ZI excitation strength, from 0.016 mho (C) to 0.032 mho
(F). Stronger excitation of ZI results in enhanced inhibition of PO.

ms earlier than an EPSP arrives at ZI) to –75 ms in 5 ms steps. The strength of STT!PO

was varied from 0.016 to 0.025 mho on the ordinate in step sizes of 0.001 mho. The STT

generated pulses at an average of 2 Hz following a Poisson distribution.

This analysis revealed that there is a sharply delineated time window in which feed-forward

inhibition from ZI effectively suppressed PO firing. The window was widest when STT!PO

strength was weak (0.016 mho; bottom row, Fig. 5B), a condition depicted also in Fig-

ure 5A. This window narrowed as the strength of STT!PO input increased. Beyond a
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threshold of 0.024 mho, GABAAR mediated feed-forward inhibition could not suppress

STT!PO excitation. These findings suggest that GABAAR mediated inhibition can effec-

tively suppress PO responses to STT inputs, provided that STT activates PO and ZI within

a relatively narrow time window, and that STT!PO excitation is not strong enough to

overcome the feed-forward inhibition.

In the analysis above, [GABA] and ZI spontaneous firing rates were kept constant. Re-

call, however, that these two parameters modulate the incerto-thalamic circuit (Keller 2011;

Keller and Masri 2014; Masri et al. 2009; see also Figs. 3C, 4GJ). We, therefore, explored

how changes in [GABA] and ZI firing rate affect this feed-forward inhibition. We did this

by repeating the simulation and analyses as in Figure 5B while varying [GABA] and ZI

spontaneous firing rate. [GABA] was varied from 0.1 to 0.5 mM at 0.1 mM steps, and ZI

firing rate was varied from 0 Hz to 15 Hz at 3 Hz steps. Doing this resulted in plots (Figs.

5CF, 6ABC) made of a series of subplots, each of which is analogous to Figure 5B.

Examining the subplots vertically across the ordinate suggests that GABAAR mediated

feed-forward inhibition is effective even as [GABA] is significantly decreased; the window

of suppression was only slightly narrower over a significant drop in [GABA]. For example,

when ZI firing rate = 0 Hz (leftmost column of subplots) and STT !PO strength = 0.016

mho (bottom row of each subplot), the time window of effective suppression of PO firing

was not affected significantly by large changes in [GABA] (0.1 to 0.5 mM). However, the

peak of the suppressed zone decreased as [GABA] decreased.
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Examining the subplots horizontally across the abscissa showed that as ZI firing frequency

increased, the zone of suppression became less well delineated, representing increased vari-

ability in the latency between the STT !ZI EPSP arrival and the ZI action potential. This

was likely due to temporal interactions between the intrinsically evoked spikes in ZI and

STT-evoked EPSPs in these neurons, resulting in increased variability in the latencies of

evoked spikes in ZI. The top trace of Figure 5D illustrates this phenomenon, showing ZI

intrinsically firing at 3 Hz and excited by STT at times indicated (T1, T2). The STT input

at T1 arrives soon after an intrinsically driven action potential, when the membrane voltage

is relatively hyperpolarized (approximately 75mV), increasing the latency of the evoked

spike (12.6 ms from the time of excitation arrival to the peak of action potential). In con-

trast, STT input at T2 arrives long after the last intrinsically driven action potential, when

the membrane potential is more depolarized (approximately �59mV), resulting in a shorter

latency spike (4.8 ms to peak). Additionally, the intrinsically driven ZI action potential may

occur just before the arrival of the STT input, effectively inhibiting the STT!PO excitation

even when the feed-forward inhibition is not time-locked. Thus, increased ZI background

firing reduced the delineation of the zone of suppression and enhanced the inhibition out-

side the time-locked region.

Increased ZI intrinsic firing rate resulted also in the appearance and drift of a second zone

of PO suppression (Fig. 5C), reflecting the generation of multiple spikes in response to

STT inputs. Increased ZI intrinsic firing rates were associated with enhanced activation of
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voltage dependent conductances, including those mediated by t-channels (see above). As

a result, STT-evoked EPSPs activated a larger magnitude of t-current, enhancing the depo-

larization in the postsynaptic cell. This is also illustrated in Figure 5D which shows that as

ZI intrinsic firing increases from 3 to 6Hz (cf. first and second traces), STT inputs (at T1

and T2) result in two ZI evoked spikes. As ZI intrinsic firing further increases to 12 Hz,

spike doublets occur at shorter inter-spike intervals (peak-to-peak inter-spike interval of the

doublet at T1 is 31.0 ms when intrinsic firing rate is 6 Hz while the interval decreases to

18.4 ms when firing rate is 12 Hz).

The strength of STT!ZI input also significantly affected the dynamics of ZI inhibition

of PO. This was evaluated by increasing the strength of the STT!ZI input from 0.016 to

0.032 mho (Figure 5E). Increasing the input strength resulted in an increase in the num-

ber of action potentials evoked by a single STT event at all ZI firing rates; an STT input

event evoked two action potentials when ZI firing rate was 3 Hz, and evoked three action

potentials when the firing rate was 6 or 12 Hz. As seen in Figure 5D, the variability in

inter-spike intervals and latencies were dependent on the temporal interactions between the

evoked and the intrinsic activities.

These effects were systematically analyzed by creating a new heat map with the increased

STT!ZI strength (Fig. 5F). Compared to the results shown in Figure 5C, the zone of sup-

pression was both wider and taller when STT!ZI excitation strength is increased. This

enhancement in feed-forward suppression was mediated by an increased number of action
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potentials, as discussed above; stronger EPSPs were able to induce more than one action

potentials in ZI. Thus, even when there was no intrinsic ZI firing (leftmost column), the

EPSP was able to induce two action potentials in very close succession, creating a large

zone of suppression that is temporally bimodal. As intrinsic firing rate increased, the two

modes moved closer together, representing the decrease in inter-spike interval, and a third

peak appeared and also drifted toward time zero.

Thus, we conclude that GABAAR mediated inhibition is capable of producing high-fidelity

feed-forward inhibition as long as the evoked excitation and inhibition are closely time-

locked. However, GABAAR mediated inhibition is incapable of suppressing non-time-

locked inputs.

GABA

B

R mediated feed-forward inhibition. We demonstrated above that GABABR me-

diated inhibition plays a key role in the regulation of spontaneous PO firing. Here, we

examine the role of GABABR in regulating STT-evoked responses in PO by including

only GABABR mediated feed-forward inhibition in the model, and omitting the GABAAR.

GABABR mediated feed-forward inhibition was significantly less effective, compared to

GABAAR inhibition (cf., Fig. 6A and 5C). GABABR mediated feed-forward inhibition

lacked a distinct time-locked component: PO firing rates varied little across delays be-

tween STT inputs to ZI and PO (abscissa of each subplot in Fig. 6A). Further, inhibition

of PO firing occurred only at relatively high [GABA] and weak STT!PO inputs. Inhi-

bition was more effective when STT input arrived at ZI before PO (negative values on

67



abscissa of subplots); this was expected because of the long time-course of GABABR me-

diated inhibition; as shown in Figure 4D, GABABR mediated current requires several tens

of milliseconds to reach its maximum magnitude. Thus, when the STT input arrives at ZI

before PO, GABABR mediated current is given the time to build up to a stronger amplitude.

However, this effect was relatively minor in comparison to the strong and well time-locked

GABAAR mediated inhibition (Fig. 5CF).

The effects of GABABR mediated inhibition depended on the intrinsic firing rate of ZI. In

the leftmost column, with no intrinsic ZI firing, there was minimal feed-forward inhibition

because the sporadic STT evoked responses could not elicit sufficient temporal summa-

tion to exert a noticeable effect. As intrinsic ZI firing rate increased—moving across the

abscissa—feed-forward GABABR mediated inhibition exerted a stronger effect. As ZI in-

trinsic firing and [GABA] increased further, GABABR mediated hyperpolarization became

strong enough to cause paradoxical increases in PO firing rate by causing burst firing; this

was analogous to the findings in Figures. 4G and H, where high ZI firing rate and [GABA]

caused burst firing mediated increases in PO firing rate.

Increasing the strength of STT inputs to ZI (to 0.032 mho) resulted only in minor effects

on the dynamics of feed-forward inhibition. As expected, the increase in STT !ZI input

strength led to a small enhancement of inhibition when the STT input to ZI arrived earlier

than that of PO. This was due to the the increased STT input strength onto ZI, evoking

multiple ZI action potentials (Fig. 5E), and the closely timed action potentials causing
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Figure 6: (captions next page)
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Figure 6: (Previous page.) GABABR mediated incerto-thalamic inhibition of evoked PO
activity. A: Identical setup as in Fig. 5C but with GABABR inserted instead of GABAAR.
GABABR mediated feed-forward inhibition is less effective at regulating evoked activity.
Increased ZI firing rate and [GABA] lead to paradoxic increases in activity mediated by
rebound firing. B: Identical setup as in Fig. 5F but with GABABR. C: Identical setup as in
Figs. 5C and 6A, but with both GABA receptor types included.

supra-linear summation of GABABR mediated current (Fig. 4E). Other aspects of these

feed-forward dynamics remained qualitatively similar to those at lower strengths (0.016

mho; Fig. 6B). We conclude that GABABR mediated inhibition is effective at suppressing

firing elicited by weak inputs across a wide time window, but only at high [GABA].

Finally, we incorporate both GABAAR and GABABR mediated currents into the circuit

and repeat the simulations. Figure 6C shows both GABAAR mediated suppression of

time-locked inputs—which are relatively unaffected by changes in [GABA]—and the weak

GABABR mediated suppression, which are highly sensitive to changes in [GABA]. Then,

as ZI firing rate and [GABA] both reach high levels, the GABABR mediated hyperpolar-

ization and burst firing dominates. Thus, as was the case in the suppression of spontaneous

PO activity, a combination of the effects of the two individual GABA receptor types fully

explains the effects observed when both receptor types are present.
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IV. Discussion

Here, we developed the first computational model of the incerto-thalamic circuit based on

Hodgkin-Huxley formalisms. We demonstrated that spontaneous and evoked activities of

PO neurons are differentially affected by the two GABA receptor types, and that modula-

tion of both ZI firing rate and [GABA] can alter the nature of incerto-thalamic inhibition,

though in different ways. These results provide important insights both to the general role

of the incerto-thalamic pathway in sensory processing, as well as to underlying mechanisms

of central pain.

a. Differential role of GABAA/BR

The literature is sparse on the respective roles of GABAAR and GABABR mediated mech-

anisms in regulating spontaneous and evoked neuronal activity. Wu et al. (2011) have

shown that noradrenergic cells of the spinal cord are under tonic inhibitory control medi-

ated by GABABR in basal conditions, and that GABABR mediated inhibition is capable

of effectively eliminating spontaneous firing in these neurons. Ibrahim et al. (1998) have

shown that application of both GABAAR and GABABR antagonists increased spontaneous

activity of a population of neurons in the supraoptic nucleus, but also that the degree of

their inhibitory effect varied between populations. Thus, it is difficult to determine whether

GABA receptor types play consistent roles across different brain regions or cell types with

respect to spontaneous activity.
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Similarly, there is no consensus on the receptors roles in evoked activity. Lee et al. (1994)

have shown that GABAAR mediated current inhibits evoked activity in the ventral pos-

teromedial thalamic nucleus, evoked from the center of the whisker receptive field, while

GABABR mediated current inhibits evoked activity from the periphery of the receptive

field. Vahle-Hinz and Hicks (2003) reported that, in the same nucleus, GABAAR mediated

inhibition was responsible for controlling the magnitude of evoked responses, as well as

for confining some neurons responses to certain stimuli, while suggesting that GABABR

play little or no role.

A number of studies have examined the role of the two receptor types in mediating os-

cillations of different frequencies in thalamic nuclei (Bal et al. 1995; Blumenfeld and

McCormick 2000; Destexhe 1999). These investigations focus on behaviors arising from

networks, and thus the specifics of how these receptor types affect the behaviors of individ-

ual neurons is unclear.

We show here that PO spontaneous activity is preferentially regulated by GABABR me-

diated current while GABAAR mediated current had minimal effect on PO spontaneous

activity. The effects of the two receptor types on spontaneous and evoked activity are

related to the kinetics of the currents they mediate. The short time course of GABAAR

mediated current (approximately 20 ms) limits their integration time window (Fig. 3A). As

a result, effective suppression of spontaneous PO activity would require the presynaptic ZI

neurons to fire tonically at high rates (50 Hz). By contrast, the slow time course and ef-
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fective temporal summation of GABABR mediated current results in effective suppression

of spontaneous PO activity (Fig. 4D). The rapid onset and high conductance of GABAAR

mediated current, however, effectively suppressed evoked activity in PO, as long as the

evoked inputs excited both PO and ZI in a closely time-locked fashion.

b. Physiological implications

The incerto-thalamic circuit has key roles in both physiological and pathophysiological

processes. The zona incerta (ZI) sends dense GABAergic projections to PO (Bartho et

al. 2007; Power et al. 1999), and exerts potent feed-forward and tonic inhibition of PO

neurons (Lavallee et al. 2005; Trageser et al. 2006; Trageser and Keller 2004). This

incerto-thalamic pathway is regulated by the cholinergic reticular activating system that is

responsible for regulating arousal and sleep-wake transitions: We have shown that choliner-

gic inputs—acting on m2 receptors expressed on ZI terminals in PO (Bartho et al. 2002)—

regulate GABA release from these terminals (Masri et al. 2006). Cholinergic activity also

modulates the firing rate of ZI neurons (Masri et al. 2006; Trageser et al. 2006). The

cholinergic regulation of the incerto-thalamic pathway provides a substrate for physiologi-

cal modulation of ZI firing and of GABA release, explored in the present study.

We have also demonstrated that maladaptive plasticity of the incerto-thalamic pathway is

causally related to chronic pain that develops after SCI-Pain (reviewed in Keller and Masri

2014). In brief, in rats with SCI-Pain, spontaneous firing of PO neurons increases 30-fold,

and their responses to peripheral stimuli are also significantly increased (Masri et al. 2009).
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These increases are causally related to a concomitant, 3-fold decrease in spontaneous firing

of ZI neurons, and 50% reduction in their responses to tactile stimuli (Masri et al. 2009).

In addition, SCI-Pain is associated with a 30% decrease in the frequency but not the am-

plitude of miniature inhibitory postsynaptic currents (mIPSCs) recorded from PO neurons,

supporting the conclusion that SCI results in suppression of inhibitory control of these tha-

lamic nuclei by ZI (Keller 2011; Keller and Masri 2014).

These changes in incerto-thalamic activity during SCI-Pain are accurately reflected in our

model. Assuming that physiological [GABA] is 0.5 mM, as was determined to accurately

fit experimental data (Destexhe et al. 1996a), maximal inhibition of spontaneous PO activ-

ity was achieved in our model when ZI firing rate was 2.8 Hz (Fig. 4J; PO firing rate = 0.17

Hz). From these parameters that exert maximal inhibition, decreasing [GABA] by 30% to

0.35 mM increases PO spontaneous firing rate almost 3-fold to 0.49 Hz. Decreasing ZI

firing rate 2 to 4 fold to 1.4 Hz and 0.7 Hz increases PO spontaneous firing rate to 0.25

Hz and 1.55 Hz, respectively (the resolution of Figure 4J does not show 0.9 Hz, which is

the 3-fold decrease). When [GABA] and ZI firing rate are decreased together, mimicking

the parameters of SCI-Pain, PO spontaneous firing rate increases almost 10-fold to 1.5 Hz

(when ZI firing at 1.4 Hz), and 1.63 Hz (when ZI firing at 0.7 Hz). Thus, we show that

small changes in ZI function, that occur in SCI-Pain, result in a substantial increase in PO

spontaneous firing rate, consistent with our previous experimental findings.

It is more difficult to quantify the effects of decreasing these parameters on evoked re-
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sponses because of the large number of unknown variables, such as temporal relationships

and strengths of peripheral inputs into PO and ZI. Our results do show that decreasing

intrinsic ZI firing rate and [GABA] from 3 Hz and 0.5 mM (Fig. 6C, top row, second col-

umn) to 0 Hz and 0.3 mM (third row, first column) reveals both shorter temporal windows

of effective suppression, and decreased ability to effectively suppress stronger STT inputs.

At the same time, neither the decrease in ZI firing rate nor [GABA] affects the degree

of inhibition when the STT!PO and STT!ZI latencies differences are small, and when

STT!PO excitation strengths are weak (near 0 ms of abscissa, and low values of ordinate

in each subplot of Figure 6C; effective inhibition remains even in bottom left subplot when

[GABA]=0.1 mM, and ZI intrinsic firing rate = 0 Hz). These results suggest that a subpop-

ulation of evoked responses—ones with large latency differences and/or high excitation

strength inputs—will be disinhibited by decreases in [GABA] and ZI firing rate, while an-

other subpopulation with small latency differences and/or low excitation strength inputs

will be unaffected, resulting in an overall moderate decrease in evoked responses.

c. Respective roles of GABA and ZI firing rate

Our findings suggest that manipulation of [GABA] and of ZI firing rate have different con-

sequences on PO activity. A moderate decrease in either [GABA] or ZI firing rate was suf-

ficient to significantly increase spontaneous PO firing rate. However, a concurrent decrease

in these two parameters (likely underlying biological changes described above) produced

the same degree of inhibition, with a smaller decrease in parameter values. Figure 4G il-

lustrates the sharp delineation between a state of full inhibition (high [GABA], moderate
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ZI firing rate; PO firing rate ⇠0 Hz) to a state of minimal inhibition (low [GABA], low ZI

firing rate; PO firing rate ⇠2 Hz). This reflects the ability of ZI inhibition to rapidly and

effectively turn inhibition on and off, with minimal changes in [GABA] and ZI firing rate.

Changes in [GABA] and ZI firing rate had different effects on the regulation of evoked

activity. Reductions in [GABA] decreased the integration time window of effective sup-

pression, and made inhibition of stronger STT!PO inputs less effective. Decreases in

ZI firing rate caused a noticeable change in the strength, duration, and properties (such

as the number and size of peaks of inhibition; Fig. 5C). Thus, it appears that changes

in [GABA] are more effective in regulating the strength of inhibition, while ZI firing rate

mainly shapes the temporal properties of evoked responses (e.g. the shape of peri-stimulus

time histograms) in PO. These two parameters may be differentially manipulated to achieve

further specificity in incerto-thalamic regulation. Whether these two phenomena do func-

tion independently or in concert is not yet known.

These different roles of [GABA] and ZI firing rate may also relate to our finding that SCI

has a greater effect on PO spontaneous firing compared to PO evoked responses (see above).

Physiological decreases in both parameters effectively abolished inhibition of spontaneous

activity (Fig. 4J) but had a smaller effect on inhibition of evoked activity, especially when

the latency differences between STT!PO and STT!ZI were large (Fig. 6C). We noted

above that the magnitude of GABABR mediated current is significantly diminished in re-

sponse to decreases in [GABA], while that of GABAAR mediated current is relatively in-
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sensitive to such changes. It follows that in SCI-pain, spontaneous activity regulated by

[GABA] sensitive GABABR is significantly more affected than evoked activity regulated

by [GABA] insensitive GABAAR.

d. Regulating ZI firing rate

Our findings suggest that the magnitude of the t-current may regulate both intrinsic and

evoked activities of ZI neurons, consistent with the established role of t-currents in dif-

ferent types of intrinsic firing patterns (Williams et al. 1997). Indeed, it is common for

computational models to employ passive or t-channel conductances to induce and tune in-

trinsic activity. Thus, partial suppression of passive conductance is suggested to underlie

intrinsic activity, whereas modulation of t-channel conductance is implicated in rate and

mode of firing, both in neurons and cardiac pacemaker cells (Destexhe et al. 1996b; Ono

and Iijima 2010; Wallenstein 1994).

While we intended to use the t-current only to control the intrinsic firing rate of ZI, we

found that the magnitude of t-current also significantly affected evoked ZI responses: When

we increased the intrinsic firing rate of the ZI neuron by increasing the t-current magnitude

the number of evoked action potentials in the ZI neuron in response to STT input also in-

creased (Figs. 5C,D). The t-current often acts to magnify depolarizing inputs due to its

voltage-dependent characteristics (Crandall et al. 2010; Magee et al. 1995; Sun et al.

2012). Therefore, increasing the conductance of t-channels leads to a stronger response to

a depolarizing input. For the same reason, the firing rate or the t-current conductance also
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affects the latency at which the ZI neuron responds to STT input (Figs 5C,D).

We previously showed that both spontaneous and evoked ZI firing rates are diminished in

central pain (Masri et al. 2009). While distinct mechanisms may underlie these changes in

spontaneous and evoked activities, we predict, by law of parsimony, that there is a change

in the t-current magnitude of ZI neurons in central pain that accounts for both of these

changes. This is a prediction we aim to test experimentally.

e. Divergence from previous models

The starting point for the development of our model presented here was a computational

model of the reticulo-thalamic circuit developed by Destexhe, et al (1996a), and related

models (Destexhe, et al. 1994, 1996b, 1998). While a number of components were bor-

rowed from this previous model as detailed in the Methods, our model differs from it in

various aspects. The goal of our investigation was to dissect the synaptic mechanisms

underlying the effective inhibition of a thalamic nucleus by ZI, and to characterize the

changes in incertal disinhibition due to changes that occur on the synaptic level. Destexhe

et al. sought to capture oscillatory behaviors characteristic of reticulo-thalamic circuits.

To this end, Destexhe, et al. used reciprocally connected interactions, and investigated a

large scale network of neurons. Our model, instead, focused more on the details of the

interactions of two neurons, particularly, the unilateral effects of ZI activity on PO. Thus,

our model of the ZI neuron was significantly different from the model of TRN neurons

included in previous models; our ZI neuron expressed intrinsically firing behavior, and we
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included biophysically relevant parameters to manipulate its intrinsic firing rate and the

synaptic strength of its inhibitory outputs, parameters not examined in previous models.

Finally, our investigation examines the activity of PO both with and without peripherally

evoked activity. This was an important aspect of our investigation, as ZI and PO both re-

ceive direct peripheral somatosensory inputs. On the other hand, Destexhe et al. does not

address effects of peripheral stimulation of the thalamus.

f. Limitations and methodological considerations

Although our model captures the essential features of the incerto-thalamic circuit, by ne-

cessity, we set aside some arguably important aspects that may contribute to the behavior

of this circuit.

We based our ZI model on a previous model of TRN, which may have minor differences.

However, the many similarities between these two neuronal types justify this. Both exhibit

similar electrophysiological properties, including tonic and burst firing (Destexhe and Se-

jnowski 2003; Trageser et al. 2006), and high spontaneous firing rates (Lavallee et al. 2005;

Pinault 2004), and both provide inhibitory, GABAergic inputs to the thalamus (Bartho et

al. 2002). Additionally, Inamura et al. (2011) show that the two cell types originate from

the same precursors and develop similarly.

In addition to ZI, PO is regulated by GABAergic input from TRN (Sherman and Guillery

2009) and from the anterior pretectal nucleus (APT; Murray et al. 2010). In the present
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model, we did not include inputs from these other nuclei as we were interested in the spe-

cific mechanisms of control of PO that have been attributed to actions of ZI, such as gating

by states of arousal (Masri et al. 2006), or by induction of chronic pain (Masri et al. 2009).

Further, both anatomical and physiological data suggest that inputs from ZI exert more

potent inhibition upon PO, compared to other GABAergic inputs by their larger size, the

presence of multiple release sites, and multiple filamentous contacts (Bartho et al. 2002;

Bokor et al. 2005). The potential roles of TRN and APT will be considered in future stud-

ies.

We also ignore the potential role of presynaptic GABABR, because it is not known whether

they play a role in the incerto-thalamic pathway. Putative presynaptic GABA receptors on

ZI terminals in PO may regulate [GABA] in the synaptic cleft, a variable well controlled in

our simulations.

Presynaptic GABA receptors might also regulate glutamate release from STT terminals in

PO; however, it is not known whether these presynaptic receptors exist. In the somatosen-

sory, ventrobasal thalamus, Kulik et al. (2002) found no anatomical evidence for presy-

naptic GABABR. In contrast, Emri et al. (1996) report physiological data consistent with

presynaptic, GABAergic regulation of sensory afferents to ventrobasal thalamus.

We also do not consider the possibility of extrasynaptic GABA receptors, and that their

localization, not their molecular kinetics, may underlie their unique behaviors, such as
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their requirements for high frequency presynaptic activity (Beenhakker and Huguenard

2010; Fritschy et al. 1999). However, the GABA receptor kinetics we used were fit to

electrophysiological data, and behaves consistently with experimental behaviors of GABA

receptors in all aspects (Destexhe et al. 1996a).

Our single cell models do not capture the complexity resulting from intra- and internuclear

connectivity, nor do they consider the role of dendritic branches and the specific distri-

bution of synapses and active coductances along these dendrites. We propose to use the

current model as a starting point in creating expanded models, as well as designing paral-

lel biological experiments. Through iterations of such modeling projects and experimental

approaches, more light may be shed on the underlying mechanisms of incerto-thalamic

regulation, and may lead to critical findings for alleviating pathologies resulting from their

disinhibition.

Despite these simplifying assumptions, our model revealed several key predictions regard-

ing the underlying mechanics of incerto-thalamic regulation. We showed that the two dif-

ferent GABA receptor types may mediate different aspects of the circuit, with GABAAR

preferentially affecting evoked activity and GABABR preferentially regulating spontaneous

activity. We further showed that these effects may explain several key aspects of physiolog-

ical and pathophysiological processes such as cholinergic regulation of arousal and central

pain. Thus, the insights and predictions gathered from this investigation will help guide fu-

ture work both in better understanding of sensory physiology and developing therapeutics
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for chronic pain.
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CHAPTER 2: Presynaptic and Extrasynaptic Regulation of Posterior Nucleus of 

Thalamus 

 

I. Introduction 

Neurons communicate primarily through presynaptic release and postsynaptic binding of 

neurotransmitters, making presynaptic release an important mechanism for adjusting 

synaptic strength. Neurons utilize several mechanisms to adjust transmitter release from 

their terminals (Miller 1998; Zucker and Regehr 2002; Citri and Malenka 2008; Regehr 

2012). Dysfunction of presynaptic release has been implicated in a number of 

abnormalities, including epilepsy (Meier et al. 2014), schizophrenia (Lyon et al. 2011), 

and learning deficits (Niyuhire et al. 2007).  

 

Despite the critical role of thalamus in normal brain function, and a variety of 

pathological conditions, little is known about the role of presynaptic regulation in 

thalamus. Emri et al. (1996) and Le Feuvre et al. (1997) demonstrated, 

electrophysiologically, the existence of presynaptic GABAB receptors on excitatory and 

inhibitory terminals in ventrobasal (VB) and lateral geniculate nuclei (LGN). Luo et al. 

(2011) found presynaptic GABAB receptors on excitatory and inhibitory afferents to the 

medial geniculate nucleus (MGN). Castro-Alamancos (2002) showed that acetylcholine 

selectively acts presynaptically on inhibitory and corticothalamic, but not lemniscal 

afferents to VB.  Sun et al. (2011) showed that excitatory, but not inhibitory, afferents to 

VB are regulated by retrograde cannabinoid signaling. Notably, these prior studies 



84 
 

focused on first-order nuclei, which relay peripheral information to cortex (Sherman 

2013; also see General Introduction). 

 

The posterior thalamic nucleus (PO) is a higher-order somatosensory nucleus mediating 

information processing and transfer across cortical and subcortical regions (Diamond 

1995; Sherman 2013). An important characteristic of PO is its diverse patterns of activity 

across different physiological conditions, and in pathophysiological states. 

Physiologically, PO exhibits substantial spontaneous and peripherally evoked activity 

under aroused conditions, while becoming nearly quiescent during sleep or under 

anesthesia (Steriade et al. 1993; Sherman and Guillery 1996; Masri et al. 2006; Trageser 

et al. 2006). Additionally, PO has been suggested to preferentially respond to noxious 

stimuli (Poggio and Mountcastle 1960; Perl and Whitlock 1961; Whitlock and Perl 1961; 

Casey 1966), and we have shown that pathological PO hyperactivity is causally related to 

pain after spinal cord injury (SCI-Pain; Masri et al. 2009; Keller and Masri 2014). 

Burstein and colleagues (2010) have shown similar PO abnormalities in migraine. We 

have also demonstrated amelioration of pain-like behaviors in animals with chronic pain 

by experimental reduction of PO activity (Cha et al. 2013; Whitt et al. 2013). Therefore, 

an understanding of synaptic mechanisms that regulate PO activity may elucidate novel 

therapeutic targets for chronic pain, while also revealing mechanisms that regulate 

normal variations in PO activity.  

 

A notable finding from our previous computational study focusing on the role of 

GABAergic inhibition in PO was that changes in presynaptic GABA release is likely an 
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effective mechanism in regulating strength of inhibition in PO (Park et al. 2014). Here, 

we explore, for the first time, mechanisms of presynaptic regulation in PO predicted by 

our model. Based on the abundance of GABAB receptors in PO (Chu et al. 1990; 

Princivalle et al. 2000), and the well documented importance of presynaptic GABAB 

receptors (Chalifoux and Carter 2011), we first test the hypothesis that both GABAergic 

and glutamatergic terminals express presynaptic GABAB receptors. It is also well 

established that thalamic activity is heavily shaped by cholinergic inputs (Castro-

Alamancos 2004; Steriade 2004), and we have previously shown that cholinergic 

activation may act through presynaptic disinhibition (Masri et al. 2006). Thus, we next 

test whether presynaptic cholinergic regulation affects both GABAergic and 

glutamatergic terminals. We consider also the significant role that endocannabinoid 

signaling plays across numerous brain regions (Alger 2012), and the demonstration of its 

existence in thalamus (Sun et al. 2011) to test whether cannabinoid signaling plays a role 

in shaping presynaptic release in PO. Finally, we consider the accumulating evidence that 

extrasynaptic GABAA receptors are heavily implicated in thalamic processing and 

potentially regulating sleep and attention (Cope et al. 2005; Jia et al. 2005 2008; Herd et 

al. 2013), and test for the presence of a tonic, GABAA mediated inhibition in PO.  
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II. Methods 

a. Animals.  

All animal procedures were reviewed and approved by the Institutional Animal Care and 

Use Committee at the University of Maryland School of Medicine. Adult (ages P45-P70) 

Gad2tm2(cre)Zjh/J mice (The Jackson Laboratory, Bar Harbor, ME) of both sexes were used. 

Data from both sexes were pooled after confirming that there were no sex significant 

differences (two-way ANOVA).  

 

b. Solutions and Drugs.  

N-methyl-D-glucamine protective recovery method was used to acquire healthy adult 

slices, as described previously (Ting et al. 2014). Briefly, several types of modified 

ACSF were used: 1) Recovery ACSF: 92 mM NMDG, 2.5 mM KCl, 1.2 mM NaH2PO4, 

30 mM NaHCO3, 20 mM HEPES, 25 mM glucose, 2 mM thiourea, 5 mM Na-ascorbate, 

3 mM Na-pyruvate, 0.5 mM CaCl2·4H2O and 10 mM MgSO4·7H2O. 2) Cutting ACSF: 

92 mM NaCl, 2.5 mM KCl, 1.2 mM NaH2PO4, 30 mM NaHCO3, 20 mM HEPES, 25 

mM glucose, 2 mM thiourea, 5 mM Na-ascorbate, 3 mM Na-pyruvate, 0.5 mM 

CaCl2·4H2O and 10 mM MgSO4·7H2O, and 3) Normal ACSF: 119 mM NaCl, 2.5 mM 

KCl, 1.2 mM NaH2PO4, 24 mM NaHCO3, 12.5 mM glucose, 2 mM CaCl2·4H2O and 2 

mM MgSO4·7H2O. All ACSF pH were adjusted to 7.35-7.45 and osmolarity adjusted to 

300-310 mOsm. Solutions were saturated with carbogen (95% O2 / 5% CO2) throughout 

use. All experiments were performed using a high-chloride intracellular solution: 140 
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mM CsCl, 10 mM HEPES, 10 EGTA, 1 mM CaCl2, 2 mM Mg-ATP, 0.2 mM Mg-GTP, 

and 5 mM QX-314.  

 

Tetrodotoxin (0.5 µM, Sigma-Aldrich, St. Louis, MO), 6-cyano-7-nitroquinoxaline-2,3-

dione (CNQX, 20 µM, Sigma), gabazine (10 µM, Tocris Bioscience, Bristol, UK), R(+)-

baclofen (10 µM, Sigma), and carbachol (2 µM, Sigma) were dissolved in dH2O. CGP-

55845 (2 µM, Sigma) was dissolved in DMSO. WIN-55212-2 (2 µM, Sigma) and 

AM251 (5 µM, Sigma) were dissolved in 100% ethanol. All drugs were bath applied. 

Drug concentrations were determined to be comparable to those found in literature 

(Baclofen (Emri et al. 1996; Le Feuvre et al. 1997); CGP-55845 (Karson et al. 2008; 

Zheng et al. 2012); Carbachol (Masri et al. 2006); WIN 55,212-2 (Gifford and Ashby 

1996; Ferraro et al. 2001; Wilson and Nicoll 2001); AM215 (Wilson and Nicoll 2001; 

Kim and Alger 2010)), and to significantly exceed known dissociation constants 

(Baclofen (Froestl et al. 1995; Kaupmann et al. 1997; Baksh et al. 2011); CGP-55845 

(Brugger et al. 1993); Carbachol (Birdsall et al. 1980; Hammer et al. 1980; but see 

Misgeld and Frotscher 1989); WIN 55,212-2 (Kuster et al. 1993; Breivogel et al. 1997; 

Mauler et al. 2002); AM215 (Gatley et al. 1997)). 

 

c. Slice Preparation. 

Animals were deeply anesthetized with ketamine (180 mg/kg) and xylazine (20 mg/kg), 

and the brains were rapidly removed following decapitation. Coronal slices through PO 

thalamus, 300 µm thick, were cut in ice-cold cutting ACSF using a Leica VT1200S 

vibratome (Leica Microsystems, Nussloch, Germany) and transferred to warm (32-34°C) 
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recovery ACSF for 10-15 minutes. The slices were then transferred to normal ACSF at 

room temperature for at least 45 minutes before starting experiments.  

 

d. Electrophysiology.  

PO was identified with light microscopy at 4x magnification using VB, TRN, 

hippocampus, and medial lemniscus as landmarks. Whole cell patch-clamp recordings 

were obtained from neurons in PO under visual guidance with a Multiclamp 700B 

amplifier (Molecular Devices, Sunnyvale, CA), low-pass filtered at 2 kHz with a 4-pole 

Bessel filter, and digitized with Digidata 1322A (Molecular Devices) at 20 kHz under 

visual guidance. Impedance of patch electrodes was 4 to 6 MΩ. Once a GΩ seal was 

obtained, holding potential was set to -70 mV and was maintained for the duration of the 

experiment. After breaking in and forming whole cell configuration, series resistance 

(<40 MΩ, compensated at least 60%) was monitored throughout the recording, and 

recordings were discarded if series resistance changed by more than 30%. Intracellular 

solution was allowed to equilibrate for at least 3 minutes before recording.  

 

For quantal analyses, miniature inhibitory postsynaptic currents (mIPSCs) or miniature 

excitatory postsynaptic currents (mEPSCs) were recorded. To record mIPSCs, 0.5 µM 

TTX and 20 µM CNQX were bath applied. To record mEPSCs, 0.5 µM TTX and 10 µM 

gabazine were applied. Pharmacological agents to modulate presynaptic release (baclofen, 

CGP-55845, carbachol, WIN-55212-2, or AM251) were applied. For experiments with 

antagonists, we made two types of recordings: one set in which antagonists were applied 

alone, and another set in which antagonists were applied after the agonist. Data from 



89 
 

these experiments were pooled. All agents were applied for at least 5 minutes and CGP-

55845 and WIN-55,212-2 were applied for at least 10 minutes before acquiring a 3 

minute long recording. Recordings were terminated with application of gabazine (10 µM 

for mIPSC recordings) or CNQX (20 µM for mEPSC recordings) to ensure that observed 

events were due to GABAA or AMPAR mediated currents, respectively. To avoid 

sensitization or desensitization, each slice was discarded after one recording.   

 

To determine whether tonic current was present, GABAA receptor mediated tonic 

currents were first pharmacologically isolated by applying CNQX (20 µM). Following a 

1 minute baseline epoch, gabazine (10 µM) was bath applied to the slice. Elimination of 

sIPSCs were taken as a positive control for gabazine application. Sustained changes to 

holding current following gabazine application were analyzed as described below. In 

these experiments, more than one recording was allowed per slice.  

 

e. Data Analysis.  

For quantal analysis, we detected miniature events off-line with MiniAnalysis 

(Synaptosoft, Decatur, GA). The person performing the event detection was blind to the 

drug-condition. Event characteristics were exported to MATLAB (Mathworks, Natick, 

MA) for further analysis. For each recorded cell, cumulative frequency plots were 

generated for miniature event amplitude and inter-event interval. These cumulative 

frequency plots were compared within-cell by Kolmogorov-Smirnov tests (K-S test). For 

population data, all results were first compared by one-way ANOVA; if results were 

significant, pairwise tests were performed with paired t-tests. 
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For determining tonic currents, a two-minute epoch that includes 30 seconds prior to, and 

90 seconds following gabazine application, was selected in pClamp (Molecular Devices) 

and exported to MATLAB, and fitted to a logistic regression line:      

 

� = ������� + (����� − �������)
(1 + 10�����∙(������������)) 

 

The fitting algorithm used a nonlinear least squares regression with a termination 

tolerance on residual sum squares of <10-8. The magnitude of the tonic current was taken 

to be the difference between the parameters initial and final. We considered neurons non-

responsive to gabazine if the algorithm was unable to satisfactorily optimize a parameter 

set within 100 iterations according to the termination tolerance, or if the fit found had 

non-physiologically small slopes (<0.01/sec).  

 

All statistical analyses, where applicable, used two tailed tests, and p<0.05 was 

considered significant. We determined the sample size for all experiments through 

acquisition of at least 3 preliminary data points, or based on previous data in our 

laboratory. Based on these, we performed power analyses to achieve 0.8 power using 

G*Power software (Heinrich-Heine Universitat). 
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III. Results 

a. GABAergic inputs to PO express tonically active presynaptic GABAB receptors  

The prevalence and importance of presynaptic GABAB receptors in regulating synaptic 

transmission is well documented across a wide range of central synapses, including in 

several thalamic nuclei (see Introduction). While gross binding and immunolocalization 

studies have demonstrated abundant expression of GABAB receptors in PO (Chu et al. 

1990; Princivalle et al. 2000), and post-synaptic GABAB receptor mediated effects have 

been documented (Landisman and Connors 2007), presynaptic effects have not yet been 

demonstrated. Here, we test whether functional presynaptic GABAB receptors exist on 

both GABAergic and glutamatergic afferents targeting PO neurons. First, to determine 

whether functional GABAB autoreceptors are expressed on GABAergic terminals in PO, 

we recorded miniature inhibitory postsynaptic currents (mIPSCs) in vitro in the presence 

of tetrodotoxin (TTX, 0.5 μM), a sodium channel blocker, to block spike-dependent, 

synchronous release, and 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX, 20 µM), an 

AMPA receptor antagonist, to block glutamatergic synaptic transmission. We did not 

observe non-GABAA receptor mediated events under our recording conditions as all 

synaptic events were eliminated with application of gabazine (10 µM), a GABAA 

receptor antagonist, confirming that all observed events were GABAergic. We held the 

cell at -70 mV, and used high chloride concentration intracellular solution to enhance 

GABAA receptor mediated currents, resulting in the mIPSCs appearing as inward 

currents (downward deflections). We also included QX-314 and Cs+ in the intracellular 

solution to prevent effects of post-synaptic GABAB receptor by blocking potassium 

channels (Nathan et al. 1990; Andrade 1991; Rossi et al. 2006).  
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After collecting a baseline recording of mIPSCs, we bath applied a GABAB receptor 

agonist, baclofen (10 µM). Because changes in miniature event frequency without 

changes in amplitude reflect effects on presynaptic probability of release (see Atwood et 

al. 1998; Zucker and Regehr 2002), we predicted that baclofen application would 

suppress mIPSC frequency, indicating that GABAergic terminals in PO express GABAB 

autoreceptors. Figure 7A depicts a representative sample of mIPSCs recorded under 

baseline conditions (top) and during application of baclofen (middle). Because mIPSCs 

occur at low frequency, representative traces are shown at slow timescale in which each 

mIPSC is visible as a downward deflection – note that events are downward due to high 

intracellular chloride concentrations. There is a reduction in mIPSC frequency in the 

baclofen condition compared to the baseline condition. Cumulative frequency plots, 

shown in Figure 7B, quantify the effects of baclofen on mISPC amplitudes (left) and 

frequencies (right) recorded from this neuron. There were no significant differences in 

mIPSC amplitudes between baseline and baclofen conditions (K-S test, p=0.26), while 

there was a significant decrease in mIPSC frequency after baclofen application, from 0.69 

Hz to 0.24 Hz (65.3% decrease; p<0.0001, K-S test).  

 

Overall, mIPSC frequencies from each of the 11 cells tested were significantly 

suppressed by baclofen (Fig. 7C; K-S test, p<0.05). On average, baclofen application 

suppressed mIPSC frequency from 0.76±0.42 Hz to 0.31±0.23 Hz (59.6±14.1% decrease; 

p<0.0005, paired t-test). There were no significant changes in the amplitudes of mIPSCs 

in all neurons, suggesting that baclofen acted only presynaptically to suppress GABA 
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Figure 7. GABAergic terminals synapsing onto PO neurons express GABAB 
receptors, and are tonically active. A: Representative whole-cell voltage-clamp 
recordings of mIPSCs from a PO neuron (with high chloride intracellular solution, 
and in presence of 0.5 µM TTX, 20 µM CNQX) during baseline, baclofen-applied, 
and CGP-55845-applied conditions. Baclofen (10 µM) suppressed the frequency of 
mIPSCs, while CGP-55845 (2 μM) increased their frequency. B: Cumulative 
probability plots of the amplitude (left) and inter-event interval (right) of the 
representative recording shown in (A). Baclofen reduced mIPSC frequency by 
65.3%. CGP-55845 not only reverses the effect of baclofen, but further increases 
mIPSC frequency by 79.8% above baseline. No differences were observed in 
amplitude across conditions. C,D: Group data plots depicting changes in frequency 
of mIPSCs in individual PO neurons between baseline and baclofen (C), or CGP-
55845 (D). Solid black lines indicate average. Solid gray lines indicate statistically 
significant change from drug application by K-S test, while dotted red lines indicate 
non-significant difference. 

Figure 7 
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release. These findings indicate the presence of functional and potent GABAB 

autoreceptors at GABAergic terminals that are capable of suppressing GABA release 

onto PO neurons.  

 

We then bath applied GABAB receptor antagonist, CGP-55845 (2 µM), to test two 

predictions. First, we anticipated that CGP-55845 application will reverse the effects of 

baclofen, confirming that the observed effects of baclofen were indeed due to GABAB 

receptor activation. Second, we tested whether there was GABAB autoreceptor activation 

at baseline; if CGP-55845 application caused an increase in mISPC frequency beyond 

that of baseline condition, it would suggest that there was a tonic level of GABAB 

autoreceptor activation at baseline. Figure 7A (bottom) depicts a representative neuron’s 

response to CGP-55845, in which mIPSC frequency is increased in comparison to both 

baclofen and baseline conditions. This is quantified in Figure 7B as cumulative frequency 

plots. As with baclofen application, CGP-55845 did not affect mIPSC amplitude (left; 

p=0.19, K-S test), but caused a significant (K-S test, p<0.0001) leftward shift in the 

cumulative frequency plot (right), demonstrating an increase in mIPSC frequency (0.69 

Hz to 1.24 Hz; 79.8% increase).  

 

Overall, CGP-55845 application reversed the effect of baclofen on mIPSC frequency in 

all 9 cells tested (CGP-55845 frequency ≥ baseline frequency). In a subset of neurons 

(6/9; Fig. 7D), including the representative neuron in Figures 7A/B, CGP-55845 not only 

reversed the effects of baclofen, but further significantly (p<0.05) increased mIPSC 

frequency compared to baseline. As a population, CGP-55845 increased mIPSC 
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frequency from 0.56±0.32 Hz to 0.91±0.49 Hz compared to baseline (62.7±86.8% 

increase; p=0.033, paired t-test). This finding suggests that there is a tonic level of 

presynaptic GABAB autoreceptor activation that partly suppresses GABA release at 

baseline.   

 

b. Glutamatergic inputs to PO express presynaptic GABAB receptors 

Presynaptic GABAB receptors exert their influence not only through autoreceptors, but 

also through heteroreceptors—presynaptic receptors that respond to neurotransmitters 

released by other cells—on non-GABAergic terminals. In PO, electron microscopy has 

demonstrated close physical apposition of large excitatory and inhibitory terminals near 

PO dendrites, often encapsulated by glial processes (Bartho et al. 2002), suggesting that 

GABAergic afferents may directly target glutamatergic presynaptic terminals, or that 

spillover of synaptic GABA may affect glutamatergic release. To investigate whether 

glutamatergic terminals targeting PO are regulated by presynaptic GABAB receptors, we 

recorded mEPSCs from PO neurons while applying baclofen and CGP-55845, analogous 

to the mIPSC recordings described above. First, to test whether functional presynaptic 

GABAB heteroreceptors exist on glutamatergic terminals in PO, we isolated mEPSCs in 

vitro by applying TTX (0.5 µM) and gabazine (10 µM). mEPSCs were confirmed to be 

AMPA receptor mediated, as application of CNQX (20 µM) eliminated all synaptic 

events.  

 

As in the previous experiment, we applied baclofen (10 µM) after collecting a baseline 

recording of mEPSCs. We predicted that baclofen application would suppress mEPSC 
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frequency, without affecting mEPSC amplitude, suggesting that glutamatergic terminals 

in PO express functional presynaptic GABAB receptors. Figure 8A depicts representative 

traces of these recordings under baseline (top) and baclofen-applied (middle) conditions. 

There was a reduction in mEPSC frequency in the baclofen condition, compared to the 

baseline condition. Figure 8B quantifies the amplitude (left) and inter-event intervals 

(right) of these recordings as cumulative frequency plots. There were no significant 

differences in mEPSC amplitudes between baseline and baclofen conditions (p=0.81, K-S 

test) while there was a significant rightward-shift in the inter-event interval cumulative 

frequency plot after baclofen application, showing that mEPSC frequency is suppressed 

from 0.75 Hz to 0.56 Hz by baclofen application (25% decrease; p=0.014, K-S test). 

Overall, mEPSC frequency was significantly (p<0.05, K-S test) suppressed by baclofen 

in 9 out of 10 cells tested (Fig. 8C). As a population, mEPSC frequency was suppressed 

from 0.61±0.53 Hz to 0.32±0.16 Hz (47.0±13.9% decrease; p<0.005, paired t-test). This 

demonstrates the presence of functional presynaptic GABAB receptors on glutamatergic 

terminals in PO.  

 

We then applied CGP-55845 (2 µM) to confirm that the effects of baclofen were due to 

GABAB receptor activation, and to test for the presence of basal activation of presynaptic 

GABAB receptors. Figures 8A/B show that CGP-55845 application reversed all baclofen-

induced suppression of mEPSC frequency in the representative recording; mEPSC 

frequency under CGP-55845 application was significantly increased in comparison to the 

baclofen condition (p<0.0001, K-S test), but not statistically different between baseline 

and CGP-55845 conditions (p=0.34, K-S test). This confirms that mEPSC frequency 
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Figure 8. Glutamatergic terminals synapsing onto PO neurons express GABAB 
receptors, but are not tonically active. A: Representative whole-cell voltage-clamp 
recordings of mEPSCs from a PO neuron (in presence of 0.5 µM TTX, 10 µM 
gabazine) during baseline, baclofen-applied, and CGP-55845-applied conditions. 
Baclofen (10 µM) suppressed the frequency of mEPSCs. CGP-55845 (2 µM) 
reversed these effects. B: Cumulative probability plots of the amplitude (left) and 
inter-event interval (right) of the representative recording shown in (A). No 
differences were observed in amplitude across conditions. Baclofen reduced 
mEPSC frequency by 25.2%. CGP-55845 reversed the effects of baclofen, but did 
not produce further increases in frequency. C,D: Group data plots depicting 
changes in mEPSCs frequency in individual PO neurons between baseline and 
baclofen (C), or CGP-55845 (D). Solid black lines indicate average. Solid gray 
lines indicate statistically significant change from drug application by K-S test, 
while dotted red lines indicate non-significant difference. 

Figure 8 
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suppression with baclofen application was indeed due to activation of GABAB receptors, 

and suggests that there was no basal level of presynaptic GABAB receptor activation in 

this representative recording. Overall, CGP-55845 application reversed baclofen-induced 

suppression of mEPSC frequency in each of the 7 cells we recorded from. However, in 

contrast to the GABAergic terminals described above, CGP-55845 did not produce 

further increases in mEPSC frequency beyond baseline levels in 6 out of 7 cells (Fig. 8D), 

and, as a population, mEPSC frequency in CGP-55845 condition was not statistically 

different from that of the baseline condition (p=0.92; paired t-test). This suggests that, at 

least in vitro, glutamatergic terminals express, and are regulated by, presynaptic GABAB 

receptors, but that these receptors are not tonically active.  

 

c. GABAergic, but not glutamatergic, inputs to PO are cholinergically regulated 

The cholinergic reticular activating system regulates thalamocortical communication 

during different behavioral states, suppressing thalamic activity during low arousal states, 

such as sleep or anesthesia (Castro-Alamancos 2004; Steriade 2004). We have previously 

shown that, in rat PO, cholinergic activation dramatically enhances peripherally evoked 

responses by suppressing presynaptic release from GABAergic terminals (Masri et al. 

2006). Here, we ask whether such cholinergic mechanisms exist also in mouse PO, and 

further ask whether glutamatergic inputs are affected by presynaptic cholinergic 

receptors.   

 

First, to test whether release from GABAergic terminals is regulated by cholinergic 

inputs, we recorded mIPSCs from PO neurons by applying TTX (0.5 µM) and CNQX (20 
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µM), as described above. After acquiring baseline recordings, we bath applied the 

cholinergic receptor agonist, carbachol (2 µM). Figure 9A depicts traces from a 

representative experiment, demonstrating suppression of mIPSC frequency by carbachol 

application. Cumulative frequency plots of amplitude (left) and inter-event intervals 

(right) from the representative recording are shown in Figure 9B. The amplitude 

cumulative frequency plots show no difference between baseline and carbachol 

conditions (p=0.09; K-S test). On the other hand, the inter-event interval plot is 

significantly right-shifted with carbachol application, demonstrating a decrease in mIPSC 

frequency. In this representative neuron, mIPSC frequency was significantly suppressed 

by carbachol from 0.86 Hz to 0.45 Hz (47.7% decrease; p<0.0001, K-S test). Overall, 

carbachol significantly (p<0.05, K-S test) suppressed mIPSC frequencies in 6 out of 7 

cells tested (Fig. 9C), and, on average, caused a 37.6±25.5% decrease in mIPSC 

frequency (0.95±0.59 Hz to 0.39±0.43 Hz; p=0.026, paired t-test). This confirms that, in 

mouse PO, GABAergic terminals are under cholinergic regulation.  

 

To test whether glutamatergic terminals are also under cholinergic regulation, we 

performed an analogous experiment while recording mEPSCs, rather than mIPSCs, by 

applying TTX (0.5 µM) and gabazine (10 µM). Baseline recordings were acquired, 

followed by recordings during bath application of carbachol (2 µM). Representative 

recordings are shown in Figure 9D, and corresponding amplitude and inter-event interval 

cumulative frequency plots are shown in Figure 9E. In contrast to the mIPSC recordings, 

we observed no difference in either amplitude (left; p=0.07, K-S test) or inter-event 

interval (right; p=0.94, K-S test) distribution between baseline and carbachol conditions.  
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Figure 9. GABAergic, but not glutamatergic terminals synapsing onto PO neurons 
express functional cholinergic receptors. A,D: Representative whole-cell voltage-
clamp recordings of mIPSCs (A) and mEPSCs (D) from a PO neuron (in presence 
of 0.5 µM TTX, 20 µM CNQX (A) or 10 µM gabazine (D)) before and after 
application of carbachol (2 µM). B,E: Cumulative probability plots of the 
amplitude (left) and inter-event interval (right) of the representative recordings 
shown in (A,D, respectively). No differences were observed in amplitude across 
conditions in either mIPSC (B) or mEPSC (E) populations. Carbachol reduced 
mIPSC frequency by 47.7% (B), while mEPSC frequency remained unchanged (E). 
C,F: Group data plots depicting changes in frequency of mIPSCs (C) and mEPSCs 
(F) in individual PO neurons before and after carbachol application. Solid black 
lines indicate average. Solid gray lines indicate statistically significant change from 
drug application by K-S test, while dotted red lines indicate non-significant 
difference.
 

Figure 9 
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Overall, in all (6 out of 6) cells tested, carbachol failed to produce any significant 

changes (Fig. 9F); mEPSC frequency was not statistically affected by carbachol 

(0.45±0.30 Hz to 0.48±0.26 Hz; p=0.45, paired t-test) when taken as a whole population. 

These findings suggest that carbachol has little or no effect on glutamatergic release in 

PO, and that cholinergic regulation of presynaptic release occurs selectively on 

GABAergic, but not glutamatergic, terminals in PO. 

 

d. Cannabinoid signaling occurs on a subpopulation of GABAergic, but not 

glutamatergic inputs to PO 

Since the discovery of endocannabinoids as mediators of retrograde signaling and short- 

and long-term depression of synaptic release (Kreitzer and Regehr 2001; Maejima et al. 

2001; Varma et al. 2001; Wilson and Nicoll 2001), the importance of endocannabinoid 

signaling has been widely documented across brain regions and neural functions (for 

review, see Alger 2012). In thalamus, functional endocannabinoid signaling has only 

been studied in VB, where depolarization-mediated suppression of release was 

demonstrated on excitatory, but not inhibitory, inputs onto mouse thalamic neurons (Sun 

et al. 2011). Here, we ask whether cannabinoid signaling also occurs in PO, and whether 

signaling is selective to excitatory or inhibitory inputs.  

 

To test whether release from GABAergic terminals is regulated by cannabinoid signaling, 

we recorded mIPSCs from PO neurons by applying TTX (0.5 µM) and CNQX (20 µM), 

as described above. After acquiring baseline recordings, we bath applied the synthetic 

cannabinoid, WIN 55,212-2 (2 µM). Of 13 cells that we recorded from, 4 responded to 
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Figure 10. Small subpopulation of GABAergic terminals in PO are influenced by 
cannabinoid signaling. A: Representative whole-cell voltage-clamp recordings of 
mIPSCs from a PO neuron (in presence of 0.5 µM TTX, 20 µM CNQX) at baseline 
(top), and with application of 2 µM WIN 55,212-2 (middle), and 5 µM AM215 
(bottom). WIN 55,212-2 produced a significant suppression of mIPSC frequency. 
AM251 application reversed these effects. B: Representative whole-cell voltage-
clamp recording of mIPSCs, analogous to that in (A), but of a PO (next page.) 

Figure 10 

WIN 55,212-2 application with significant reductions (p<0.05, K-S test) in mIPSC 

frequencies, while 9 cells showed no difference. Figure 10A depicts traces from a  
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Figure 10. (Previous page.) neuron that does not respond to WIN 55,212-2 
application. C: Cumulative probability plots of amplitude (left) and inter-event 
interval (right) of the representative recording shown in (A). WIN 55,212 reduced 
mEPSC frequency by 41.1%. AM251 reversed the effects of WIN 55,21202, but 
did not produce further increases in frequency. No differences were observed in 
amplitude across conditions. D: Cumulative probability plots of amplitude and 
inter-event interval of recording shown in (B). No differences were observed in 
amplitude or frequency across conditions. E,F: Group data plots depicting changes 
in frequency of mIPSCs in individual PO neurons between baseline and WIN 
55,212-2 (E) or AM215 (F). No statistically significant difference was found 
between these groups, despite 4 of 13 neurons exhibiting significant within-cell 
suppression of mIPSC frequency with WIN 55,212-2. G: Representative recording 
of mEPSCs from a PO neuron (in presence of 0.5 µM TTX, 10 µM gabazine). H: 
Cumulative probability plots of amplitude and inter-event interval of the 
representative recording shown in (G). No differences were observed in amplitude 
or inter-event interval. I,J: Group data plots depicting changes in frequency of 
mEPSCs in individual PO neurons between baseline and WIN 55,212-2 (I) or 
AM215 (J). No statistically significant difference was found between these groups. 
 

 

 

 

 

 

 

 

 

 

 

representative experiment illustrating a significant suppression of mIPSC frequency in 

response to WIN 55,212-2 application. Figure 10B shows corresponding cumulative 

frequency plots of amplitude (left) and inter-event intervals (right) from the 

representative recording shown in Figure 10A, showing no difference in amplitude 

(p=0.74; K-S test), but a significant rightward-shift in inter-event interval. In this 

representative neuron, mIPSC frequency was suppressed from 5.94 Hz to 0.35 Hz (41.1% 

decrease; p=0.026, K-S test). In contrast, Figure 10C depicts traces from a representative 

experiment illustrating no change in mIPSC frequency in response to WIN 55,212-2 

application. Corresponding cumulative frequency plots are shown in Figure 10D 

illustrating no significant different in amplitude and frequency (amplitude: p=0.31; inter-

event interval p=0.15; K-S test). The application of AM251 (5 µM), a CB1 receptor 

(CB1R) inverse agonist, effectively reversed the effect of WIN 55,212-2, returning them 

to baseline values (in both representative recordings in Figs. 4A-D, p>0.05 compared to 
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baseline; K-S test). Overall, 8 out of 9 cells tested did not produce significant changes in 

response to AM251 (Fig. 10F). As a population, we found no statistical differences 

between baseline, WIN 55,212-2 and AM251 conditions (p=0.25, ANOVA; Fig. 10E,F). 

These findings suggest that endocannabinoid signaling mediated by CB1R acts on a small 

subpopulation of GABAergic terminals in PO. 

 

Similarly, we tested whether glutamatergic terminals are regulated by endocannabinoid 

signaling. We performed analogous experiments as before, by recording mEPSCs at 

baseline, and with application of WIN 55,212-2 (2 µM) and AM215 (5 µM; 

representative recording in Fig. 10I,J). In contrast to the GABAergic terminals, none of 

the 9 cells tested had any significant difference in amplitude or frequency in response to 

WIN 55,212-2 (p<0.05; K-S test). Application of AM251, too, did not produce any 

significant differences in all 8 cells tested (p<0.05; K-S test) No statistical differences 

were observed, as a population, between baseline, WIN 55,212-2, and AM251 (p=0.98, 

ANOVA; Fig. 10G,H). Overall, these findings suggest that endocannabinoid signaling 

plays a relatively minor role in the regulation of presynaptic release in PO, selectively 

affecting only a subpopulation of GABAergic terminals in a phasic manner.  

 

e. PO neurons express extrasynaptic GABAA receptors 

Tonic GABAA currents, mediated by δ subunit-containing extra-synaptic receptors, have 

been reported in a number of brain regions (reviewed in Brickley and Mody 2012). In VB, 

the magnitude of these tonic currents can be dynamically modulated in direct proportion 

to the strength of inhibitory drive from the thalamic reticular nucleus (Herd et al. 2013), 
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and these tonic currents can exert significant influence on firing properties (Cope et al. 

2005; Bright et al. 2007).  

 

To determine whether PO neurons exhibit tonic currents mediated by extra-synaptic 

GABAA receptors, 41 neurons were recorded from in whole-cell voltage clamp 

configuration, and GABAA receptor mediated currents were pharmacologically isolated 

in the presence of CNQX (20 µM). We recorded baseline holding currents, then applied 

gabazine (10 µM). We used the elimination of sIPSCs as positive control of the effect of 

gabazine. We continued to record changes in holding current for 2 additional minutes 

following elimination of all sIPSCs. Because we used a high-chloride intracellular 

solution, the reversal potential for GABAA receptors was approximately 0 mV. Thus, in 

our recording conditions, GABAA receptors mediated inward currents. If extrasynaptic 

GABAA receptor mediated tonic currents were present in PO neurons, gabazine 

application would block such hyperpolarizing currents, causing a positive shift in holding 

current.  

 

To quantitatively determine whether neurons had a gabazine-sensitive shift in holding 

current, we fit our recordings to a sigmoid function using a nonlinear least squares 

regression (see Methods). According to criteria described in Methods, bath application of 

gabazine resulted in both the elimination of GABAA-receptor mediated spontaneous 

IPSCs, and a concurrent and gradual depolarizing shift in holding current in a subgroup 

of neurons (25 of 41). A representative neuron, shown in Figure 11A (left), shows a 

gradual change in holding current of 22.1 pA following gabazine application. In the 
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Figure 11. Some PO neurons exhibit tonic, GABAA mediated currents. A: Whole-
cell voltage-clamp recordings during bath application of 10 µM gabazine. Left: 
Representative recording of a neuron responding to gabazine with an outward 
current (22.1 pA), indicating presence of extrasynaptic GABAA-receptors that 
tonically mediate inward current (note, intracellular solution contains high [Cl-]). 
Right: Representative recording of a neuron lacking a response to gabazine 
application. B: Histogram illustrating distribution of responses to GABAA-receptor 
blockade (bin size = 3 pA). 

population of responsive neurons, gabazine produced a change of 22.4±13.4 pA. The 

computed shift in membrane potential—based on each neuron’s tonic current and input 

resistance (297±181 MΩ)—produced by extrasynaptic GABAA receptor current would 

result in a 4.06±3.16 mV shift (range: 1.21–13.91 mV). In the remaining PO neurons (16 

of 41), bath application of gabazine resulted only in the elimination of spontaneous IPSCs, 

without significantly affecting the holding current (Fig. 11A, right).  

      Figure 11 
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Figure 11B depicts the distribution of tonic current magnitudes observed in PO neurons; 

0 represents neurons that lacked responses to gabazine. These findings suggests that PO 

contains a distinct populations of neurons expressing extrasynaptic GABAAR-mediated 

tonic currents.  
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IV. Discussion 

Our goal was to identify mechanisms of presynaptic regulation of GABAergic and 

glutamatergic inputs to PO neurons. We demonstrate that: 1) both GABAergic and 

glutamatergic terminals in PO express presynaptic GABAB receptors that suppress 

neurotransmitter release, 2) GABAB autoreceptors on GABAergic terminals are activated, 

but not maximally, at baseline, while glutamatergic terminals are not basally suppressed 

by presynaptic GABAB receptors, 3) presynaptic cholinergic mechanisms are selectively 

expressed on GABAergic, and not glutamatergic, terminals, and 4) endocannabinoid 

signaling occurs only on a small subpopulation of GABAergic terminals. We also 

demonstrate that extrasynaptic GABAA receptors mediate tonic inhibition in a large 

proportion of PO neurons. These findings are summarized in Figure 12.  

 

a. GABAB autoreceptors in PO 

The presence of GABAB autoreceptors on GABAergic terminals in PO is consistent with 

reports of potent autoreceptor regulation in other thalamic nuclei, including the 

ventrobasal (VB; Ulrich and Huguenard 1996), lateral geniculate (LGN; Le Feuvre et al. 

1997), and medial geniculate (MGN; Luo et al. 2011) nuclei. Our finding of tonic 

activation of GABAB autoreceptors in PO is also consistent with findings in VB and LGN. 

This tonic inhibition suggests that GABAergic afferents to PO have a robust mechanism 

by which strength of inhibition can be regulated across a wide dynamic range. Such 

findings are particularly meaningful in the context of our prior computational study that 

examined the roles of postsynaptic GABAA and GABAB receptors in regulating PO 

activity (Park et al. 2014). In that in-silico study, we reported that even small changes in  
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Figure 12. Schematic showing PO presynaptic mechanisms revealed in the present 
study. PO neurons express presynaptic GABAB, cholinergic (m2), and CB1 
receptors on GABAergic terminals, of which the GABAB receptor is tonically 
active. All three presynaptic mechanisms can suppress GABA release. On 
glutamatergic terminals, only presynaptic GABAB receptors are present, but in 
contrast to those found on GABAergic terminals, are not tonically active. These 
receptors can suppress release of glutamate. Extrasynaptic GABAA receptors can 
detect ambient GABA and/or GABA spillover to mediate tonic currents. 
 

 

 

 

 

 

 

 

 

GABA release can strikingly alter PO activity, and that modulation of GABA release 

may be an effective way to selectively regulate spontaneous PO activity, without 

significantly affecting peripherally evoked activity. Thus, these tonically, but not 

maximally, active GABAB autoreceptors in PO likely play an important role in regulating 

overall PO activity.  

 

 

 

Figure 12 
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b. GABAB heteroreceptors in PO 

GABAB heteroreceptors—presynaptic receptors that respond to neurotransmitters 

released by other cells—on glutamatergic terminals have been identified in VB and LGN 

(Emri et al. 1996). In that study, however, Emri et al. found that presynaptic GABAB 

receptors on glutamatergic terminals are tonically active, similarly to those on 

GABAergic terminals. This is in contrast to the findings of the present study, in which a 

little over 10% of cells tested responded with an increased mEPSC frequency to CGP-

55845. Our finding is not likely due to methodological limitations because 1) the same 

protocol of CGP-55845 application revealed robust tonic activation of presynaptic 

GABAB receptors in GABAergic terminals, and 2) CGP-55845 application effectively 

reversed the action of baclofen, suggesting that sufficient CGP-55845 reached and acted 

on GABAB receptors on glutamatergic terminals. Thus, it is likely that GABAB 

heteroreceptors on glutamatergic terminals are truly not tonically active in our recording 

conditions in PO.  

 

It is significant that, under identical recording conditions, autoreceptors on GABAergic 

terminals are tonically active, while heteroreceptors on glutamatergic terminals are not. 

This may be due to several possibilities. Each synapse, or terminal, may form a local 

environment in which ambient GABA levels are significantly different from that outside 

the local environment. Indeed, electron micrographs show that synapses in PO are often 

encapsulated by glial processes, supporting this possibility (Bartho et al. 2007). 

Alternatively, there may be molecular differences between auto- and heteroreceptors that 
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affect number of receptors, receptor affinity to GABA or the degree to which the 

receptors activate downstream effectors. 

 

c. Cholinergic regulation in PO  

One of the defining characteristics of higher-order nuclei, including PO, is the striking 

difference in its activity across levels of arousal; in anesthetized states or during slow-

wave sleep, higher order nuclei are largely silent and have a low probability of 

responding to peripheral stimuli. In contrast, during awake and aroused states, higher 

order nuclei have significant spontaneous activity, and responds with high fidelity to 

peripheral stimuli (Castro-Alamancos 2002, 2004; Sherman and Guillery 2009; Steriade 

2004). We have previously proposed the state-dependent gating hypothesis to explain this 

dichotomous activity in PO, in which cholinergic inputs control a ‘gate’ of powerful 

inhibitory inputs from the zona incerta, capable of silencing PO activity (Masri et al. 

2006; Trageser et al. 2006). Central to this gating hypothesis was a cholinergic 

suppression of GABAergic release in PO. Here, we confirm, in mouse, that GABAergic 

terminals in PO are robustly suppressed by cholinergic activation, consistent with the 

state-dependent gating hypothesis and our previous findings in rat. We additionally found 

that cholinergic activation had no effect on glutamatergic inputs, further validating the 

importance of regulation of inhibition, rather than excitation, on the state-dependent 

changes in activity.  

 

Notably, cholinergic inputs are known to also affect thalamic neurons postsynaptically. 

Varela and Sherman (2007) have shown, across several thalamic nuclei, that all neurons 
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in first-order nuclei, and a majority of neurons in higher-order nuclei, depolarize in 

response to muscarinic activation, contributing to enhanced thalamic activity under 

cholinergic influence. In the present study, we observed no postsynaptic effects, likely 

due to K+ channel blockade by intracellular Cs+ and QX-314. 

 

Because we used carbachol, a cholinomimetic that activates all cholinergic receptors, and 

because selective antagonists of sufficient subtype specificity are not yet available, we 

cannot directly determine the specific receptor subtype responsible for the observed 

presynaptic regulation. However, presynaptic inhibition has only been attributed to m2 

and m4 subtypes (Brown 2010), and Bartho et al. (2002) have demonstrated, through 

electron microscopy, that large and proximal GABAergic terminals in PO expressed high 

levels of m2 receptors. Thus, we propose that the observed effects are likely mediated 

through m2 receptors.  

 

d. Cannabinoid regulation of PO 

While the role and importance of endocannabinoid signaling have been demonstrated 

widely across different regions of the brain, its role in thalamus has been limited. A 

review of the Allen Brain Atlas (Lein et al. 2007) reveals, through in-situ hybridization, 

that the thalamus expresses low levels of both cannabinoid receptor type-1 (CB1R) and 

type-2 (CB2R). In humans, too, thalamus has been shown to express significantly lower 

levels of CB1R, compared to other widely studied regions, such as hippocampus or 

neocortex (Glass et al. 1997). Despite this, Sun et al. (2011) demonstrated, 

electrophysiologically, the presence of endocannabinoid mediated presynaptic regulation 
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in VB, but only on excitatory, and not inhibitory, terminals. To our knowledge, this was 

the first demonstration of a functional role of CB1R mediated presynaptic regulation in 

thalamus, and showed that, despite the common acknowledgement that thalamus has low 

levels of cannabinoid receptors in both rodents and humans, robust functional expression 

occurs in thalamus. In contrast to VB, however, we found that endocannabinoid signaling 

likely contributes little to presynaptic regulation in PO, as only a small subpopulation of 

GABAergic, and no glutamatergic terminals responded to cannabinoid agonists. Given 

the increasing evidence that cannabinoids are effective analgesics in a variety of chronic 

pain conditions (Lynch and Campbell 2011; Lynch and Ware 2015), and the known role 

of PO in pain processing (Casey 1966; Perl and Whitlock 1961; Poggio and Mountcastle 

1960; Whitlock and Perl 1961), the near absence of endocannabinoid action in PO may 

suggest that endocannabinoids do not act directly on PO neurons or their synaptic inputs. 

Cannabinoids may suppress pain perception through other mechanisms, including effects 

on the affective component of pain perception (Lee et al. 2013), and modulation of the 

sensory component of pain through CB2R mediated postsynaptic effects in thalamus 

(Jhaveri et al. 2008).  

 

e. Extrasynaptic GABAA receptors 

Extrasynaptic GABAA receptor-mediated tonic currents have been described in several 

brain regions, including VB and LGN of thalamus (Bright et al. 2007; Cope et al. 2005; 

Herd et al. 2013; Jia et al. 2005), and have been implicated in important roles, from being 

active sites for anesthetics to regulating neural oscillations (reviewed in Brickley and 

Mody 2012). In this study, we have shown, for the first time, that neurons in PO also 
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express such tonic current, and that PO neurons may form distinct populations 

distinguishable by the presence or absence of such tonic currents. This is consistent with 

reports from Cope et al. (2005) in which similar dichotomous responses in both VB and 

LGN neurons were noted. Cope et al. suggested that all cells express extrasynaptic 

receptors, but only a subset express a tonic current due to variations in levels of ambient 

GABA. In the present study, we did not note significant cell-to-cell differences in level of 

basal activation of presynaptic GABAB receptors, suggesting that there likely are no 

global differences in ambient GABA levels. Further, we recorded from neurons in the 

same slice that had divergent responses to gabazine, suggesting that there were no slice-

wide difference that can account for these differences. Thus, the dichotomous responses 

likely represent physiological differences in either local regulation of ambient GABA 

levels, or expression or strength of extrasynaptic GABAA receptors across PO neuron 

populations. 

 

The functional significance of these tonic currents may be noteworthy. PO neurons, as all 

thalamocortical neurons, express high levels of t-type calcium channels that critically 

affect neuron firing properties (Coulter et al. 1989; Crunelli et al. 2005; Hughes et al. 

1999; Liao et al. 2011; Suzuki and Rogawski 1989; Talley et al. 1999) . Because 

thalamocortical neurons’ resting membrane potentials are close to the window-current in 

t-type calcium channel activation/inactivation kinetics, small changes to membrane 

potential can have significant effects on firing properties of these neurons (Dreyfus et al. 

2010; Hughes et al. 1999; Tscherter et al. 2011). Thus, while we found that the absolute 

magnitude of the tonic current is low (around 20 pA, translating to 6 mV change), the 
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activation or inactivation of these currents can have enormous implications on 

thalamocortical neuron activity by affecting burst or tonic firing mode and altering 

excitation responsiveness and latency. 

 

f. Modulation of inhibition as dominant regulator of PO activity 

We previously reported, in the context of pain after spinal cord injury, that selective loss 

of powerful inhibitory inputs from the zona incerta, without accompanying changes to 

excitatory inputs from brainstem, produces enormous hyperactivity in PO (Masri et al. 

2009). We have also demonstrated that dynamic variations in PO activity, ranging from 

robust activity to almost complete quiescence across arousal levels, may be explained by 

modulation of inhibitory tone by cholinergic afferents (Masri et al. 2006). Our current 

findings support the notion that PO activity is largely regulated through modulation of 

inhibition: We show that GABAergic terminals are powerfully regulated by a variety of 

mechanisms, including GABAB, m2 cholinergic, and—in a subpopulation of neurons—by 

CB1 receptors. In contrast, we found that glutamatergic afferents responded only to 

GABAB receptor activation, but not to cholinergic or cannabinoid activation. Further, we 

found that GABAB heteroreceptors on glutamatergic terminals were not tonically active, 

suggesting that they likely respond to phasic GABAergic release. While it is possible that 

other presynaptic mechanisms not studied here, including a number of ionotropic 

receptors, may act on glutamatergic terminals, our current findings suggest that 

glutamatergic terminals may not be targets of significant presynaptic modulation, as 

compared to their GABAergic counterparts.  
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g. Methodological considerations 

PO receives various converging inputs from a number of sources. GABAergic inputs 

arise from the thalamic reticular nucleus, zona incerta, and anterior pretectal nucleus for 

GABAergic inputs (Bartho et al. 2007; Bokor et al. 2005; Jones 2007; Sherman and 

Guillery 2009). Sources of excitatory inputs include the spinal dorsal horn and the 

neocortex (Sherman and Guillery 1998). However, because we pharmacologically 

isolated miniature events, we cannot determine the sources of afferents that we study here. 

This limitation leads to an important caveat: we cannot rule out the possibility that there 

is heterogeneity in presynaptic receptor localization or function, such that a large change 

in event frequency by a small subset of afferents to an experimental manipulation may 

have overwhelmed the remaining, that did not respond. Conversely, it is possible that a 

responsive subpopulation may have been masked by a largely non-responsive population. 

 

The results from our study showed a moderate degree of variability between cells in 

event frequencies, and, in some experiments, response to pharmacological manipulations. 

It has been suggested that PO may comprise a collection of yet-undistinguished subnuclei 

with heterogeneous populations (Jones 2007), and recent anatomical work show that 

afferent projections target distinct zones within PO rather than the entire nucleus (Groh et 

al. 2014). Thus, the variability observed here may be due to such inherent heterogeneity 

in PO. 
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h. Functional implications 

PO receives powerful inhibitory inputs from ZI (Bartho et al. 2002; Lavallee et al. 2005; 

Trageser and Keller 2004), and we and others have proposed that the computational 

function of PO may change depending on the strength of inhibition arising from ZI, 

switching between a first-order-like relay to a higher-order-like cortico-cortical transfer 

nucleus (Lavallee et al. 2005; Trageser et al. 2006), or between an OR-gate and an AND-

gate function (Ahissar and Oram 2015). Previous studies of incerto-thalamic interactions, 

however, mainly focused on changes in firing rate of ZI neurons as a means of 

modulation of this important inhibitory tone. Yet, our previous computational study 

suggested that regulation of presynaptic release may be a more important parameter (Park 

et al. 2014). In the present study, we found several mechanisms capable of markedly 

enhancing, up to 80%, or suppressing, up to 60%, presynaptic GABA release, and, thus, 

demonstrate that presynaptic regulatory mechanisms likely play an important role in the 

overall modulation of the incerto-thalamic circuit.  

 

Additionally, we and others previously reported that pathologically diminished inhibition 

from ZI to PO is causally related to several forms of chronic pain, including pain after 

spinal cord injury (Masri et al. 2009), and migraine headaches (Burstein et al 2010). Thus, 

the current study presents presynaptic mechanisms that likely contribute to the 

pathological decrease in inhibition, and provide potential targets for therapeutics. Our 

ongoing studies are focused on identifying those presynaptic mechanisms that may be 

deficient in conditions of chronic pain. 
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CHAPTER 3: Altered GABAB Receptor Mediated Presynaptic Inhibition of Release 

in the Posterior Nucleus of Thalamus in Pain After Spinal Cord Injury 

I. Introduction 

Chronic pain is one of the most debilitating disorders associated with spinal cord injury 

(SCI) and is estimated to affect up to 80% of all patients with SCI (Siddall et al. 2003). 

Such pain after spinal cord injury (SCI-Pain) typically presents as constant, diffuse, and 

bilateral pain commonly described as shooting, stabbing, and burning (Boivie 2005; 

Bonica 1991; Yezierski 2000), and is generally refractory to treatment by conventional 

therapies, as discussed in the General Introduction (Baastrup and Finnerup 2008; 

Bowsher 1957; Ravenscroft et al. 2000; Warms et al. 2002). Thus, there is a critical need 

for the development of more efficacious therapeutics to ameliorate this crippling pain.  

 

SCI-Pain has long been speculated to result from abnormal activity in thalamic nuclei 

that receive pain-related inputs from the spinothalamic tract (Head and Holmes 1911). 

Consistent with this hypothesis, thalamic changes are associated with pain after SCI in 

humans (Anderson et al. 2006; Pattany et al. 2002), primates (Weng et al. 2000) and rats 

(Hubscher and Johnson 2006; Masri et al. 2009; Wang and Thompson 2008).  

 

Prior work from our laboratory has expanded upon the hypothesis by showing that SCI-

Pain is causally related to pathologically increased activity in the higher-order nucleus of 

the somatosensory thalamus, the posterior thalamic nucleus (PO; reviewed in Keller and 

Masri 2014). This PO hyperactivity, in turn, was found to be mediated by pathological 

suppression of inhibition from the zona incerta (ZI; this forms the incerto-thalamic 



119 
 

circuit), a region that sends dense GABAergic projections to PO(Bartho et al. 2002; 

Power et al. 1999), and exerts both tonic and feed-forward inhibition of PO (Masri et al. 

2006; Trageser et al. 2006; Trageser and Keller 2004; Whitt et al. 2013). Notably, 

inactivation of ZI results in immediate and profound hyperalgesia in naive rats, along 

with a concomitant increased activity of thalamic neurons (Whitt et al. 2013). 

Furthermore, stimulation of ZI in SCI animals results in immediate reversal of behavioral 

signs of pain (Lucas et al. 2011). Direct stimulation of ZI, however, is a highly 

undesirable clinical solution not only due to its invasiveness, but also due to a variety of 

fibers of passage traveling through and near ZI. Instead, we endeavor to discover 

molecular targets for interventions, and to this end, examine synaptic mechanisms 

regulating PO activity. We recently reported the presence of several presynaptic 

mechanisms that regulate release of GABA and glutamate in PO (Park et al. 2016), and 

many studies have highlighted the involvement of presynaptic regulation in disease states 

(Lyon et al. 2011; Picconi et al. 2012; Upreti et al. 2012). In the present chapter, we 

explore whether such presynaptic regulatory mechanisms contribute to SCI-Pain.  
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II. Methods 

a. Animals 

All animal procedures were reviewed and approved by the Institutional Animal Care and 

Use Committee at the University of Maryland School of Medicine. For survival surgeries, 

strict aseptic surgical procedures were used, in accordance with the guidelines of the 

International Association for the Study of Pain. Adult (ages P45-P70) Gad2tm2(cre)Zjh/J 

mice (The Jackson Laboratory, Bar Harbor, ME) of both sexes were used. Data from both 

sexes were pooled after confirming that there were no sex significant differences (two-

way ANOVA).  

 

b. Spinal lesions and sham surgeries 

Mice, 3-4 weeks of age, were used. Anesthesia was induced with 2.5 to 4% isoflurane in 

an induction chamber, and once the animal was unconscious, the animal was placed in a 

stereotaxic apparatus, and anesthesia was maintained via face-mask with 1.5-3% 

isoflurane. The skin and muscles of the back were dissected to expose the spinal column 

at C7, using the prominent spinous process as a landmark. The interspinous ligament, and 

the ligamentum flavum between C6 and C7 were blunt dissected to reveal the spinal cord 

without performing a laminectomy. Using fine scissors, the dural sac overlying the spinal 

cord was opened, providing an access point for the lesioning electrode. A quartz-

insulated unipolar platinum electrode (5 µm tip) was targeted to the spinothalamic tract 

based on stereotaxic coordinates (0.8 mm lateral from midline, 0.9 mm deep). Once 

entered, a DC current of 20 µA was passed through the electrode for 20 seconds, repeated 
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3 times, using the 53500 Lesion Making Device (Ugo Basile, Gemonio, VA, Italy). The 

lesion was induced unilaterally. Sham animals underwent identical surgical procedures, 

up to the dissection of back muscles, exposing the C7 spinous process; however, the 

spinal column was left undisturbed.  

 

c. Behavioral assessments.  

All animals were tested for baseline levels either the day before, or day of spinal lesion or 

sham surgery, and at 3, 7,14, and 21 days following surgery. The animals were habituated 

to the testing environment for at least 1 hour prior to testing. Behavioral results from 

post-surgery time points were normalized to baseline levels, and compared using t-tests 

to test for differences between SCI and sham-operated animals at each time point. 

Experimenters were blind to the injury condition of the animal.  

 

Hindpaw mechanical withdrawal thresholds were determined using a series of calibrated 

von Frey filaments by Stoelting (Wood Dale, IL) ranging from 0.16 to 4 grams. The 

filaments were applied to the plantar aspect of the hindpaw, and flinching or rapid 

removal of the paw was counted as a positive response. The up-down method was used to 

determine the withdrawal threshold as described previously (Chaplan et al. 1994). 

Presence of cold allodynia was determined using the acetone evaporation test as 

previously described (Bardin et al. 2009; Flatters and Bennett 2004). Briefly, a drop (20 

µL) of acetone was applied with a small syringes onto the center of the plantar surface of 

the hind paw. The animals were observed for responses, though the first three seconds 

immediately following application were disregarded as acetone requires time to evaporate, 
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and immediate responses may be due to tactile stimuli. The resulting behavior were 

scored according to a 4 point scale: 1, no response; 2, quick withdrawal, flick or stamp of 

the paw; 3, prolonged withdrawal or repeated flicking of the paw; and 4, repeated licking 

of the paw with persistent licking directed at the ventral side of the paw. Acetone was 

applied alternately, three times, to each hindpaw, with a minimum of 5 minutes between 

successive applications, and resulting scores were averaged for each paw. Dynamic 

mechanical allodynia was assessed, as described previously (Duan et al. 2014), by 

stimulating the lateral plantar region of the hindpaw with light stroking with a soft brush, 

in the direction from heel to toe. Resulting behavior was scored on a 4 point scale: 1, no 

response, walking away or occasionally very brief paw lifting; score 2, sustained lifting 

(more than 2 s) of the stimulated paw; 3, strong lateral lifting above the level of the body; 

4, flinching or licking of the affected paw. The test was performed as three sets of three 

stimuli (nine total stimuli) performed at intervals of at least 10 seconds between stimuli in 

each set, and at least 5 minutes between sets. The scores were then averaged.  

 

d. Solutions and drugs for in vitro experiments.  

N-methyl-D-glucamine protective recovery method was used to acquire healthy adult 

slices, as described previously (Ting et al. 2014). Briefly, several types of modified 

ACSF were used: 1) Recovery ACSF: 92 mM NMDG, 2.5 mM KCl, 1.2 mM NaH2PO4, 

30 mM NaHCO3, 20 mM HEPES, 25 mM glucose, 2 mM thiourea, 5 mM Na-ascorbate, 

3 mM Na-pyruvate, 0.5 mM CaCl2·4H2O and 10 mM MgSO4·7H2O. 2) Cutting ACSF: 

92 mM NaCl, 2.5 mM KCl, 1.2 mM NaH2PO4, 30 mM NaHCO3, 20 mM HEPES, 25 

mM glucose, 2 mM thiourea, 5 mM Na-ascorbate, 3 mM Na-pyruvate, 0.5 mM 
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CaCl2·4H2O and 10 mM MgSO4·7H2O, and 3) Normal ACSF: 119 mM NaCl, 2.5 mM 

KCl, 1.2 mM NaH2PO4, 24 mM NaHCO3, 12.5 mM glucose, 2 mM CaCl2·4H2O and 2 

mM MgSO4·7H2O. All ACSF pH were adjusted to 7.35-7.45 and osmolarity adjusted to 

300-310 mOsm. Solutions were saturated with carbogen (95% O2 / 5% CO2) throughout 

use. All experiments were performed using a high-chloride intracellular solution: 140 

mM CsCl, 10 mM HEPES, 10 EGTA, 1 mM CaCl2, 2 mM Mg-ATP, 0.2 mM Mg-GTP, 

and 5 mM QX-314.  

 

Tetrodotoxin (0.5 µM, Sigma-Aldrich, St. Louis, MO), 6-cyano-7-nitroquinoxaline-2,3-

dione (CNQX, 20 µM, Sigma), gabazine (10 µM, Tocris Bioscience, Bristol, UK), R(+)-

baclofen (10 µM, Sigma), and carbachol (2 µM, Sigma) were dissolved in dH2O. CGP-

55845 (2 µM, Sigma) was dissolved in DMSO. All drugs were bath applied. Drug 

concentrations were determined to be comparable to those found in literature (Baclofen 

(Emri et al. 1996; Le Feuvre et al. 1997); CGP-55845 (Karson et al. 2008; Zheng et al. 

2012); Carbachol (Masri et al. 2006), and to significantly exceed known dissociation 

constants (Baclofen (Baksh et al. 2011; Froestl et al. 1995; Kaupmann et al. 1997); CGP-

55845 (Brugger et al. 1993); Carbachol (Birdsall et al. 1980; Hammer et al. 1980; but see 

Misgeld and Frotscher 1989). 

 

e. Slice preparation 

Following behavioral assays, animals between the ages of six to ten weeks, were deeply 

anesthetized with ketamine (180 mg/kg) and xylazine (20 mg/kg), and the brains were 

rapidly removed following decapitation. Coronal slices through PO thalamus, 300 µm 
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thick, were cut in ice-cold cutting ACSF using a Leica VT1200S vibratome (Leica 

Microsystems, Nussloch, Germany) and transferred to warm (32-34°C) recovery ACSF 

for 10-15 minutes. The slices were then transferred to normal ACSF at room temperature 

for at least 45 minutes before starting experiments.  

 

f. Electrophysiology 

 Whole cell patch-clamp recordings were obtained from neurons in PO with either a 

Multiclamp 700B amplifier (Molecular Devices, Sunnyvale, CA), low-pass filtered at 2 

kHz with a 4-pole Bessel filter, and digitized at 20 kHz with Digidata 1322A (Molecular 

Devices), or an EPC 10 amplifier (HEKA Elektronik, Lambrecht, Germany), digitized at 

20 kHz using Pulse software (HEKA), under visual guidance. Impedance of patch 

electrodes was 4 to 6 MΩ. Once a GΩ seal was obtained, holding potential was set to -70 

mV and was maintained for the duration of the experiment. After breaking in and 

forming whole cell configuration, series resistance (<40 MΩ, compensated at least 60%) 

was monitored throughout the recording, and recordings were discarded if series 

resistance changed by more than 30%. Intracellular solution was allowed to equilibrate 

for at least 3 minutes before recording.  

 

For quantal analyses, miniature inhibitory postsynaptic currents (mIPSCs) or miniature 

excitatory postsynaptic currents (mEPSCs) were recorded. To record mIPSCs, 0.5 µM 

TTX and 20 µM CNQX were bath applied. To record mEPSCs, 0.5 µM TTX and 10 µM 

gabazine were applied. Pharmacological agents to modulate presynaptic release (GABAB 

receptor agonist, baclofen; GABAB receptor antagonist, CGP-55845; or cholinergic 
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agonist, carbachol) were applied. For experiments with antagonists, we made two types 

of recordings: one set in which antagonists were applied alone, and another set in which 

antagonists were applied after the agonist. Data from these experiments were pooled. All 

agents were applied for at least 5 minutes and CGP-55845  was applied for at least 10 

minutes before acquiring a 3 minute long recording. Recordings were terminated with 

application of gabazine (10 µM for mIPSC recordings) or CNQX (20 µM for mEPSC 

recordings) to ensure that observed events were due to GABAA or AMPAR mediated 

currents, respectively. To avoid sensitization or desensitization, each slice was discarded 

after one recording. The experimenter was blind to the injury condition.  

 

To determine whether tonic current was present, GABAA receptor mediated tonic 

currents were first pharmacologically isolated by applying CNQX (20 µM). Following a 

1 minute baseline epoch, gabazine (10 µM) was bath applied to the slice. Elimination of 

sIPSCs were taken as a positive control for gabazine application. Sustained changes to 

holding current following gabazine application were analyzed as described below. In 

these experiments, more than one recording was allowed per slice.  

 

g. Data Analysis.  

For quantal analysis, we detected miniature events off-line with MiniAnalysis 

(Synaptosoft, Decatur, GA). The person performing the event detection was blind to both 

the drug-condition and the injury-condition. Event characteristics were exported to 

MATLAB (Mathworks, Natick, MA) for further analysis. For each recorded cell, 

cumulative frequency plots were generated for miniature event amplitude and inter-event 
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interval. These cumulative frequency plots were compared within-cell by Kolmogorov-

Smirnov tests (K-S test). For population data, all results were first compared by one-way 

ANOVA; if results were significant, pairwise tests were performed with paired t-tests. 

For determining tonic currents, a two-minute epoch that includes 30 seconds prior to, and 

90 seconds following gabazine application, was selected in pClamp (Molecular Devices) 

and exported to MATLAB, and fitted to a logistic regression line 

 

" = $%$&$'( + (+$%'( − $%$&$'()
(1 + 1001234∙(678149:627;:)) 

 

The fitting algorithm used a nonlinear least squares regression with a termination 

tolerance on residual sum squares of <10-8. The magnitude of the tonic current was taken 

to be the difference between the parameters initial and final. We considered neurons non-

responsive to gabazine if the algorithm was unable to satisfactorily optimize a parameter 

set within 100 iterations according to the termination tolerance, or if the fit found had 

non-physiologically small slopes (<0.01/sec).  
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III. Results 

a. Electrolytic lesion of spinothalamic tract produces chronic pain symptoms in mice 

Figures 13A shows a representative micrograph of a coronal section through the spinal 

cord, depicting the effects of an electrolytic lesion in the spinothalamic tract. The typical 

lesion was vertically elongated along the lateral spinothalamic tract (arrowheads), and in 

some cases, also affected the anterior spinothalamic tract. Typically, no damage was 

found along the path of the electrode, though the site of penetration near the dorsal horn 

often displayed signs of minor damage (arrow). The lesion often partially affected nearby 

white matter tracts, particularly those lateral to the lateral spinothalamic tract, such as the 

anterior spinocerebellar tract, but never extended far enough medially to affect gray 

matter.  

 

Mechanical hyperalgesia. We performed a set of behavioral assays to test for the 

development of behavioral pain symptoms at 3, 7, 14, and 21 days following surgery. To 

determine whether SCI produced pain, we compared the behavioral outcomes between 

SCI and sham conditions at each time point, with the use of the nonparametric Friedman's 

test, followed by the Mann-Whitney U test (MWU) to compare each time point with 

baseline. Hindpaw withdrawal thresholds were significantly and bilaterally decreased 

following SCI (n=40 mice), compared to sham (n=37; Fig 13B). Ipsilateral to the lesion, 

withdrawal thresholds in SCI animals were significantly smaller than those of sham 

animals at 3, 14, and 21 days following injury (p=0.030, 0.003, and <0.0001, respectively, 

by t-test). By 21 days following SCI, withdrawal thresholds decreased from baseline of 

2.3±1.3 g (ipsilateral) and 2.4±1.3 g (contralateral) to 0.7±0.4 g and 0.6±0.4 g, 
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respectively. We did not observe, in our mouse model, a transient hypoalgesia 

immediately following injury documented in both for the human condition (Boivie 2005; 

Finnerup et al. 2003, 2004), and in our electrolytic SCI lesion model in rat (Masri et al. 

2009).  

 

Cold allodynia. Cold hyperalgesia is a common complaint amongst SCI-Pain patients 

(Defrin et al. 2001; Finnerup et al. 2003). We tested for cold allodynia, using acetone 

application to the hindpaw (Methods). Analogous to changes in mechanical pain 

thresholds, SCI animals exhibited significantly increased cold allodynia scores compared 

to sham-operated animals following surgery (Fig. 13C): ipsilateral to the lesion, SCI 

animals exhibited significantly increased cold allodynia scores beginning at 7 days 

following surgery (p=0.045, t-test), and the differences were maintained until 21 days 

following surgery (p<0.0001, t-test), while contralateral to the lesion, scores were 

significantly increased on all testing days (p=0.018 at day 7, and p<0.0001 at 7, 14, and 

21 days). By 21 days following SCI, cold allodynia scores increased from baseline of 

0.26±0.59 points (ipsilateral) and 0.15±0.34 points (contralateral) to 2.08±0.83 points and 

2.59±0.58 points, respectively.  

 

Dynamic allodynia. Dynamic mechanical allodynia (DMA) is a sensitive measure of 

neuropathic pain in both humans and animals (Duan et al. 2014). Briefly, dynamic 

allodynia is evoked by light brushing across the skin, and it is thought to be mediated by 

activating Aβ fibers. There was a significant increase in DMA scores after injury in SCI  
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Figure 13. Electrolytic lesion 
of spinal cord produces 
chronic pain. A. 
Representative histological 
section of mouse spinal cord 
with unilateral electrolytic 
lesion in the spinothalamic 
tract (C-7 level). Section has 
been Nissl stained with 
toluidine blue for 
visualization. Arrow indicates 
slight surface damage from 
where the electrode entered 
spinal tissue while 
arrowheads indicate 
electrolytic damage. B: 
Mechanical withdrawal 
thresholds are shown, 
normalized to each animal’s 
baseline level. Thresholds are 
decreased bilaterally in SCI 
animals (solid bars). In sham-
operated animals (empty 
bars), there is a transient 
decrease in response 
threshold following surgery, 
but increases back to baseline 
after 14 days. C: Acetone 
induced cold allodynia test 
reveals enhanced cold 
allodynia in SCI animals 
bilaterally. D: SCI animals 
exhibit significantly increased 
dynamic mechanical 
allodynia bilaterally. CC: 
central canal, DH: dorsal 
horn, VH: ventral horn, lst: 
lateral spinothalamic tract, 
vst: ventral spinothalamic 
tract, vsc: ventral 
spinocerebellar tract. 

 



130 
 

animals bilaterally, compared to sham-operated animals (Fig. 13D). Ipsilateral to the 

lesion, animals with SCI exhibited significantly greater DMA scores compared to sham at 

7, 14, and 21 days following surgery (p=0.035, 0.0054, and 0.014, respectively, by t-test). 

Contralateral to the lesion, DMA scores were significantly greater on days 14 and 21 

(p=0.0056, 0.021, respectively, by t-test). By 21 days after injury, DMA scores increased 

from baseline of 0.024±0.067 points (ipsilateral) and 0.012±0.047 points (contralateral) 

to 0.111±0.162 points and 0.128±0.206 points, respectively.  

 

Thus, we confirm that the electrolytic model of SCI in mouse recapitulates several 

important behavioral manifestations of the human condition, and use the present model to 

test mechanisms that may underlie SCI-Pain.  

 

b. Probability of GABA release in PO is unchanged in SCI 

In previous studies we have shown that SCI-Pain is causally related to pathological PO 

hyperactivity due to decreased inhibition; specifically, we showed that both spontaneous 

and peripherally-evoked firing rates of inhibitory neurons projecting onto PO from the 

zona incerta (ZI) are remarkably diminished in SCI-Pain (Masri et al. 2009), that 

pharmacological inactivation of ZI produces SCI-Pain like behaviors (Whitt et al. 2013), 

and that direct stimulation of ZI alleviates pain behaviors (Lucas et al. 2011). Here, we 

test the hypothesis that disinhibition of PO is further exacerbated, or conversely, 

compensated for, by changes in the efficacy of inhibitory synapses targeting PO neurons.  
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To test the hypothesis that release from GABAergic terminals is reduced in SCI-Pain, we 

recorded mIPSCs from PO neurons in acute slices from both SCI and sham operated 

animals. mIPSCs were recorded in the presence of tetrodotoxin (TTX, 0.5 µM), a sodium 

channel blocker, to block spike-dependent, synchronous release, and 6-cyano-7-

nitroquinoxaline-2,3-dione (CNQX, 20 µM), an AMPA receptor antagonist. As noted in 

our previous report (Park et al. 2016), we observed no NMDA receptor mediated currents, 

and all synaptic events were eliminated with application of gabazine (GZ, 10 µM), a 

GABAA receptor antagonist. We held each neuron at -70 mV, and used high chloride 

concentration intracellular solution to enhance GABAA receptor mediated currents, 

resulting in the mIPSCs being inward currents (downward deflections). We also included 

QX-314 and Cs+ in the intracellular solution to prevent effects of postsynaptic GABAB 

receptor by blocking potassium channels (Andrade 1991; Nathan et al. 1990; Rossi et al. 

2006). Because changes in miniature event frequency without changes in amplitude 

reflect presynaptic probability of release (see Atwood et al. 1998; Zucker 2002), we 

predicted that mIPSC frequency would be lower in the SCI group compared to the sham. 

Contrary to our prediction, however, we found no differences in mIPSC frequency 

between SCI and sham-operated conditions: Neurons from SCI animals (n=19 from 15 

mice) displayed an average mIPSC frequency of 1.19±0.82 Hz, while neurons from 

sham-operated animals (n=14 from 10 mice) displayed an average frequency of 

1.26±0.85 Hz (p=0.82; t-test).  

 

Thus, our hypothesis that presynaptic release is diminished in SCI was falsified. However, 

a number of powerful mechanisms exist that actively modulate presynaptic release. These 
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mechanisms act across several time scales and underlie various functions, including 

synaptic homeostasis (Regehr 2012). Thus, it is possible that while SCI may have exerted 

an independent effect on presynaptic release, overall mIPSC frequency was maintained 

due to compensatory homeostatic changes in regulatory presynaptic mechanisms. We 

have previously demonstrated the presence of presynaptic GABAB receptor mediated 

suppression of release in PO (Park et al. 2016), and, here, we test whether such regulatory 

mechanisms are altered in SCI.  

 

c. Tonic activation of GABAB autoreceptors is suppressed in SCI-Pain 

Presynaptic GABAB autoreceptors are well established as potent regulators of synaptic 

transmission and play important roles in many brain regions (Chalifoux and Carter 2011). 

In PO, immunolocalization studies have shown abundant expression of GABAB receptors 

(Chu et al. 1990; Princivalle et al. 2000), and we have previously shown that GABAergic 

terminals in PO express GABAB autoreceptors that are capable of significantly 

suppressing GABA release when activated (Park et al. 2016). We have also shown that 

these autoreceptors are tonically, but sub-maximally, active at baseline, providing an 

effective mechanism by which release probability can be both increased, via reduction of 

tonic activation, or decreased, via further activation. Thus, even if SCI did not cause a 

decrease in presynaptic release, GABAergic synapses in PO may be able to achieve a 

homeostatic increase to GABA release by suppressing tonic activation of GABAB 

autoreceptors.  
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We first confirmed the existence of functional GABAB receptor mediated presynaptic 

regulation by recording mIPSCs in the presence of TTX and CNQX, as described above. 

After baseline recordings, we bath applied a GABAB receptor agonist, baclofen (10 µM). 

A representative recording of neurons recorded from SCI animals shows that baclofen 

suppresses mIPSC frequency (Fig. 14A, top-left: baseline, middle-left: baclofen). This 

baclofen-induced suppression of release is illustrated in the cumulative probability plots 

in Figure 14B. Baclofen caused a significant rightward shift in the inter-event interval 

plot (right), suggesting a decrease in mIPSC frequency compared to baseline. Indeed, in 

this neuron, baclofen reduced mIPSC frequency by 43.7%, from 0.88 to 0.57 Hz 

(p=0.0009, K-S test) without affecting amplitude (p=0.30, K-S test; Fig. 14B, left). The 

same was confirmed in neurons from sham-operated animals (representative traces in Fig. 

14A, right); cumulative probability plots in Figure 14D show that baclofen causes a 

significant rightward shift in the inter-event intervals (right; p=0.0004, K-S test; 

frequency decreased from 0.81 to 0.49 Hz) without affecting amplitude (p=0.84, K-S test). 

 

Overall, mIPSC frequencies were significantly reduced in 10 of 11 SCI-condition 

neurons, and all 7 sham-condition neurons (Figs. 2C,E). On average, baclofen application 

caused a 58.6% decrease in mIPSC frequency from 1.54±0.93 Hz to 0.64±0.39Hz 

(p=0.0008, paired t-test) in the SCI condition, and a 60.4% decrease from 1.00±0.44 Hz 

to 0.40±0.19 Hz (p=0.002, paired t-test) in the sham condition. We found no differences 

between these populations across injury condition: mixed-design ANOVA found no 

interactions between injury and drug conditions (p=0.266), and no difference in main 

effect across injury conditions (p=0.155), while the main effect across drug condition was  
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Figure 14. Tonic activation of GABAB autoreceptors in PO are suppressed in SCI. A. 
Representative whole-cell voltage-clamp recordings of mIPSCs from PO neurons from 
either SCI condition (left), or sham condition (right) recorded with high intracellular 
chloride concentrations in the presence of 0.5 µM TTX, 20 µM CNQX during baseline 
(top), baclofen-applied (middle), and CGP-55845-applied (bottom) conditions. Baclofen 
(10 µM) suppresses mIPSC frequency in both SCI and sham conditions. In the SCI 
condition, CGP-55845 application (2 µM) reverses the effect of baclofen, while in the 
sham condition, CGP-55845 application further increases mIPSC frequency beyond 
baseline levels. B. Cumulative probability plots of the amplitude (left) and inter-event 
interval (right) of the representative traces from the SCI condition. Baclofen condition 
inter-event interval plot is significantly right-shifted compared to the baseline and CGP-
55845 conditions. Baseline and CGP-55845 inter-event interval plots are not 
significantly different. No differences were observed in amplitude across conditions. C. 
Group data plots depicting changes in mIPSC frequencies with application of baclofen 
(left) or CGP-55845 (right) in the SCI condition. Solid black lines indicate average, 
solid gray lines indicate statistically significant change from drug application by within-
neuron K-S test, and red dotted lines indicate non-significant differences. Majority of 
neurons exhibited significantly decreased mIPSC frequencies with baclofen application, 
while majority of neurons exhibited no difference from baseline with CGP-55845 
application  D. Cumulative probability plots of representative traces from the sham 
condition, analogous to (B). Baclofen inter-event interval plot is significantly right-
shifted, while CGP-55845 plot is significantly left-shifted compared to baseline. No 
differences were observed in amplitude. E. Group data plots depicting changes in 
mIPSC frequencies in the sham condition, analogous to (C). Majority of neurons 
exhibited significantly decreased mIPSC frequencies with baclofen, and significantly 
increased frequencies with CGP-55845. 
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significant (p<0.00005). These findings suggest that the capability of presynaptic GABAB 

autoreceptor activation to suppress GABA release was unaffected by SCI. 

 

We have previously shown, in naïve mice, that GABAB receptors are tonically active 

(Park et al. 2016).  Consistent with that report, application of CGP-55845 (2 µM), 

GABAB receptor antagonist, increased mIPSC frequency. In the representative neuron 

from the sham group (Fig. 14A, right), CGP-55845 caused not only a full reversal of the 

effect of baclofen, but a further increase in mIPSC frequency beyond that recorded at 

baseline, reaching 1.13 Hz (40.7% increase; p=0.0024; K-S test). This is illustrated as 

cumulative probability plots in Fig. 14D, in which the CGP-55845 condition frequency 

plot is significantly left shifted in comparison to both baclofen and baseline conditions. 

As a population, 5 of 7 neurons displayed significant increases beyond baseline levels 

(Fig. 14E, right). This suggests that presynaptic GABAB autoreceptors exhibit tonic 

activation, consistent with our previous report and expectations.  

 

In contrast, in the SCI-condition, CGP-55845 only reversed the effect of baclofen, 

without causing a further increase in mIPSC frequency. In the representative neuron from 

the SCI group (Fig. 14A, left), CGP-55845 had no signifiant effect  on mIPSC frequency 

(p=0.27, K-S test). Whereas CGP-55845 effectively antagonized the effects of baclofen in 

all eleven neurons from SCI mice, only one of these neurons displayed a significant 

increase in mIPSC frequency compared to baseline (Fig. 14C, right).  
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On average, in neurons from sham mice, CGP-55845 caused a 27.8% increase in mIPSC 

frequency relative to baseline, from 1.00±0.44 Hz to 1.28±0.39 Hz (p=0.017, paired t-

test) . In contrast, in neurons from SCI mice, mIPSC frequency was not significantly 

affected by CGP-55845 (p=0.611, paired t-test). As expected from these differences, 

Fisher’s exact test found significant differences across injury conditions (p=0.013). Thus, 

these data demonstrate that GABAB mediated tonic inhibition is suppressed in PO 

neurons from SCI-Pain mice. 

 

d. Cholinergic regulation of GABA release is unchanged in SCI-Pain 

The important role of cholinergic projections from the reticular activating system in 

regulating thalamocortical processing is well established (Castro-Alamancos ,2004; 

Steriade 2004). We have previously reported that such cholinergic influences in PO are 

mediated, in part, by presynaptic suppression of GABAergic release (Masri et al. 2006; 

Park et al. 2016). Here we tested whether SCI-Pain affects presynaptic GABA release 

through cholinergic regulation. To determine whether cholinergic regulation was affected, 

we recorded mIPSCs under recording conditions described above and, after collecting 

baseline mIPSCs, applied a cholinergic agonist, carbachol (2 µM).  

 

Representative recording of neurons recorded from SCI and sham-operated animals are 

shown in Figure 15A. The traces illustrate the suppression of release mediated by 

carbachol application in both conditions. This is further demonstrated through the 

cumulative probability plots in Figures 3B (SCI) and 3D (sham). In the representative 

neurons from the SCI condition, carbachol application reduced the frequency of mIPSCs  
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Figure 15. Cholinergic regulation of GABA release is unaffected by SCI. A. 
Representative whole-cell voltage-clamp recordings of mIPSCs from PO neurons from 
either SCI condition (left), or sham condition (right) recorded with high intracellular 
chloride concentrations in the presence of 0.5 µM TTX, 20 µM CNQX during baseline 
(top), and carbachol-applied (bottom) conditions. Carbachol (2 μM) produces 
significant decreases in mIPSC frequency in both SCI and sham conditions. B,D. 
Cumulative probability plots of the amplitude (left) and inter-event interval (right) of 
the representative traces from SCI (B) and sham (D) conditions. In both conditions, 
carbachol condition inter-event interval plot is significantly right-shifted compared to 
the baseline. No differences were observed in amplitude across conditions. C,E. Group 
data plots depicting changes in mIPSC frequencies with carbachol application in the 
SCI (C) and sham (E) conditions. Solid black lines indicate average, solid gray lines 
indicate statistically significant change from drug application by within-neuron K-S test, 
and red dotted lines indicate non-significant differences. All neurons tested exhibited 
significantly decreased mIPSC frequencies with carbachol application in both 
conditions.  
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by 21.3% from 0.60 to 0.47 Hz (p=0.027, K-S test) while having no effect on amplitude 

(p=0.804, K-S test). In the sham condition, carbachol application reduced the frequency 

of mIPSCs by 69.28% from 0.88 to 0.58 Hz (p=0.003, K-S test) while having no effect 

on amplitude (p=0.058, K-S test). Overall, mIPSC frequencies were reduced in all six 

SCI condition (Fig. 15C), and seven sham condition (Fig. 15E) neurons tested. SCI 

neurons, on average, displayed a 40.5% decrease from 0.77±0.16 to 0.45±0.10 Hz  

(p=0.0015), while sham neurons displayed a 48.9% decrease from 1.51±1.10 to 

0.77±0.57 Hz (p=0.033), confirming that cholinergic suppression of GABA release 

occurs in PO in both conditions. There was no significant difference in frequencies across 

injury conditions: mixed-design ANOVA showed no main effect differences across 

condition (p=0.143), and no interaction effects (p=0.178) while showing a significant 

main effect of carbachol (p=0.0037). Thus, we confirmed the presence of cholinergically 

mediated suppression of GABA release in PO, and that this effect is unchanged by SCI.   

 

e. Probability of glutamate release in PO is unchanged in SCI 

The dramatic PO hyperactivity documented in SCI-Pain (Masri et al. 2009) may occur 

through enhanced excitatory drive onto PO. We have previously shown that firing rates of 

peripheral afferents remain unchanged in SCI-Pain, and proposed that SCI-Pain is largely 

a disorder of disinhibition, rather than hyperexcitation (Masri and Keller 2012). However, 

enhanced excitatory synaptic strength may yet facilitate PO hyperexcitability, even in the 

absence of increased activity in sources of excitation. Thus, we test the hypothesis that 

probability of release in glutamate terminals in PO is enhanced in SCI-Pain. To test this 

hypothesis, we performed analogous experiments as those described above, recording 
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mEPSC frequencies from neurons of SCI or sham-operated animals in the presence of 

TTX (0.5 µM) and gabazine (10 µM). mEPSCs were confirmed to be AMPA receptor 

mediated, as application of CNQX (20 µM) eliminated all synaptic events. However, 

contrary to our prediction, we found no differences in mEPSC frequency between SCI 

and sham-operated conditions. Neurons from SCI animals (n=14 from 10 mice) exhibited 

an average mEPSC frequency of 0.77±0.37 Hz while those from sham-operated animals 

(n=12 from 7 mice) exhibited an average of 0.76±0.51 Hz (p=0.943, t-test). Thus, we 

consider our hypothesis, that probability of glutamate release in PO is changed in SCI, 

falsified.  

 

f. Regulation of glutamate release by GABAB heteroreceptors is suppressed by SCI-

Pain 

Similarly to the GABAergic terminals, we previously documented that glutamatergic 

terminals are potently regulated by presynaptic GABAB receptors (Park et al. 2016). Thus, 

we tested whether this regulatory mechanism is diminished in SCI-Pain, which may 

contribute to PO hyperexcitability in SCI-Pain. To test this hypothesis, we performed 

similar experiments as those described for GABAergic terminals: We recorded mEPSCs 

in presence of TTX and gabazine, and after recording baseline activity, applied either 

baclofen (10 µM) or CGP-55845 (2 µM) to test the effects of GABAB receptor activation 

and inactivation.  

 

As before, we first tested for the presence of functional GABAB receptors by comparing 

mEPSC frequencies at baseline and with baclofen application. A representative trace of 
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the sham-condition (Fig. 16A, right) illustrates the decreased mEPSC frequency with 

baclofen application (middle trace) compared to baseline (top trace). This is depicted as 

cumulative probability plots in Figure 16D, where the baclofen inter-event interval trace 

is significantly shifted to the right in comparison to baseline, demonstrating a decrease in 

frequency. Indeed, in the representative neuron, mEPSC frequency was decreased by 

41.67% from 0.53 to 0.31 Hz (p=0.0171, K-S test), while amplitude was not affected 

(p=0.125, K-S test). Consistent with our previous results, 7 of 8 sham condition neurons 

responded with significantly decreased mEPSC frequencies (p<0.05, K-S test, Fig. 16E), 

and produced, on average, a 38.1% decrease from 0.88±0.60 Hz to 0.54±0.34 Hz 

(p=0.011, paired t-test).  

 

In contrast, a majority of neurons from SCI animals did not exhibit significant 

suppression of release with baclofen application. A representative trace (Fig. 16A, left) 

and corresponding cumulative probability plots (Fig. 16B) illustrate the lack of effects on 

both mEPSC frequency (p=0.150; K-S test) and amplitude (p=0.122, K-S test). Overall, 

only 2 of 12 neurons from the SCI condition produced significantly decreased (p<0.05, 

K-S test) mEPSC frequencies in response to baclofen (Fig. 16C). Further, the number of 

neurons responding to baclofen across injury conditions were significantly different by 

Fisher’s exact tests (p=0.0045), and mixed-design ANOVA using mEPSC frequencies 

found a significant interaction between the injury and drug conditions (p=0.041), 

indicating that the response to baclofen is significantly different in SCI vs. Sham, and 

suggesting that SCI-Pain results in suppressed presynaptic regulation of glutamate release.  
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Figure 16. Presynaptic GABAB receptor mediated regulation of glutamate release in 
PO is suppressed in SCI. A. Representative whole-cell voltage-clamp recordings of 
mEPSCs from PO neurons from either SCI condition (left), or sham condition (right) in 
the presence of 0.5 µM TTX, 10 µM gabazine during baseline (top), baclofen-applied 
(middle), and CGP-55845-applied (bottom) conditions. In the SCI condition, neither 
baclofen nor CGP-55845 application has an effect on mEPSCs, while in the sham 
condition, baclofen significantly reduces mEPSC frequency compared to baseline. 
CGP-55845 application in sham condition reverses the effects of baclofen and brings 
mEPSC frequency back to baseline levels. B. Cumulative probability plots of the 
amplitude (left) and inter-event interval (right) of the representative traces from the SCI 
condition. No differences are observed in either amplitude or frequency across 
conditions. C. Group data plots depicting changes in mEPSC frequencies with 
application of baclofen (left) or CGP-55845 (right) in the SCI condition. Solid black 
lines indicate average, solid gray lines indicate statistically significant change from drug 
application by within-neuron K-S test, and red dotted lines indicate non-significant 
differences. Majority of neurons did not produce significant changes to mEPSC 
frequency with either baclofen or CGP-55845 application. D. Cumulative probability 
plots of representative traces from the sham condition, analogous to (B). Baclofen inter-
event interval plot is significantly right-shifted, while CGP-55845 plot is not 
significantly different from baseline. No differences were observed in amplitude. E. 
Group data plots depicting changes in mEPSC frequencies in the sham condition, 
analogous to (C). Majority of neurons exhibited significantly decreased mIPSC 
frequencies with baclofen. CGP-55845 did not produce further increases in mEPSC 
frequency compared to baseline in most neurons.  
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In our previous study we reported an absence of tonic activation of presynaptic GABAB 

receptors on glutamatergic terminals. In the present study, we confirmed that CGP-55845 

application does not produce increases in mEPSC frequency compared to baseline: In the 

SCI condition, none of the 12 neurons tested displayed mEPSC frequencies significantly 

different from baseline after CGP-55845 application (Fig. 16C), and in the sham 

condition, only 1 of 8 neurons tested produced a significant increase (Fig. 16E). On 

average, CGP-55845 did not produce significant differences in neurons from sham 

(p=0.587, paired t-test) or SCI (p=0.206, paired t-test) animals. Consistent with this, the 

number of neurons responding to CGP-55845 was not significantly different between 

injury conditions (p=1), and mixed-design ANOVA found no interaction between injury 

and drug conditions (p=0.527), and no main effects of injury condition (p=0.583) or drug 

condition (p=0.116). Thus, we confirm here that GABAB receptors on glutamatergic 

terminals in PO are not tonically active in either sham or SCI conditions.  

 

g. Tonic GABAA currents are unaffected by SCI 

Tonic GABAA currents, mediated by δ subunit-containing extra-synaptic receptors, have 

been reported in a number of brain regions, including thalamus (reviewed in Brickley and 

Mody, 2012). We previously reported the presence of such extrasynaptic GABAA 

currents in a subpopulation of PO neurons (Park et al. 2016), and proposed that they may 

have significant functional implications, as small changes to resting membrane potential 

in thalamic neurons can have large effects on firing properties, due to their effects on t-

type calcium channels (Dreyfus et al. 2010; Hughes et al. 1999; Tscherter et al. 2011). 

Similarly, PO hyperexcitability in SCI-Pain may be due to reduction in tonic 
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extrasynaptic GABAA currents. To test for the presence of these tonic currents, we 

recorded from PO neurons in whole-cell voltage clamp configuration, and 

pharmacologically isolated GABAA receptor mediated currents in the presence of CNQX 

(20 µM). We recorded baseline holding current, then applied gabazine (10 µM). We used 

the elimination of sIPSCs as positive control of the effect of gabazine. We continued to 

record changes in holding current for 2 additional minutes following elimination of all 

sIPSCs. Because we used a high-chloride intracellular solution, the reversal potential for 

GABAA receptors was approximately 0 mV. Thus, in our recording conditions, GABAA 

receptors mediated hyperpolarizing currents. If extrasynaptic GABAA receptor mediated 

tonic currents were present in PO neurons, gabazine application would block such 

hyperpolarizing currents, causing a positive shift in holding current. 

 

Bath application of gabazine resulted in a gradual depolarizing shift in holding current in 

15 of 29 neurons (52%) from the SCI condition, and 8 of 19 (42%) neurons from the 

sham condition. On average, the population of responsive neurons produced a change of 

17.20±7.79 pA in the SCI condition, and 17.85±12.48 pA in the shame condition. When 

tested for differences across injury condition, neither the proportion of responsive 

neurons, nor the distribution of tonic current amplitudes among responsive neurons were 

statistically different (for proportions: p=0.566, Fisher’s exact test; for amplitudes, 

p=0.971, MWU). Thus, we disprove our hypothesis that PO hyperactivity is mediated by 

suppression of GABAA mediated tonic currents in SCI-Pain.   
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IV. Discussion  

The mouse model used in the present study is adapted from an analogous rat model 

(Masri et al., 2009; Wang and Thompson 2008). We found that the mouse model 

recapitulates a number of important aspects of human SCI-Pain, including enhancement 

of pain responses measured by three behavioral measures (mechanical withdrawal 

thresholds, cold withdrawal responses, and dynamic allodynia), and development of 

bilateral distribution of pain despite a unilateral SCI. Thus, we confirm, for the first time, 

that a mouse model of SCI recapitulates important aspects of human SCI-Pain, allowing 

us to test specific mechanisms underlying the pain syndrome, and enabling future studies 

to take advantage of powerful molecular and genetic tools available in the model animal 

(Wilson and Mogil 2001).  

 

We did reveal some differences between the mouse and rat models of SCI-Pain. 

Compared to the behavioral responses observed in the rat, the mouse model showed 

higher levels of variability in behavioral metrics. Such differences are not surprising, as a 

number of differences exist between the two species that are known to critically affect 

nociceptive behavioral assays, even aside from intrinsic species differences (for extensive 

discussion regarding nociceptive behavioral assays in mouse, see Mogil et al. 2001). For 

instance, animal body weight can have large effects on withdrawal thresholds, due to the 

physical action of von Frey filaments pushing against the animal’s own bodyweight. Thus, 

the significantly smaller size and weight of mice may have contributed to the observed 

variability. Additionally, mice are generally more active than rats, and Mogil et al., (2001) 

have suggested that mice may require more sessions before reaching stable levels of 
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responses, and significantly longer habituation periods for each testing session. It is also 

worth noting that animals in the present study were tested at a relatively young age 

(baseline testing at 3-4 weeks) to minimize age related difficulties of in vitro patch-clamp 

experiments. Thus, the aforementioned factors may have been further exaggerated in our 

animals. While we found clear differences between SCI-Pain and sham animals in our 

study, addressing such sources of variability in future studies will help strengthen the 

validity of the current model.  

 

Using this model, we tested the overarching hypothesis that PO neurons in mice with 

SCI-Pain exhibit altered presynaptic release from GABAergic and glutamate afferents. 

Unexpectedly, we found that the overall probability of release of both GABA and 

glutamate is unaffected by SCI-Pain. Upon closer examination, however, we found that 

SCI-Pain produces changes to the regulatory mechanisms of presynaptic release. 

Specifically, we report that 1) tonic activation of presynaptic GABAB receptors in 

GABAergic terminals is suppressed, and 2) presynaptic GABAB receptor mediated 

inhibition of release on glutamatergic terminals is suppressed in SCI-Pain.  

 

We have previously reported the presence of tonic activation of presynaptic GABAB 

receptors in GABAergic terminals (Park et al. 2016), and we confirm their presence in 

sham-operated animals in the present study. The loss of such tonic activation in SCI-Pain 

can significantly affect synaptic transmission, as it limits the dynamic range of 

presynaptic regulation. In the normal condition, GABAergic synapses in PO are able to  
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both up and down-regulate the release of GABA by, respectively, reducing or enhancing 

the activation of the autoreceptors. However,  the pathological absence of tonic activation 

of presynaptic GABAB receptors in the SCI-Pain condition results in the GABAergic 

terminals that are only able to decrease, but not increase, release of GABA from baseline 

levels (Fig. 17A). Thus, probability of release observed at baseline conditions represent 

the maximum level of GABA release in SCI-Pain, a level from which presynaptic release 

can only be suppressed.  

 

The source of GABA responsible for such tonic activation is yet unclear. Significant 

evidence from various regions, including hippocampus and neocortex, suggest that the 

dominant source of GABA for activation of presynaptic autoreceptors is the GABAergic 

terminal itself (Glykys and Mody 2007; Kobayashi et al. 2012). However, this is unlikely 

to be the case in PO, as we found that baseline levels of GABA release are unchanged in  

SCI-Pain compared to sham; the loss of tonic activation in SCI-Pain despite lack of 

differences in baseline release probability is inconsistent with tonic activation of 

autoreceptors being primarily driven by GABA release from the same terminals. Thus, 

the GABA responsible for tonic activation of presynaptic GABAB receptors may 

originate from other sources, such as glia.  

 

Glia are heavily involved in GABAergic signaling, either by directly releasing GABA 

(Lee et al. 2010), or indirectly through GABA uptake (Beenhakker and Huguenard 2010). 

Further, glial regulation of GABA can maintain regionally restricted GABA levels, 

making such mechanisms more plausible (Kozlov et al. 2006). In addition, similar  
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Figure 17. Schematic illustration of changes to presynaptic regulation of 
neurotransmitter release by SCI. A. In normal conditions, release from 
GABAergic terminals in PO is regulated by presynaptic GABAB receptors that 
are tonically, but not maximally, active at baseline. Thus, release can be 
dynamically modulated to enhance release by reducing tonic activation 
(rightward arrow) or to decrease release by further activating the GABAB 
receptors (leftward arrow). However, in SCI, tonic activation is suppressed, 
leading to the loss of ability to up regulate GABA release. B. In normal 
conditions, release from glutamatergic terminals in PO is also regulated by 
presynaptic GABAB receptors; activation of these receptors leads to the 
suppression of glutamate release, reducing excitatory drive. In SCI, the ability to 
suppress release through this mechanism is lost. 
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reduction to tonic activation of autoreceptors have been documented in a model of 

Huntington’s disease, which implicated reduced capacity of astroglia to provide GABA 

(Wojtowicz et al., 2013). Thus, glial sources of GABA may be responsible for the tonic 

activation of autoreceptors in PO. Determining the source of GABA may be important for 

the translation of the present findings; if tonic activation is largely mediated by vesicular 

release, attempts to restore normal firing rates in GABAergic sources may also restore 

normal presynaptic regulation. On the other hand, if independent mechanisms  are 

responsible for maintaining tonic activation, such as glia or molecular changes to the 

autoreceptors that decrease activation, they may potentially be targets for new therapies.  

 

The present study cannot determine, whether the changes to GABAB autoreceptors in PO 

are upstream or downstream of PO hyperactivity. It is possible that the loss of tonic 

inhibition is a downstream, compensatory mechanism: As initially hypothesized, SCI-

Pain may reduce inhibition onto PO neurons by reducing presynaptic release of GABA, 

and the loss of tonic inhibition observed may be a homeostatic response to restore 

physiological levels of GABA release. Alternatively, the loss of tonic inhibition may be 

an upstream change that contributes to PO hyperactivity by eliminating the potential for 

synaptic strengthening at inhibitory synapses. The therapeutic potential of this finding is 

obvious if the latter case was true; if the observed changes to presynaptic regulation were 

causally upstream of PO hyperactivity, it may be an effective target for therapy. The 

finding, however, may prove valuable also in the prior case, as emerging evidence 

suggests that neuronal circuits are systems that have degenerate states; i.e. the same 

output can be achieved through different combinations of multiple parameters (see 
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Marder et al. 2014). Thus, restoring, or enhancing the ability of inhibitory terminals to 

up-regulate GABA release may achieve a countering effect on PO hyperactivity, thus 

providing relief to the behavioral manifestation of pain.  

 

In glutamatergic terminals, we found that SCI-Pain abolishes presynaptic inhibition of 

release mediated by GABAB receptors. As Figure 17B illustrates, the GABAB 

heteroreceptor mediated suppression of release from glutamatergic terminals provides a 

robust mechanism by which excitatory drive onto PO neurons can be suppressed. Thus, 

suppression of this mechanism by SCI-Pain restricts the capacity to down-regulate 

excitatory drive onto PO, and may ultimately contribute to PO hyperactivity and 

behavioral pain. Indeed, Wu et al. (2008) have shown that directly enhancing presynaptic 

release of glutamate in the anterior cingulate cortex can result in behavioral 

manifestations of pain, providing precedence that enhancements in excitatory presynaptic 

release can underlie development of chronic pain.  

 

Work from our laboratory has consistently supported a hypothesis of thalamic 

disinhibition for SCI-Pain (Masri and Keller 2012), in which pathologically reduced 

inhibitory tone onto PO is the primary mechanism responsible for the disorder. As 

discussed above in the context of regulation of GABAergic release, whether this change 

in regulation of glutamate release is up- or down-stream of behavioral pain is yet unclear; 

however, if such changes indeed contribute directly to PO hyperactivity and behavioral 

pain, this would provide the first evidence that pathological changes in excitation are also 
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implicated in SCI-Pain. If so, mechanisms involved in presynaptic release of glutamate 

may provide yet additional potential targets for therapies.  

 

In summary, we report significant differences between SCI-Pain and sham-operated 

conditions in the regulation of presynaptic release from both GABAergic and 

glutamatergic terminals in PO. Such changes likely contribute to the PO hyperactivity 

that underlies behavioral manifestations of pain in SCI-Pain, and novel therapeutic 

approaches targeting such presynaptic regulation may prove useful in the search for 

mores treatments for this devastating conditions. 
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GENERAL DISCUSSION 

I. Overall Summary 

In the present dissertation, we explored synaptic mechanisms regulating PO activity, and 

determined how such mechanisms are affected by SCI-Pain. In Chapter 1, we developed 

a computational model of the interactions between PO and ZI, an important nucleus 

responsible for projecting powerful inhibitory inputs to PO. From the model, we 

determined that postsynaptic GABAA and GABAB receptors preferentially regulate 

peripherally-evoked, and spontaneous PO activity, respectively, that regulation of 

presynaptic release of GABA is a potent mechanism by which PO activity can be 

modulated, and that a combination of suppression of ZI firing rate and presynaptic release 

of GABA can sufficiently explain PO hyperactivity in SCI-Pain. In Chapter 2, we tested 

for the presence of presynaptic regulatory mechanisms in both GABAergic and 

glutamatergic terminals in PO. We found that release from GABAergic terminals is 

regulated by GABAB autoreceptors and cholinergic receptors, while release from 

glutamatergic terminals is regulated by GABAB heteroreceptors, thus confirming the 

presence of mechanisms by which presynaptic release can be potently modulated, as 

predicted in Chapter 1. In Chapter 3, we determined whether such regulatory mechanisms 

of presynaptic release found in Chapter 2 are changed in SCI-Pain, contributing to PO 

hyperactivity. We found presynaptic GABAB receptor mediated regulation to be altered 

in both GABAergic and glutamatergic terminals, leading to potentially decreased GABA 

release and enhanced glutamate release.  Taken together, these findings demonstrate 

several synaptic mechanisms by which PO activity is regulated, and illustrate how such 
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mechanisms contribute to the diverse activity profiles of PO across arousal levels 

physiologically, and in SCI-Pain pathologically. 

 

II. Computational Model of Incerto-Thalamic Circuit 

The model presented in Chapter 1 is, to our knowledge, the first computational model of 

the incerto-thalamic circuit. By their nature, computational models reach maximal utility 

through iterative processes of formulating predictions, testing experimentally, and 

refining the model. Thus, the computational model developed in Chapter 1 will serve as 

the basis of continual refinements and updates according to new experimental findings 

even beyond the scope of the present dissertation. With accumulation of experimental 

data, and iterative enhancement of model, the model can be used to generate additional 

hypotheses and eventually contribute to drug target discovery and therapeutics 

development, as has been done in other fields (Boran and Iyengar 2010; Mak et al. 2013; 

Marhofer et al. 2011).  

 

In addition, the findings of the model may not be restricted to the incerto-thalamic circuit. 

While our model considers several properties of the incerto-thalamic circuit, such as the 

regularity with which ZI neurons fire spontaneously, and feedforward inhibition, similar 

conditions can be observed in other networks, such as in the neocortex, where regularly-

firing interneurons and pyramidal neurons can have similar interactions. Thus, the 

predictions generated from the present model may have implications to other circuits.  
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a. Distinct roles of postsynaptic GABAA and GABAB receptors in regulation of PO 

In Chapter 1 we explored the synaptic mechanisms by which inhibitory inputs from ZI 

regulate PO activity in a biophysically realistic in silico model. One of the key finding 

from our simulations was the preferential regulation of peripherally-evoked, and 

spontaneous PO activity, by postsynaptic GABAA and GABAB receptors, respectively. 

The distinct roles conferred onto the two subsets of receptors likely has significant 

consequences in how PO activity is regulated; having distinct receptors to mediate 

regulation of different types of activity can be advantageous, as one type of activity can 

be regulated independently of other – or at least while minimally affecting the other. This 

may be particularly beneficial in PO, which has been proposed to be a “mixed-order” 

thalamic nucleus with the capacity to switch between a first-order relay, and a higher-

order mediator of cortico-cortical information transfer (Masri et al. 2006; Trageser et al. 

2006); the ability to independently regulate activity driven by sensory inputs, apart from 

activity driven by non-peripherally induced—including cortically-driven—activity likely 

contribute to the proposed switching between first and higher-order functions.  

 

In context of neuropathic pain, it is tempting to correlate spontaneous and peripherally-

evoked activity to spontaneous and evoked pain, given the prominent role that PO plays 

in nociceptive processing. However, the physiological message coded in PO activity has 

yet to be decoded, and precise representations, or behavioral correlates of spontaneous 

and peripherally-evoked activity in PO are unknown. Thus, it would be premature to 

draw general conclusions regarding the distinct roles mediated by GABAA and GABAB 

receptors in pain perception.   
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Finally, it is notable that a large portion of PO neurons exhibit tonic currents mediated by 

extrasynaptic GABAA receptors, as shown in Chapter 2, as the role of GABAB receptors 

in mediating suppression of spontaneous activity is likely enhanced by the documented 

crosstalk between GABAB and extrasynaptic GABAA receptors in which activation of 

postsynaptic GABAB receptors augment tonic GABAA receptor-mediated currents 

(Connelly et al. 2013).  

 

b. Critical role of presynaptic release probability  

In prior experiments investigating the role of incertal inhibition on PO activity, the main 

metric for strength of inhibition was firing rate of ZI neurons (Masri et al. 2006, 2009; 

Trageser et al. 2006). However, an exploration of the parameter space of ZI firing rates 

and [GABA]—the stepwise increase in GABA concentration in the synaptic cleft 

following a presynaptic action potential, representing presynaptic release probability—

revealed that presynaptic GABA release probability was, in fact, a much more potent 

regulator of PO activity rather than ZI firing rate; while concomitant changes in both ZI 

firing rate and [GABA] were the most effective at modulating PO activity, exerting a 

synergistic effect for a supralinear change in PO activity, changes in [GABA] alone 

across physiological ranges exerted more pronounced effects over changes in ZI firing 

rates alone. It is for this reason that we experimentally explored the predictions regarding 

the importance of presynaptic regulation in PO in Chapters 2 and 3 of the present 

dissertation. 
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III. Completeness of Regulatory Mechanisms of Release  

In Chapter 2, we demonstrate, for the first time, several mechanisms by which release 

probability from GABAergic and glutamatergic terminals are modulated in PO, and 

demonstrate, in Chapter 3, that some of these mechanisms are pathologically altered in 

SCI-Pain. Testing of regulatory mechanisms of presynaptic release in the present 

dissertation was limited to GABAergic, cholinergic, and cannabinoid mechanisms. These 

mechanisms were chosen due to their ubiquity and potency in other systems, known roles 

in mediating arousal states, and potential as newly developing analgesics. However, other 

mechanisms of regulation of presynaptic release may exist. Testing for the presence of 

such other mechanisms may prove to be useful in developing novel therapeutics for SCI-

Pain, as modulators of alternative mechanisms may be able to restore normal functioning 

of presynaptic release in the pathological state, despite working through a different 

mechanism. Further, understanding potential interactions of various mechanisms of 

presynaptic release may be important, as they may be implicated in unintended effects of 

therapy, such as homeostatic rebalancing of synaptic strength back towards the 

pathological state. 

 

IV. Mouse Model of Electrolytic Spinal Cord Injury 

A number of animal models have been developed for the study of SCI and its sequelae 

(see General Introduction). Each model focuses on slightly different aspects of SCI, such 

as accurately modeling the method of injury commonly observed in humans, or 

recapitulating certain signs, such as autonomic dysfunction. In our studies, the most 

important aspect was to recapitulate chronic pain following SCI. While many other 
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models of SCI also produce pain, they have several clear disadvantages. Clinical and 

animal research have shown the obligatory role of partial damage to the spinothalamic 

tract in the development of SCI-Pain (Canavero and Bonicalzi 2007; Masri and Keller 

2012). The spinothalamic tract is located ventrally and laterally; however, injury models 

typically approach the spinal cord from the dorsal aspect. Due to this, extremely large 

lesions are often required to sufficiently target the spinothalamic tract, and many models 

produce damage of highly variable size or location. Correspondingly, behavioral 

outcomes are also variable. Further, rates of side-effects are significant in most other 

animal models, as they require more involved surgical approaches, often requiring 

laminectomies.  

Our model of electrolytic lesion of the spinothalamic tract enables focused targeting of 

the tract with minimal damage to other structures, as shown in Chapter 3. Advantages of 

our model have been described both in the General Introduction, and in the literature 

(Cha et al. 2013; Masri et al. 2009; Masri and Keller 2012; Whitt et al. 2013). The novel 

contribution of the present dissertation is the translation of this model of SCI-Pain to the 

mouse, an animal model for which powerful molecular and genetic tools—such as 

genetic knockouts and Cre based molecular targeting—are more readily available. The 

mouse model of electrolytic SCI, described in Chapter 3, recapitulates a number of 

characteristics of the human SCI-Pain condition, including manifestation of mechanical, 

cold, and dynamic hyperalgesia. Yet, given the increased variability in behavioral assays, 

and the general novelty of the model, the mouse model of electrolytic SCI will benefit 

from further validation, such as demonstration of spontaneous pain—an important human 

characteristic of SCI-Pain.   
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V. Clinical Implications of Role of Presynaptic Regulation in SCI-Pain 

The findings that pathological changes to presynaptic regulation occur in SCI-Pain 

suggests that targeting presynaptic release of neurotransmitters may be an effective way 

to address the condition. Targeting presynaptic release may be of particular advantage in 

thalamus, as direct pharmacological targeting of postsynaptic GABA receptors have the 

capacity to produce seizures (Bortolato et al. 2010; Richards et al. 1995; Vergnes et al. 

1984). A number of both inhibitory and facilitatory presynaptic modulators are already in 

use clinically that target various terminals. Well known examples include the adrenergic 

receptor agonist clonidine, serotonergic receptor agonist sumatriptan, and opioid agonist 

morphine (notable examples review in Langer 2008). 

Among these, the only modulator of presynaptic GABAB receptors currently in use 

clinically is the GABAB receptor agonist baclofen. Baclofen is, in fact, used widely 

mainly to treat spasticity, but also for pain (Tassëel et al. 2010; Pistoia et al. 2015; 

Saltuari et al. 1992). Notably, while efficacy of intrathecal baclofen as a treatment for 

SCI-Pain seemed promising in early studies (Loubser and Akman 1996), more recent 

studies and meta-analyses have shown that there is no evidence to support its use 

(Bensmail et al. 2009; Loubser and Akman 1996; von Heijne et al. 2001). Other 

modulators of presynaptic release, such as clonidine and morphine, have been proposed 

as potential treatments for SCI-Pain; however, their efficacy is has also been debatable 

(Bensmail et al. 2009; von Heijne et al. 2001).  

These approaches may have been ineffective because their method of delivery. Typically, 

these drugs are delivered directly into the central nervous system via intrathecal pumps to 

maximize delivery and minimize systemic side effects. However, limited cerebrospinal 
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fluid flow in the intrathecal space likely prevents the drug from entering the brain, 

limiting its effects to the spinal cord (Battal et al. 2011; Bulat and Klarica 2011). 

Additionally, there may be issues of specificity of drug targeting; most drugs that affect 

presynaptic release, including baclofen, act on both pre and postsynaptic targets, which 

may complicate the overall effect of the drug. Further, receptors of such drugs, such as 

GABAB receptors, are found on various types of terminals that may have opposing 

effects. For instance, we have shown in Chapter 2 and 3 that GABAB receptors are found 

on both GABAergic and glutamatergic terminals. Thus, the feasibility of clinical use of 

modulators of presynaptic release to treat SCI-pain would be contingent on several 

additional requirements, including effective delivery, and selective targeting.  

Interventional therapies also exist that exert significant effects on presynaptic probability 

of release. Some effects of deep brain stimulation across various brain regions have been 

attributed to changes in presynaptic release probability (Ross et al. 2016; Veerakumar et 

al. 2014). However, it is unclear whether interventional approaches can selectively target 

presynaptic mechanisms, with minimal nonspecific effects.  

 

VI. Overall Conclusion 

The work described in the present dissertation has contributed several insights into the 

synaptic mechanisms underlying regulation of PO neurons, under both normal and 

pathological conditions. We have identified regulatory mechanisms of presynaptic release 

as a critical regulator of PO activity, and as potential targets of treatments for SCI-Pain. 

Further, we have created a biophysically realistic computational model of the incerto-

thalamic circuit that will continue to provide valuable predictions, and translated a rat 
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model of spinal cord injury into the mouse, enabling future work to take advantage of the 

various molecular and genetic tools readily available in the model animal.  

 

The findings presented are highly applicable to health care and are of particular interest in 

the context of heightened public awareness and debate regarding the lack of fully 

effective treatments for chronic pain, and the overuse of opioid medications (Committee 

on Advancing Pain Research 2011). Further elucidation of mechanisms underlying 

general nociceptive processing, and discovery of novel potential targets for analgesics 

will prove critical in the struggle to finally provide relief those who desperately need it. 
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