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Chronic pain develops in most patients who suffer from spinal cord injury (SCI), and
manifests as exaggerated responses to painful stimuli (hyperalgesia), pain in response to
normally non-painful stimuli (allodynia), and, most commonly, constant spontaneous
pain. The mechanisms of SCI-pain have been difficult to identify, though it is
hypothesized to develop as a result of thalamic disinhibition.
Here we use an electrolytic lesion in the spinal thalamic tract of rats to model SCI-pain.
We employ novel behavioral metrics to show that after spinal lesion rats develop both
hyperalgesia and spontaneous pain. We tested the hypothesis that these behavioral
abnormalities result from reduced inhibition from the zona incerta (ZI) to thalamic nuclei
involved in the sensory aspects of pain (the posterior nucleus, PO) and the affective
aspects of pain (mediodorsal nucleus, MD).
With single unit, extracellular electrophysiological recordings we demonstrate that SCIpain results from decreased activity in the inhibitory nucleus ZI, which leads to a

dramatic increase in spontaneous and evoked neuronal activity in both PO and MD
thalamus. We show that SCI-pain can be reduced by stimulating the motor cortex, and
demonstrate that this effect occurs through cortical inputs to ZI, thereby enhancing ZI
inputs to PO and MD.
These results support the hypothesis that SCI-pain results from reduced activity in ZI
which corresponds with increased activity in thalamic nuclei involved with both sensory
aspects of pain (PO) and affective aspects of pain (MD). Further, they provide evidence
that MCS reverses sensory and affective components of pain by activating the incertothalamic pathway and highlight a novel pathway for clinical intervention.
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I. GENERAL INTRODUCTION
Pain is defined as an unpleasant sensory and emotional experience that is associated
with actual or potential tissue damage (Merskey and Bogduk, 1994). Under normal
physiological conditions, acute pain is critical in alerting organisms to threats and
initiating escape behaviors. Understanding the process by which nociceptors identify and
encode noxious stimulation is necessary for understanding how pain is processed in
normal conditions, but is insufficient to explain the entire experience of pain. Indeed,
when examining the complex sensation of pain, it is necessary to also consider the
supraspinal targets of the nociceptors as well as the central mechanisms that may
modulate the perception of pain. As a scientific and clinical community, we are edging
ever closer to understanding the many co-dependent mechanisms involved in feeling, and
subsequently treating, acute pain.
Unfortunately, there are many examples of conditions in which disease and injury
produce damage that causes not only acute, but also chronic pain. The mechanisms by
which acute pain transitions to chronic pain are poorly understood; similarly, the neuronal
mechanisms underlying the maintenance of chronic pain are just beginning to be
identified. Pathophysiological activity in nociceptors, their supraspinal targets, or
alterations in central modulatory mechanisms may all contribute to the development and
maintenance of these conditions. Here we use an animal model of spinal cord injury
induced central pain to investigate the pathophysiological activity that drives this type of
chronic pain and systematically test a potential analgesic therapy that may prove useful
for treating chronic pain in humans.
1

I-A. Central Pain Syndrome
Central pain is defined as “pain initiated or caused by a primary lesion or dysfunction
in the central nervous system” (Merskey and Bogduk, 1994) and often manifests as
steady and unrelenting pain that has been described “as if knives heated in Hell’s hottest
corner were tearing me to pieces” (Head and Holmes, 1911). Though central pain can
result from a variety of conditions that produce lesions in the central nervous system, one
of the most common causes of this pain is spinal cord injury. There are up to 12,000 new
incidents of spinal cord injury annually in the United States and up to 80% of patients
who suffer from spinal cord injury develop pain after injury (Siddall et al., 2003).
After traumatic spinal cord injury patients can experience two distinct types of pain.
Acute nociceptive pain, which is musculoskeletal or visceral in nature, generally
develops soon after injury and can often be alleviated or reduced by a combination of
opiates, non-steroidal anti-inflammatory drugs (NSAIDs), and antispasticity medications
(Wall and Melzack, 1999). Chronic neuropathic pain after spinal cord injury (“SCI-pain”)
however, is often resistant to treatment (Baastrup and Finnerup, 2008) and can take
weeks, months, or even years to develop (Tasker et al., 1992; Falci et al., 2002). SCI-pain
is generally constant, presents in human patients with a wide range of intensities and
locations, and is characterized by hypersensitivity to painful stimuli (hyperalgesia), pain
evoked by normally innocuous stimuli (allodynia) and persistent pain in the absence of
insult (spontaneous pain) (Bowsher, 1996; Garcia-Larrea et al., 2002; Finnerup et al.,
2003b). Additionally, SCI-pain is often associated with several psychological factors such
as depressive symptoms and increased stress (Rintala et al., 1998).
2

I-B. Animal models of spinal cord injury
Several animal models have been developed to study SCI-pain, all of which vary in
the location and extent of the injury. To mimic clinical traumatic injuries, some use
controlled spinal contusions (Scheff et al., 2003; Hulsebosch et al., 2009; Yoon et al.,
2004). Others have used ischemic lesions (Hao et al., 1991; Hao and Xu, 1996), or
neurotoxic chemical injection into the spinal cord (Yezierski et al., 1998; Caudle et al.,
2003), whereas some have used cuts to sever large portions of the spinal cord
(hemisection) (Christensen et al., 1996; Christensen and Hulsebosch, 1997a), or localized
regions in the spinal cord (cordotomy) (Greenspan et al., 1986; Vierck et al., 1990;
Vierck, 1999). In many of these models, animals develop complications from injury that
can confound pain testing such as general loss of movement, paralysis, infection, or
death. Additionally, most of these models rely heavily on measures of evoked pain and
hypersensitivity, such as mechanical and thermal thresholds, while few attempt to
quantify spontaneous, which is the single most common and debilitating complaint from
spinal cord injury patients (Stormer et al., 1997; Bonica, 1991; Finnerup et al., 2001).
Therefore, there is the need for an animal model of SCI-pain in which spinal damage
is controlled, in which the extent of damage can be reliably reproduced, and in which
animals develop both sensory evoked and spontaneous pain.
I-C. Pathophysiology of SCI-pain
Since the first published description of central pain over 120 years ago (Greiff, 1883;
Edinger, 1891), numerous hypotheses have been proposed to explain its pathophysiology
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(Yezierski, 2000; Boivie, 2005; Canavero and Bonicalzi, 2007c; Fregni et al., 2007).
Many were disproved with time, and many remain controversial. Fortunately, and despite
clinical variability in the presentation, size, location, and causes of spinal cord injury,
there is a general agreement on a number of pathophysiological factors:
Many of the earliest reported cases of central pain are based on pain caused by
damage or injury to the thalamus (Edinger, 1891; Dejerine and Roussy, 1906; Head and
Holmes, 1911). As a result, thalamic abnormalities were thought to be required for
development of pain and the condition was referred to for decades by the misleading term
“thalamic pain.” Research since that time has established that central pain can result from
damage to any structure along the spino-thalamo-cortical pathway that conveys pain and
temperature information (Boivie, 2005; Schmahmann and Leifer, 1992; Bowsher, 1995;
Finnerup et al., 2003a; MacGowan et al., 1997; Kim et al., 2007b). This pathway
includes: the spinothalamic tract (STT) in the spinal cord and brainstem; thalamic nuclei
that receive STT input, including the posterior thalamus (PO), the mediodorsal thalamus
(MD), and the ventrobasal complex (VB); the internal capsule; and cortical areas such as
the primary and second somatosensory cortex (S1 and S2). Damage to the
spinothalamocortical pathway is, in fact, necessary for the development of central pain.
There are no documented cases of pain resulting from central nervous system lesions that
spare it, such as lesions involving only the dorsal column-medial lemniscal pathway
(Canavero and Bonicalzi, 2007c). Consistent with an obligatory role for the STT is the
finding that essentially all central pain patients have altered pain and temperature
sensation, while abnormalities of tactile sensation occur in only a subset of patients
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(Boivie, 2005; Bowsher, 1995; Beric, 1997). Unfortunately, the consensus regarding the
pathophysiology of the condition ends there.
Hyperalgesia and pain after spinal cord injury can result from maladaptive plastic
changes throughout the neural axis. In the spinal cord, these include ischemia, necrosis,
deafferentation, re-organization and sprouting in primary afferents, the activation of
astrocytes and glia and the release of inflammatory mediators and neurotoxic excitatory
animo acids in the extracellular space (Christensen and Hulsebosch, 1997a; Liu et al.,
1991; Christensen and Hulsebosch, 1997b; Yezierski, 2002). These changes have far
reaching consequences that compromise the normal function of not only the surrounding
local neurons, but also their distant targets within the central nervous system. Indeed, the
delayed onset of pain and the diffuse localization of painful symptoms suggest that the
pathophysiology does not reflect only direct effects at the denervated spinal segments.
Rather, these features strongly suggest the occurrence of maladaptive plasticity in
supraspinal structures at which inputs from various body parts converge. Consistent with
this notion, it has been shown repeatedly that spinal cord injury is associated with
increased and abnormal neuronal activity and glial activation in the thalamus (Wang and
Thompson, 2008; Lenz et al., 1987; Lenz et al., 1989; Zhao et al., 2007). However, the
mechanism by which these central maladaptive changes occur are not known.
One hypothesis that remains in favor, a century since it was first formulated, is that
CPS results from abnormally suppressed inhibition in the thalamus (Head and Holmes,
1911) however, the site of operation of this disinhibition remains unknown (Boivie, 2005;
Canavero and Bonicalzi, 2007c).
5

I-C1. Zona incerta provides inhibition to the thalamus
A unique source of inhibition to the thalamus is aptly named the zona incerta (ZI) or
“zone of uncertainty”. The ZI receives nociceptive inputs through the STT (ShammahLagnado et al., 1985; Craig, 2004), and has been implicated in a variety of pain related
functions (Porro et al., 2003; Yen et al., 1989). A striking feature of ZI is its target
specificity: in all sensory systems it provides inhibitory inputs exclusively to “higherorder” thalamic nuclei (e.g. posterior nucleus in the somatosensory system and the
inferior pulvinar in the visual system) and avoids first-order thalamic nuclei (e.g.
ventroposterior in the somatosensory system and the lateral geniculate in the visual
system) (Bartho et al., 2002; Mitrofanis, 2005).
ZI sends a dense GABAergic projection upon both the posterior nucleus of the
thalamus (PO) (Bartho et al., 2007; Power et al., 1999) and mediodorsal thalamus (MD)
(Bartho et al., 2002; Erickson et al., 2004), two nuclei critically involved in nociceptive
processing (see Figure 1).
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Figure 1: Simplified circuit diagram of relevant nuclei
The spinothalamic tract projects (STT) directly to the posterior thalamus (PO) and the
mediodorsal thalamus (MD), which go on to provide excitatory input to the somatosensory and
anterior cingulate cortices (ACC) respectively. PO and MD, higher-order thalamic nuclei, receive
potent tonic and feedforward inhibition from the zona incerta (ZI), whereas first-order ventral
posteromedial and ventral posterolateral thalamic nuclei (VPM & VPL) do not. VPM & VPL
receive inhibition exclusively from the reticular thalamic nucleus (TRN). Green arrows indicate
excitatory projections, red arrows indicate inhibitory projections. Diamonds represent higherorder thalamic nuclei and circles represent first-order nuclei.

I-C2. A role for PO in SCI-pain: anatomical connections and physiology
The posterior nucleus (PO) is a higher-order somatosensory thalamic nucleus
important for processing both innocuous and noxious sensory information and relaying
these signals to the cortex. In some species, carnivores particularly, PO can be subdivided
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into three subregions, the medial, lateral, and intermediate (POm, POl, and POi), though
these subdivisions are not consistently seen in rodents and are not well defined in
primates. In rodents, the medial portion of PO is the most clearly defined and well
studied subregion (see (Diamond, 1995; Paxinos and Watson, 1998; Jones, 2007)), and
indeed, it is the region that we will focus on in this study.
POm receives dense ascending projections from the spinothalamic and the spinal
trigeminothalamic tracts (Erickson et al., 1967; Lund and Webster, 1967; Rockel et al.,
1972; Fukushima and Kerr, 1979; Ring and Ganchrow, 1983; Peschanski and Ralston,
1985; Peschanski et al., 1985; Kemplay and Webster, 1989; Gauriau and Bernard, 2004a).
More specifically, both lamina I and deeper layers of the spinal and medullary dorsal
horns project to POm in monkeys and rats (Iwata et al., 1992; Gauriau and Bernard,
2004a; Dado and Giesler, 1990). In addition, POm receives input from the deep layers of
the superior colliculus (Ledoux et al., 1987; Roger and Cadusseau, 1984) as well as from
the ZI (see above) (Bartho et al., 2007; Power et al., 1999)).
POm also receives input from, and sends reciprocal projections to, the primary
somatosensory cortex (S1) and the second somatosensory cortex (SII) (Wise and Jones,
1977; Fabri and Burton, 1991; Bourassa et al., 1995; Carvell and Simons, 1987;
Spreafico et al., 1987). Neurons in POm can be activated by stimulation of the face,
whiskers, forelimbs, and hindlimbs (Diamond et al., 1992b), though this excitation seems
dependent on its interconnectedness with SI, as inactivation of the somatosensory cortex
prevents POm neurons from responding to whisker deflection (Diamond et al., 1992a).
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The posterior portion of POm projects also to limbic areas such as the insular cortex and
the amygdala (Linke et al., 2000; Gauriau and Bernard, 2004b)
Early electrophysiological experiments by Poggio and Mountcastle in the
anesthetized cat revealed that POm responds preferentially to noxious peripheral
stimulation such as cuts or pinpricks and that neurons in this regions have relatively large
receptive fields that are bilateral in some cases (Poggio and Mountcastle, 1960). Later,
very similar findings were reported by others studying anesthetized and unanesthetized
cats and monkeys (Casey, 1966; Perl and Whitlock, 1961; Whitlock and Perl, 1961;
Calma, 1965; Rowe and Sessle, 1968; Berkley, 1973; Curry, 1972b; Curry and Gordon,
1972; Curry, 1972a), indicating that neurons in posterior POm are involved in processing
noxious information.
Together with the dense ascending input from spinal pathways that convey noxious
information, the cortical projections to both SI and SII, and the projections to areas of the
limbic circuit, these data suggest that the posterior thalamus plays an important role in
normal pain processing and identify it as a target that may be affected in conditions of
chronic pain.
I-C3. A role for MD in SCI-pain: anatomical connections and physiology
The mediodorsal nucleus (MD) is classified as higher-order associative thalamic
nucleus, a label which indicates that although MD does not subserve one specific
function, it is involved in several behaviors that require integration of sensory
information with affective or motivational information. These behaviors include fear
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conditioning (Garcia et al., 2006; Li et al., 2004), goal directed behavior (Ostlund and
Balleine, 2008), and spatial working memory tasks (Bailey and Mair, 2005). Additionally,
and consistent with the notion that pain is both a sensory discriminative and an emotional
experience (Merskey and Bogduk, 1994), electrophysiological studies in humans and rats
indicate that MD plays a role in processing noxious peripheral stimulation (Rinaldi et al.,
1991; Wang et al., 2003; Dostrovsky and Guilbaud, 1990).
Since MD has been implicated in many diverse behaviors, it is not surprising that this
nucleus receives afferent input from multiple diverse areas. These include the olfactory
bulb (Jackson and Benjamin, 1974; Price and Slotnick, 1983), the substantia nigra
(Ilinsky et al., 1985), the superior colliculus (Benevento and Fallon, 1975), and the
hypothalamus (Risold et al., 1997). Important for discussing a role in pain processing,
MD also receives input from the STT (Craig and Burton, 1981; Craig and Kniffki, 1985;
Mantyh, 1983a; Mantyh, 1983b; Peschanski et al., 1981). Additionally, MD both receives
dense afferents from, and projects to, multiple areas of the limbic circuit, including the
anterior cingulate cortex, the insular cortex, and the amygdala (Kuroda and Price, 1991a;
Kuroda et al., 1992; Ray and Price, 1993; Krettek and Price, 1977a; Krettek and Price,
1977b; NAUTA, 1961; Porrino et al., 1981; Aggleton and Mishkin, 1984; Russchen et al.,
1987).
In rodents, MD can be divided into three subregions, the medial, central and lateral
regions (MDm, MDc, and MDl). The subdivisions and cortical projections of MD have
been largely conserved, though the anatomical nomenclature changes across species.
Based on thalamocortical projections and cellular architecture, Ray and Price (1993)
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identified the primate MD pars caudo-dorsalis as analogous to the rat medial and
dorsolateral MD studied here. Electrophysiological studies in rats and monkeys reveal
that neurons in MD are almost exclusively driven by noxious, rather than innocuous
peripheral stimulation (Dostrovsky and Guilbaud, 1990; Wang et al., 2003; Bushnell and
Duncan, 1989). Consistent with a role for MD in SCI-pain, one study reports the presence
of abnormal neuronal activity in MD of patients with chronic pain (Rinaldi et al., 1991)
though not much is known about properties of MD neurons in healthy humans.
The dense afferent input from the STT and interconnectedness with areas of the
limbic circuit make MD a thalamic nucleus ideally suited for integration of both sensory
and affective components of pain processing.
I-D. Current Treatments for SCI-pain
Because little is known about specific pathophysiology of SCI-pain, there are very
few effective therapeutic agents available for individuals who suffer from this condition.
Several pharmacological treatments for SCI-pain have been developed and tested,
including NSAIDs, opioids, antidepressants, anticonvulsants, NMDA receptor
antagonists, alpha 2-adrenergic agonists, GABA-receptor agonists, and sodium and
calcium channel antagonists (Baastrup and Finnerup, 2008). Unfortunately, these
medications fail to provide significant pain relief in the majority of patients with SCIpain and often cause severe adverse side effects (Rintala et al., 2007; Siddall and
Finnerup, 2006; Finnerup et al., 2005; Finnerup and Jensen, 2006; Cardenas et al., 2002;
Siddall et al., 2006; Finnerup et al., 2002). Therefore, treatment protocols that produce
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complete pain relief have never been established (reviewed in (Baastrup and Finnerup,
2008)).
Nonpharmacologic approaches for SCI-pain management include electrical
stimulation of various structures in the central nervous system such as the spinal cord, the
internal capsule (Namba et al., 1984), the periaqueductal gray-periventricular gray
complex (Gybels and Kupers, 1990), the somatosensory cortex and the thalamus (Duncan
et al., 1998; Namba and Nishimoto, 1988). Electrode implantation in, and subsequent
electrical stimulation of, these locations is associated with a relatively high risk of
complications such as seizures (Canavero and Bonicalzi, 2007b; Bezard et al., 1999;
Deuschl et al., 2006).
A promising and potentially effective nonpharmachologic treatment that has been
proposed to reduce chronic neuropathic pain is stimulation of the primary motor cortex.
Motor cortex stimulation (MCS) was first introduced in 1991 for the treatment of central
pain syndrome (Tsubokawa et al., 1991) and has since been used to treat several
neuropathic pain conditions, including trigeminal deafferentation pain (Ebel et al., 1996),
postherpetic neuralgia (Brown and Pilitsis, 2005), brachial plexus, and phantom limb pain
(Sol et al., 2001). MCS offers several advantages over stimulation of other brain regions
because of the lower occurrence of complications (Canavero and Bonicalzi, 2007b), the
lower propensity to cause seizures (Bezard et al., 1999; Deuschl et al., 2006), and the
ability to apply it noninvasively using repetitive transcranial magnetic stimulation (Huang
et al., 2005). Even so, human studies report mixed outcomes after MCS and success rates
vary (Cruccu et al., 2007). The mixed reports about the efficacy of MCS are likely due to
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a lack of well controlled studies, the large variability in surgical, stimulation, and
treatment protocols (Fontaine et al., 2009), and a lack of understanding of how MCS
results in pain relief. Therefore, controlled studies that test a broad range of stimulation
parameters and investigate the neuronal mechanisms through which MCS exerts its
analgesic effects are needed.
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II. SPECIFIC AIMS
Here we test the overarching hypothesis that spinal cord injury results in a
dysregulation of the incerto-thalamic pathway which ultimately manifests as chronic
central pain. From this hypothesis we derive several predictions which we will test in the
following specific aims:
II-A. Specific Aim 1: Animals with lesions in the spinothalamic tract develop
SCI-pain
We predict that targeted electrolytic lesions in the spinothalamic tract of rats will
produce SCI-pain in these animals that manifests with both somatosensory and affective
components, similar to the human condition of SCI-pain. We will test this prediction
using behavioral paradigms to obtain mechanical and thermal thresholds from behaving
animals. In addition, we will use a novel behavioral paradigm to test whether
spontaneous pain develops in animals with spinal-lesion.
II-B. Specific Aim 2: SCI-pain is associated with a loss of inhibitory drive from
the zona incerta to the somatosensory thalamus
We predict that after spinal cord lesion, animals will have significant reductions in
neuronal activity in the zona incerta and that this will correlate with pathological
increases of neuronal activity in the posterior thalamus. We will test this prediction using
electrophysiological techniques and will preform single unit extracellular recordings in
the zona incerta, posterior thalamus, ventrobasal thalamus, and spinal trigeminal nuclei.
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II-C. Specific Aim 3: SCI-pain is associated with an increase of neuronal activity
in associative thalamic nuclei which are important for nociceptive
processing
We predict a loss of activity in the zona incerta (tested in Specific Aim 2) corresponds
with an increase of neuronal activity in the mediodorsal thalamus. We will test this
prediction using electrophysiological techniques in anesthetized and awake behaving
animals.
II-D. Specific Aim 4: Stimulation of the primary motor cortex ameliorates
SCI-pain in a zona incerta dependent manner
We predict that electrical stimulation of the motor cortex increases activity in the
incerto-thalamic pathway, thereby enhancing inhibition in the thalamus and reducing
behavioral consequences of SCI-pain. We will test this prediction using a combination of
behavioral tests and pharmacology.
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III. GENERAL METHODS
III-A. Behavioral confirmation of hyperalgesia
All animals were tested on three consecutive days before the spinal lesion surgery, at
day three post-surgery, at day seven post-surgery, and at weekly intervals thereafter. To
minimize the animals’ anxiety, they were habituated for two weeks before behavioral
testing and were trained to stand upright with their forepaws on the experimenter’s hand
as described by Ren (1999).
III-A1. Hindpaw mechanical withdrawal thresholds
Calibrated von Frey filaments (Stoelting Co, Wood Dale, IL, USA) were applied in
ascending order to the hindpaw. We applied the filaments to the dorsal surface of the
paws based on studies demonstrating that the dorsal approach more reliably and
consistently detects threshold changes (Ren, 1999). Mechanical withdrawal threshold was
defined as the force at which the animal withdrew the paw to three of five stimuli
delivered.
III-A2. Hindpaw cold withdrawal thresholds
Animals were tested for cold hyperalgesia one day before and fourteen days after
sham or lesion surgery. The animals were allowed to stand upright with their forepaws on
the experimenter’s hand, resting the ventral surface of the hindpaw on a thermoregulated
cold plate (2°C). The experimenter, blind to the treatment, measured the latency to
hindpaw withdrawal. The measurement was repeated three times for each hindpaw with
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more than five minutes between trials. In preliminary experiments in control animals, we
established that there is no significant adaptation in response to these cold stimuli.
III-A3. Hindpaw thermal withdrawal latencies
To assess thermal withdrawal latency, an analgesia meter with moveable infrared heat
source (IITC, Life Science INC, Woodland Hills, CA) was used to apply radiant heat to
the ventral surface of the hindpaws as described in Hargreaves et al. (1988). Rats were
acclimated to the test chambers (plexiglass boxes 17 [d] x 69 [l] x 14 [h] cm) for 30
minutes before testing. The measurement was repeated three times for each hindpaw,
with more than five minutes between trials. Latency to withdraw was recorded and
thermal thresholds were computed as the average latency to withdraw across three trials.
III-A4. Face mechanical withdrawal thresholds
Face withdrawal thresholds were assessed in the same animals tested for hindpaw
withdrawal thresholds and were obtained at the same time points described in the
preceding text. von Frey filaments were applied in ascending order to the middle of the
vibrissae pad between the second and third row of vibrissae. Mechanical withdrawal
threshold was defined as the force at which the animal withdrew the face from three of
the five stimuli delivered.
III-A5. Reversal of mechanical hyperalgesia
Buprenorphine hydrochloride (Hospira) was administered intraperitoneally at three
different concentrations (10, 30, and 75 µg/kg) to rats with behaviorally confirmed
mechanical hyperalgesia more than fourteen days post-spinal lesion surgery. Twenty
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minutes after administration, mechanical withdrawal thresholds to von Frey filaments
were assessed at the hindpaws and the vibrissae pad and compared with thresholds
obtained before the administration of the drug. Behavioral testing was also repeated
twenty-four hours later to confirm that the effects of buprenorphine were reversible.
III-A6. Conditioned place preference protocol
Conditioned place preference (CPP) testing was conducted using a custom-built,
automated two-chamber box. The walls of each chamber were white, but one chamber
had horizontal black stripes along the walls while the other had vertical black stripes
along the walls. We used chambers with striped walls to ensure the rats would not
strongly prefer one chamber over the other as they would have if we used a more
traditional CPP light/dark two-chamber box (King et al., 2009).
Rats were habituated to the CPP box for three days before conditioning. On each
habituation day, rats were permitted to move freely between the two chambers for thirty
minutes. On the fourth day, a preconditioning test was conducted in which rats were
permitted to move freely between two chambers for fifteen minutes. During this
preconditioning test, the time each rat spent in each chamber was recorded to determine
any preference (see Table 1).
After habituation and the preconditioning preference test, rats underwent a three-day
conditioning phase of the study. Two sessions were conducted on each day at least six
hours apart. In session one, the animals were placed in the chamber they demonstrated
preference for during the preconditioning test. They spent thirty minutes in that chamber
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and received sham treatment. Two groups of animals underwent CPP testing; sham
treatments for rats in the “drug group” comprised of an intraventricular microinjection of
vehicle - 5 µl saline followed by 10 µl saline flush. Sham treatment for rats in the
“stimulation group” was sham motor cortex stimulation (MCS) - wires attached but no
current passed.
In the other daily session, the animals were placed for thirty minutes in the chamber
they did not show preference for during the preconditioning test. Here, rats in the drug
group received an intraventricular microinjection of clonidine, an alpha 2-adrenergic
agonist (5 µl [2mg/ml] followed by 10 µl saline flush), and animals in the stimulation
group received motor cortex stimulation (50 µA, 50 Hz, for 30 minutes). We used
intraventricular clonidine in these experiments because it has been shown to reduce tonic
and evoked pain in animals with peripheral neuropathic pain without affecting normal
uninjured animals (King et al., 2009). Drug or MCS treatment order was randomized for
each rat. That is, some days rats received control treatments in the first session while
other days the rats received analgesic treatment in the first session. Mechanical hindpaw
thresholds were measured one hour following saline/clonidine infusion or immediately
after the end of MCS.
One day after the termination of the conditioning phase, a post-conditioning place
preference test was conducted. Here, rats received no treatment and were permitted to
move freely between the two chambers for fifteen minutes. During the post-conditioning
test, time spent in each chamber was recorded to determine each rat’s chamber
preference.
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III-B. Behavioral effects of motor cortex stimulation
III-B1. Motor cortex stimulation
We tested the effects of motor cortex stimulation (MCS) on mechanical and thermal
withdrawal thresholds in rats with spinal cord injury. Before MCS was initiated, animals
were habituated in stimulation chambers and handled to minimize anxiety. Baseline
mechanical thresholds and thermal withdrawal latencies were obtained (see above) before
MCS was preformed. The stimulating electrodes were connected to a stimulator (A-M
Systems) and stimulation parameters were varied. Stimulation intensity ranged from 0 to
75 µA, frequency from 0 to 75 Hz, and duration from 0 to 90 minutes. A 300 µs-square
pulse was used for all experiments. MCS effects on withdrawal thresholds were tested
with von Frey filaments and a radiant heat source immediately after the end of MCS and
every thirty minutes thereafter until thresholds returned to baseline values. Each animal
was stimulated only once daily and stimulation was repeated at least three times. For
sham stimulation, animals were connected to the stimulator and placed in the test
chambers but no current was passed.
During electrical stimulation, animals remained in the test chamber and were under
constant observation. Stimulation did not produce any visible muscle twitches and the
animals showed no signs of distress. We obtained all behavioral responses after the end of
MCS because previous studies in humans suggest that the neural mechanisms responsible
for long-term analgesia occur (and are most readily observable) after MCS, rather than
during the stimulation period (Nguyen et al., 1999).
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III-B2. Zona incerta stimulation
Animals with mechanical and thermal hyperalgesia received electrical stimulation in
the zona incerta (ZI). Similar to MCS, the animals were handled and habituated in test
chambers before stimulation. Post-spinal lesion thresholds were obtained using the
behavioral metrics described above. Over the course of two weeks, each animal received
at least three days of ZI stimulation (intensity: 25 µA, frequency: 50 Hz, duration: 15
minutes, 300 µs-square pulse) and three days of sham stimulation in a randomized
fashion. Behavioral testing was performed immediately after the termination of ZI
stimulation. After completion of ZI stimulation experiments, electrolytic lesions were
made at the site of the electrode tip to confirm placement.
III-B3. Zona incerta inactivation
In a subset of animals that had behaviorally confirmed hyperalgesia and behavioral
testing to obtain baselines values for the efficacy of MCS, a microdialysis probe
implanted into the ventral portion of ZI (stereotaxic coordinates: A: −3.6 mm, L: 2.8 mm,
D: 7.1 mm) was used to administer drugs to ZI during MCS. A total of 50 µl of lidocaine
(2%), muscimol (200 µM), or saline was infused into ZI over twenty minutes (beginning
five minutes before MCS and continuing through the first fifteen minutes of MCS) at a
rate of 2.5 µl/min. Over the course of two weeks, infusion of drugs or saline was repeated
three times per animal, and the data reported represent the average of these trials. In all
animals, testing for changes in mechanical and thermal thresholds was preformed after
the termination of MCS. At the end of the experiments, the animals were perfused to
identify the location of the microdialysis probes.
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III-C. Surgical procedures
All procedures were conducted according to Animal Welfare Act regulations and
Public Health Service guidelines. Strict aseptic surgical procedures were used, according
to the guidelines of the International Association for the Study of Pain, and approved by
the University of Maryland School of Medicine Animal Care and Use Committee.
Animals were anesthetized with ketamine/xylazine (100/8 mg/kg, intraperitoneal) and
placed into a stereotaxic frame. Animals were then placed on a thermoregulated heating
pad and respiratory rate, corneal reflex, and tail pinch response were monitored.
Additional anesthesia (10 mg/kg, intraperitoneal, diluted ketamine 1:10 in saline) was
administered when needed. Local anesthetic (2% lidocaine) was applied to surgical sites
before procedures began. At the end of surgical procedures, animals were left to recover
on a thermoregulated heating pad and the analgesic buprenorphine hydrochloride (5 µg/
kg, intraperitoneal) was administered every 12 hours for 24 hours postoperatively (2
doses total).
III-C1. Spinal lesions
A total of 108 adult Sprague-Dawley rats weighing 250-300 g were used for the
behavioral experiments and acute electrophysiological experiments. A midline, 2.5 cmlong longitudinal incision overlying the area of C2-T2 was made using a #11 scalpel. The
muscles were dissected under a dissecting microscope with blunt scissors to expose
vertebrae C6 to C7. A laminectomy to expose the spinal cord immediately rostral to C7
was preformed using rongeurs and the dura covering the exposed spinal cord was
removed. A quartz-insulated platinum electrode (5 µm tip) was targeted to the
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anterolateral quadrant on one side of the spinal cord and inserted into the spinothalamic
tract (STT) based on stereotaxic coordinates. Electrolytic lesions were made by passing
DC current (10 µA for 10 seconds, repeated four times) to produce small (~0.6 mm3)
lesions in the STT. In some animals, larger lesions were produced by passing current (10
µA for 10 seconds, repeated four times) in two locations, 0.4 mm apart. Differing the size
of spinal lesions had no effect on the consistency or features of the resultant hyperalgesia.
Sham surgery was preformed without laminectomy. After completion of surgery, the
incision sites were approximated and sutured in layers.
III-C2. Implantation of motor cortex stimulation electrodes
In forty-three animals, concurrent with spinal lesion surgery, a longitudinal incision
was made along the midline of the skull to expose bregma and lambda. The bone
overlying the primary motor cortex (M1) was removed contralateral to the spinal lesion
site. Custom-made epidural bipolar insulated platinum electrodes (diameter: 70 µm,
exposed tip: 50 µm, distance between electrodes: 500 µm) were targeted to the M1
contralateral to the site of spinal lesion using stereotaxic coordinates (A: 1.8 mm, L: 2
mm (Paxinos and Watson, 1998)). These coordinates were obtained from pilot
experiments using electrical microstimulation and from data obtained from previously
published motor cortex mapping work (Weiss and Keller, 1994). This allowed us to
reliably target the hindpaw representation of M1, especially since the location of major
subdivisions such as the hindlimb areas in the rat motor cortex are somatotopic and
consistent from animal to animal (Neafsey et al., 1986). MCS electrodes were attached to
amphenol pins to facilitate connection to the isolated pulse stimulator (A-M Systems,
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Sequim, WA, USA). Electrodes were fixed in place using four bone screws and acrylic
resin.
III-C3. Zona incerta electrode implantation
Concurrent with spinal lesion surgery, eight rats received custom-made bipolar
insulated stainless steel electrodes (diameter: 139 µm, exposed tip: 75 µm, distance
between electrodes: 280 µm) implanted in ZI contralateral to the spinal lesion, targeted
using stereotaxic coordinates (A: −3.6 mm, L: 2.8 mm, D: 7.3 mm (Paxinos and Watson,
1998)). Briefly, a longitudinal incision was made along the midline of the skull to expose
bregma and lambda. Bone overlying ZI was removed and the electrodes were lowered 7.3
mm over the course of twenty minutes. Electrodes were fixed in place using four bone
screws and acrylic resin.
III-C4. Cannula implantations
In eleven animals that received intraventricular cannulae, a craniotomy was
preformed to expose the brain over the right lateral ventricle. A guide cannula was
advanced to the ventricle and fixed in place using dental resin. In six animals that
received cannulae in the zona incerta, concurrent with M1 electrode implantation, a
craniotomy was preformed to expose the brain above ZI. A guide cannulae for
microdialysis probes (CMA Microdialysis, Solna, Sweden) was implanted into the ventral
portion of ZI (see stereotaxic coordinates above) and fixed in in place using dental resin.
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III-C5. Jugular catheter surgery
In a subset of experiments, (mediodorsal thalamic (MD) recordings), in order to
obtain better temporal control of level of anesthetic, rats were anesthetized with
ketamine/xylazine (100/8 mg/kg, intraperitoneal) and prepared for a jugular catheter
surgery. Briefly, to insert these catheters, a small incision was made in the skin overlying
the vessels with a #10 scalpel blade on a #3 surgical blade handle. The vessels were
carefully separated from surrounding tissues with blunt scissors and ligated with a single
suture. The catheter was inserted into the vessel through a small incision proximal to the
suture. After insertion, two additional sutures were used to clamp the catheter within the
vessel, and to secure the catheter to surrounding muscles. The skin opening was then
sutured and the catheter used to deliver supplemental anesthetic (0.2 g/kg urethane
intravenous). We used intravenous infusion of a 6% urethane solution to carefully control
the level of anesthetic throughout the experiment because we, and others, have found that
neurons in the mediodorsal thalamus (MD) are particularly sensitive to anesthetic level.
Throughout the experiment, rats were held at anesthetic levels consistent with level III-2
described by Friedberg et al. (1999).
III-C6. Electrocorticography
To accurately monitor anesthetic levels during extracellular electrophysiological
recordings in MD, electrocorticographs (ECoGs) were obtained and analyzed throughout
the recording sessions. Animals anesthetized with intravenous urethane (see above) were
put into stereotaxic frames and longitudinal incisions were made along the midline of the
skull to expose bregma and lambda. Stainless steel screws were implanted into the bone
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at opposite poles of the skull (negative lead: A: 2.0 mm, L: 1.5 mm; positive lead: A: −7.0
mm, L: 1.5 mm contralateral side) according to Tang et al. (2007). Stainless steel clips
(insulated except at tips) were attached to the screws and transmitted the ECoG signal
through an amplifier (Warner Instrument Corp., Hamden, CT) to Plexon (Dallas, TX)
data-acquisition software. ECoGs were analyzed using Neuroexplorer software (Littleton,
MA) and used to assess anesthetic level.
III-C7. Chronic recording electrode implantation
In seven animals, a longitudinal incision was made along the midline of the skull to
expose bregma and lambda. Bone overlaying MD was removed and custom-made 5channel moveable (1.4-4 MΩ, 40-80 µm, insulated except at tip) recording electrodes
were slowly (50 µm / 5 min) lowered into MD. Electrodes were targeted to areas of MD
that respond to noxious peripheral stimulation and project heavily to limbic cortical areas.
Implant locations were based on stereotaxic coordinates (A: −2.8 mm, L: 0.9 mm, D:
4.5-5.5 mm (Paxinos and Watson, 1998)), based on data from our anesthetized recordings
(see Fig. 11D), and based on previously published anatomical and electrophysiological
studies (Ray and Price, 1992; Dostrovsky and Guilbaud, 1990). Electrodes were secured
in place using six bone screws and acrylic resin and were protected by permanent
custom-made shields. Animals were treated with oral antibiotics for two weeks postimplant to reduce risk of infection.
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III-D. In vivo experiments
III-D1. Single unit extracellular recordings
At least fourteen days after spinal lesion surgery, rats were anesthetized with urethane
(1.5 g/kg intraperitoneal) and prepared for extracellular recordings as previously
described (Masri et al., 2009; Masri et al., 2006a). We selected urethane as an anesthetic
because it is the only anesthetic that has no, or negligible, effects on glutamatergic and
GABAergic transmission and therefore produces only minimal disruption of signal
transmission in the neocortex (Sceniak and Maciver, 2006). Relative to the spinal lesion
site, we recorded from the contralateral thalamus and the ipsilateral spinal trigeminal
nuclei. The recordings were obtained through quartz-insulated tungsten electrodes (2-4
MΩ).
III-D2. Peripheral stimulation
We recorded spontaneous activity and responses to a series of mechanical stimuli
with forces that spanned the innocuous and noxious range (6-200g, tip diameter = 0.8
mm) using an electronic von Frey anesthesiometer (IITC Life Sciences, Woodland Hills,
CA). Stimuli were applied (ten times each in a randomized order) to the receptive field of
each recorded neuron, ipsilateral to lesion site. We computed mean firing rate during
spontaneous activity periods and during application of each level of mechanical
stimulation. Vibrissae were stimulated with air puffs delivered through a tube as in our
previous studies (Masri et al., 2008).
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III-D3. Pinch evoked responses
In a subset of experiments, we recorded responses to noxious pinches (one second
application, 200-225g) using electronic calibrated forceps (IITC Life Sciences, Woodland
Hills, CA). Stimuli were applied to both hindpaws (at least two stimuli on each paw)
because some thalamic neurons, especially in MD have large, bilateral receptive fields
(Dostrovsky and Guilbaud, 1990; Hsu et al., 2000; Wang et al., 2003) and because we see
hyperalgesia in both hindpaws using this model of SCI-pain (Lucas et al., 2011; Masri et
al., 2009). To minimize peripheral sensitization and avoid tissue inflammation, stimuli
were applied to left and right hindpaws in an alternating pattern, with at least 20 sec
between applications on each paw.
III-D4. Multiunit extracellular recording from behaving animals
All animals were allowed to recover for at least two weeks after electrode
implantation before electrophysiological recording experiments began. During that time,
animals were handled daily to become comfortable with experimenters and were trained
to rest quietly in experimenters’ hands to minimize stress and ease headstage connection.
To minimize anxiety and stress at the start of recording experiments, animals were
acclimated to the recording room for at least 30 minutes before behavioral testing and
recording. Recordings were obtained during three or more days before spinal lesions, and
weekly after the lesions. Rats were fitted with a wireless headstage (Triangle BioSystems
International, Durham, NC) and allowed to move freely in their home cage for 2-3
minutes, during which spontaneous activity of MD neurons was recorded. Next, the
animals were placed on an elevated platform (0.25 m (w) x 0.6 m (l) x 0.5 m (h)) with a
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mesh floor, where they freely moved for 2 minutes before testing to determine pain
thresholds began. During this unrestricted behavior, spontaneous activity of MD neurons
was recorded.
To test for mechanical withdrawal thresholds, confirm development of hyperalgesia
after spinal lesion, and produce stimulus evoked neuronal responses, von Frey filaments
were applied to the plantar surface of the rats’ hindpaw through holes in the mesh floor of
the elevated platform. Each filament (range: 26 to 180 g; intensities that in normal rats
span from innocuous to noxious forces) was applied 5 times when the animal was calm
and still. Manual triggers were used to store a digital timestamp of the stimuli. We
recorded frequency of hindpaw withdrawal to ascending forces and threshold was defined
as the force at which an animal withdrew to at least 3 of 5 of the stimuli. After a complete
series of von Frey filaments was applied to the hindpaw, a noxious thermal stimulus
(42-45 ℃, 2 mm2 surface area, <5 sec application) was presented 5 times (10 sec
intervals) to evoke a robust behavioral response from the animals. At the conclusion of
the behavioral testing and electrophysiological recording, animals were disconnected
from the wireless headstage and returned to their home cage.
Stimuli were delivered on alternating hindpaws because we, and others, have shown
that neurons in MD have large, bilateral receptive fields (see above). We computed mean
firing rate during spontaneous activity in both the home cage and on the elevated
platform and in response to each level of stimulation delivered.
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III-E. Histology
All animals were deeply anesthetized and transcardially perfused with buffered saline
followed by 4% buffered paraformaldehyde. We obtained coronal brain and spinal cord
sections (80 µm thick) and Nissl-stained them. The sections were examined with a
transmission microscope to identify stimulation sites, lesions sites, and probe implant
location. For electrophysiological experiments, all recordings sites were reconstructed
and only neurons with confirmed placement within the desired thalamic nucleus were
included in analysis.
III-F. Data analysis for behavioral experiments
In all experiments preformed, we determined the appropriate sample size by
performing a power analysis using α = 0.05 and power = 0.85. In all experiments, P <
0.05 was considered significant. Briefly, all behavioral data were analyzed with nonparametric statistical tests, except for the conditioned place preference data which are
continuous and normal. Pre- and post- lesion/stimulation thresholds and differences
between sham and lesion animal groups were assessed with two-sample analyses. When
examining one group over time (more than two time points) repeated measure analyses
were used. Electrophysiological data between groups (i.e. spontaneous firing rates,
evoked responses) were assessed using non-parametric two-sample tests, while data
within groups (i.e. evoked responses to repeated stimuli) were assessed using repeated
measure analyses. Non-parametric data are presented with box and whisker plots in
which the upper and lower borders of the box represent the upper and lower quartiles, the
solid line within the box represents the median of the dataset, and the whiskers are an
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indication of variance within the dataset. All data except those shown in Chapter IV are
presented as mean ± standard error of the mean, unless otherwise specified. Data in
Chapter IV are presented as mean ± standard deviation.
III-F1. Confirmation of Hyperalgesia
For both hindpaw and vibrissae mechanical withdrawal thresholds, the Friedman test,
followed by Mann-Whitney U test (MWU) was used to compare pre- and post-lesion
data. For thermal and cold thresholds, MWU was used to compare withdrawal latencies
at post-surgical day fourteen between animals receiving sham or lesion surgery. To
compare between pre- and post-surgical withdrawal latencies, the Kruskal-Wallis test was
used and P<0.05 was considered significant. To confirm hyperalgesia in animals before
motor cortex stimulation, a Wilcoxon signed-rank test was preformed using the average
of three baseline trials and at least two post-surgical trials.
III-F2. Motor cortex stimulation parameters
The effects of differing stimulation trains (theta burst (2 stimuli at 50 Hz repeated
every 200 ms (Huang et al., 2005)), intermittent theta burst (2-second trains of TBS
repeated every 10 seconds (Huang et al., 2005), and continuous-pulse stimulation (50 µA,
50 Hz, 300 µs square-pulse for 30 minutes)) were examined using a Friedman test
followed by a modified Dunnett’s post hoc. The effect of varying MCS parameters
(intensity, frequency, and duration) was tested using the Kruskal-Wallis test followed by
Dunn’s post hoc test. To test for correlation between stimulus duration and the duration of
post effects, Spearman’s rho (ρ) test was preformed.
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III-F3. Zona incerta stimulation and inactivation
Pre and post-ZI stimulation thresholds were tested using a Wilcoxon signed-rank test,
while the effect of ZI inactivation was tested with a Kruskal-Wallis test.
III-F4. Conditioned place preference protocol
Statistical analyses were preformed with SigmaStat (Aspire Software international,
Ashburn, VA). To test the effects of clonidine or MCS during the CPP test, results were
analyzed using a two-way ANOVA (group, conditioning) with repeated measures on one
factor (group). This was followed by a post hoc Fisher least significant difference (LSD)
test to compare individual factors.
III-G. Data analysis for electrophysiological experiments
III-G1. Single unit extracellular recordings (anesthetized experiments)
We recorded from well-isolated units, digitized (40 kHz) the waveforms through a
Plexon (Dallas, TX) data-acquisition system, and sorted units off-line with Plexon’s offline sorter, using dual thresholds and principle component analyses. We generated
autocorrelograms with Neuroexplorer software (Littleton, MA) to confirm that we
obtained recordings from single units.
III-G2. Responses to peripheral stimulation
To assess whether neurons had significant responses to mechanical stimulation of the
hindpaw and vibrissae pad, we used repeated measures ANOVA followed by Dunnett’s
post hoc test to determine the lowest mechanical force that produced neuronal firing that
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differed significantly (P < 0.05) from spontaneous activity. For air puff stimulation of the
vibrissae, we exported time stamps of well-isolated units and stimulus triggers to Matlab
(MathWorks, Natick, MA) for analyses using custom-written algorithms. We constructed
peristimulus time histograms (PSTHs, 1-ms bins) and defined significant stimulusevoked responses as PSTH bins which significantly exceeded (99% confidence interval)
spontaneous activity levels, computed from a 200-ms period preceding the stimuli. We
preformed statistical analyses in STATA (StataCorp LP), and assessed, in individual
neurons, changes occurring in sensory-evoked activity using the MWU test; P < 0.05 was
considered significant.
In a subset of experiments where we applied noxious pinches to the hindpaws, we
computed mean firing rate during spontaneous activity periods and during periods
following hindpaw stimulation. We exported time stamps of well-isolated units and
stimulus triggers to Matlab (MathWorks, Natick, MA) for analyses using custom-written
algorithms. Because we found wind-up-like responses in MD neurons (see Fig. 11B &
12B) we analyzed responses to each pinch separately using a modified peristimulus time
histogram (PSTHs, 100 ms bins) and defined significant stimulus-evoked responses as
PSTH bins which significantly exceeded (99% confidence interval) spontaneous activity
levels. For each group extreme outliers were identified using the Fourth-Spread outlier
test (Hoaglin et al., 1986) and removed.
III-G3. Burst analysis
For neurons in PO, VPM, and VPL we identified bursts of action potentials as clusters
of at least three spikes with interspike intervals of ≤ 4 ms in which the first spike in the
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burst has a preceding inter-spike interval of ≥ 100 ms in accordance with previously
published reports (Guido et al., 1995; Lu et al., 1995; Sherman, 1996). Neurons in MD
have been shown to exhibit bursting activity in both rats (Govindaiah and Cox, 2006),
and humans with chronic deafferentation pain (Rinaldi et al., 1991), but with slightly
longer inter-spike intervals. For this reason, when analyzing MD neurons, we identified
bursts of action potentials as clusters of at least three spikes with inter-spike intervals of ≤
5 ms in which the first spike in the burst has a preceding inter-spike interval of ≥ 100 ms.
III-G4. Multiunit extracellular recording (awake behaving)
We recorded wideband activity from MD with a wireless headstage (Triangle
BioSystems International), digitized (40 kHz) the waveforms through a Plexon (Dallas,
TX) data-acquisition system, filtered the wideband signals with a low-cut Butterworth
filter (4-pole, 250 Hz), to obtain multiunit activity (MUA). The MUAs were sorted offline with Plexon’s off-line sorter, using thresholds set at least 6 standard deviations higher
than mean background activity.
III-G5. Spontaneous and evoked MUA analysis
To assess changes in spontaneous activity before and at least 24 days following
spinal-lesion, mean MUA firing rates were obtained from 2 minute epochs during home
cage activity and 2 minute epochs while the animal was on the elevated platform. We
compared pre and post spinal-lesion firing rates for each environment with the MannWhitney U test. For responses to peripheral stimulation, we exported timestamps of
stimulation and multiunit activity to Matlab (MathWorks, Natick, MA) for analyses using
custom-written algorithms. We constructed peristimulus time histograms (PSTHs, 25034

ms bins) and defined significant stimulus-evoked responses as PSTH bins which
significantly exceeded (99% confidence interval) spontaneous activity levels, computed
from a 1 sec period preceding the stimuli. We preformed statistical analyses in STATA
(StataCorp LP), and assessed, in individual MUAs, changes occurring in sensory-evoked
activity using the MWU test. P < 0.05 was considered significant.
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IV. ANIMAL MODEL OF SPINAL CORD INJURY INDUCED
CHRONIC PAIN
IV-A. Introduction
Central pain is defined as “pain initiated or caused by a primary lesion or dysfunction
in the central nervous system”(Merskey and Bogduk, 1994) and often manifests as steady
and unrelenting pain that has been described “as if knives heated in Hell’s hottest corner
were tearing me to pieces” (Head and Holmes, 1911). Though central pain can result
from a variety of conditions that produce lesions in the central nervous system, one of the
most common causes of this pain is spinal cord injury. There are up to 12,000 new
incidents of spinal cord injury annually in the United States and up to 80% of patients
who suffer from spinal cord injury develop pain after injury (Siddall et al., 2003).
Chronic pain following spinal cord injury (SCI-pain) presents in human patients with a
wide range of intensities and locations and is characterized by hypersensitivity to painful
stimuli (hyperalgesia), pain evoked by normally innocuous stimuli (allodynia) and
persistent pain in the absence of insult (spontaneous pain) (Bowsher, 1996; Garcia-Larrea
et al., 2002; Finnerup et al., 2003b).
Spontaneous pain is difficult to assay in animals, especially in rodents, as they do not
display behaviors or postures that reflect the presence of mild-to-moderate pain (Morton
and Griffiths, 1985; Stasiak et al., 2003). Several animal models have been developed to
study SCI-pain, including controlled contusion models (Scheff et al., 2003; Hulsebosch et
al., 2009; Yoon et al., 2004), ischemic lesion models (Hao et al., 1991; Hao and Xu,
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1996), neurotoxic chemical injection to the spinal cord (Yezierski et al., 1998; Caudle et
al., 2003), and spinal cord hemisection (Christensen et al., 1996; Christensen and
Hulsebosch, 1997a) or cordotomy (Vierck, 1999; Vierck et al., 1990). Because most of
these models are largely based upon measures of evoked pain and hypersensitivity,
current animal models of chronic pain are unable to demonstrate that animals with spinal
cord injury suffer from spontaneous pain. When addressing spontaneous pain, previous
investigations in animals relied heavily on observations of overgrooming/autotomy,
licking, guarding and vocalization (Vierck et al., 2000), though these behaviors have been
criticized and unreliable and nonspecific (Mogil, 2009; Woolf, 1984). The aim of this
study was to test a model of spinal cord injury in rats that recapitulates several aspects of
the clinical condition of SCI-pain, including both evoked and spontaneous metrics.

IV-B. Results
IV-B1. Spinal Cord Lesion Produces Mechanical and Thermal Hyperalgesia in
Animals
Several research groups, including our own, have previously shown that chronic pain
develops in rats following lesions of the spinal cord (Endo et al., 2008; Mills et al., 2001;
Siddall et al., 2003; Wang and Thompson, 2008). Because chronic pain can result from
damage to any of the spino-thalamo-cortical pathways that convey pain and temperature
information (Boivie, 2005; Bowsher, 1995; Finnerup et al., 2003a; Kim et al., 2007a;
MacGowan et al., 1997; Peyron et al., 2000b; Schmahmann and Leifer, 1992), we
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experimentally produced electrolytic lesions that included the spinothalamic tract (STT)
(see Methods). The lesion was positioned in the anterolateral quadrant of the spinal cord
at lower cervical to upper thoracic levels (Fig. 2A, B) because in rats STT afferents to
medial and lateral thalamic nuclei travel in the ventral and ventrolateral funiculi of the
spinal cord (Giesler Jr et al., 1981).

Figure 2: Spinal cord lesions
A: Coronal section through the cervical spinal cord showing a representative lesion site
(arrowhead) involving the spinothalamic tract (STT). B: A line drawing summarizing the location
and size of spinal lesion in animals with mechanical hyperalgesia (unfilled areas, n = 18). Shaded
areas represent the location of ascending STT axons, adapted from Fig. 5 in Giesler et al. (1981).
CC, central canal; DH, dorsal horn; DF, dorsal funiculus; LF, lateral funiculus; VH, ventral horn;
VF, ventral funiculus. Scale bar: 300 µm.
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In spinal-lesioned animals, in contrast to animals receiving sham surgery, hindpaw
mechanical withdrawal thresholds to stimulation of the dorsal paw surface transiently
increased (hypoalgesia) immediately after the lesion. Subsequently, animals developed
significant reductions in mechanical thresholds (hyperalgesia) bilaterally by fourteen
days post-lesion (Fig. 3A). Mechanical thresholds decreased from 84 ± 29 to 44 ±17g
(median 83.4 − 60 g; P = 0.007, Friedman) on the ipsilateral hindpaw and from 86 ± 29 to
44 ±17 g (median 83.4 − 60 g; P= 0.007, Friedman) on the contralateral hindpaw. The
reduction of withdrawal threshold was evident in 94% (16/18) of spinal-lesioned animals
and persisted for the duration of the experiments (42 days; Fig. 3A). Sham surgery had no
effect on mechanical withdrawal thresholds on either ipsilateral (Fig. 3A) or contralateral
hindpaw (data not shown). Stimulus-response curves constructed from results obtained
fourteen days after surgery demonstrate a leftward shift in mechanical thresholds after
spinal lesion (p < 0.03, MWU; Fig. 3B). The transient hypoalgesia seen immediately after
lesion surgery, followed by the bilateral hyperalgesia is consistent with findings in human
patients suffering from spinal cord injury pain (Boivie, 2005; Bowsher, 1995; Finnerup et
al., 2003a).
We also tested responses to cold stimuli applied to the hindpaws because these stimuli
reliably and selectively activate nociceptors and because cold hyperalgesia is a common
complaint of chronic pain patients (Defrin et al., 2002b; Finnerup et al., 2003a).
Compared with sham operated control animals (n = 6), animals with spinal lesions (n = 7)
displayed significantly lower withdrawal latencies to cold stimuli applied to either
hindpaw (Fig. 3C). Withdrawal latencies ipsilateral to the lesion site differed from mean
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values of 7.2 ± 1.5 sec (median = 7.0 sec) in shams to 3.3 ± 0.9 s (median = 3.3 sec) in
lesioned animals (P = 0.03, MWU). Contralateral to the lesion site, withdrawal latencies
differed from mean values of 7.9 ± 1.3 sec (median = 7.9 sec) in sham animals to mean
values of 4.2 ± 0.6 sec (median = 4.3 sec) in lesioned animals (P = 0.003, MWU).
Withdrawal thresholds to cold stimuli were also significantly different between pre-and
post-surgery in animals with spinal lesions (pre-surgery ipsilateral values: mean 6.8 ±
1.1 sec, median = 7.0 sec; contralateral values: mean = 7.4 ± 1.1 sec, median = 7.0 sec;
P = 0.008 and 0.009 respectively, Kruskal-Wallis test), but there was no change between
pre- and post-surgery values in animals receiving sham surgery (pre-surgery ipsilateral
values: mean 7.1 ± 1.0 sec, median = 7.0 sec; contralateral values: mean = 7.4 ± 1.1
sec, median = 7.0 sec, P = 0.7 and 0.8 respectively, Kruskal-Wallis test).
Histological analyses revealed that lesions at any level between C6 and T9 produced
similar pain-like behavioral effects, consistent with findings in humans that chronic pain
can result from lesions anywhere along the spinothalamocortical pathway (see preceding
text). As with lesions in chronic pain patients, our experimental lesions are unlikely to
completely ablate or selectively involve the STT. Rather, as in humans, we find that
lesions that involve the STT result in chronic pain. A summary of the location and size of
lesion sites for animals included in this study is shown in Fig. 2B. Spinal lesions affected
parts of the STT in all animals with behaviorally confirmed hyperalgesia.
To confirm that withdrawal from mechanical stimuli reflects a response to painful
stimuli, we administered buprenorphine (10, 30, or 75 µg/kg, ip), a centrally acting
opiate, to four animals with confirmed hyperalgesia. This resulted in a dose-dependent
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reversal in the reduction of hindpaw withdrawal thresholds on the ipsilateral hindpaw
(Fig. 3D). Data obtained from the contralateral hindpaw show similar reversal of
hyperalgesia. The effects of buprenorphine were reversible and withdrawal thresholds
returned to pre-administration levels at subsequent tests. Thus, as seen in humans with
chronic pain, centrally acting opiates can acutely reverse hyperalgesia, although opiates
offer no long-term benefit to these patients (Attal et al., 2002; Eide et al., 1995).
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Figure 3: Behavioral assessment of hindpaw thresholds in spinal-lesioned and
sham-operated animals
A: Hindpaw (dorsal surface) mechanical withdrawal thresholds decrease over time and
hyperalgesia develops bilaterally after spinal lesions. B: Stimulus-response curves collected
before and 14 days after surgery. C: Animals with spinal lesions responded at significantly shorter
latencies to cold stimuli applied to the dorsal surface of both hindpaws. D: Systemic
administration of the opiodergic drug buprenorphine hydrochloride, 14 days after spinal lesions,
resulted in a dose-dependent reversal of ipsilateral hindpaw hyperalgesia in spinal-lesioned
animals (n = 4). Data obtained from the contralateral hindpaw show similar reversal hyperalgesia.
All values means ± SEM; *, statistically significant difference. P < 0.05.
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Signs of chronic pain were not limited to the hindpaws, as hyperalgesia extended to
include the face. Figure 4A shows that mechanical thresholds for face withdrawal began
to decrease three days after surgery and were significantly lower than pre-lesion values at
twenty-one days post-lesion (ipsilateral: 29 ± 18 g, median = 26 g; contralateral: 25 ±
15 g, median = 26 g; P = 0.007 and 0.007 respectively, Friedman). Similar to its effects
on hindpaw hyperalgesia, buprenorphine reversed the face hyperalgesia in spinal-lesioned
animals in a dose-dependent, reversible manner (Fig. 4B). Data obtained from the
contralateral face show similar reversal of hyperalgesia.

Figure 4: Behavioral assessment of above lesion thresholds in spinal-lesioned and
sham-operated animals
A: Mechanical hyperalgesia develops bilaterally on the vibrissae pad. B: Vibrissae pad
mechanical hyperalgesia is reversed in a dose-dependent manner by systemic administration of
opioidergic drug 14 days after spinal lesions (n = 4). Data obtained from the contralateral
vibrissae pad show similar reversal of hyperalgesia. All values means ± SEM; *, statistically
significant difference. P < 0.05.
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IV-B2. Spinal Cord Lesion Produces a Tonic Aversive Pain State in Animals
Consistent with previous reports in experimental animals with chronic pain (Defrin et
al., 2002a; Stormer et al., 1997; Yezierski, 2000), these findings demonstrate that animals
with spinal lesions present with diffuse, bilateral mechanical hyperalgesia that involves
dermatomes above the lesion site. Furthermore, our findings that spinal-lesioned animals
are significantly hyperalgesic to cold stimuli demonstrate that this model of spinal cord
injury-induced chronic pain (SCI-pain) recapitulates many clinical characteristics of
human SCI-pain, as described in the preceding text. However humans with SCI-pain not
only suffer from hyperalgesia, but also suffer from persistent pain in the absence of
peripheral stimulation. This spontaneous pain, which is the single most common and
debilitating complaint from humans with SCI-pain (Finnerup et al., 2001; Stormer et al.,
1997), is rarely quantified in animal models of chronic pain.
In order to test whether animals with spinal lesions develop a tonic aversive state of
pain, analogous to human spontaneous pain, we employed a conditioned place preference
(CPP) paradigm first described by King and colleagues (King et al., 2009). This approach
takes advantage of the fact that the unpleasantness of pain serves as a powerful aversive
motivator, thereby making pain relief rewarding.
We tested for the presence of tonic pain in a subset of animals (n = 11). Consistent
with our previous results (Fig. 3A), electrolytic lesions of the STT in these animals
resulted in the development of significant mechanical hyperalgesia bilaterally (presurgery: mean = 93.9 ± 16.0 g, median = 100.0 g; post-surgery: mean = 55.3 ± 28.0 g,
median = 60.0 g, P < 0.001, Friedman, Fig 5A). Sham surgery had no effect on
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mechanical withdrawal thresholds for either the ipsilateral or contralateral hindpaw (Fig
5A). Fig. 5A shows behavioral data for the contralateral hindpaw. Each animal tested had
identical withdrawal thresholds for ipsilateral and contralateral hindpaws at every time
point. As a result, data for the ipsilateral hindpaw were the same and are therefore not
shown.
Intraventricular injection of clonidine (2 mg/ml), an alpha 2-adrenergic agonist
previously shown to reduce tonic and evoked pain in animals with peripheral neuropathic
pain (King et al., 2009), at thirty-five days post-surgery completely reversed the
mechanical hyperalgesia seen in spinal-lesioned animals and returned mechanical
thresholds to pre-lesion values (post-clonidine infusion: mean = 81.0 ± 31.0 g, median =
100.0 g; P = 1.0, Wilcoxon, Fig. 5A). Infusion of an equivalent volume of saline had no
effect on mechanical hyperalgesia in these animals (post-saline infusion: mean = 48.7 ±
18.0 g, median = 60.0 g, P = 0.03 compared to pre-surgical values, Wilcoxon).
Importantly, clonidine and saline treatments had no effect on mechanical hindpaw
withdrawal thresholds in sham animals (P > 0.05). These findings are consistent with
previous studies demonstrating that clonidine is effective in reducing mechanical
hyperalgesia in animal models of neuropathic pain and that it can be used to examine
behaviors related to chronic neuropathic pain (Feng et al., 2009; King et al., 2009).
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Figure 5: Intraventricular administration of clonidine reverses mechanical hyperalgesia
A: Animals in the clonidine/saline group develop mechanical hyperalgesia following spinal
cord lesions (n = 6; P < 0.001) while sham surgery had no effect on mechanical withdrawal
thresholds (n = 5). Intraventricular administration of clonidine (5 µL [2 mg/mL] followed by 10
µL saline flush) reversed mechanical hyperalgesia in animals with spinal cord lesions. The
administration of an equivalent volume of saline had no effect on mechanical withdrawal
thresholds. Error bar = SEM. *, statistically significant difference.

In addition to reducing hyperalgesia in animals with spinal cord injury, clonidine
unmasked a tonic aversive state of pain in these animals. Before the conditioning phase
of the CPP paradigm (described in detail in Methods, see also Table 1), neither sham nor
spinal-lesioned animals showed a significant preference for either chamber of the CPP
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box. Sham animals spent an average of 46.9 ± 4% of the fifteen minute test period in the
horizontally striped chamber, while lesioned animals spent an average of 37.6 ± 17% of
the test period in the horizontally striped chamber. During the conditioning phase, all
animals received intraventricular infusions of clonidine (2 mg/ml) and were then
restricted to to the horizontally striped chamber for thirty minutes. Saline injections were
paired with restriction in the vertically striped chamber. Each injection was repeated on
three days.
After this conditioning paradigm, animals with spinal-lesions, but not sham animals,
developed a strong and significant preference for the clonidine paired chamber (Fig. 6),
spending an average of 71.1 ± 10% of the fifteen minute test period in the drug-paired
chamber (P = 0.002, post hoc Fisher LSD; F = 6.91, P = 0.03 for group x conditioning
interaction, 2-way ANOVA). The preference of the sham animals remained unchanged, as
this group spent an average of 49.6 ± 2% of the test period in the drug-paired chamber (P
> 0.05, post hoc Fisher LSD). The findings that lesioned animals, but not sham animals,
prefer the chamber in which analgesia is provided suggest that clonidine unmasks a tonic
aversive state of pain.

Table 1: Conditioned place preference protocol
During Week 1 of the protocol, animals undergo 3 days of habituation before a 15-minute
probe test. Week 2 of the protocol includes 3 days of conditioning. During conditioning animals
receive ICV clonidine or MCS during “treatment pairings” and ICV saline or sham MCS during
“sham pairings”. Treatment pairings and sham pairings alternate. On Day 4 of Week 2 animals
undergo a 15-minute probe test to determine which chamber they prefer.
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Figure 6: Intraventricular administration of clonidine unmasks a tonic aversive state
A: The percentage of time spent in the drug paired chamber is shown. Animals with spinal
cord injury (n = 6) prefer the chamber where they receive clonidine treatment (P = 0.002).
Clonidine had no effect on chamber preference of sham-operated controls (n = 5). Error bar =
SEM. *, statistically significant difference.
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The experiments presented here were designed to test whether an animal model of
spinal cord injury, (targeted electrolytic lesion to the spinothalamic tract in rats),
recapitulates the defining aspects of the clinical condition of spinal cord injury induced
chronic pain. We found that animals with spinal cord lesions develop mechanical and
thermal hyperalgesia (Fig. 3 A-C, Fig. 4A, Fig. 5A) that can be transiently attenuated by
treatments commonly used for patients with pain, opiates (buprenorphine, Fig. 3D, Fig,
4B) or clonidine (Fig. 5A). Using the conditioned place preference test, we further
demonstrated that analgesic treatments such as clonidine unmask a tonic aversive state,
suggesting that these animals exhibit signs of spontaneous pain.
IV-C. Discussion
The rat model used in our study recapitulates several diagnostic signs of chronic pain
after spinal cord injury: immediately following lesions that involve the STT, rats display
transient mechanical hypoalgesia below the lesion, and within two weeks they develop
bilateral hyperalgesia below the lesion. In addition, cold hyperalgesia appeared within
two weeks of the injury. The time course of these changes, the presence of above level
bilateral mechanical hyperalgesia, and the reversal of hyperalgesia by a centrally acting
opiate or centrally infused clinical analgesic (clonidine) are all consistent with
pathophysiology in supraspinal structures.
IV-C1. Localization of effect
In humans, SCI-pain is most commonly expressed with hyperalgesia below and at the
level of the spinal lesion and only rarely in spinal segments above the lesion (Canavero
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and Bonicalzi, 2007c; Tasker et al., 1982). In contrast, our spinal lesions resulted in
hyperalgesia that extended to the face. These differences might reflect evolutionary
differences in the functional organization and innervation of the thalamus in rodents and
primates (Jones, 2007). All rats that developed SCI-pain had lesions within the STT,
consistent with the obligatory role of insults to the spinothalamocortical pathway in the
pathophysiology of central pain syndrome in humans (Canavero and Bonicalzi, 2007c). It
is important to note that spinal lesions affected only a fraction of the STT (Fig. 2), such
that noxious stimuli could be still relayed to brain centers via the spared fibers.
A potential limitation to our animal model is that damage to the spinothalamic tract
(STT) results in bilateral hyperalgesia. It is expected that unilateral damage to the
spinothalamic tract would result in pain that is restricted to areas contralateral to the
injury. However, some exceptions are reported in human and animal literature. In rats,
two different animal models demonstrate that unilateral damage to the spinal cord results
in bilateral below-level thermal and mechanical hyperalgesia (Christensen et al., 1996;
Christensen and Hulsebosch, 1997a; Viisanen and Pertovaara, 2009). Additionally, in
monkeys, unilateral cuts of the anterolateral quadrant of the spinal cord result in bilateral
hyporeflexia when monkeys responded to noxious stimulation - (Vierck et al., 1990).
Finally, in humans, below-level pain due to STT lesions can be bilateral (Graf, 1960), or
even ipsilateral to the site of injury in some instances (Bowsher, 1988; Walker, 1940).
Although not common, these reports suggest that pain following unilateral spinal cord
lesions is not always limited to a contralateral distribution.
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IV-C2. Tonic aversive state of pain
The conditioned place preference test, or modifications of it, is commonly used to
study motivational effects of drugs and pain on animals (Johansen et al., 2001; LaBuda
and Fuchs, 2000). King et al. (2009) adopted the conditioned place preference paradigm
to investigate if animals with peripheral neuropathic pain suffer from spontaneous pain.
They demonstrated that animals with spinal nerve ligation, but not sham-operated
controls, rapidly develop a preference to the analgesic-paired chamber. The authors
posited that clonidine administration results in the removal of a tonic aversive state,
suggesting that the animals experience pain relief. These findings led King et al. to
conclude that animals with SNL suffer from tonic pain (King et al., 2009).
In our model of SCI-pain, similar to the study by King et al., intraventricular
clonidine administration resulted in negative reinforcement whereby spinal-lesioned
animals preferred the drug-paired chamber. Importantly, clonidine was not rewarding in
animals that did not have spinal injury. Therefore, these findings suggest that animals
with spinal cord injury suffer from tonic pain. The conditioned place preference paradigm
offers a suitable supplementation to other behavioral markers of spontaneous pain (see
introduction), especially since it specifically measures cognitive, motivated preference,
and pain is an emotional cognitive experience.
Here, we present evidence that suggests that animals with spinal cord injury exhibit
signs of spontaneous pain besides thermal and mechanical hyperalgesia. The presence of
tonic pain and hyperalgesia, the small size of spinal damage when compared to other
models of spinal cord injury (Christensen et al., 1996; Hao et al., 1991; Siddall et al.,
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1995; Vierck, 1999; Yezierski and Park, 1993), the reduced morbidity and the high
percentage of animals that develop hyperalgesia after lesions (94%) make this model
ideal to study the neurobiological substrates responsible for the development of chronic
pain after spinal cord injury.
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V. THALAMIC ABNORMALITIES IN SCI-PAIN
V-A. Introduction
As discussed in Chapter I, chronic pain develops in up to 80% of patients who suffer
from spinal cord injury (Siddall et al., 2003). In most patients, spinal cord injury induced
pain (“SCI-pain”) does not begin until weeks after the original insult, and can often take
months or years to develop (Tasker et al., 1992; Falci et al., 2002). SCI-pain is resistant to
conventional pharmacological treatment (Baastrup and Finnerup, 2008), and has no cure.
To date, the pathophysiological mechanisms involved in the development and
maintenance of SCI-pain are unknown, though it has been shown that spinal cord injury
can result in maladaptive plastic changes throughout the neural axis. For example,
following injury there is massive reorganization in the spinal cord and sprouting of
primary afferents (Christensen et al., 1996; Christensen and Hulsebosch, 1997a), as well
as elevated concentrations of excitatory animo acids in the extracellular space (Liu et al.,
1991). Additionally, following injury, dorsal horn neurons can show increased
spontaneous activity (Hao et al., 1991; Hao et al., 1992). Even so, the delayed expression
of SCI-pain, the diffuse localization of painful symptoms, and the presence of pain above
the denervated spinal segment suggest that the pathophysiology does not reflect only
direct effects at the denervated spinal segments. Rather, these features of SCI-pain
strongly suggest the occurrence of maladaptive plasticity in supraspinal structures at
which inputs from various body parts converge.
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Consistent with this notion, in humans with SCI-pain functional imaging studies
reveal significant changes in blood flow in the thalamus during rest (Canavero and
Bonicalzi, 1998; Peyron et al., 2000a) and electrophysiological studies reveal abnormal
spontaneous discharges in thalamic neurons of humans suffering from chronic pain (Lenz
et al., 1987; Lenz et al., 1989). These maladaptive changes may contribute to the
pathogenesis of chronic hyperalgesia, allodynia, and spontaneous pain after injury;
however, the underlying mechanisms remain to be elucidated. One hypothesis that
remains in favor, almost a century since it was first formulated, is that chronic pain
results from abnormally suppressed inhibition in the thalamus (Head and Holmes, 1911;
Boivie, 2005), however the site of operation of this dis-inhibition remains unknown.
A unique source of inhibition to the thalamus is aptly named zona incerta (ZI), or
“zone of uncertainty”, which is situated ventral to the thalamus. The ZI receives
nociceptive inputs through the spinothalamic tract (STT) (Craig, 2004; ShammahLagnado et al., 1985), and has been implicated in a variety of pain related functions
(Porro et al., 2003; Yen et al., 1989). A striking feature of ZI is its target specificity: in all
sensory systems it provides inhibitory inputs exclusively to “higher-order” thalamic
nuclei, including the somatosensory posterior nucleus (PO), but avoids first-order
thalamic nuclei (Bokor et al., 2005; Bartho et al., 2002; Mitrofanis, 2005). Because of
these properties of ZI, we hypothesized that responses in ZI are affected in animals with
pain following spinal cord injury.
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V-B. Results
V-B1. Suppressed neuronal activity in ZI
To test whether neuronal activity was affected in rats SCI-pain, we conducted single
unit extracellular recordings of spontaneous and stimulus-evoked activity from wellisolated neurons in the ventrolateral sector of ZI. Previous work in the laboratory showed
that essentially all cells in this sector of ZI are GABAergic and that they project to PO
(Trageser et al., 2006). We tested responses of ZI neurons to stimulation of the mystacial
vibrissae, the whiskers on the rats’ face, because of the large somatotopic representation
of the vibrissae in ZI (Nicolelis et al., 1992), because of the reliability in which controlled
stimuli can be applied, and because of the presence of lesion-induced hyperalgesia in the
vibrissae pad (see Fig. 4A).
Figure 7A compares activity recorded from ZI neuron in a spinal-lesioned animal that
had behaviorally confirmed hyperalgesia with activity recorded a neuron in a sham
animal (control). The neuron recorded from the spinal-lesioned rat has a noticeably lower
spontaneous firing rate (1.6 Hz) than the neuron recorded from the sham-operated rat (12
Hz). The magnitude of the vibrissae-evoked response in the spinal lesioned rat (0.04
spike/stimulus) is also markedly lower than in the sham-operated control (1.5 spike/
stimulus). As a group, ZI neurons from spinal-lesioned rats have significantly lower
spontaneous firing rates (lesion: mean = 0.29 ± 0.28 Hz; sham: mean = 0.80 ± 0.070 Hz;
P = 0.006, Mann-Whitney U (MWU); Fig. 7B), and lower vibrissae-evoked responses
(lesion: mean = 1.0 ± 0.7 spike/stimulus; sham: mean = 1.4 ± 1.3 spike/stimulus; P =
0.04, MWU; Fig. 7C). There was no significant difference in onset latency of ZI neurons
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between spinal-lesioned animals and sham-operated controls (lesion: mean = 9.8 ± 2.0
msec, median = 9 msec; sham: mean = 8.5 ± 2.7 msec, median = 8 msec; P = 0.9,
MWU).
ZI sends dense GABAergic projections upon the posterior nucleus of the thalamus
(PO) (Bartho et al., 2002; Power et al., 1999), a nucleus critically involved in nociceptive
processing (Poggio and Mountcastle, 1960; Casey, 1966; Apkarian and Shi, 1994; Zhang
and Giesler, 2005). ZI also exerts potent feed-forward inhibition upon PO neurons
(Trageser and Keller, 2004; Trageser et al., 2006; Lavallee et al., 2005). Because ZI
normally exerts potent tonic and feed-forward inhibition upon PO, we predicted that
suppressed ZI activity after spinal cord lesion would result in abnormally high activity in
PO.
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Figure 7: Spinal lesions result in suppression of spontaneous and sensory-evoked
responses on zona incerta (ZI) neurons
A: Peri-stimulus time histogram (PSTH, 1-ms bins) demonstrate that spontaneous and
sensory-evoked activity in a ZI neuron recorded from a spinal-lesioned rat are markedly lower
than in a control neuron. Horizontal lines represent 99% confidence interval. Group data
demonstrate significant decreases in spontaneous activity in animals with SCI-pain (Lesion, n =
17) when compared with sham-operated controls (n = 18; B) and stimulus-evoked (C) activity of
ZI neurons from rats with SCI-pain (n = 17) when compared with sham-operated controls (n =
18).
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V-B2. Abnormally high neuronal activity in PO
To test whether reduced activity in ZI results in increased activity in PO, we recorded
spontaneous and stimulus-evoked activity from PO neurons in spinal-lesioned rats with
behaviorally confirmed hyperalgesia and from sham-operated controls. We focused our
recordings on the dorsal lateral portion of PO, an area that has a population of neurons
that receive convergent inputs from both the hindpaw and the vibrissae pad. In spinallesioned animals with SCI-pain, 12 of the 15 (80%) PO neurons recorded received
convergent inputs from both the hindpaw and vibrissae pad. In sham-operated controls,
10 of 20 (50%) PO neurons recorded possessed receptive fields in both the hindpaw and
vibrissae pad. In our study there was a trend towards an increase in the proportion of cells
that had convergent vibrissae pad and hindpaw receptive fields in animals with SCI-pain,
though the increase was not significant (maybe due to our small sample size; P = 0.069,
χ2 test). The increased proportion of cells that receive convergent input in spinal-lesioned
animals may suggest that there is a broadening of receptive fields in animals with SCIpain, as others have shown in conditions of pain.
Recordings from a representative PO neuron in an animal with SCI-pain are shown in
Fig. 8A. We applied mechanical stimuli to the dorsal surface of the hindpaw, ipsilateral to
the lesion site, with the use of an electronic anesthesiometer; force traces are shown at the
bottom. Note that this neuron responds with a larger number of spikes to increasing
mechanical forces. The relationship between stimulus intensity and firing rate is shown in
Fig. 8B both for a PO neuron from a control (sham-operated) rat and for a neuron from a
spinal-lesioned animal with confirmed chronic pain. The control PO neuron fired
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spontaneously at low rates that were not significantly modulated by mechanical stimuli
until the force applied exceeded 180 g (P = 0.019, ANOVA); this force was identical to
the force required to evoke a hindpaw withdrawal response from the same animal during
behavioral test sessions. In contrast, the PO neuron recorded from the rat with SCI-pain
exhibited significantly higher spontaneous activity and responded to increasing
mechanical forces with increasing firing rates. The threshold for significant responses (60
g, P < 0.0001) corresponded to the behavioral withdrawal threshold and both behavioral
and electrophysiological thresholds were markedly lower than in the control animal.
Stimulus-response curves constructed from neuronal responses to mechanical stimuli
applied to the hindpaw show a significant leftward shift for spinal-lesioned animals
compared to shams, consistent with the leftward shift observed for the behavioral
responses (sham threshold = 180 g, lesion threshold = 60 g, Fig. 8C). As a group,
spontaneous activity in PO neurons of spinal-lesioned animals was ~30-fold higher than
in sham-operated controls (sham: mean = 0.37 ± 0.40 Hz, median = 0.2 Hz, n = 12;
lesion: mean = 10.7 ± 16.6 Hz, median = 5.6 Hz, n = 15; P < 0.0001, MWU, Fig. 9A). In
all cases, the force required to elicit a significant change from baseline (spontaneous)
neuronal firing correlated with the force needed to elicit paw withdrawal in both shamoperated and spinal-lesioned animals.
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Figure 8: Neuronal activity in the posterior thalamus (PO) is enhanced in animals with
SCI-pain
A: Representative example of responses recorded from a PO neuron in an animal with SCIpain. Time stamps of action potentials (top trace) recorded during spontaneous activity and
during application (randomized order) of various mechanical forces (bottom trace) to the dorsal
surface of the hindpaw, using an electronic anesthesiometer. B: In a PO neuron from shamoperated control, spontaneous firing rate is low, and responses significantly exceed this
spontaneous activity level only when strong stimuli (>180 g) are applied. This threshold is
identical to the behavioral withdrawal thresholds in this animal. In a neuron from the spinallesioned animal with confirmed SCI-pain, spontaneous activity is higher, and both
electrophysiological and behavioral thresholds are considerably lower (60 g). C: Group data
showing that the activity of PO neurons is significantly higher in animals with SCI-pain (n = 12)
in response to mechanical hindpaw stimulation when compared with sham-operated controls (n =
10). *, Statistically significant difference, P < 0.05.
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To test if behavioral hyperalgesia in the face is also reflected in abnormal PO activity,
in the same set of neurons we recorded responses to stimulation of the vibrissae, using air
puffs delivered to the vibrissae pad. The location of all recorded PO neurons is shown in
Fig. 9D. Peristimulus histograms (PSTHs) were constructed for each cell to compute
response magnitude. Typical of PO neurons in control animals (Diamond et al., 1992a;
Lavallee et al., 2005; Trageser and Keller, 2004), the unit depicted in Fig. 9A (control)
had a long onset latency (21 msec) and exhibited low spontaneous activity and lowmagnitude responses to vibrissae stimulation. In contrast, the unit recorded from an
animal with SCI-pain responded robustly to vibrissae stimuli and had a markedly high
spontaneous firing rate. As a group, vibrissae evoked response magnitudes of PO neurons
from spinal-lesioned animals were significantly higher than those of control animals
(sham: mean = 0.86 ± 0.39 spike/stimulus, median = 0.60; lesion: mean = 3.2 ± 5.6
spike/stimulus, median = 1.2; P = 0.008, MWU; Fig. 9B). There was no significant
difference in onset latency between SCI-pain and sham-operated controls (sham: mean =
16.7 ± 6.5 ms, median = 14 ms; lesion: mean = 17.0 ± 7.1 ms, median = 14 ms; P = 0.9,
MWU).
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Figure 9: Activity in PO is enhanced in neurons with receptive fields in regions above
spinal lesion in animals with SCI-pain
A: The activity of PO neurons in animals with SCI-pain (n = 15) is also higher in response to
vibrissae stimulation when compared to sham operated controls (n = 20). PSTHs computed for
PO neurons recorded from a sham-operated and a spinal-lesioned animal. Note the large increase
in spontaneous and evoked activity. Horizontal lies represent 99% confidence interval.
Spontaneous activity (B) and vibrissae-evoked activity (C) are enhanced in PO neurons recorded
from spinal-lesioned animals. D: Location of PO neurons recorded from sham-operated controls
(n = 20, filled circles) and SCI-pain animals (n = 15, open squares). Drawings were modified
from the Paxinos and Watson atlas (Paxinos and Watson, 1998).
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Taken together, these results demonstrate that spinal lesions produce abnormally high
spontaneous firing and enhanced PO responses to stimuli with dermatomes both below
and above the lesion site. The finding that thresholds for PO responses decrease in
parallel with hindpaw withdrawal thresholds suggests that the two phenomena are
causally related, and that changes in PO responses may be responsible for behavioral
hyperalgesia.

V-B3. Neural activity in the VP thalamus
As described in the preceding text, ZI specifically targets “higher-order” thalamic
nuclei, while avoiding “first-order” thalamic nuclei such as the somatosensory ventral
posteromedial (VPM) and ventral posterolateral thalamus (VPL) (Bartho et al., 2002).
Because activity in VPM and VPL is not regulated by ZI inputs, we predicted that activity
in these nuclei should not be affected in animals with spinal cord lesions.
To test this prediction, we first preformed single unit extracellular recordings in VPL
neurons that responded to hindpaw stimulation. An innocuous mechanical stimulus (50 g
force, which does not evoke a hindpaw withdrawal in behaving animals) evoked
responses with similar magnitudes in cells from both control and lesioned rats (sham:
mean = 1.70 ± 1.39 Hz, median = 1.18; lesion: mean = 1.79 ± 1.32 Hz, median = 1.5; P =
0.9, MWU, Fig. 10A). Similarly, a noxious mechanical stimulus (120 g) evoked similar
responses in both groups of animals (sham: mean = 2.28 ± 0.43 Hz, median = 0.12;
lesion: mean = 2.87 ± 1.31 Hz, median = 0.17; P = 0.5, MWU). There was also no
difference between spontaneous firing rats of neurons recorded from spinal-lesioned
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animals and those of sham-operated controls (sham: mean = 0.28 ± 0.35 Hz; lesion:
mean = 0.25 ± .026 Hz; P = 0.9, MWU, Fig. 10A). The finding that activity in VPL
neurons was unaffected in rats with SCI-pain is consistent with the hypothesis that
suppressed inhibitory inputs from ZI to “higher-order” thalamic nuclei is causally related
to the SCI-pain.
We also recorded from VPM neurons that responded to innocuous vibrissae
stimulation. Consistent with our prediction, group comparisons revealed no significant
difference in the magnitude of evoked responses in VPM (sham: mean = 1.4 ± 2.0 spike/
stimulus, median = 1.0; lesion: mean = 1.1 ± 1.3 spike/stimulus, median = 0.4; P = 0.8,
MWU; Fig. 10B).
There was, however, a modest increase in spontaneous firing rates in neurons
recorded from spinal-lesioned animals (sham: mean = 1.4 + 2.2 Hz, median = 0.2; lesion:
mean = 6.2 ± 7.5 Hz, median = 2.6; P = 0.04, MWU; Fig. 10C). (Compare the 30-fold
increase in spontaneous activity of PO neurons with the 4-fold increase in VPM.) We are
currently exploring the hypothesis that the increase in spontaneous activity of VPM
neurons reflects changes in corticothalamic activity. Nevertheless, the finding that evoked
activity in VPM neurons was unaffected in animals with SCI-pain is consistent with our
hypothesis that abnormalities in ZI are responsible for the development of chronic pain
after spinal lesion.
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Figure 10: Neuronal activity in the ventrobasal thalamus of animals with SCI-pain
A: Spontaneous and sensory evoked responses of neurons in ventral posterolateral thalamus
(VPL) are not significantly different between sham-operated (n=12) controls and animals with
SCI-pain (n = 12). B: Sensory-evoked responses in the posteromedial thalamus (VPM) are not
significantly different between sham-operated (n = 10) and spinal-lesioned animals (n = 13). C:
In VPM, spontaneous activity was higher in animals with SCI-pain, compared to controls.

V-B4. Burst activity in the thalamus
It has been suggested that chronic pain after injury, both in humans and in animal
models, is associated with abnormally high incidence of bursting activity in lemniscal
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thalamic nuclei (Lee et al., 2005; Lenz et al., 1989; Vierck et al., 1990; Wang et al., 2003)
but see (Dostrovsky, 2007). We therefore reasoned that the increased spontaneous activity
in VPM might be due to an increase in the incidence of burst firing in this nucleus, as
proposed previously for the VPL (Wang and Thompson, 2008). To test this prediction, we
analyzed the incidence of bursts during spontaneous activity and in response to vibrissae
stimuli. Criteria for defining a burst in extracellular recordings are described in Methods.
In spinal-lesioned rats, there was a large and significant increase (P = 0.02, χ2 test) in the
percentage of VPM neurons that emitted bursts of three or more action potentials (sham:
23%; lesion: 70%). However, in bursting cells, the mean frequency of bursts was only
marginally, and not significantly (P = 0.06, MWU), higher in spinal-lesioned rats (sham:
mean = 0.02 ± 0.05 Hz, median = 0; lesion: mean = 0.04 ± 0.05 Hz, median = 0.02).
Further, the percentage of VPM neurons that respond with bursts to vibrissae stimulation
was not significantly different between the two groups (sham: 44%; lesion: 38%; P =
0.44, χ2 test). Nor was there a difference in the frequency of stimulus-evoked bursts
between sham-operated and spinal-lesioned animals (sham: mean = 0.01 ± 0.03 Hz,
median = 0; lesion: mean = 0.03 ± 0.06 Hz, median = 0.002; P = 0.5, MWU).
We preformed similar analyses of spike bursts on PO neurons and found no
significant decrease in either the percentage of spontaneously bursting cells (sham: 50%;
lesion: 47%; P = 0.90, χ2 test) or in the frequency of spontaneous bursts (sham: mean =
0.04 ± 0.08 Hz, median = 0.002; lesion: mean = 0.04 ± 0.06 Hz, median = 0, P = 0.80,
MWU). Similarly, neither the percentage of cells that burst in response to vibrissae
stimulation (sham: 40%; lesion: 53%; P = 0.30, χ2 test), nor the incidence of evoked
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bursts (sham: mean = 0.02 ± 0.04 Hz, median = 0; lesion: mean = 0.02 ± 0.04 Hz,
median = 0.004; P = 0.5, MWU), are significantly different in rats with SCI-pain.
These findings indicate that incidence of spike bursts, as defined in this study, are
only marginally affected in VPM neurons and remain unchanged in VPL and PO neurons.
Thus, our findings do not resolve the current controversy regarding the causal role of
spike bursts in chronic pain (see (Dostrovsky, 2007)).
V-B5. Brainstem activity unaffected in SCI-pain
The changes in activity of PO neurons in animals with SCI-pain may reflect an
increase in peripheral afferent input rather than, or in addition to, suppression of
inhibition from the ZI. To test this possibility, we recorded from the spinal trigeminal
nucleus (SpV), the main source of afferent inputs to PO (Veinante et al., 2000).
Spontaneous firing rates of vibrissae responsive neurons in the SpVi were not
significantly different between sham-operated and spinal-lesioned animals (sham: mean
= 0.68 ± 1.8 Hz, median = 0.17; lesion: mean = 0.99 ± 2.1 Hz, median = 0; P = 0.96,
MWU, Fig. 11A). There was also no significant difference in the magnitude of response
to vibrissae stimulation (sham: mean = 2.27 ± 2.07 spike/stimulus, median = 1.47;
lesion: mean = 2.03 ± 1.18 spike/stimulus, median = 1.65; P = 0.82, MWU, Fig. 11B).
To investigate if changes in PO reflect peripheral changes in nociceptive afferents
from the face, we recorded from neurons in the SpVc. Spontaneous firing rates of
neurons in SpVc of spinal-lesioned animals were not significantly different from neurons
recorded from sham-operated controls (sham: mean = 1.8 ± 2.5 Hz, median = 0.5; lesion:
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mean = 2.3 ± 5.0 Hz, median = 0.3; P = 0.65, MWU, Fig. 11C). In addition, responses of
these neurons to noxious mechanical stimuli applied to the face were not significantly
different between the two groups (sham: mean = 10.4 ± 7.2 spikes/stimulus, median =
8.4; lesion: mean = 10.5 ± 11.3 spike/ stimulus, median = 4.0; P = 0.53, MWU, Fig. 11C).
These findings indicate that changes in PO activity in spinal-lesioned rats are not due to
increased noxious or innocuous afferent inputs from SpVi or SpVc.

Figure 11: Neuronal activity in spinal trigeminal nuclei of animals with SCI-pain
In the spinal trigeminal subnucleus interpolaris (SpVi), there were no significant differences
between SCI-pain (n = 11) and sham-operated control animals (n = 10) in either sensory evoked
responses (A) or spontaneous activity (B). C: The activity of neurons in the spinal trigeminal
subnucleus caudalis (SpVc) is not significantly different between sham-operated controls (n = 15)
and animals with SCI-pain (n = 17).
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V-C. Discussion
Our overarching hypothesis was that pain after spinal cord injury results from
abnormal inhibitory inputs from ZI to higher-order thalamic nuclei, such as PO.
Consistent with our hypothesis, we found a significant suppression of both spontaneous
and evoked activity in inhibitory neurons in ZI and abnormally high spontaneous and
evoked activity of neurons in PO in animals with SCI-pain. The positive association
between behavioral and neurophysiological thresholds in rats with SCI-pain is consistent
with a causal role for suppressed incerto-thalamic inputs in SCI-pain.
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V-C1. Reduced inhibition in the thalamus
A role for the incerto-thalamic pathway in SCI-pain is also consistent with previous
findings demonstrating that in normal rats, ZI regulates both spontaneous and evoked
activity of PO neurons (Trageser and Keller, 2004; Trageser et al., 2006; Lavallee et al.,
2005). Along with an increase in spontaneous and evoked activity of PO neurons, we
previously reported that inactivating ZI results in reduced response latency in a subset of
PO neurons (Trageser and Keller, 2004). In the present study, we did not observe an
effect on response latency of PO neurons. This suggests that the effects of spinal lesions
on incerto-thalamic inhibition are less pronounced than those produced by direct, large
lesions of ZI.
We considered the possibility that there is a reduction in other inhibitory inputs to PO.
There are no GABAergic interneurons within PO (Barbaresi et al., 1986) therefore, all
GABAergic inhibition is mediated by extrinsic afferents. An important source of these
afferents is the GABAergic reticular nucleus of the thalamus (TRN), which has been
hypothesized to play a role in chronic pain (Boivie, 2005; Foix et al., 1922). TRN does
not receive ascending sensory inputs, and its major source of excitatory input is from
somatosensory cortex (Liu and Jones, 1999). Further, GABAergic terminals in PO that
originate from ZI differ from those of TRN origin by their larger size, the presence of
multiple release sites, and multiple filamentous contacts, all features suggesting that ZI
exerts significantly more potent inhibition on PO (Bartho et al., 2002; Bokor et al., 2005).
Moreover, we find that responses evoked with innocuous stimuli in VPM and VPL,
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nuclei that receive inhibition exclusively from TRN, are unaffected by spinal lesions,
which argues against a role for TRN in our model of SCI-pain.
The anterior pretectal nucleus (APT) also sends dense GABAergic inputs exclusively
to higer-order thalamic nuclei and it too can regulate the activity of PO (Bokor et al.,
2005). Further, both ZI and APT send dense nociceptive inputs through STT (Apkarian
and Hodge, 1989; Craig, 2004; Shaw and Mitrofanis, 2001), and both ZI and APT have
been implicated in a variety of pain-related functions (Porro et al., 2003; Villarreal and
Prado, 2007; Yen et al., 1989). These findings suggest that APT might also be involved in
the pathogenesis of SCI-pain. Therefore we consider ZI/APT the most parsimonious
candidates providing inhibitory regulation of PO and MD.
V-C2. Development of changes in ZI
There are several potential mechanisms by which spinal cord injury could lead to
decreased inhibitory drive from ZI. Preliminary data from our laboratory suggests that
within two weeks after SCI there is significant apoptosis in ZI, possibly mediated through
lesioned STT afferents and transsynaptic cell death pathways. Additional preliminary data
shows that after SCI there is a significant decrease of glutamate decarboxylase (GAD, the
rate limiting enzyme in the synthesis of GABA) containing neurons in ventral ZI,
suggesting that after injury there is a reduction of ZI cells that provide tonic inhibition to
the thalamus. In addition, preliminary data suggest that these changes are preceded by a
significant reduction in the expression of GAD in ZI, as measured with western blots.
Finally, recent evidence from our laboratory demonstrate a significant reduction in the
frequency, but not the amplitude of mIPSCs recorded, in vitro, from PO neurons of SCI73

pain rats, consistent with a presynaptic reduction in GABAergic inputs to these neurons.
While these data are consistent with a loss of inhibitory drive from ZI after SCI, further
experimentation is needed to fully understand the cellular basis of changes that occur in
ZI after damage in the spinal cord.
V-C2. Additional SCI-pain mechanisms
In addition to PO, ZI and APT innervate higher-order thalamic nuclei that have been
traditionally implicated in nociceptive processing, including the medial dorsal nucleus,
the central median nucleus, nucleus submedius, and the parafascicular nucleus (Bushnell
and Duncan, 1989; Craig and Burton, 1981; Dostrovsky and Guilbaud, 1990; Power and
Mitrofanis, 2002). It is therefore likely that neuronal activity in these nuclei is also
enhanced in animals with SCI-pain, a notion that we discuss in Chapter 3. Together with
PO, these nuclei project to cortical areas associated with the experience of pain (reviewed
in Jones (2007)), and abnormalities in their neuronal activity caused by reduced
inhibition from ZI/APT may play an integral part in the development or maintenance of
SCI-pain.
Abnormalities in PO activity may also result from transsynaptic changes to the
membrane properties of these neurons, such as changes in the expression of channels or
ionic pumps. In dorsal horn neurons of animals with neuropathic pain, such changes
resulted in the reversal of normally inhibited anionic currents into excitatory currents
(Coull et al., 2003). Similar changes in PO neurons might explain the disinhibition we
observed. The absence of changes in response latency might be attributed to the presence
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of shunting inhibition, which would remain unaffected by the postulated anionic
disturbances.
Recordings of field potentials in brain slices taken from animals with SCI-pain after
spinal lesions reveal bursting discharges are evoked in VPL in response to local electrical
stimulation (Wang and Thompson, 2008). The absence of abnormal VPL responses in the
present experiments might be explained by differences in the nature of the stimulus or by
the urethane anesthetic. Further experiments are planned to test these possibilities.
ZI also projects to the somatosensory cortex (Nicolelis et al., 1995). ZI projections on
the neocortex are sparse in adult animals, and they preferentially target cortical layer I
(Dammerman et al., 2000). Thus, cortical influences on PO are unlikely to be affected by
suppression of ZI input to the cortex. Superior colliculus, and other structures inhibited
by ZI/APT, provide relatively sparse inputs to PO, and are not thought to significantly
shape its response properties (Ling et al., 1997).
It is possible that enhanced PO responses in SCI-pain animals are due to enhanced
excitatory inputs rather than or in addition to reduced inhibition. The main sources of
excitation to PO are the spinal trigeminal nuclei, the spinal dorsal horn, and the
somatosensory cortex (Diamond et al., 1992a; Pierret et al., 2000; Zhang and Giesler,
2005). We found that neuronal responses in SpVi and SpVc were not affected by spinal
lesions and thus are unlikely to contribute to changes in PO. We did not directly test the
contribution of peripheral inputs from the dorsal horn or of cortical inputs to PO, and thus
their involvement in SCI-pain remains a possibility. Similarly, the contribution of
“modulatory” inputs, such as cholinergic or serotonergic afferents, cannot be excluded
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(Varela and Sherman, 2007). However, these spinal, cortical, and modulatory inputs also
project on the VPM and VPL nuclei, and evoked responses in these nuclei remain
unchanged in animal with SCI-pain. Therefore, we conclude that reduced inhibition from
ZI on PO and related nuclei is an important mechanism in this model of SCI-pain.
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VI. ABNORMALITIES IN ASSOCIATIVE THALAMIC NUCLEI
VI-A. Introduction
We have shown that targeted electrolytic lesions in the spinothalamic tract (STT) of
rats results in mechanical and thermal hyperalgesia as well as the development of a tonic
aversive state analogous to the human condition of spontaneous pain (“SCI-pain”;
Chapter I). After characterizing the behavioral changes that occur as a result of spinal
cord lesion, we tested the hypothesis that SCI-pain develops as a result of a chronic
disinhibition in the thalamus. We found that in animals with SCI-pain, there is a
significant reduction in neuronal activity in the GABAergic nucleus zona incerta (ZI). In
Chapter II, we showed that reduced activity in ZI after spinal-lesion is associated with a
dramatic increase in spontaneous and evoked activity in the somatosensory posterior
thalamus (PO). Although sensory discrimination is a vital component of pain, pain is, by
definition, not only a sensory discriminative experience, but also an unpleasant emotional
experience (Merskey and Bogduk, 1994). Therefore, we predicted that spinal-lesion
affects neuronal activity in both somatosensory and associative thalamic nuclei that
receive innervation from ZI.
The mediodorsal thalamus (MD) is a “higher-order” thalamic nucleus that receives
direct input from both the STT (Craig and Burton, 1981; Craig and Kniffki, 1985;
Mantyh, 1983a; Mantyh, 1983b; Peschanski et al., 1981) and from ZI (Bartho et al.,
2002; Erickson et al., 2004). Though MD consists of three major subregions—the central,
medial, and lateral areas (referred to as MDc, MDm, and MDl respectively)—it is a
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rather homogeneous nucleus (Kuroda et al., 1992). The MD projects densely to multiple
regions in the limbic circuit, including the anterior cingulate cortex and several divisions
of the amygdala (Price and Slotnick, 1983; Cornwall and Phillipson, 1988; Groenewegen,
1988), (see also (Shyu and Vogt, 2009; Jones, 2007)).
In both awake and anesthetized rats, peripherally driven neurons in MD are almost
exclusively responsive to noxious, but not innocuous, stimuli (Dostrovsky and Guilbaud,
1990; Wang et al., 2003). In behaving rats and monkeys, MD neuronal activity co-varies
with the intensity of noxious stimuli (Zhang et al., 2011; Bushnell and Duncan, 1989).
Together, these data suggest that activation of MD neurons is pro-nociceptive. Therefore,
we hypothesized that conditions of chronic pain are associated with a pathological
increase of neuronal activity in MD.
VI-B. Results
VI-B1. Classification of MD Neurons
We obtained single-unit extracellular recordings from MD of sham-operated controls
and spinal-lesioned animals. We identified neurons in MD using two main criteria: their
location, based on stereotaxic coordinates (Paxinos and Watson, 1998) and confirmed
histologically post hoc, and their responses to noxious peripheral stimulation. We focused
our recordings near the border between the central and lateral subdivisions of MD (Fig.
12D) because these regions have a high density of thalamocortical neurons projecting to
the anterior cingulate and insular cortices (Krettek and Price, 1977b; Groenewegen,
1988) (see also (Jones, 2007)), regions which are important for nociceptive processing
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and pain perception (Jasmin et al., 2004; Shyu and Vogt, 2009; Johansen et al., 2001;
Price, 2000; Treede et al., 1999; Treede et al., 2000; Wang et al., 2003; Wang et al., 2004;
Zhang et al., 2011).
MD neurons had distinctive action potential waveforms. Figure 12A shows an
extracellular recording from a representative MD neuron (asterisk) that has a large
biphasic action potential with two positive peaks, and a greater than 2 msec duration.
These waveform indices were characteristic of most (>85%) of the neurons recorded in
MD. This likely reflects the rather homogeneous neuronal population of this nucleus,
which is comprised of stellate and fusiform excitatory neurons and, like some other
thalamic nuclei in rodents, contains virtually no GABAergic interneurons (Kuroda et al.,
1992; Ottersen and Storm-Mathisen, 1984). However, occasionally we recorded from
neurons with action potentials that did not have two positive peaks and that had a less
than 1.5 msec duration (Fig. 12A, arrowhead). Because these were rare (<15%) and
because these cells were generally not responsive to peripheral stimulation, we excluded
them from our analyses.
We found that MD neurons were particularly sensitive to depth of anesthesia, such
that when animals were deeper than level III-2 described by Friedberg et al. (1999), we
recorded very few spontaneously active neurons in MD and virtually no neurons with
peripherally evoked responses. To address this issue and to be sure we were making
appropriate comparisons between sham and spinal-lesioned animals, we carefully
monitored depth of anesthetic in all experiments using several physiological metrics
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including corneal reflex, breathing rate, pinch withdrawal, and electrocorticogram
(ECoG) activity (described in detail in Methods).
As reported by others, we found that neurons in MD are responsive to peripheral
stimulation (Dostrovsky and Guilbaud, 1990; Wang et al., 2003; Zhang et al., 2011). The
receptive fields of these neurons were always bilateral and often included limbs and parts
of the torso (Fig. 12B). In some cases, stimulation to the entire trunk of the body and all
four limbs evoked responses from these cells. Though we did not systematically study
areas above the neck, we also found that some MD neurons responded to parts of the
head, both forepaws, and the upper torso. We focused our recordings on neurons that
responded to stimulation of the hindpaws because in this model of SCI-pain we see
bilateral thermal and mechanical hyperalgesia in dermatomes below the spinal lesion
(Chapter I) and because in both anesthetized and awake experiments it was more feasible
to control placement, duration, and intensity of stimulation to the hindpaws than to areas
of the torso or the forepaws.
Similar to previous reports, we found that MD neurons responded almost exclusively
to noxious peripheral stimulation (Dostrovsky and Guilbaud, 1990; Wang et al., 2003;
Zhang et al., 2011). Figure 12C shows a rate histogram of typical spontaneous and
evoked firing of MD neurons in control (sham) animals. This representative neuron had
no spontaneous activity and was not activated by touch with a wooden probe on the
hindpaws or lower trunk of the animal. Noxious pinch to the hindpaws elicited responses,
and repeated pinches caused a dramatic increase in its firing rate (compare firing rate
after arrowheads, Fig. 12C). As a group, MD neurons in sham animals had little or no
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spontaneous activity and did not respond to air puff or touch with a wooden probe
(“innocuous peripheral stimulation”) delivered to their receptive field. The neurons did
have robust and augmenting responses to frank noxious stimulation, in this case repeated
pinches to the receptive field. Individual neurons showed both increased firing rate and
increased duration of response to later pinches compared to initial pinches, though the
peripheral stimulation was always identical (1 second pinch, 200-225 g; compare firing
rate and duration after arrowheads, Figure 12C; quantified below).

Figure 12: Neuronal activity in the mediodorsal thalamus (MD) of control animals
A: Representative extracellular recording from MD containing two isolated single units: a
typical MD neuron (asterisks; large biphasic wave, two positive peaks, greater than 2 msec
duration), and an atypical MD neuron (arrowheads). B: Receptive field map of an MD neuron
from a sham animal. Shaded area represents the regions from which responses were evoked. C:
Rate histogram computed from the activity of an MD neuron from a sham animal (1 sec bins).
The neuron has no spontaneous activity (solid bar), nor does it respond to innocuous touch
(dashed bar). It displays robust and augmenting responses to repeated pinches (1-sec pinch, onset
designated by arrowheads). D: Recording locations of MD neurons: 54 from sham (solid squares)
and 58 from SCI animals (open circles, adapted from the Paxinos and Watson atlas (1998)).
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VI-B2. Enhanced neuronal activity in MD
To test whether SCI-pain affected neurons in MD, we compared spontaneous and
evoked activity of MD neurons from anesthetized sham and SCI-pain rats. MD neurons
from animals with SCI-pain (58 neurons from 6 animals) had, on average, a 2.5 fold
increase in spontaneous firing rates, compared to those from sham animals (52 neurons
from 3 animals) (sham: mean = 1.88 ± 0.257 Hz, median = 1.33; SCI: mean = 4.83 ±
0.746 Hz, median = 2.25; P = 0.011, MWU; Fig. 13A). Figure 12B shows a rate
histogram computed from activity of an MD neuron in a spinal-lesioned animal with
confirmed hyperalgesia. Compared to neurons in sham animals, MD neurons in spinal82

lesioned animals had significantly higher spontaneous firing rates (compare Fig. 12C
“spontaneous” to Fig. 13B “spontaneous”).
Similar to sham animals, MD neurons in spinal-lesioned rats did not show significant
responses to innocuous peripheral stimulation, but did respond robustly to noxious pinch
of the hindpaws. As described above for neurons from sham animals, neurons in animals
with SCI-pain responded to repeated noxious stimulation with increasing firing rate and
increasing duration of response (compare firing rate and duration after arrowheads,
Figure 13B; quantified below).
To test whether animals with SCI-pain had increased responses to peripheral
stimulation, we compared magnitude and duration of neuronal activation in response to
1-sec pinches between sham-operated and spinal-lesioned animals. Total magnitude of
response (responses to pinches 1 to 4 grouped together) was significantly higher in SCIpain animals than in sham-operated animals (sham: mean = 4.34 ± 1.20 spikes/stimulus,
median = 1.65; SCI: mean = 29.0 ± 8.08 spikes/stimulus, median = 3.50; P < 0.0001,
MWU; Fig. 13C). Not only did MD neurons from SCI-pain animals have significantly
higher firing rates in response to noxious stimulation, but they also had elevated firing
rates for significantly longer periods of time. Figure 13C shows total duration of elevated
firing rates after noxious stimulation (pinches 1 to 4 grouped, sham: mean = 0.723 ±
0.150 sec, median = 0.30; SCI: mean = 2.64 ± 0.762 sec, median = 0.50; P = 0.0018,
MWU).
Because we found augmenting responses in both sham and spinal-lesioned animals,
such that later pinches produced significantly elevated firing rates for prolonged periods
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of time, we thought it insufficient to simply compare magnitude and duration of
responses for all pinches grouped together. To address whether individual pinches evoked
enhanced responses in animals with SCI-pain, we analyzed responses evoked by
individual pinches separately. There was no significant difference in response magnitude
evoked by the first pinch between sham and spinal-lesioned animals (sham: mean = 2.36
± 0.353 spikes/stimulus; median = 1.53; SCI: mean = 33.3 ± 21.3 spikes/stimulus,
median = 2.29; P = 0.068, MWU; Fig. 13D). However, spinal-lesioned animals had
significantly larger evoked responses to each of pinches 2 to 4 when compared to
responses of sham animals (Pinch 2: sham: mean = 2.52 ± 0.36 spikes/stimulus, median
= 1.84; SCI: mean = 18.3 ± 5.88 spikes/stimulus, median = 3.62; P = 0.018, MWU.
Pinch 3: sham: mean = 3.01 ± 0.51 spikes/stimulus, median = 1.64; SCI: mean = 48.6 ±
22.1 spikes/stimulus, median = 4.14; P = 0.009, MWU. Pinch 4: sham: mean = 9.48 ±
4.65 spikes/stimulus, median = 2.07; SCI: mean = 14.4 ± 4.00 spikes/stimulus, median =
4.17; P = 0.031, MWU. Fig. 13D). A similar augmenting pattern was seen with response
duration (data not shown).
Figure 13: Neural activity in MD is enhanced in animals with SCI-pain
A: Box and whisker plots show that MD neurons from spinal-lesioned animals (n = 58) have
significantly higher spontaneous firing rates than those from sham-operated animals (n = 52; P =
0.011, MWU). B: Rate histogram computed from activity of an MD neuron in a spinal-lesioned
animal (1 sec bins). The neuron fires action potentials spontaneously (solid bar) but does not
significantly increase its firing rate in response to innocuous stimulation (dashed bar, compare to
Fig. 11C). Repeated pinches evoke augmenting responses (1-sec pinch, onset designated by
arrowheads). C: Response magnitude and duration to 1-sec pinch were significantly larger in
neurons from spinal-lesioned animals (n = 58, 226 pinches) than in those of sham-operated
84

animals (n = 52, 204 pinches). D: Box plots show the magnitude of response of MD neurons in
sham (n = 52) and spinal-lesioned (n = 58) animals to each of a succession of 1-sec pinches (on
alternating hindpaws, 10 sec between each pinch). Spinal-lesioned animals show significantly
larger response magnitudes to pinches 2-4 compared to sham animals.
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We observed a significant increase of both spontaneous and stimulus evoked neuronal
activity in MD of animals suffering from SCI-pain. In response to noxious peripheral
stimulation, MD neurons from animals with spinal-lesions showed both higher response
magnitudes and longer response durations compared to neurons from sham-operated
controls. Together, these data support our hypothesis and indicate that in conditions of
chronic pain MD neurons have significant increases in both spontaneous and evoked
activity.
VI-B3. Burst properties of MD neurons
The function and prevalence of bursts in thalamic cells during conditions of pain have
been debated. Some have suggested that chronic pain conditions are associated with
increased incidence of bursting activity in somatosensory thalamic nuclei in both humans
and rats (Lee et al., 2005; Lenz et al., 1989; Vierck et al., 1990; Weng et al., 2003) (but
see (Dostrovsky, 2007)). However, this hypothesis is not universally accepted (see
(Canavero and Bonicalzi, 2007c)). Bursting activity has been reported in MD of humans
with chronic pain (Rinaldi et al., 1991), though the authors of this study point out that
without electrophysiological recordings obtained from MD of healthy individuals, it is
impossible to ascertain whether this bursting activity is pathological or even increased
relative to normal controls. Indeed, little has been reported about bursting activity in MD
of healthy individuals, and there is little published about the presence of bursts in MD of
normal animals.
To test whether bursting activity was increased in MD of animals with SCI-pain, we
compared the prevalence of bursting cells between sham and spinal-lesioned animals.
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Because several groups studying a variety of species have reported that the prevalence of
thalamic burst activity varies as animals transition through stages of wakefulness, with
bursts being more prevalent in sleep states than in drowsy or awake states (McCarley et
al., 1983; Ramcharan et al., 2000; Swadlow and Gusev, 2001; Massaux and Edeline,
2003), we carefully monitored the level of anesthetic for each animal using ECoGs
(described above and in Methods). As previously discussed, we used intravenous infusion
of a 6% urethane solution to hold animals steady at level III-2 of anesthetic (Friedberg et
al., 1999) (see also Methods), characterized by an ECoG with peak activity in the theta
range (5-7 Hz).
To identify bursting cells in MD, we based our burst criteria on previously published
reports of bursts in somatosensory thalamic neurons (Guido et al., 1995; Lu et al., 1995;
Sherman, 1996; Masri et al., 2009) and on burst properties reported from MD neurons in
humans with chronic deafferentation pain (Rinaldi et al., 1991). We defined bursts as
clusters of at least three action potentials with inter-spike intervals of ≤ 5 ms in which the
first spike in the burst has a preceding inter-spike interval of ≥ 100 ms during
spontaneous activity. In sham animals, 28% (15/52) of neurons exhibited burst firing
during spontaneous activity. This was not different from the proportion of cells that
exhibited burst firing in spinal-lesioned animals (33%, 19/58; P = 0.576, Pearson’s x2,
Fig. 14A).
Figure 14B shows a burst of action potentials from an MD neuron. Burst firing was
typically present during spontaneous activity, but the frequency of bursts was reduced
when the cell was activated by pinch. In sham animals, frequency of bursts was reduced
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by half during pinch evoked responses (spontaneous: mean = 0.209 ± 0.075 Hz, median
= 0.033; evoked: mean = 0.147 ± 0.07 Hz, median = 0.013; P = 0.02, Mann-Whitney U;
Fig. 14C) compared to spontaneous activity. Similarly, in spinal-lesioned animals
frequency of bursts was significantly lower during pinch evoked responses than during
spontaneous activity (spontaneous: mean = 0.257 ± 0.056, median = 0.15; evoked: mean
= 0.136 ± 0.044, median = 0.073; P = 0.02, MWU; Fig. 14C). There was no difference in
frequency of bursts between sham and spinal-lesioned animals during either spontaneous
or evoked activity (spontaneous: P = 0.123, MWU; evoked: P = 0.297, MWU).

Figure 14: Burst activity in MD neurons is not altered in animals with SCI-pain
A: Percent of cells that exhibited burst firing during spontaneous activity was not
significantly different between sham and SCI animals. B: Recording of a burst of action
potentials elicited by an MD neuron. C: Box plots show that the frequency of bursts is
significantly higher during spontaneous activity compared to evoked responses, for both sham
and spinal-lesioned animals (sham: n = 15; SCI: n = 20; p values computed using MWU).
Frequency of bursts was not different between surgical groups (in either spontaneous or evoked
epochs).
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We did not find a difference in the percent of cells that burst or in the frequency of
bursts during spontaneous activity between spinal-lesioned and sham-operated animals,
but we did observe a significant reduction in frequency of bursts in response to noxious
peripheral stimulation. These results suggest that peripheral stimulation changes firing
properties of MD neurons in anesthetized rats. Interestingly, in this model of SCI-pain we
have shown an increase in incidence of bursts in the ventromedial posterior thalamus, a
first-order somatosensory thalamic nucleus, but not in the posterior thalamus, a higherorder somatosensory nucleus (see Chapter II). Together these findings suggest that
conditions of chronic pain affect firing properties in higher order thalamic nuclei
differently than those of first order nuclei.

VI-B4. Increased spontaneous neuronal activity in MD of behaving animals
Pain is a complex sensation, the individual components of which can be modified and
modulated by behavioral states such as arousal and attention (Miron et al., 1989;
Buffington et al., 2005). For this reason, we next tested whether SCI-pain affected
neuronal activity in MD of awake behaving animals. We obtained extracellular multiunit
recordings from MD of seven behaving animals both before and after spinal lesion. Only
animals that developed clear mechanical hyperalgesia after the spinal lesion were
included in this study. We identified multiunit activity (MUA) in MD using two main
criteria: recording location, based on stereotaxic coordinates (Paxinos and Watson, 1998)
and confirmed histologically post hoc, and MUA responses to mechanical and thermal
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peripheral stimulation. Figure 15A shows example MUA activity recorded from an
animal before spinal lesion.
To test whether neurons in MD of behaving animals had increased spontaneous
activity in conditions of chronic pain, we compared spontaneous firing rates of MUA in
MD during two different behavioral conditions. First, we recorded two minutes of
spontaneous activity while animals were in their home cages and while animals were
freely moving on the testing platform (0.5 m (h), described in detail in Methods). After
spinal-lesion there was a significant increase in MUA spontaneous firing rate in MD
when the animals were in the home cage (before lesion: mean = 2.69 ± 0.44 Hz, median
= 1.82, n = 29 MUA; after lesion: mean = 5.30 ± 0.65 Hz, median = 5.0, n = 31 MUA; P
= 0.0033, MWU; Fig. 15B).
After spinal lesion, a similar increase in MUA spontaneous firing rate occurred while
animals were freely moving on the elevated testing platform. Comparing MUA firing
rates in animals before and after spinal lesion, we found a 3-fold increase in mean
spontaneous firing rate after spinal-lesion (before lesion: mean = 3.45 ± 0.50 Hz, median
= 3.21, n = 29 MUA; after lesion: mean = 10.78 ± 1.71 Hz, median = 7.80, n = 31 MUA;
P = 0.0000, MWU, Fig. 15B).
These data show that spontaneous neuronal activity is increased after spinal cord
injury, both in environments associated with noxious peripheral stimulation and in less
anxiety-producing environments such as the animals’ home cage. To our knowledge this
is the first report of enhanced spontaneous neuronal activity in MD of awake behaving
animals suffering from chronic pain.
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Figure 15: Neuronal activity in MD is enhanced in MD of behaving animals with SCIpain
A: Representative recording of multiunit activity (MUA) from MD of a freely moving rat. B:
Box and whisker plots show that MD MUAs from animals after spinal lesion (n = 31) have
significantly higher spontaneous firing rates in two distinct environments: the animals’ home cage
and the elevated testing platform, compared to the same animals before spinal lesion (n = 29). C:
Box plots show the magnitude of MUA evoked response in animals before spinal lesion and in
the same animals after spinal lesion. After spinal lesion, animals have larger responses to 26 g
von Frey stimulation (before lesion: n = 16; after lesion: n = 22) and have significantly larger
responses to 60 g (before lesion: n = 24; after lesion: n = 31) and 100 g (before lesion: n = 24,
after lesion: n = 23) von Frey stimulation.
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VI-B5. Increased responses to peripheral stimulation in MD of behaving animals
We tested changes in pain thresholds while the animals were on an elevated platform
with a mesh floor (described in Methods). Briefly, we applied von Frey filaments in
ascending order (range: 26-180 g) five times each to the plantar surface of the rats’
hindpaws to evoke neuronal activity in MD neurons and to obtain pain thresholds for
each animal, both before and after spinal lesion. Because we, and others, have reported
that neurons in MD have large, bilateral receptive fields, (Fig. 12B) (Wang et al., 2003;
Dostrovsky and Guilbaud, 1990), because our model of SCI-pain presents with
significant bilateral hyperalgesia below the site of the spinal lesion (Chapter I), and to
help prevent peripheral sensitization, we applied stimuli to alternating hindpaws.
We obtained MUA recordings from MD neurons during behavioral testing and
compared neuronal firing rates in response to several different intensities of peripheral
stimulation. For each stimulus intensity, we compared response magnitude of MUAs that
had significant stimulus evoked increases in firing rate (exceeding 99% confidence
interval relative to spontaneous firing rates) for animals before lesion to those after spinal
lesion. In response to 26 g von Frey filament stimulation there was a large increase in
mean firing rate after lesion, though there was no significant difference between the two
groups response magnitude (before lesion: mean = 10.2 ± 3.62 spikes/stimulus, median =
4.61; after lesion: mean = 26.7 ± 5.59 spikes/stimulus, median = 23.4; P = 0.069, MWU;
Fig. 15C).
When 60 grams of force was applied to the hindpaw of animals with SCI-pain, there
was a 6-fold increase in MUA response magnitude compared to responses from animals
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before spinal-lesion (before lesion: mean = 6.60 ± 1.95 spikes/stimulus, median = 1.52, n
= 24 MUA; after lesion: mean = 44.7 ± 13.5 spikes/stimulus, median = 10.0, n = 31
MUA; P = 0.0083, MUA; Fig. 15C). Similarly, there was, on average, a 3.5-fold increase
in response magnitude when 100 grams of force was applied the hindpaws of animals
with SCI-pain, compared to before lesion responses (before lesion: mean = 7.62 ± 2.54
spikes/stimulus, median = 4.89, n = 24 MUA; after lesion: mean = 26.5 ± 5.22 spikes/
stimulus, median = 28.1, n = 23 MUA; P = 0.0023, MUA, Fig. 15C).
After obtaining mechanical thresholds with von Frey filaments, we applied a clearly
noxious heat stimulus (42-45 ℃, 10 sec intervals), using a heat probe (see Methods), 5
times to alternating hindpaws of the animals. In all animals, both before and after spinal
surgery, the heat probe elicited a clear nocifensive behavioral response, including
hindpaw withdrawal, licking, biting, and shaking. There was no significant difference in
the magnitude of neuronal responses elicited by the heat probe between animals before
and after lesion (before lesion: mean = 14.5 ± 4.49 spikes/stimulus, median = 0.82, n =
24 MUA; after lesion: mean = 9.55 ± 2.04 spikes/stimulus, median = 5.95, n = 31 MUA;
P = 0.64, MWU). Fifty-four percent (13/24) of MUAs in MD of before lesion animals
and 70% (21/30) of MUAs in MD of after lesion animals had significant increases in
firing rate in response to the heat probe; this difference was not significant (P = 0.231,
Pearson’s x2).
There was a significant increase in magnitude of peripherally evoked responses in
MD of awake behaving rats with SCI-pain. We are unaware of any other study which
shows an increase in MD neuronal responses to mechanical peripheral stimulation in
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awake behaving animals during conditions of SCI-pain. Together with the significant
increase in spontaneous activity, these data support our hypothesis that conditions of
chronic pain are associated with pathological increases of activity in both somatosensory
(Chapter II) and associative thalamic nuclei.
VI-C. Discussion
We have previously shown that in conditions of chronic pain there is a dramatic loss
of neuronal activity in the GABAergic zona incerta (ZI) and that this correlates with an
increase in neuronal activity in higher order somatosensory thalamic nuclei, such as the
posterior thalamus. Because pain is, by definition, both a sensory discriminative
experience and an unpleasant emotional experience (Merskey and Bogduk, 1994), we
tested the hypothesis that chronic pain produces an increase of activity also in higher
order associative thalamic nuclei involved in processing affective components of pain.
We focus our study on the mediodorsal thalamus (MD), a thalamic nucleus ideally suited
for integrating somatosensory and affective components of pain. Consistent with this
hypothesis, we found that neurons in MD are strongly driven by noxious peripheral
stimulation in anesthetized animals and are preferentially driven by noxious peripheral
stimulation awake behaving animals. Also consistent with this hypothesis, we observed
that spinal cord injury causes a dramatic increase in both spontaneous and evoked activity
in both anesthetized and awake behaving animals.
The subdivisions and cortical projections of MD have been largely conserved, though
the anatomical nomenclature changes across species. Based on thalamocortical
projections and cellular architecture, Ray and Price (1993) identified the primate MD
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pars caudo-dorsalis as analogous to the rat medial and dorsolateral MD studied here.
There have been reports of abnormal neural activity in MD of humans during conditions
of chronic pain (Rinaldi et al., 1991) and two studies report that surgical lesion of the
medial thalamus provided 50-100% pain relief in more than half of patients suffering
from chronic pain (Young et al., 1995; Jeanmonod et al., 1993). Similarly, in a rat model
of neuropathic pain, lesion or inactivation of MD reduced both thermal and mechanical
hyperalgesia (Saade et al., 2007). However, there have been relatively few extracellular
electrophysiological recordings preformed in MD of anesthetized rats, even fewer
focused on responses to noxious peripheral stimuli, and, to the best of our knowledge, no
studies have been conducted examining activity of MD neurons in conditions of SCIpain.
VI-C1. Enhanced spontaneous activity in MD
In humans, SCI-pain presents not only as exaggerated responses to peripheral stimuli,
but also as chronic spontaneous pain (Bowsher, 1996; Garcia-Larrea et al., 2002;
Finnerup et al., 2003b). We have shown that in this model of SCI-pain rats develop
mechanical and thermal hyperalgesia as well as a tonic aversive state, analogous to the
human condition of spontaneous pain (Chapter I). In anesthetized animals we found a
2.5-fold increase in spontaneous activity in MD and in awake behaving animals, there
was a tripling of spontaneous neuronal activity following spinal lesion. Because MD is
densely interconnected with several areas of the limbic circuit that are critical for
nociceptive processing (Jasmin et al., 2004; Shyu and Vogt, 2009; Johansen et al., 2001;
Price, 2000; Treede et al., 1999; Treede et al., 2000; Wang et al., 2003; Wang et al., 2004;
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Zhang et al., 2011), it is likely that the dramatic increase in spontaneous activity that we
observe in MD of animals with SCI-pain contributes to the ongoing spontaneous pain that
the animals feel.
We hypothesize that the increase of spontaneous activity in MD of animals with SCIpain is causally related to the dramatic loss of spontaneous activity we have recorded
from ZI in animals with SCI-pain (Chapter II). We considered the possibility that there is
a reduction in other inhibitory inputs to MD. There are no GABAergic interneurons
within MD (Kuroda et al., 1992) and, therefore, all GABAergic inhibition is mediated by
extrinsic afferents. As discussed in Chapter II, an important source of GABAergic
afferents is the reticular nucleus of the thalamus (TRN). TRN does not receive ascending
sensory inputs, and its major source of excitatory input is from the somatosensory cortex
(Liu and Jones, 1999). Moreover, we found that responses evoked with innocuous stimuli
in the ventroposterior somatosensory nuclei that receive inhibition exclusively from TRN
are unaffected by spinal lesions, which argues against a role for TRN in our model of
SCI-pain. These findings suggest that the enhanced activity we observe in the thalamus
after spinal cord injury is specific to thalamic nuclei that normally receive strong
inhibition from ZI. Importantly, each of the nuclei mentioned above (MD, VPM, VPL,
PO) do receive direct input from the spinothalamic tract (STT). Because in conditions of
SCI-pain not all nuclei that receive direct input from the spinal cord have altered
spontaneous and evoked activity, it is unlikely that increased afferent drive from the STT
is responsible for the enhanced activity we observe in MD.
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VI-C2. Peripherally evoked activity in MD
MD neurons recorded in anesthetized rats were largely unresponsive to innocuous
peripheral stimulation. In awake animals, application of a 26 g von Frey filament,
considered an innocuous stimulus to animals without SCI-pain, evoked moderate MUA in
MD. While 26 g stimulation did not produce consistent behavioral withdrawals in
animals without SCI-pain (before lesion), these animals did occasionally respond to 26 g
stimulation (withdrawals to less than 30% of applications), and these responses contribute
to the mean neuronal firing rate evoked by 26 g stimulation in before lesion animals.
Additionally, because it has been shown that there is a loss of peripherally evoked
activity in the thalamus as animals transition from wake to deep sleep (Friedberg et al.,
1999), it is not unexpected that in our study awake behaving animals were more sensitive
to varying intensities of peripheral stimulation.
An early study by Dostrovsky and Guilbaud (1990) examined electrophysiological
activity in several midline thalamic nuclei, including MD, in anesthetized normal and
arthritic rats. In agreement with our findings, these authors found a large population of
neurons in MD that responded exclusively to nociceptive stimulation over large, bilateral
receptive fields. Similar to the long duration, augmenting responses we describe (Fig.
12B, 13B-D, 15C), these authors also report that MD neurons have after-discharges,
defined by elevated firing rates for several seconds after the peripheral stimulation has
ended. Though the authors’ description of normal electrophysiological activity in MD
agrees with what we have presented here, they found no change in spontaneous firing rate
or magnitude of response in animals suffering from pain.
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Importantly, there are two critical differences between the Dostrovsky study and ours.
First, they used an arthritic rat model in which inflammation related hyperalgesia, or
hypersensitivity, is apparent for several weeks (for review see (Colpaert, 1987)). This
hyperalgesia is largely driven by peripheral inflammation and can be relieved by
administration of NSAIDs (Capetola et al., 1980; Hirose and Jyoyama, 1971; Winter et
al., 1979), indicating that peripheral tissue damage is a driving force for maintenance of
pain in these animals. In contrast, we use a model of SCI-pain to produce long lasting
SCI-pain that is characterized by a tonic aversive state and has been shown to have a
significant central component (Chapter II). Second, Dostrovsky and Guilbaud presented
continuous noxious peripheral stimulation in the form of pinch, hot probe, and joint
pressure for 15 seconds. Because we found that MD neurons quickly changed their
responses to repeated stimulation, we limited the duration of peripheral stimulation
administered in this study and never surpassed 1 second of noxious stimulation. It is
possible that 15 seconds of noxious stimulation elicits a maximal response from MD
neurons, creating a “ceiling effect” whereby it is impossible to distinguish between
normal animals and animals with pain.
VI-C3. Burst activity in MD
We found no difference in the proportion of MD neurons that had spontaneous burst
activity between spinal-lesioned and sham-operated groups. Neither was there a
difference in the number or frequency of bursts during spontaneous activity or of any
burst property that we tested (number of action potentials per burst, inter-spike interval
during burst, etc). This is consistent with our previous report on posterior thalamus (PO
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thalamus), where we found no change in bursting activity in animals with SCI-pain
(Chapter II), though we and others have reported a moderate increase of bursting in firstorder somatosensory nuclei (ventrobasal thalamus) in this model of SCI-pain (Chapter II)
(Wang and Thompson, 2008). This selective change in burst activity following lesion of
the STT may be a result of differential anatomical connections or physiological properties
between first-order and higher-order thalamic nuclei.
MD neurons from all animals (both sham and spinal-lesioned animals) had
significantly lower frequency of burst firing in response to noxious peripheral
stimulation, compared to spontaneous bursts. Because thalamic burst firing requires deinactivation of T-type calcium channels, neurons only fire in burst mode when they are
relatively hyperpolarized (see (Sherman and Guillery, 2005)). It is possible that after
noxious pinch, ascending excitation from the STT prevents thalamocortical neurons in
MD from becoming sufficiently hyperpolarized, thereby preventing neurons from firing
in burst mode in response to peripheral simulation.
In addition to excitatory inputs from the spinal cord, the mediodorsal thalamus
receives dense projections from brainstem cholinergic centers (Kuroda and Price, 1991b),
and peripheral pinch readily activates cholinergic brainstem circuits (Masri et al., 2006b).
It is possible, therefore, that pinch-evoked cholinergic inputs switch thalamocortical
neurons from burst to tonic mode (Lu et al., 1993; McCormick, 1989; McCormick,
1992).
Here we present data supporting the hypothesis that conditions of chronic pain are
associated with pathological increases in neuronal activity in associative thalamic nuclei
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important for processing affective components of pain. We found that anesthetized
animals with SCI-pain have significantly increased spontaneous and evoked MD
neuronal firing rates compared to sham controls. Similarly, in awake behaving animals
with behaviorally confirmed SCI-pain there is a significant increase of spontaneous and
evoked MD activity after spinal lesion. Importantly, these data show, for the first time,
the presence of enhanced spontaneous activity in MD. Because MD is ideally situated to
integrate both somatosensory and affective information, pathological increases of
spontaneous activity in this nucleus may be causally related to the development or
maintenance of spontaneous states of pain.
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VII. CORTICAL MODULATION OF SCI-PAIN
VII-A. Introduction
As discussed in Chapter I, chronic pain after spinal cord injury (SCI-Pain) is
unrelenting and refractory to conventional pharmacological treatments (Baastrup and
Finnerup, 2008). Because of this, researchers and clinicians have attempted to develop
non-pharmacological treatments to alleviate pain in patients; one such treatment method
is electrical stimulation of brain structures. Electrical stimulation of the primary motor
cortex was first introduced in 1991 for the treatment of central pain syndrome (CPS)
(Tsubokawa et al., 1991). Since then its use has been extended to the treatment of several
neuropathic pain conditions. These include trigeminal deafferentation pain (Ebel et al.,
1996), postherpetic neuralgia (Brown and Pilitsis, 2005), brachial plexus, and phantom
limb pain (Son et al., 2006). Stimulation of other brain structures has also been used for
the treatment of neuropathic pain. These include the internal capsule (Namba and
Nishimoto, 1988), the periaqueductal gray-periventricular gray complex (Gybels and
Kupers, 1990), and the thalamus (Neafsey et al., 1986). However, motor cortex
stimulation (MCS) is more effective at relieving pain and more advantageous because of
the low morbidity, low occurrence of complications (Canavero and Bonicalzi, 2007b), the
lower propensity to cause seizures (Bezard et al., 1999; Deuschl et al., 2006), and the
ability to apply it non-invasively using repetitive transcranial magnetic stimulation
(Huang et al., 2005).
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Human studies report mixed outcomes after MCS and success rates vary. MCS
relieves pain in approximately 50% of patients (Garcia-Larrea and Peyron, 2007; Lima
and Fregni, 2008). The mixed success rates and mixed outcomes after MCS are a
reflection of the complexity and variability of neuropathic pain conditions. Adding to the
variability of MCS efficacy is the lack of standardized surgical, stimulation, and
treatment protocols (Fontaine et al., 2009). In human studies, stimulation parameters vary
(intensity: 1 to 8 V, frequencies: 15 to 130 Hz, pulse duration 60 to 500 µs), as do
stimulation protocols (MCS on: 15 minutes - 3 hours, MCS off: 2-24 hours; reviewed in
(Lima and Fregni, 2008)). Because of this variability, it is not clear which stimulus
parameters are critical for MCS to be successful.
Pain relief occurs almost immediately after the onset of MCS and persists after the
stimulation has stopped. Like stimulation parameters, the duration of effect after
cessation of stimulation (“post effect”) is rarely systematically examined, and reported
values vary among studies. In some reports, these post effects were minimal and lasted
only 5-10 minutes (Son et al., 2003; Son et al., 2006; Tsubokawa et al., 1993). In others,
post effects varied from 45 minutes - 2 hours (Peyron et al., 1995), 3-5 hours (Tani et al.,
2004), and even up to 1-3 days (Nguyen et al., 1999; Nguyen et al., 2000). The variability
in post effect duration is also a reflection of the various parameters used, various
conditions predisposing for neuropathic pain, and different stimulation techniques.
Here, we take advantage of our animal model of SCI-pain to systematically test a
large parameter space of stimulus conditions. We determine the stimulus parameters that
are effective in reducing hyperalgesia and study the mechanisms of increased inhibition
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in the thalamus following MCS. As shown in Chapters II & III, in this model of SCI-pain,
there is abnormally high neuronal activity in the posterior and medial thalamic nuclei and
this increased activity is correlated with reduced activity in the inhibitory nucleus zona
incerta (ZI). Because the motor cortex sends dense projections to the ventral division of
ZI (Mitrofanis and Mikuletic, 1999; Urbain and Deschenes, 2007), we hypothesize that
MCS reduces hyperalgesia by enhancing activity in the ZI.
VII-B. Results
VII-B1. Motor cortex stimulation reduces hyperalgesia in animals with spinal
cord injury
Similar to data shown in Chapter I, fourteen days after targeted electrolytic lesions to
the spinothalamic tract in the spinal cord animals developed mechanical hyperalgesia.
Mechanical thresholds were significantly reduced from 137.40 ± 45.73 g to 58.29 ± 15.89
g on the hindpaw ipsilateral to spinal lesion and from 127.30 ± 37.11 g to 56.02 ± 22.13 g
on the hindpaw contralateral to spinal lesion (p < 0.0001, Wilcoxon). In this group of
animals, we also tested for latency to withdraw from a radiant heat source. Hindpaw
latency to withdraw fell from 11.29 ± 1.51 s to 9.40 ±0.06 s (ipsilateral to spinal lesion, P
= 0.019, Wilcoxon) and from 11.41 ±1.98 s to 9.74 ± 1.73 s (contralateral to spinal lesion,
P = 0.014, Wilcoxon).
In these animals, motor cortex stimulation at 50 µA, 50 Hz, 300 µs square-pulse for
30 minutes (“continuous-pulse MCS”) significantly reduced mechanical hyperalgesia
(measured immediately after the termination of MCS stimulation and every 30 minutes
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thereafter, Fig. 16A). On the hindpaw ipsilateral to spinal lesion, MCS increased
mechanical thresholds from 60.00 ± 0.00 g to 92.73 ± 16.18 g and on the contralateral
hindpaw, increased mechanical thresholds from 53.82 ± 13.75 g to 80.64 ± 20.10 g (P <
0.0002, both sides, Friedman test, Fig 16A). Mechanical thresholds remained elevated for
at least 30 minutes after the stimulation ceased and returned to pre-stimulation values
within 60 minutes after stimulation.
Continuous-pulse MCS also significantly reduced thermal hyperalgesia. Latency to
withdraw from a radiant heat source increased immediately after MCS from 7.65 ± 0.45 s
to 11.12 ± 1.16 s ipsilateral to lesion and from 7.7 ± 0.72 s to 10.73 ± 1.11 s contralateral
to lesion (P < 0.05 both sides, Friedman test, Fig. 16B). Withdrawal latencies returned to
baseline values within 30 minutes after the end of stimulation. MCS significantly
increased mechanical thresholds and thermal withdrawal latencies on the ipsilateral
hindpaw in 94% (14/15) of the animals. On the contralateral hindpaw, MCS was effective
in 87% (13/15) of the animals.
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Figure 16: Continuous-pulse motor cortex stimulation (MCS) reduces hyperalgesia
A: Thirty minutes of continuous-pulse MCS significantly increased mechanical thresholds in
both ipsilateral and contralateral hindpaws (relative to the lesion) after MCS (P< 0.001, Friedman
test followed by Dunnett’s post hoc; n = 11). Stimulation off values taken immediately before
stimulation, time = 0 marks the time MCS ended. Horizontal dotted lines indicate average
mechanical thresholds after spinal surgery (black: hindpaw ipsilateral to the lesion; gray:
contralateral). B: Continuous-pulse MCS significantly increased latency to withdraw from a
radiant heat source in both hindpaws immediately after 30 minutes of stimulation (P < 0.05,
Friedman test followed by Dunnett’s post hoc; n = 6). Asterisk indicates statistically significant
difference (P < 0.05).

VII-B2. Reduction in hyperalgesia is dependent on stimulation parameters
Clinicians are hesitant to prescribe MCS for patients suffering from neuropathic pain
because of the varied success rate and mixed outcomes of MCS treatment (see
Introduction). This is further compounded by the lack of consensus on what constitutes
an effective stimulation protocol and how various stimulation parameters affect the
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analgesia produced. Studies using repetitive transcranial magnetic stimulation in healthy
individuals report that theta burst stimulation (TBS) protocols can produce powerful
effects on motor cortex outputs, with intermittent TBS (iTBS) being most effective
(Huang et al., 2005). Because of this, we tested whether TBS is effective in reducing
hyperalgesia in our animal model of SCI-pain.
TBS (2 stimuli at 50 Hz repeated every 200 ms (Huang et al., 2005)) had no effect on
hyperalgesia in animals with spinal cord injury when measured immediately after MCS
(P = 1.0, Friedman test; Fig. 17A). iTBS (2-second trains of TBS repeated every 10
seconds) appeared to increase mechanical withdrawal thresholds on the hindpaw
ipsilateral to spinal lesion immediately after stimulation; however, these threshold
changes were not significant (P = 0.075, Friedman test; Fig. 17B). No changes in
withdrawal thresholds were found on the contralateral side. These results indicate that
changes in mechanical hyperalgesia are dependent on the stimulation protocol used and
that our stimulation protocol, continuous-pulse MCS, was more effective in reducing
hyperalgesia than the TBS protocols.
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Figure 17: Theta burst MCS has no effect on hyperalgesia in animals with SCI-pain
A: Continuous theta burst stimulation did not significantly increase mechanical thresholds in
either hindpaw of animals with hyperalgesia (n = 6). B: Intermittent theta burst stimulation did
not significantly increase mechanical thresholds in animals with hyperalgesia (hindpaw ipsilateral
to the lesion: P = 0.075, Friedman test; n = 6). Filled hexagons represent hindpaw ipsilateral to
spinal lesion; open triangles represent hindpaw contralateral to lesion.

Next, using continuous-pulse MCS, we examined which stimulation parameters were
most effective at reducing hyperalgesia in our animal model of SCI-pain. We varied
either the intensity, the frequency, or the duration of stimulation while keeping all other
parameters constant and evaluated changes in mechanical thresholds immediately after
the end of MCS and at 30-minute intervals thereafter. In Fig. 18A we show the effects of
varying the intensity of stimulation on mechanical thresholds (constant parameters: 50
Hz, 30 minutes, 300 µs). Increasing stimulation current resulted in an intensity-dependent
increase in mechanical thresholds on both the ipsilateral (ipsilateral to the spinal lesion)
and contralateral hindpaws. On the ipsilateral hindpaw, stimulation at the lowest intensity,
10 µA (n = 7), had no effect on the mechanical thresholds, though stimulation at higher
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intensities did significantly increase thresholds (pre-stimulation: 60.00±0.00g; 10 µA:
71.43 ± 19.52 g [n=7]; 25 µA: 82.86 ± 21.38 g [n=7]; 50 µA: 93.33 ± 15.57 g [n=12]; 75
µA: 88.57 ± 19.52 g [n = 7]; P < 0.001, Kruskal–Wallis followed by Dunn’s post hoc;
Fig. 18A).
On the contralateral hindpaw, however, only stimulation at 50 µA was able to
significantly raise mechanical thresholds, while 10 µA, 25 µA, or 75 µA of stimulation
had no significant effect on hyperalgesia (pre-stimulation: 53.82 ± 13.75 g; 10 µA:
55.14 ± 13.23 g; 25 µA: 55.14 ± 12.85 g; 50 µA: 77.19 ± 24.34 g; 75 µA: 65.71 ± 15.12
g; P = 0.013; Fig. 18A). Therefore, stimulation at 50 µA was most effective at reducing
hyperalgesia on both hindpaws.
In Fig. 18B we show the effect of varying the frequency of stimulation (constant
parameters: 50 µA, 30 minutes, 300 µs) on mechanical hyperalgesia. Stimulating at both
50 Hz (n=11) and 75 Hz (n=6) resulted in a significant reduction of hyperalgesia on the
ipsilateral hindpaw (ipsilateral to lesion), but stimulation at 10 Hz (n=6) had no effect
(pre-stimulation: 60.00 ± 0.00 g; 10 Hz: 60.00 ± 0.00 g; 50 Hz: 92.73 ± 16.18 g; 75 Hz:
86.67 ± 20.66 g; P < 0.001, Kruskal–Wallis followed by Dunn’s post hoc; Fig. 18B).
On the hindpaw contralateral to the lesion, only stimulation at 50 Hz (n=11) was
effective in reducing hyperalgesia, while neither stimulation at 10 Hz nor stimulation at
75 Hz significantly increased mechanical thresholds (pre-stimulation: 53.82 ± 13.75 g;
10 Hz: 48.67 ± 17.56 g; 50 Hz: 77.55 ± 25.49 g; 75 Hz: 66.55 ± 16.33 g; P = 0.024, Fig.
18B). These data indicate that stimulation at 50 Hz is most effective at reducing
hyperalgesia in both hindpaws.
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Figure 18: Effect of MCS parameters on hyperalgesia
A: The effect of varying stimulation intensity of mechanical withdrawal thresholds. In the
hindpaw ipsilateral to the lesion, 25-µA: (n = 7), 50-µA (n = 12), and 75-µA (n = 7) stimulation
significantly increased mechanical thresholds after the end of MCS (P < 0.001, Kruskal-Wallis
followed by Dunn’s post hoc). The contralateral hindpaw showed significantly increased
thresholds only after 50-µA stimulation (P = 0.013, Kruskal-Wallis followed by Dunn’s post hoc).
B: The effect of varying stimulation frequency on mechanical withdrawal thresholds. Ipsilateral
thresholds (ipsilateral to spinal lesion) were significantly raised when M1 was stimulated at 50 Hz
(n = 11) and at 75 Hz (n = 6) (P < 0.001, Kruskal-Wallis followed by Dunn’s post hoc).
Contralateral thresholds were significantly raised when MCS occurred at 50 Hz (P = 0.024,
Kruskal-Wallis followed by Dunn’s post hoc). C: The effect of varying stimulation duration on
mechanical withdrawal thresholds. Hyperalgesia in the hindpaw ipsilateral to the lesion was
significantly reduced after 15 minutes (n = 10), 30 minutes (n = 11), 60 minutes (n = 6), and 90
minutes (n = 10) of continuous-pulse MCS while hyperalgesia in the contralateral hindpaw was
significantly reduced only after 30 and 90 minutes of MCS (P < 0.001 and P = 0.02, respectively,
Kruskal-Wallis followed by Dunn’s post hoc). D: Duration of MCS is positively correlated with
duration of post effects in both hindpaws (P < 0.001; Spearman’s).
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We next examined the effect of changing stimulation duration on mechanical
thresholds. Over the course of two weeks, animals were tested using calibrated von Frey
filaments immediately before and immediately after 1, 15, 30, 60, or 90 minutes of MCS
(constant parameters: 50 µA, 50 Hz, 300 µs).
In the hindpaw ipsilateral to the lesion, 15 (n = 10), 30 (n = 11), 60 (n = 6), and 90 (n
= 10) minutes of stimulation significantly increased mechanical thresholds after the end
of MCS, but stimulation lasting 1 minute (n = 6) failed to significantly reduce
hyperalgesia (pre-stimulation: 60.00 ± 0.00 g; 1 minute: 60.00 ± 0.00 g; 15 minutes:
88.00 ± 19.32 g; 30 minutes: 92.73 ± 16.18 g; 60 minutes: 100 ± 43.82 g, 90 minutes:
88.00 ± 19.32 g; P < 0.001, Kruskal–Wallis followed by Dunn’s post hoc; Fig. 18C).
On the contralateral hindpaw (contralateral to the lesion), 30 minutes and 90 minutes
of stimulation increased mechanical thresholds significantly after the end of stimulation,
while stimulation lasting 1, 15, or 60 minutes failed to cause significant changes in
hyperalgesia after MCS (pre-stimulation: 53.82 ± 14.08 g; 1 minute: 56.12 ± 9.39 g; 15
minutes: 68.3 ± 24.08 g; 30 minutes: 80.64 ± 20.11 g; 60 minutes: 74.33 ± 30.74 g; 90
minutes: 76.00 ± 20.66; P = 0.02; Fig. 18C). Therefore, 30 minutes of stimulation was
most effective at reducing hyperalgesia in both hindpaws.
VII-B3. Reduction in hyperalgesia outlasts duration of stimulation
Human studies report that not only can MCS provide immediate relief from pain in
patients, but it can also produce analgesia that lasts long after stimulation ceases (see
Introduction). Therefore, we investigated the duration during which mechanical
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thresholds remained elevated after MCS (‘‘post effects’’) in our animal model of SCIpain. To this end, we stimulated the motor cortex for varying durations (as described in
Methods) and obtained mechanical thresholds from animals with hyperalgesia
immediately after the end of stimulation and again at 30-minute intervals until
mechanical thresholds returned to pre-stimulation values.
Stimulation duration positively correlated with the duration of post effects (ipsilateral
to the lesion: ρ = 0.61, P < 0.0001; contralateral: ρ = 0.526, P < 0.0001, Spearman’s; Fig.
18D). With increased duration, mechanical thresholds in the hindpaw ipsilateral to the
lesion remained elevated after the end of stimulation for the following lengths of time
(see Fig. 18D; no stimulation: 0.00 ± 0.00 minutes; 1-minute stimulation: 0.00 ± 0.00
minutes; 15-minute stimulation: 36.00 ± 30.98 minutes; 30-minute stimulation: 50.00
± 31.40 minutes; 60-minute stimulation: 57.00 ± 38.60 minutes; 90-minute
stimulation: 60.00 ± 46.90 minutes). We obtained similar results on the hindpaw
contralateral to the lesion (no stimulation: 0.00 ± 0.00 minutes; 1-minute stimulation:
0.00 ± 0.00 minutes; 15-minute stimulation: 21.00 ± 14.49 minutes; 30-minute
stimulation: 36.00 ± 28.23 minutes; 60-minute stimulation: 18.60 ± 20.48 minutes; 90minute stimulation: 51.00 ± 37.55 minutes). Taken together, these findings suggest that
the following stimulation parameters: 50 µA, 50 Hz, 300 µs for a duration of at least 15
minutes (continuous-pulse MCS), are effective at reducing hyperalgesia bilaterally in rats
with spinal cord lesions.
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VII-B4. Zona incerta stimulation mimics the effects of MCS
The data presented here demonstrate that cortical modulation using continuous-pulse
MCS significantly reduces hyperalgesia in this model of SCI-pain. As shown in Chapter
II, we have demonstrated previously that the development of hyperalgesia is associated
with reduced activity in the inhibitory nucleus ZI in rats. Because the motor cortex sends
dense projections to the ventral division of ZI (Mitrofanis and Mikuletic, 1999; Urbain
and Deschenes, 2007), we hypothesized that MCS reduces hyperalgesia by enhancing
activity in ZI. This hypothesis predicts that electrical stimulation of ZI will reduce
hyperalgesia.
To test this prediction we implanted bipolar stimulating electrodes in ZI of eight
animals concurrent with spinal lesion surgery (see Methods). In animals that developed
hyperalgesia, we stimulated ZI and tested mechanical and thermal thresholds
immediately following the termination of stimulation. Electrical stimulation in ZI (25 µA,
50 Hz, 300 µs square pulse, 15 minutes) caused a significant increase in mechanical
thresholds immediately after the end of stimulation in both hindpaws (ipsilateral to the
lesion: from 63.33 ± 8.16 g to 95.55 ± 18.21 g; P = 0.03; contralateral: from 66.67 ±
10.31 g to 102.22 ± 13.12 g; P = 0.03, Wilcoxon; n = 6; Fig. 19A). In addition, ZI
stimulation significantly increased thermal withdrawal latencies in bothhind paws after
the end of stimulation (ipsilateral to the lesion: from 6.13 ± 0.92 s to 10.05 ± 0.95 s; P =
0.01; contralateral: from 6.28 ± 0.44 s to 9.94 ± 1.28 s; P = 0.02, Wilcoxon; n = 8; Fig.
19B). Therefore, consistent with our hypothesis, enhancing activity in ZI reduces
hyperalgesia.
115

Figure 19: Zona incerta (ZI) mediates the effects of MCS
ZI stimulation significantly increased (A) mechanical thresholds and (B) thermal thresholds
bilaterally in animals with hyperalgesia. Square: stimulation off, diamond: stimulation on. C:
Inactivation of ZI with lidocaine or muscimol occludes the effects of MCS. The infusion of the
same volume of saline had no effect on MCS-induced reduction in hyperalgesia (P = 0.01,
Friedman test followed by Dunnett’s post hoc). Ipsilateral hindpaw (relative to lesion site) shown
for clarity: similar effects were seen in the contralateral hindpaw. D: Representative microdialysis
cannula placement in ZI. Arrow indicates small lesion produced by drug infusion, scale bar = 150
µm. E: Schematic representation of ZI and adjacent structures and reconstruction of injection site
in 3 animals. The schematic was adopted from and modified (1998). VP, ventral posterolateral
thalamus; ZId, zona incerta, dorsal part; ZIv, zona incerta, ventral part; ic, internal capsule.
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VII-B5. Reversible inactivation of ZI prevents MCS-induced reduction in
hyperalgesia
To further test our hypothesis that MCS reduces hyperalgesia by activating ZI, we
investigated whether reversible inactivation of ZI occluded the effects of MCS. We
implanted microdialysis cannulae in ZI as well as MCS electrodes above M1. Animals
received infusions of either saline (n = 4) or 2% lidocaine into ZI during MCS and
changes in mechanical withdrawal thresholds were assessed immediately after the end of
stimulation and at 30-minute intervals thereafter (see Methods). Lidocaine infusion in ZI
completely blocked the effects of MCS (pre-stimulation: 60.00 ± 0.00 g; poststimulation: 60.00 ± 0.00 g; P = 1.00, Friedman test; Fig. 19C). Because lidocaine
inactivates sodium channels, it is possible that infusion of lidocaine inactivated fibers of
passage traveling through ZI. Therefore, we repeated the experiments using ϒaminobutyric acid (GABA)A agonist muscimol (200 µM, n = 4) for more specific
inactivation. Muscimol, like lidocaine, blocked MCS effects (pre-stimulation: 60.00 ±
0.00 g; post-stimulation: 60.00 ± 0.00 g; P = 1.00, Friedman). Similar results were seen
in the hind paw contralateral to spinal lesion (data not shown). Importantly, infusion of
the same volume of saline into ZI did not disrupt the MCS-induced reduction in
hyperalgesia (pre-stimulation: 60.00 ± 0.00 g; post-stimulation:100.00 ± 0 g; 30
minutes post-stimulation: 84.00 ± 21.91 g; 60 minutes post-stimulation: 60.00 ± 0.00
g; P = 0.01, Friedman test followed by Dunnett’s post hoc; Fig. 19C). In all animals, we
performed postmortem histological analysis to confirm correct placement of the cannula.
Figure 19D shows a small lesion in the ventral portion of ZI at the site of drug infusion,
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and Figure 19E is a schematic representation of ZI and adjacent structures with
reconstruction of the injection sites.
These data suggest that MCS reduces hyperalgesia by activating ZI and suggest that
ZI may play an integral role in mediating the reduction in hyperalgesia observed after
MCS.
VII-B6. Motor cortex stimulation unmasks the tonic aversive state in animals
with spinal lesions
Consistent with our previous findings (Fig. 3A, Fig. 16A), animals with spinal lesions
developed a significant decrease in mechanical withdrawal thresholds bilaterally.
Mechanical thresholds decreased from 121.2 ± 39.0 g, (median = 100 g) to 60.0 ± 17.5 g
(median = 60.0 g; P < 0.001, Friedman). Sham surgery had no effect on mechanical
withdrawal thresholds on either the ipsilateral (Fig. 20A) or contralateral hindpaw (data
not shown). Motor cortex stimulation (50 µA, 50 Hz, 300-µs square pulse, 30-minute
duration) 63 days after spinal lesion surgery significantly reduced the hyperalgesia in
animals with spinal cord injury (stimulation on: 80.0 ± 21.0 g; stimulation off: 57.7 ±
19.0 g; P = 0.04, Wilcoxon, Fig. 20A). Motor cortex stimulation in sham animals had no
effect on mechanical hindpaw withdrawal thresholds (P > 0.05, Fig. 20A).
To test if MCS unmasks the tonic aversive state in animals with anterolateral spinal
cord lesions, we used the conditioned place preference test (see Chapter I, Methods).
Before conditioning, both sham and spinal-lesioned animals showed a slight but not
statistically significant preference for the vertically striped chamber (Fig. 20B). Sham
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animals spent an average of 41.7 ± 5% of the 15-minute test period in the horizontally
striped chamber, while spinal-lesioned animals spent an average of 39.9 ± 10% of the test
period in the horizontally striped chamber. During the conditioning phase, all animals
received motor cortex stimulation (50 µA, 50 Hz, 300-µs square pulse, 30-minute
duration) while restricted in the horizontally striped chamber, and received sham
stimulation (wires connected, no current passed) while restricted in the vertically striped
chamber (repeated on 3 days). After this conditioning paradigm, lesioned animals, but not
sham animals, developed a preference to the motor cortex stimulation-paired chamber
(Fig. 20B), spending an average of 52.0 ± 9% of the 15-minute test period in the motor
cortex stimulation-paired chamber (P = 0.003, post hoc Fisher LSD; F = 4.34, P = 0.04
for group x conditioning interaction, 2-way ANOVA). The preference of the sham
animals remained unchanged, with this group spending an average of 42.0 ± 12% of the
test period in the horizontally striped chamber (P > 0.05, post hoc Fisher LSD). Findings
from the conditioned place preference test suggest that motor cortex stimulation reduces
tonic pain.
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Figure 20: MCS reduces mechanical hyperalgesia and unmasks a tonic aversive state
A: Animals developed mechanical hyperalgesia following spinal cord lesions (n = 9; P =
0.001). Mechanical withdrawal thresholds in animals receiving sham surgery were not
significantly different from presurgical values. MCS (50 µA, 50 Hz, for 30 minutes) reduced
mechanical hyperalgesia in animals with spinal cord lesion (P = 0.04) but had no effect on shamoperated controls. B: Animals with spinal cord lesions (n = 9) preferred the chamber where they
received MCS (P = 0.003). MCS had no effect on the preference of sham-operated controls. Error
bar = SEM. *Statistically significant difference.
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VII-C. Discussion
VII-C1. Reduced hyperalgesia after MCS
To date, clinical studies have failed to reveal which stimulus parameters are critical
for MCS to successfully reduce hyperalgesia (see Introduction). Here, using an animal
model of SCI-pain, we systematically varied stimulation parameters to test the effects on
hyperalgesia, an advantage not available in human studies. We found that MCS at an
intensity of 50 µA and frequency of 50 Hz was most effective at reducing mechanical
hyperalgesia bilaterally.
The finding that reduction of hyperalgesia after MCS extends beyond the duration of
stimulation is consistent with the reported post-effects in humans. These post-effects are
especially promising, as they offer a potential cure or treatment for intractable pain.
Understanding the mechanisms by which MCS induces long-lasting pain relief is crucial
to increasing the efficacy of MCS treatment in the clinical population.
VII-C2. Specificity of MCS effects
In this study, we stimulated the motor cortex, but did not test the effects of stimulating
other cortical structures because it has been shown that stimulation in areas other than
them motor cortex is not as effective in reducing pain. In humans, stimulation of the
prefrontal and somatosensory cortices did not produce significant analgesia in patients
with neuropathic pain (Saitoh et al., 2000). Similarly, in rodents, stimulation of the
primary or second somatosensory cortices or the posterior parietal cortex had little or no
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effect on nociceptive responses (Fonoff et al., 2008; Kuroda et al., 2000). For these
reasons, we focused our study on stimulation of the primary motor cortex.
In humans, the consensus is that MCS effects are restricted to areas contralateral to
the stimulation site, and therefore stimulation is usually applied to the motor cortex
contralateral to the painful region, which is normally ipsilateral to the site of the spinal
cord injury. However, there are some reports that MCS resulted in analgesia on the
ipsilateral side (Parrent AG., 1992; Tasker et al., 1994). In addition, a recent study using
repetitive transcutaneous magnetic stimulation demonstrated that MCS reduced laserevoked pain perception bilaterally (Poreisz et al., 2008). Therefore, bilateral effects
cannot be ruled out. In the present study, animals developed bilateral mechanical
hyperalgesia following spinal cord injury and stimulating electrodes were implanted
contralateral to the lesion site. Although this makes it difficult to compare our findings to
clinical situations, unilateral MCS in our animal model produced consistent bilateral
reduction in mechanical withdrawal thresholds measured after the end of stimulation. The
bilateral effects of MCS are consistent with previous reports in rats (Viisanen and
Pertovaara, 2009; Viisanen and Pertovaara, 2010) and could be due to MCS influence on
structures that receive somatosensory inputs from bilateral areas of the body such as the
posterior thalamus (Poggio and Mountcastle, 1960) (see also Chapter II), or due to
transcallosal activation of the contralateral motor cortex (Bogdanova and Sil'kis, 1999).
Additionally, bilateral effects of MCS could be due to connections between the ZI nuclei
in either hemisphere (Ricardo, 1981; Watanabe and Kawana, 1982; Shammah-Lagnado et
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al., 1985; Roger and Cadusseau, 1985), or due to contralateral projections of ZI (Power et
al., 1999; Mitrofanis, 2002).
VII-C3. Animal model of central pain
A hallmark of SCI-pain is severe, spontaneous pain (Canavero and Bonicalzi, 2007c;
Yezierski, 2000). A major limitation to most models of central pain is the inability to
convincingly demonstrate that animals suffer from spontaneous pain after injury. Thus
far, studies attempting to demonstrate spontaneous pain in animals after spinal cord injury
have relied on behaviors such as over-grooming, autotomy, licking, guarding, and
vocalization (Vierck et al., 2000) (see also Chapter I). However, these metrics are not
reliable, nor are they specific to pain sensations (Mogil, 2009).
The conditioned place preference test is commonly used to study motivational effects
of drugs and pain on animals (Johansen et al., 2001; King et al., 2009; LaBuda and
Fuchs, 2000). After conditioning, motor cortex stimulation resulted in negative
reinforcement whereby animals with spinal lesions developed a preference for the
stimulation-paired chamber while MCS was not rewarding in the absence of injury. These
findings agree with those presented in Chapter I (Fig. 5) that animals with spinal cord
injury suffer from tonic pain. Importantly, these findings also provide evidence that MCS
is not only able to reduce hyperalgesia and allodynia after spinal cord injury, but is also
able to reduce the tonic aversive, or spontaneous, state of pain.
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VII-C4. Mechanism of pain relief
Several hypotheses have been proposed to explain how MCS provides pain relief. In
general, most propose that MCS enhances inhibition in one of three structures along the
neural axis: (1) within the neocortex; (2) in the spinal cord; or (3) within the thalamus
(Canavero and Bonicalzi, 2007a; Peyron et al., 2007; Peyron et al., 2000a).
Advocates for a cortical mechanism of pain relief believe that MCS enhances activity
of ‘‘non-nociceptive’’ sensory inputs in the primary somatosensory cortex (S1) which, in
turn, inhibit nociceptive neurons in S1 that receive inputs from the spinothalamic tract
(Drouot et al., 2002; Lefaucheur et al., 2004). However, this notion may be dismissed by
imaging studies demonstrating that MCS was not associated with changes in cerebral
blood flow in the primary motor or somatosensory cortices (Garcia-Larrea et al., 1997;
Garcia-Larrea et al., 1999; Garcia-Larrea and Peyron, 2007; Peyron et al., 2007).
There are those who argue that MCS may directly or indirectly inhibit nociceptive
inputs in the spinal cord. Direct inhibition is unlikely, though, because M1 does not
project to the superficial layers or marginal zone of the dorsal horn (Schoenen and Grant,
2004). An indirect role is more likely, as MCS may activate descending inhibitory
systems and cause endogenous opioid release (Fonoff et al., 2008) (but see (Viisanen and
Pertovaara, 2009)). Despite limited support for this claim, manipulations that specifically
activate endogenous opioid release, such as deep brain stimulation of the periaqueductal
gray, are especially poor for the treatment of central pain (Gybels and Kupers, 1990;
Tasker, 2001).
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Some have hypothesized that MCS activates corticothalamic connections, and these
in turn inhibit nociceptive processing in the thalamus (Canavero and Bonicalzi, 1995;
Canavero and Bonicalzi, 1999; Saitoh et al., 2000). In support of this hypothesis, it was
argued that patients responsive to GABA or barbiturate treatment are more likely to
benefit from MCS (Canavero et al., 1993; Canavero and Bonicalzi, 2007a; Canavero and
Bonicalzi, 2007b). However, the specific role of the thalamus is still debated, and the
source of altered inhibition, the mechanisms for engagement of inhibition, and the
specific nuclei affected by MCS remain to be elucidated.
Here we identify the ZI as a possible target for mediating the effects of MCS. We
found that reversible inactivation of ZI with lidocaine or muscimol blocks the reduction
of hyperalgesia observed after MCS. In these experiments it is important to consider the
time course of wearing off of lidocaine and muscimol relative to MCS post effects. A
previous report (Martin, 1991) estimated that lidocaine effects last from 30 to 60 minutes
after injection into the cortex at low concentrations (40 µg/1 µL vs 1 mg/50 µL used in
this study). The same study (Martin, 1991) found that the effects of muscimol last from
30 to 120 minutes. Considering that the reduction in hyperalgesia after the end of MCS
lasts for 30–60 minutes in control experiments (Fig. 18C) and that drug infusion
continues 15 minutes into MCS (see Methods), then the effects of the drugs applied are
expected to match or even outlast the post effects of MCS, especially when considering
the higher concentrations of lidocaine used in our study. Future experiments using
reversible inactivation while varying the concentration and timing of administration of
drugs relative to stimulation may prove useful to further test the mechanisms involved in
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the prolonged after effects observed after MCS. It is possible that the applied drugs
diffused beyond the boundaries of ZI and affected neighboring structures such as the
internal capsule or the ventroposterior thalamus. These structures may be involved in
mediating MCS effects and therefore, results should be interpreted with caution.
We also found that electrical stimulation of ZI mimics MCS effects and therefore, we
hypothesize that MCS produces its effects by enhancing activity of ZI in rats. Enhanced
activity in the GABAergic ventral division of ZI may result in increased inhibitory inputs
to higher-order thalamic nuclei that are involved in nociceptive processing, specifically
the posterior thalamic nucleus (Trageser and Keller, 2004) (see also Chapter II). It is
important to note, however, that the human thalamus is more complex than, and not
completely analogous to, the rat thalamus (Dostrovsky, 2005). As such, the human
homologue to the rat posterior thalamic nucleus remains to be identified, though Craig
carefully defined the ventromedial posterior thalamus (VMpo) as a potential primate
analog to the rodent PO (Craig et al., 1994; Blomqvist et al., 2000) which, in humans, has
been identified in processing pain and temperature information (Davis et al., 1999; Lenz
et al., 1993a; Lenz et al., 1993b).
In this study, we identify the ZI as a source of inhibition that can be manipulated to
produce pain relief, and describe a novel system that affects nociceptive transmission
within the thalamus through corticothalamic interactions. Identifying the mechanisms
involved in the short- and long-term consequences of MCS will shift current research and
clinical practice paradigms and lead toward the development of molecular,
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pharmacologic, and physiologic methods for permanent pain relief that target these
structures.
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VIII. GENERAL DISCUSSION
VIII-A. Animal model of SCI-pain
Here we test the overarching hypothesis that spinal cord injury results in a
dysregulation of the incerto-thalamic pathway which ultimately manifests as chronic
neuropathic central pain. In Chapter I we showed that targeted electrolytic lesions in the
spinothalamic tract (STT) of rats result in robust mechanical and thermal hyperalgesia.
We found that these exaggerated responses to peripheral stimuli were sensitive to opioid
treatment, suggesting that they are indeed related to pain processing, and not simply the
result of hyper-reflexia or hypersensitivity. Using a novel conditioned place preference
paradigm, we demonstrated, for the first time, that after spinal-lesion rats develop a tonic
aversive state which is analogous to the human state of spontaneous pain. Together, these
data support our hypothesis and demonstrate that, in rats, lesions in the STT produce a
chronic pain condition that recapitulates several of the clinical characteristics of spinal
cord injury induced chronic pain (“SCI-pain”) in humans. Therefore, we used this rat
model of SCI-pain to elucidate the underlying pathophysiology of this condition.
VIII-A1. Previous models of spinal cord injury
Several animal models have been developed to study SCI-pain, including contusion
models designed to mimic clinical traumatic injuries (Scheff et al., 2003; Hulsebosch et
al., 2009; Yoon et al., 2004), ischemic lesions (Hao et al., 1991; Hao and Xu, 1996) or
neurotoxic chemical injection into the spinal cord (Yezierski et al., 1998; Caudle et al.,
2003), and surgical cuts to sever large portions of the spinal cord (hemisection)
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(Christensen et al., 1996; Christensen and Hulsebosch, 1997a) or localized regions in the
spinal cord (cordotomy) (Vierck et al., 1990; Vierck, 1999). The electrophysiological,
molecular, and behavioral changes that occur as a result of spinal injury have been well
characterized in many of these models. However, using these techniques to produce
spinal cord damage has resulted in a high variability of injury size and location —and
subsequent behavioral effects— as well as the propensity for animals to develop comorbidities such as loss of movement, infection, and death. Therefore we chose to
develop an animal model of SCI-pain in which extent of damage could be controlled and
quantified, in which the majority of animals develop significant mechanical and thermal
hyperalgesia, and in which animals develop spontaneous pain after injury.
We use targeted electrolytic lesion to the STT to produce SCI-pain for several
reasons. Clinical research has shown that there is an obligatory role of damage to the
STT in the pathophysiology of SCI-pain (Canavero and Bonicalzi, 2007c)(see
Introduction). Consistent with this notion, in this model of spinal cord injury, all rats that
develop SCI-pain have lesions in the STT while off target lesions do not reliably produce
behavioral manifestations of SCI-pain. Further, the vast majority of rats with lesions in
the STT (94%, Chapter I) develop significant mechanical and thermal hyperalgesia
following STT lesion, indicating that the effects of this manipulation are reliable and
reproducible. Finally, this model of SCI-pain produces both sensory evoked and
spontaneous components of chronic pain (Chapter I), while most previous models focus
on the sensory component of pain, and few attempt to quantify spontaneous pain.
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VIII-B. Spontaneous pain
When addressing the spontaneous component of chronic pain, previous studies relied
heavily on observations of overgrooming/autotomy, licking, guarding and vocalization
(Vierck et al., 2000). These behaviors have been criticized as unreliable and nonspecific
(Mogil, 2009; Woolf, 1984). In this model of SCI-pain, we use a modified conditioned
place preference paradigm (CPP) that was first developed by King and colleagues for a
peripheral neuropathic pain model (2009). The modified CPP task allows us to identify a
tonic aversive state in animals that we, and the original authors, believe is analogous to
the human condition of spontaneous pain. The same research group has since
demonstrated that lesions to the rostral anterior cingulate cortex (rACC) occlude the
development of the tonic aversive state, suggesting that this state is primarily driven by
affective components of pain, or the “aversiveness” of pain (Qu et al., 2011). Importantly,
the authors show that lesions to the rACC did not alter stimulus evoked pain thresholds,
demonstrating that pain aversiveness and evoked thresholds can be dissociated in their
model, and suggesting that the two may be driven by different neuronal mediators.
VIII-C. Mechanisms of SCI-pain
One of the longest lasting hypothesis regarding the pathophysiology of chronic pain
after damage to the spino-thalamo-cortical pathway is that it arises from abnormally
suppressed inhibition in the thalamus (Head and Holmes, 1911). A unique source of
inhibition to the thalamus is the GABAergic zona incerta (ZI), which receives nociceptive
inputs through the STT (Shammah-Lagnado et al., 1985; Craig, 2004) and has been
implicated in a variety of pain related functions (Porro et al., 2003; Yen et al., 1989). To
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test whether the zona incerta (ZI), and subsequently the incerto-thalamic pathway, were
affected in conditions of SCI-pain we preformed single-unit extracellular recordings in
the ZI and thalamic nuclei of sham-operated and spinal-lesioned rats. In animals with
SCI-pain there was a significant decease of both spontaneous neuronal activity in ZI and
in neuronal activity evoked by both noxious and innocuous peripheral stimulation. The
decrease of activity in the GABAergic ZI corresponded with a 30-fold increase of
spontaneous neuronal activity in the somatosensory posterior thalamus (PO) as well as a
significant increase of peripherally evoked activity in this nucleus. After spinal lesion
there was also a significant increase of neuronal activity in the associative mediodorsal
thalamus (MD), a nucleus involved in processing the affective components of pain. This
increase of spontaneous and evoked neuronal activity after spinal lesion was apparent in
both anesthetized and awake animals, providing support for a role of MD in the
pathophysiology of SCI-pain. Further, because both PO and MD are higher-order
thalamic nuclei that receive potent GABAergic innervation from ZI, an increase of
activity in both MD and PO after spinal lesion supports our hypothesis that the incertothalamic pathway is affected in conditions of chronic pain.
To test whether the increase of activity was specific to thalamic nuclei that receive
GABAergic input from ZI, we recorded neuronal activity from two first-order
somatosensory thalamic nuclei that receive GABAergic input exclusive from the reticular
thalamic nucleus (TRN), the ventroposterior medial and lateral nuclei (VPM and VPL
respectively). There was no change in peripherally evoked activity in either of these
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nuclei, arguing against a role for TRN in this model of SCI-pain and suggests that the
incerto-thalamic pathway is selectively affected in this disorder.
VIII-C1. Burst activity in the thalamus
After lesion of the STT and the development of SCI-pain, there was no change in the
percent of cells that burst during spontaneous activity, frequency of bursts, or burst
properties in either PO or MD compared to sham-operated controls. Further, there was no
difference in burst activity or properties in the VPL, though there was a significant
increase in percent of cells that burst in VPM. The relatively specific change in burst
activity following lesion of the STT may reflect differential anatomical connections or
physiological properties of first-order versus higher-order thalamic nuclei.
Several authors have proposed that the development and maintenance of chronic pain
is associated with abnormally high incidences of burst activity in the thalamus (Lee et al.,
2005; Lenz et al., 1989; Vierck et al., 1990; Weng et al., 2003). However, when
discussing the potential causal role of bursts in the development of chronic pain, it is
important to consider several issues. First, all thalamic relay cells can fire in both burst
and tonic modes (Sherman and Guillery, 2005) and burst activity occurs in the thalamus
of both individuals suffering from pain and in non-pain patients (Hirayama et al., 1989;
Gorecki et al., 1989). Additionally, stimulating the thalamus of humans with burst
patterns fails to elicit pain (Hirayama et al., 1989). Some suggest that burst activity in the
thalamus after damage to the CNS reflects aspects of sensory loss, deafferentation, or
change of receptive field rather than pain per se (see (Canavero and Bonicalzi, 2007c)).
The data presented here suggest that, at least in higher-order thalamic nuclei, neither
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increased nor abnormal burst activity is required for the maintenance of chronic pain
conditions.
VIII-D. Cortical modulation of SCI-pain
Here we report that the development and maintenance of SCI-pain is associated with
dysregulation of the incerto-thalamic pathway, manifesting first as a significant loss of
spontaneous and evoked neuronal activity in the ZI. Because electrical stimulation of the
primary motor cortex (MCS) has been used as an analgesic for patients with chronic pain
(Tsubokawa et al., 1991; Ebel et al., 1996; Son et al., 2006) and because the motor cortex
sends dense excitatory projections to ZI (Mitrofanis and Mikuletic, 1999; Urbain and
Deschenes, 2007), we hypothesized that MCS reduces hyperalgesia by enhancing activity
in the ZI. In Chapter IV we demonstrated that in animals with SCI-pain MCS reduces
both mechanical and thermal hyperalgesia in a parameter-dependent manner. MCS also
relieves the tonic aversive state of SCI-pain, suggesting that MCS reduces both stimulus
evoked and affectively driven spontaneous pain. Importantly, the analgesic effects of
MCS are occluded when ZI is inactivated, providing support for the hypothesis that MCS
works through activation of the incerto-thalamic pathway.
VIII-D1. Time course of MCS pain relief
To our knowledge, we are the first to systematically study analgesic effects of MCS
within a wide range of parameters. In this model of SCI-pain, the first significant
analgesic effects of MCS took place after 15 minutes of stimulation, which argues against
a direct tri-synaptic circuit (cortical pyramidal neuron –> zona incerta projection neuron
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–> thalamocortical neuron) for MCS induced analgesia. However, it does not disprove
the hypothesis that incerto-thalamic pathway plays an integral role in mediating the
effects of MCS. There are several possible explanations for why activation of this
pathway and subsequent behavioral effects take several minutes to appear.
Delayed effects of MCS may relate to the anatomical and physiological properties of
neurons within ZI. We, and others, have shown that the whisker-responsive incertal
neurons that project to the thalamus are located in the ventrolateral portion of ZI (ZIv)
(Trageser and Keller, 2004; Trageser et al., 2006; Lavallee et al., 2005; Urbain and
Deschenes, 2007). In a study published in 2007, Urbain and Deschenes (2007) present
evidence that the motor cortex projects densely to ZIv, but preferentially targets whiskerinsensitive neurons that provide lateral inhibition within ZI. Therefore, it is possible that
within the first several seconds-to-minutes of MCS these local inhibitory neurons are
preferentially activated and reduce activity of thalamus-projecting incertal cells. After
several minutes of stimulation and constant excitation, the whisker-insensitive neurons
may experience “run down”, possibly due to exhaustion of their readily releasable pool,
therefore shifting the effect of MCS to preferential activation of whisker-responsive
incertal neurons. Activation of the whisker-responsive neurons would result in a potent
inhibition of thalamocortical neurons.
The analgesic effects of MCS may not be mediated through fast synaptic
transmission. At any step along the pathway, it is possible that second messenger
cascades, neuromodulators, or neuropeptides are involved in mediating the effects of
MCS. Additionally, MCS may induce transsynaptic plasticity that requires many
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repetitions before increasing the efficacy of ZI-PO synapses. Each of these potential
mechanisms would add to the time required for behavioral manifestations of MCS. While
it is important to preform additional experiments to identify the anatomical pathways and
molecular events responsible for MCS induced analgesia, it is clear from our inactivation
experiments (Chapter IV) that ZI is critical for these effects to manifest.
VIII-E Summary
Using an animal model that reliably produces targeted spinal damage and reproduces
several critical manifestations of the human condition of SCI-pain, we were able to study
the pathophysiology of chronic pain. Importantly, because this model of spinal cord
injury alters pain behaviors relatively specifically, our data are not influenced by overt
motor loss or other complications such as loss of bladder control or loss of sexual
function. Therefore, unlike in several other models of spinal cord injury, our conclusions
speak more directly to the pathophysiological mechanisms underlying the development
and maintenance of chronic pain after spinal cord injury.
We have identified the GABAergic zona incerta as an important driving component
of SCI-pain and shown that loss of activity in this nucleus dramatically and significantly
alters neuronal activity in several higher-order thalamic nuclei important for processing
nociceptive information. Further, we are the first to demonstrate that conditions of
chronic central pain produce increased spontaneous activity in associative thalamic nuclei
as well as somatosensory thalamic nuclei. Because pain is a complex sensation that
involves both sensory and emotional components, these data are critical for
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understanding the origins of the tonic aversive, or spontaneous, state of pain that
develops after spinal cord injury.
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