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ABSTRACT 

 

 

The mechanisms that mediate the maintenance of chronic pain states are poorly 

understood, but elucidation of such could yield insight into how pain becomes 

chronic and how the process can potentially be reversed. This thesis investigated 

the role of ascending and descending spinal dorsal horn circuitry and spinal 

interneurons in the plasticity that mediates a transition to pathological pain 

plasticity using hyperalgesic priming model. The results showed that, while dorsal 

horn neurokinin 1 receptor-positive neurons or descending serotonergic neurons 

mediated IL-6- and carrageenan-induced acute mechanical hypersensitivity, they 

were not required for PGE2-induced mechanical hypersensitivity. In stark 

contrast, ablation of dopaminergic neurons did interrupt the IL-6- and 

carrageenan-induced mechanical hypersensitivity, but the subsequent PGE2 

injection failed to cause mechanical hypersensitivity-- thereby reflecting that 

primed state plasticity is driven by differential mechanisms. In addition, the 

pharmacological antagonism of spinal dopamine D1/D5 receptors reversed 

priming and its agonism induced mechanical hypersensitivity exclusively in 

primed mice, which suggests dopaminergic control of pathological pain plasticity 

in a D1/D5-dependent manner. Moreover, in a primed state, changes to spinal 

dorsal horn GABA pharmacology were accompanied by upregulation of 

neuroligin 2 mRNA and protein expression. These findings indicate a novel role 

for descending dopaminergic neurons in the maintenance of pathological pain 

plasticity and point to the inhibitory synaptic expression of neuroligin-2 as the 

spinal determinants of this type of pain plasticity. 
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Chapter I 

 

Pain: Biology and Pathology 

 

 

Pain is a necessary neurobiological process1 that deters behaviors that places 

organism’s survival at risk. Crook and colleagues recently put this intuitive 

function of pain to the test in a laboratory setting2. The authors injured the arms of 

both anesthetized and cognizant wild squids (Doryteuthis pealei) and introduced 

them to their natural predator to assess for adaptive capabilities of normal 

defensive behavior. A significant reduction in survival rate was found to be 

associated with the animals that were injured and incognizant. While an injury 

increases the risk of predatory attack, absence of pain further increases the risk by 

not allowing enhanced alertness toward the surrounding environment.  

 

Similarly, being able to feel pain is also important for humans. This is supported 

by the fact that otherwise healthy individuals afflicted with congenital 

insensitivity to pain have failed to survive beyond thirty years of age due to 

myriad medical complications. For example, a child in Northern Pakistan 

exhibited specific mutagenic inactivation of the voltage-gated sodium channels 

that are critical to pain transmission3. Due to the fact that he lacked pain 

perception, this child regularly performed self-harming stunts like walking on 

burning coals and inserting knives in his arms. He died at fourteen years of age 

shortly after jumping off of the roof of a house. Similar mutations of channels and 

receptors within pain-sensing fibers were found to be present in individuals who 

did not experience pain. Inversely, gain-of-function mutations that conferred more 

channel activity yielded extremely painful disorders such as inherited 

erythromelalgia, paroxysmal extreme pain disorder, and small-fiber neuropathy4, 5.  

 

As illustrated above, pain is not only necessary, but is also beneficial for the 

survival of an organism. However, this useful mechanism can become deleterious; 

it can signal for pain in the absence of genuine injury, or after the resolution of a 

primary instigator. When pain persists and becomes exaggerated, it contradicts its 

original purpose – it becomes maladaptive. In a large-scale epidemiological study 

of comorbidity factors involving 44,000 subjects, chronic widespread pain 

showed significant associations with other neurological symptoms including: 

chronic fatigue, depression, and post-traumatic stress disorder6. Most, if not all, of 

these comorbid factors undermine one’s quality of life by exacerbating experience 

of pain. 

 

This quality of chronic pain needs to be better understood in order for an 

emergence of effective treatment. Currently, patients are forced to choose 

between two broad categories of analgesics: non-steroid inflammatory agents 

(NSAIDS) and opioids. Both classes of drugs have been popularly prescribed and 

are still in wide use today. However, these drugs have major disadvantages: 

NSAIDS are mildly effective, and opioids are powerfully effective with 
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concomitant risk for addiction7. More importantly, they do not always alleviate 

pain. Sometimes neither will work, leaving millions of chronic pain patients 

inadequately treated. These are the fundamental reasons why effective new drugs 

are needed.  

 

New therapies can only emerge through deepening our understanding of the 

biology behind chronic pain. Hence, the present thesis work is set out to 

understand the neural mechanisms of chronic pain by using an animal model 

called hyperalgesic priming. The research questions and aims will be introduced 

in Part II along with materials and methods, followed by original research work in 

Parts III and IV. The last part is comprised of an extended discussion in which the 

collective research results are referenced for conclusions and broad implications 

toward prospective future studies. In the immediately following chapters, the 

current understanding of the molecular mechanisms of pain biology will be 

reviewed.   
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Chapter II 

 

Peripheral Sensory Component of Pain 

 

 

“Nociception is the process by which intense thermal, mechanical, or chemical 

stimuli are detected by a subpopulation of peripheral nerve fibers, called 

nociceptors8”. These nociceptors are expressed by nerve fibers that originate from 

sensory ganglia called the dorsal root ganglia (DRG) for the body and the 

trigeminal ganglia (TG) for the face. Unlike other sensory modalities that respond 

to innocuous stimulus like touch, nociceptors are only activated by noxious 

stimuli that could be harmful to the organism. This clearly delineated function 

arises from the distinct electrochemical properties of these fibers. 

 

There are three types of sensory afferent fibers, two of which mediate nociceptive 

signaling. These fibers show different physical, cellular and anatomical 

properties; they differ in the destination of target organs, size of the cell body, 

action potential conduction velocity, responsive stimulus quality and 

neurochemical phenotype9. Some of these features are interrelated. For example, 

small diameter fibers like C and Aδ are nociceptors or thermoreceptors whereas 

large diameter myelinated fiber Aβ code innocuous mechanical stimuli like touch.  

 

In terms of their roles in pain transmission, Aδ afferent fibers mediate acute or 

first sharp pain; they are the first ones to respond to noxious heat and responsible 

for generating sharp pain upon pinprick. These fibers respond to mechanical, 

chemical and thermal stimuli and are able to sensitize, when the stimuli persist. In 

contrast to the Aδ fibers, C fibers are responsible for the slower or slowly 

developing pain following the exposure to intense stimuli. These fibers also 

respond to thermal, mechanical and chemical stimuli of high intensity. Unlike Aδ, 

however, C fibers are polymodal, which means that a single C fiber is capable of 

responding to many types of noxious stimuli (i.e., mechanical and thermal). C 

fibers can also respond to cooling sensation and itch-producing puritogens, which 

is why not all C fibers are nociceptive.  

 

C fibers can be further divided into two groups according to their neurochemical 

phenotypes: peptidergic and non-peptidergic C fibers. Peptidergic fibers contain 

neuropeptide species like substance P (SP), somatostatin and calcitonin gene-

related peptide (CGRP) and innervate deeper layers of the skin. Non-peptidergic 

fibers express Mas-related G-protein coupled receptor member D (MRGPRD), a 

sensory neuron-specific G protein-coupled receptor, and have high affinity for 

isolectin B4 (IB4). These fibers are mainly associated with the epidermis of the 

skin. Although we do not clearly understand the functional differences in terms of 

the types of painful sensation transmitted by each type, ablation of chemical 

species unique to theses neurons seems to give rise to loss of specific types of 

pain. For example, ablation of the MRGPRD-positive non-peptidergic neurons 

showed specific deficits in sensitivity to noxious mechanical but not thermal 
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stimuli10. Similarly, ablation of SP-immunoreactive neurons caused loss in 

mechanical and thermal sensitivity to noxious stimuli11, 12. Findings like these 

strongly argue for functional specificity of different fiber types (and likely 

subtypes) in terms of their responsive type of pain quality.  

 

Activation of Aδ and C fibers in their peripheral endings leads to neuronal 

transmission to the cell body of DRG or TG, which subsequently causes release of 

neurotransmitters and neuromodulators from their spinal central endings. There 

are, however, differences in which Laxed layer of spinal cord these fibers 

terminate; Aδ fibers project to the superficial lamina I and deep lamina V, while C 

fibers predominantly project to the superficial laminae I and II13. Spinal second 

order neurons integrate afferent inputs by encoding physical location and the 

intensity of the stimuli. The nature of interactions between the afferent fibers with 

their targets in the spinal cord determine both qualitative and quantitative aspects 

of pain perception. Because the nociceptive relay in the spinal cord is of primary 

interest and the focus of current thesis work, the anatomical and nociceptive 

signaling pathways in the spinal cord will be reviewed in greater depth in the 

following chapters.  
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Chapter III 

 

Spinal Cord: Neuroanatomy 

 

 

The spinal cord is a tubular bundle of neurons that is housed within the vertebral 

column in the most caudal part of the central nervous system. Center of spinal 

cord is made up of cell bodies and is surrounded by nerve fibers, which gives rise 

to its gray and white pigmentation, respectively. The gray matter of the spinal 

cord can be divided into ten different cell layers ranging from I in the dorsal-most 

region to IX in the ventral horn, with lamina X referring to the area surrounding 

the central canal, as first described and indexed by Bror Rexed in the early 

1950s14, 15. Each cell layer is defined by cellular structure as it is made up of cells 

of various sizes and shapes.  

 

The sensory information from all organs is transmitted to the central nervous 

system via dorsal root entry to the spinal cord. These sensory fibers mostly 

terminate in the dorsal part of the spinal cord where other sensory components 

including ascending projections and descending terminals are found. The 

superficial laminae of the dorsal horn of the spinal cord, particularly the marginal 

layer (or lamina I of Rexed) and the substantia gelatinosa (or lamina II of Rexed) 

that receive heavy inputs from the afferent terminals are particularly important in 

pain signaling. Afferents that terminate in these layers synapse onto interneurons 

and ascending projection neurons and are also substrates of interneurons. 

Communications among cells within each layer and across neighboring layers 

encode the types and strengths of afferent inputs, all of which influence the more 

complex pain quality assessment that takes place in the brain.  

 

As for the central and ventral horn spinal cord layers, Laminae V and VI are 

concerned primarily with proprioceptive sensations. Lamina VII is a relay layer 

between muscle spindle and midbrain and cerebellum16. Laminae VIII-IX are 

predominantly comprised of motor neurons and occupy the ventral horn16. The 

axons of these motor neurons innervate mainly skeletal muscles and control the 

muscle movements. Lamina X surrounds the central canal and contains neuroglia. 

All of these spinal profiles form intricate networks of connections to process 

sensory information and execute movements. For the purposes of laying out the 

appropriate and relevant background for this thesis work, the proceeding chapters 

will primarily focus on nociception-relevant layers of the spinal cord, I through V. 

Their anatomical, neurochemical and functional characterization will be discussed 

in a great detail to further describe and understand the spinal nociceptive circuitry.  
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Primary Afferent Terminals 

 

Aforementioned fibers, Aβ, Aδ and C, terminate in dorsal horn of the spinal cord 

and synapse onto the second order neurons. Most of these connections are 

axodendritic, where axon terminals synapse onto dendrites of the second order 

neurons. A small subset of afferents, however, forms synaptic glomeruli as they 

terminate in the spinal cord17. These structures are important modulatory devices 

that are basically hubs for multiple afferent endings to synapse onto several dorsal 

horn neurons and other neuronal profiles to synapse onto primary afferent 

terminals18.   

 

When a noxious stimulus activates sensory fibers, these fibers are going to feed 

forward the nociceptive information through postsynaptic activations of second 

order neurons. Typically, primary afferents accomplish this by releasing 

neurotransmitters and neuromodulators from their central terminals; they 

predominantly release glutamate as most of primary afferent endings are vesicular 

glutamate transporter 2 (VGLUT2)-immunoreactive. Therefore, it is generally 

agreed that the net result of primary afferent activation in the spinal cord is 

excitatory.  

 

Along with glutamate, these nerve endings release other neuromodulators whose 

expressions are often used to discriminate fiber types. For example, the 

peptidergic subtype of C fibers express neuropeptides like CGRP and SP. Because 

primary afferents are the major source of these neuropeptides, they are used as 

markers of primary afferent terminals in the spinal cord. The CGRP-

immunoreactive terminals are present at high density in lamina I but almost 

completely absent from lamina II19, 20. In the case of non-peptidergic C fibers, they 

are characterized by complete absence of these neuropeptides.  Instead, this subset 

of C fibers are identified by purinergic receptor P2X ligand-gated ion channel 3 

(P2X3) expression or IB4 labeling21.  

 

Aδ and Aβ fibers, too, release glutamate onto their target secondary order 

neurons. Similar to the non-peptidergic C fibers, there are no well-described 

neuromodulators expressed by these fiber types. Aδ fibers are identified through 

peripherin, a type II intermediate filament, immunoreactivitiy and absence of 

neuropeptides, since this protein is also expressed by unmyelinated small sensory 

C fibers. Similarly, Aβ fibers uniquely express – among DRG neurons – heavy 

neurofilament at 200 kDa.  

 

Other neuromodulators and neurotransmitters that occur in primary afferents 

include somatostatin22 and endomorphin-223. Interestingly, somatostain does not 

occur in SP-immunoreactive DRG neurons whereas endomorphin-2 exclusively 

occurs in SP- and CGRP-immunoreactive neurons. In contrast, some 

neuromodulators are thought not to occur in primary afferents; in situ 

hybridization studies have not detected any significant mRNA level of the 
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enkephalin precursor in DRG neurons and sensory deafferentation does not 

decrease enkephalin expression level in the dorsal horn24 

 

 

Receptors on the Central Terminals 

 

An array of receptors is present on the primary afferent neurons. One of the best 

studied receptors involved in nociception is the capsaicin receptor, transient 

receptor potential cation channel subfamily V member 1 (TRPV1), which occurs 

in small-diameter primary sensory afferents, Aδ and C fibers25, 26. Though its 

expression in C fibers is widely accepted, there are conflicting reports on subtype 

specificity of this receptor; some have reported occurrence of TRPV1 in both IB4- 

and CGRP-immunoreactive DRGs27 whereas others have only seen this receptor 

in predominantly IB4-immunoreactive neurons in rats21. Moreover, a very 

significant species difference has been reported with TRPV1 expression; TRPV1 

is mostly expressed by peptidergic C fiber population in mice28 when the reverse 

is true for rats29. Therefore the results obtained with TRPV1 knockout mice are 

not transposable to the rats. This kind of species difference is even more poorly 

understood in higher mammals; TRPV1 expression has been confirmed in non-

human primates and humans30 but its expression strength and/or fiber-specificity 

at their central terminals has not been clearly defined. 

 

There is an abundant literature on the expression of trophic factor receptors by 

primary sensory fibers31, 32. All three high-affinity neurotrophin receptors, tryosine 

receptor kinase A, B and C (trkA, trkB and trkC), have been detected in DRG 

neurons. These receptors are particularly important because activation of these 

receptors produces nociception. For example, activation of trkA and trkB by their 

endogenous ligands, nerve growth factor (NGF) and brain-derived neurotrophic 

factor (BDNF), respectively, induce mechanical and thermal hypersensitivity. Of 

these receptors, trkB and trkC occur in large-diameter neurons, corresponding to 

low-threshold mechanoreceptors, whereas trkA is found in nociceptive neurons 

that express the neuropeptides CGRP and SP. The low-affinity neurotrophin 

receptor, p75, has also been identified in the populations of DRG neurons that 

express trkA. The non-peptidergic, IB4-binding, population of C fibers expresses 

c-Ret neurotrophin receptor that binds to glial-derived neutrophic factor 

(GDNF)33, which also causes nociception upon injection to the paw of rodents. 

 

The primary sensory fibers express opioid receptors. The evidence comes from 

studies showing radioactive ligand binding of µ- and κ-opioid receptors in the 

dorsal horn, that are lost following dorsal rhizotomy34 and protein expressions of 

them in the central terminals of small-diameter fibers35. Electrophysiological data 

also support these findings and suggest that these receptors are expressed by Aδ 

and C nociceptive fibers36, though there is no clear indication whether these 

receptors are selective for either subtypes of C fibers.  
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Excitatory receptors, amino-3-hydroxy-5-methylisoxazole-4-propionic acid 

(AMPA), N-methyl-D-aspartic acid (NMDA) and kainate receptors are present37-

39. Expressions of these ionotropic glutamate receptors were not only confirmed in 

the cell bodies of DRG but in their central terminals, at least in subset of C and 

Aδ fibers. Despite glutamatergic receptor activation generally leading to 

excitation, their activation on primary afferent terminals may lead to inhibition 

instead40, 41. In those studies, agonism at kainate receptors in the spinal cord 

depressed compound action potential of the dorsal root and the activation of 

AMPA receptor decreased glutamate release from the primary afferent terminals. 

This presynaptic glutamate-mediated inhibition is thought to be similar to the 

primary afferent terminal depolarization (PAD) that was traditionally thought to 

be mediated by GABAA receptors41. 

 

As for the inhibitory GABAergic receptors, they are thought to occur in both 

types of C fibers and the myelinated fibers, Aδ42. Subunits of the GABAA receptor 

mRNAs and proteins have been identified in the cell bodies of DRG neurons, 

consistent with the functional evidence of a role for these receptors in presynaptic 

inhibition of primary afferents43.  Although there is no direct evidence for the 

presence of GABAA receptors on the central terminals, immunohistochemical 

data showing co-localization of SP, CGRP and IB4 with certain GABAA subunits 

in the lamina I of the spinal cord strongly suggests these receptors are present on 

the central terminals of primary afferents44. Moreover, subunits of the 

metabotropic GABAB receptor have been identified in DRG neurons and in their 

central terminals45. 

 

Other receptors found on the primary afferent endings include cholinergic and 

adrenergic receptors. Both nicotinic and muscarinic receptors have been identified 

in small-diameter sensory neurons46 in their cell bodies as well as at their central 

terminals47-49. Cholinergic receptors in primary afferents are likely to mediate 

nociception through modulation of glutamate release from their central endings. 

Concerning adrenergic receptors, both α1 and α2 receptors have also been found in 

the DRG neurons50, 51, and are also expressed in their central terminals52. Because 

α2-adrenergic receptors in the DRG are upregulated after peripheral nerve lesion, 

these receptors may be implicated in the sensitization of primary afferents in 

sympathetically maintained pain53. 

 

While decades of research have led to the identifications of many receptors 

expressed by primary afferents, it is important to point out that most of the 

available of receptor expression data on primary afferents have been performed in 

the whole tissue or in the cultured DRG, not directly on their axon terminals. 

Information on localization of receptors on the terminals of primary sensory fibers 

in the spinal cord is growing but limited in their descriptions of fiber types and 

receptor subtypes. Future development of fiber-specific reporter transgenic 

animals could be used as informative platforms to describe complex receptor 

protein expressions by the sensory fibers.  
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Spinal Cord: Dorsal Horn Neurons 

Lamina I 

 

Lamina I or the marginal zone of spinal cord is located in the most dorsal region 

of the spinal cord. This layer appears as a thin gray layer immediately below the 

white matter, named the tract of Lissauer, which contains small myelinated axon 

projections from the dorsal root ganglia. This layer is heavily innervated by 

thermoreceptive Aδ and C afferent fibers and, to a much lesser degree by, Aβ 

fibers. Also, many descending fibers from supraspinal locations, including 

hypothalamus and brainstem, terminate in this layer.  

 

Neurons in this lamina have been classified into three main functional types based 

on their response to cutaneous sensory inputs: (1) nociceptive-specific (NS) 

neurons, which respond only to noxious heat and pinch; (2) polymodal 

nociceptive neurons that respond to noxious heat, pinch and innocuous and 

noxious cold and ; (3) innocuous thermoreceptive neurons, responsive only to 

innocuous cooling54-58. Many of these modality-specific neurons are ascending 

projections that terminate in the thalamus and parabrachial nucleus. Interestingly, 

there seems to be a correlation between these functional classes and the 

morphological types (fusiform, pyramidal, and multipolar), where fusiform cells 

are all nociceptive-specific (1), pyramidal cells are all cooling-sensitive (3), and 

multipolar cells are either heat- and pinch-specific or nociceptive-specific (1 or 

2)54.  

 

Most neurons in this lamina are thought to be glutamatergic46 because most 

CGRP-lacking (non-primary sensory) axonal varicosities in the superficial dorsal 

horn that express SP, somatostatin, or neurotensin were shown to co-localize with 

vesicular glutamate transporter 2 (VGLUT2). In addition, most somatostatin- and 

enkephalin-containing non-primary afferent synapses were found to form where 

AMPA receptors are present, which also suggests that many of dorsal horn 

neurons are glutamatergic. It is also assumed that most of the projection neurons, 

including lamina I neurons, are glutamatergic, although direct 

immunohistochemical evidence is lacking. Systematic studies combining 

vesicular glutamate transporters expressions are required to confirm this point. 

 

Enkephalin (ENK) immunoreactivity has been reported in lamina I-III, where it is 

most intense in axons and cell processes in laminae I and II24, 59, 60. Cell bodies that 

are ENK-immunoreactive in the dorsal horn, are likely to represent two different 

populations of neurons: (a) cells that are SP-immunoreactive that likely are 

glutamatergic61; and (b) cells that are GABAergic62. Both of these species 

probably synapse onto the spinothalamic ascending neurons as SP+ENK-

immunoreactive species and ENK-imunoreactive boutons (are likely 

ENK+GABA expressing population) were found in proximity to those neurons63, 

64.  

 

 



18 

 

Lamina I Projection Neurons 

 

A high proportion (60–80%) of lamina I projection neurons are immuoreactive for 

neurokinin 1 receptor (NK1-r)65-68. These projection neurons send axons that cross 

to the contralateral side and travel rostrally to terminate in various areas in the 

brain, where the qualitative and affective dimensions of pain perception is 

created. Retrograde tracing studies have shown that lamina I projection neurons 

predominantly terminate in thalamus69, periaqueductal gray (PAG), nucleus 

solitary track (NTS), caudal ventrolateral medulla (VLM) and the lateral 

parabrachial nucleus (PBN)13 and the a lesser extent the hypothalamus70 and 

dorsal reticular nucleus (DR)71. It is important to note that terminations in PBN 

and caudal VLM is much more extensive by lamina I NK1-r-immunoreative 

neurons, compared to other areas65. This preferential targeting of a subset of 

ascending projections may represent functional unit that contribute to building a 

specific feature of sensory or affective dimension of pain perception.  

 

The NK1-r-immunoreactive projection neurons, predominantly restricted to 

lamina I, are important in mediating nociception. There is a multitude of evidence 

that supports this claim. This population of projection neurons is heavily targeted 

by the nociceptive C fibers expressing CGRP and SP and is activated by 

intraplantar injection of formalin72. Moreover, animals with genetic deletion or 

ablation of this receptor in the spinal cord showed a significant impairment in 

developing thermal and mechanical hyperalgesia in response to noxious stimuli11, 

12, 73. It is important to keep in mind that lamina I projection neurons are not the 

only species of neurons that express NK1-r. In fact, some excitatory neurons74 and 

deeper lamina projection neurons67 also express NK1-r, though the level of 

expression and the size of such populations are thought to be much smaller.  

 

Ascending projections from the lamina I and, to a much lesser extent, deeper 

lamina of the dorsal horn terminate at various brain areas as mentioned above. 

From the terminal sites, ascending projections arise to other brain areas. For 

example, neurons in VLM project directly back to the spinal cord75 and to various 

brain areas including: rostral ventromedial medulla (RVM)76, hypothalamus77, 

amygdala78, pontine noradrenergic groups (A5 to A7)79and DR80. Similar 

observations have been made with other supraspinal targets of projection neurons 

wherein most of those brain areas 1) further project to other areas of the brain that 

are targets of direct spinal ascending projections; 2) many of these projections are 

reciprocal and 3) many of the ascending targets have direct (and indirect) 

descending projections to the spinal cord. These diverse terminal behaviors of 

ascending projections suggest that pain perception is a product of intricate 

interplay between the projection neurons and their target sites and among these 

brain areas.  
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Lamina II 

 

Lamina II runs parallel to lamina I and is also referred to as substantia gelatinosa. 

Most neurons in this layer are unmyelinated and form axons that do not extend 

beyond this layer; these are virtually all interneurons. These interneurons integrate 

signals within the layer and among neighboring layers. Like lamina I, lamina II 

receives nociceptive and non-nociceptive inputs of the dorsal root terminals and 

descending projections from the brain. In general, myelinated low-threshold 

mechanoreceptor expressing afferents terminate in this layer. Information 

received in this region is relayed to lamina III, IV and V81, where many ascending 

projections arise. 

 

Most neurons in the spinal cord are interneurons but lamina II interneurons are 

probably the best understood and described. Interneurons present in this layer are 

largely either excitatory or inhibitory. The axons of excitatory interneurons are 

identified by VGLUT2 immunoreactivity whereas inhibitory synapses can be 

marked by the presence of vesicular GABA transporter (VGAT) or glutamate 

decarboxylase (GAD). A study in rats showed that GABAergic neurons in this 

layer account for 24–33% of all the GABAergic neurons in laminae I–III82, 83. In 

contrast, inhibitory glycinergic neurons are found considerably more in lamina III 

(30%) than in lamina I (9%) or in lamina II (14%)84. Virtually all glycinergic 

neurons in laminae I–III are also GABAergic84 when only about half of the 

GABAergic cells co-localize with glycine immunoreactivity84, 85. Terminals that 

contain GABA and glycine are mostly presynaptic to dendrites, cell bodies and 

the synaptic glomeruli, except in the inner part of lamina II and deeper dorsal 

horn. Although most neurons expressing GABA and/or glycine are local 

interneurons, there is a small descending projection from the RVM that also 

expresses the same neurotransmitters86.  

 

These interneurons have been studied extensively for their morphological and 

electrical properties. According to Perl and colleagues, lamina II interneurons take 

on four main types of dendritic morphology: islet, central, vertical and radial 

appearance87, 88. Islet cells are characterized by a long extensive dendritic tree 

(>400 μm) whereas central cells are similar in shape with shorter dendritic length 

of less than 400 μm. Vertical cells form dendritic arbors that extend in the 

dorsoventral plane into other laminae. Radial cells have less dense dendritic arbor 

that extend to all directions. There seems to be electrical/biochemical properties 

that correlate well with the morphological classifications of these interneurons. 

For example, islet cells are inhibitory or GABAergic, radial and vertical cells are 

mostly excitatory and central cells can be of either type.  

 

Using paired recordings with spinal cord slices and primary afferents, Lu and 

Perl89, 90 described preferential targeting of the primary afferents toward 

interneurons in lamina II. They discovered that islet cells and most central cells 

are innervated mainly by C fibers, whereas vertical and radial cells can receive 

inputs from both C and Aδ afferents89. Of the C fibers that innervate lamina II 
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interneurons, TRPA1 and TRPV1 expressing C fibers specifically innervate 

vertical and radial cells but not islet and central cells91. Their work also 

demonstrated that these interneurons show different firing properties that seem to 

better correlate with the neurotransmitter type (glutamate vs. GABA) than their 

morphological characteristics92. Despite accumulating data on morphological, 

biochemical and electrical characteristics of interneuron species within lamina II, 

it is unknown if these combined properties represent unique functional modalities.  

 

 

Neurochemical Characteristics of Lamina II  

 

Cells bodies that are somatostatin (SOM)-immunoreactive occur most intensely in 

lamina II93 and are probably glutamatergic as they express VGLUT261, 94. 

Interestingly, SOM immunoreactivity in lamina II occurs with SP but without 

CGRP, which is not true for SOM expressing afferent terminals that also contain 

SP, in addition to CGRP. The family of receptors that bind SOM occurs in this 

layer as well95, 96. The presence of SOM receptors (SOM-r) have been confirmed 

both in cell bodies of DRGs and spinal dorsal horn neurons though both types of 

tissues seem to preferentially express the sst2A subtype receptor. For spinal 

neurons expressing sst2A, they are also co-immunoreactive for GABA (100%) 

and glycine (83.5%)95, which suggests that SOM-rs are expressed in inhibitory 

interneurons as almost all GABA and glycine are from the local circuit neurons.  

 

Apart from occurrence on primary sensory fibers97, µ-, δ-, and κ-opioid receptors 

are also found on dorsal horn neurons98, though with different strength in terms of 

their expression and localization within the spinal cord. Immunoreactivity for the 

µ-receptor occurs mostly in lamina II99 in axon terminals, dendritic profiles and 

cell bodies100. After dorsal rhizotomy, a significant reduction of expression of all 

three types of receptors was observed with greatest loss in the µ-subtype receptor, 

suggesting that many primary afferent endings express this type of opioid 

receptor. Most of the cell bodies expressing µ-opioid receptor in this lamina was 

shown to be devoid of GABA or glycine, which suggests that the neurons that 

express the µ-receptor may be mostly excitatory interneurons99. 

 

Other neuromodulator found in this layer include neuropeptide Y101and galanin102, 

both of which are exclusively expressed by GABAergic interneurons. The axonal 

terminals of neurons that are co-immunoreactive for GABA and neuropeptide Y 

were found adjacent to the NK1-r immunoreactive cell bodies in lamina III and 

IV when these neurons do not receive inputs from GABAergic neurons that are 

co-immunoreactive for nitric oxide synthase103, which is a distinct GABAergic 

population. Although it is presently not clear as to what this preferential targeting 

behavior means in terms of its functional or behavioral consequences, it suggests 

that there are distinct interneuron species that is involved in trafficking of sensory 

information.  
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Interneurons and Chronic Pain 

 

Spinal interneurons, especially inhibitory interneurons, have attracted a lot of 

attention for their possible role in chronic pain. The reasoning behind this makes 

an intuitive sense; changes in or loss of inhibitory tone in the spinal nociceptive 

circuitry allows for greater activity (net increase) that should produce nociception, 

similar to how spinal injection of AMPA or NMDA that increases excitatory tone 

and produces nocifensive behavior104 and the antagonism of these receptors 

produce anti-nociception105, 106. Moreover, increasing the inhibitory tone by 

activating GABAA receptors produces a profound analgesia and anti-nociception 

in many, if not most, preclinical models of acute and chronic pain107.  

 

A several line of evidence suggests that the loss of GABA and/or glycine is an 

important mechanism driving pain in neuropathic models in rodents. In those 

experiments, some showed a profound loss of GABA immunoreactivity in both 

sides of the dorsal horn108, 109 and a reduction in the primary afferent-evoked 

inhibitory postsynaptic currents in lamina II interneurons110 2 weeks following 

chronic construction injury (CCI) or spared nerve injury. Interestingly, GABA 

expression returned to its normal level by 7 to 8 weeks, though the mechanical 

and thermal hypersensitivity remained109. Others, however, did not observe any 

changes in GABA and/or glycine or GABAA receptor immunoreactivity in lamina 

I-III 2 weeks following CCI, even when the animals clearly showed mechanical 

and thermal hypersensitivity following the surgery111. These findings suggest that 

while the spinal GABAergic system may contribute to the establishment and 

development of neuropathic pain, they are not directly responsible for the 

nociceptive behavior.  

 

Failure to observe changes in GABA expression and GABAA receptor expression 
110, 112 level in the spinal cord after CCI and SNI put forward another possibility of 

reduction of GABA signaling efficacy by disturbance of neuronal anionic 

gradient113, which is effectively controlled by the potassium-chloride co-

transporter 2, KCC2. For example, loss of KCC2 can significantly reduce 

depolarization of GABA114 and glycine in spinal cord neurons and produce 

mechanical hypersensitivity when the KCC2 antisense oligonucleotide is injected 

spinally in naïve animals115. Moreover, pharmacological inhibition of KCC2 can 

reduce the analgesic action of GABAA receptor agonists and positive 

modulators116, 117. In support of this hypothesis, some groups reported reduction of 

spinal KCC2 expression approximately 2 weeks following peripheral nerve 

injury118 or inflammation115. One critical problem with this idea that the KCC2 

downregulation causing hyperalgesia in neuropathic pain is that it cannot fully 

explain why spinal injection of GABAA receptor agonists can provide analgesia in 

neuropathic animals119; if GABAA receptor function is compromised due to the 

changes to KCC2 expression, agonism of GABAA receptor should not produce 

analgesia. However, it is important to note that such observation is without 

description of dose response relationship between naïve and neuropathic animals. 
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Yet another possibility is the changes in rewiring of the GABAergic synaptic 

connections after the induction of chronic pain. For example, loss of C fiber 

terminals has been observed following CCI120 with full regain of neurochemical 

profile by 2 weeks but reconnection of these transiently lost synapses were found 

to be slightly altered 121. Moreover, new synaptic connections between lamina II 

neurons and Aβ afferent fibers that do not usually target neurons in this region, 

have been described 3 weeks after axonomy122. These observations suggest that 

the reconnected GABAergic synapses may not be the exact replicate of the 

previous configuration, rather it may find different targets or change the strength 

of connection onto the old targets. If the formation of de novo GABAergic input 

onto other GABAergic neuron in lieu of other previous existing connections with 

non-GABAergic substrates would produce disinhibition, which would promote 

net excitability without any changes to the protein biology of GABAA receptors.  

 

Although there is no clearly elucidated mechanism that involve GABAergic 

systems through which chronic pain is developed or maintained, spinal GABA 

biology is unquestionably important for pain biology. Further investigation of the 

heterogeneity of GABAergic population of neurons and interlinking them to their 

function in the context of nociceptive information processing remains for better 

understanding of spinal GABAergic systems’ role in pain. 

 

 

Lamina III 

 

The neurons in deeper layers, especially ones in the lamina III, have similar 

features as lamina II cells but there are emergence of larger cells in lamina III. 

Some of the major ascending pathways such as spinothalamic123, spinocervical124, 

spinomedullary125, 126 and spinoreticular127 have cell bodies located in this lamina. 

It is important to note that the number of projection neurons found in this layer is 

far fewer compared to lamina IV and V. Some of these projection neurons express 

NK1-r and have processes that move into lamina I and II128, 129 and are targeted by 

peptidergic C fiber synapses that contain both CGRP and SP130, 131 and NPY-

containing GABAergic neurons132.  

 

Processes from primary afferents and deeper laminae IV, V and VI terminate in 

this layer. Many myelinated primary afferents, which encodes proprioceptive and 

cutaneous sensory information, terminate here9, 133. Although most afferent input 

to this layer is considered to be non-nociceptive, some neurons in this layer 

exhibit graded response to increasing stimulus intensity134, 135, suggesting that a 

low level of nociceptive processing may occur in this layer. Terminating dendrites 

in this layer from the deep dorsal horn target interneurons, which represent about 

half (46%) of the cell bodies in this layer84. It is interesting to note that most of 

cholinergic immunoreactivity occurs in cell bodies of neurons in laminae III–IV 

in cervical spinal cord, aside from presynaptic boutons to the primary afferent 

terminals136, and that they are co-immunoreactive with GABA85. 
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Lamina IV and V  

 

Lamina IV is the thickest of the first four laminae and contains cells of 

heterogeneous size and shape15. Lamina V has a similar cellular composition as 

lamina IV, which contributes to the unclear border between these two laminae, 

and found at the neck of the spinal dorsal horn. There are many common features 

of these two layers: (1) many myelinated sensory fibers terminates in these areas; 

(2) ascending projections to many of the same brain areas targeted by the lamina I 

neurons arise here; (3) some neuronal processes from these areas extend to 

superficial dorsal horn.  

 

Lamina IV and V are major targets of Aβ afferent fibers, which code for 

innocuous sensory inputs like touch9. In addition to Aβ fibers, lamina V also 

receives direct monosynaptic Aδ137 afferent and indirect C fiber inputs138, 139. 

Therefore, deeper horn neurons can respond to noxious stimulus, though these 

neurons seem to respond to specific types of painful stimulus. For example, 

deeper horn neurons respond preferentially to noxious visceral stimulations than 

somatic one140, suggesting separation of nociceptive information even at the spinal 

cord level between the two pain states of different quality. 

 

Deep dorsal horn has attracted a lot of attention due to the large presence of 

dynamic range neurons (WDR)141, which respond to increasing stimulus intensity 

by raising firing frequencies. These neurons are of great interest to pain biology 

because of their prevalence in the spinal cord, unique response properties and 

diverse function. For example, WDRs are capable of responding to both 

innocuous and noxious stimuli unlike NS neurons that only respond to noxious 

stimuli. Moreover, these neurons show bistable behavior; they can remain active 

after the removal of a stimulus142 and inactive after the loss of inhibitory signal143. 

Interestingly, WDRs can function as interneurons and projection neurons, found 

in the spinothalamic and spinoreticular tracts, and are involved in the polysynaptic 

reflexes. These findings suggest that the convergence of signals onto WDRs are 

likely to produce specific function in the context of transmission of nociception144 

and their collective output in terms of experience of pain.  

 

There are no neurochemical markers that are identified specifically in the deep 

dorsal horn neurons but the available data indicate that the dynorphins occur most 

intensely in axons and cells bodies in laminae I and V145, 146. Dynorphin expression 

level has been reported to correlate to peripheral inflammation147, 148 and 

neuropathy149, wherein dynorphin expression significantly increased with these 

manipulations. Moreover, genetic ablation of dynorphin precursor peptide had 

ameliorating effect on neuropathic animals150. These findings suggest that action 

of dynorphin in the spinal cord is pro-nociceptive but further research is required 

to explain why the expression of dynorphin increases most intensely in the deep 

dorsal horn when the dynorphin receptors, κ-opioid receptors, are most 

concentrated in the superficial layers148, 151. 
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Projection Neurons of Deep Dorsal Horn  

 

Antidromic stimulations from areas in the brain and retrograde labeling technique 

revealed that most of the brain areas that are targeted by lamina I projection 

neurons are also targeted by deep dorsal horn projection neurons. These areas 

include thalamus, VLM152, DRt67 (more from lamina IV than V), NTS153, PBN154, 

155 and PAG156. It is important to note that there are many more projections from 

the superficial, predominantly from the lamina I, to most of these brain areas. This 

is probably because there are many more number of projection neurons located in 

lamina I than projection neurons from all other dorsal horn region combined13. 

PAG is one exception and it receives significant number of projections from the 

deep dorsal horn. 

 

There are, however, a number of brain areas that receive much heavier input from 

the deep dorsal horn than from the lamina I. For example, it is estimated that 

about half of ascending projections to hypothalamus originates from the deep 

dorsal horn70. Electrophysiological studies of these neurons revealed that they are 

mostly WDRs that have a small receptive field and are responsive to thermal 

stimuli70. Moreover, a study using propagating anterograde tracer showed that 

non-peptidergic, sodium channel 1.8 (Nav 1.8), -expressing neurons synapse onto 

lamina V neurons that project to hypothalamus81. The spinal projections reaching 

hypothalamus are highly likely have a significant impact on the autonomic, 

neuroendocrine, and emotional/motivation responses to noxious stimuli.  

 

The central nucleus of the amygdala also receive direct projections from spinal 

cord, mostly from the deep dorsal horn region157. Induction of c-Fos is seen in 

amygdala after a noxious femoral158 and renal nerve159 stimulations. Moreover, 

noxious electrical and thermal stimulations had profound impact on the activity of 

neurons in central nucleus of amygdala. Human data further validates the 

involvement of amygdala in pain; amygdala shows high levels of activation at the 

start of experiment when the subjects were anticipating for a painful stimulus160, 

which suggests that amygdala activation may modulate emotional processing of 

aversive events. These findings suggest that amygdala is involved in producing 

emotional dimension of pain perception and that there is a discrete but not 

isolated (amygdala forms many reciprocal connections with other pain-processing 

areas) pain pathway that arise directly from the spinal cord.  

 

Another brain area that receives ascending projections from the deep dorsal horn 

is the nucleus accumbens161. Human functional magnetic resonance imaging 

(fMRI) demonstrated that signals from nucleus accumbens decreased with 

application of painful stimulus and increased when pain was relived162, 163, which 

is in keeping with its known role in reward and aversion learning. Animal studies 

further demonstrated that dopaminergic activation in this structure produces anti-

nociception in rats that received interplantar injection of formalin164. While 

nucleus accumbens also contributes to the building of emotional/aversive aspect 
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of pain experience, it is not known how these affective pain processing brain 

structures interact to produce appropriate emotional response to painful stimuli.  

 

 

Lamina VI-X 

 

Lamina VI is located at the base of dorsal horn and most prominent in the cervical 

and lumbosacral enlargements of the spinal cord165. This layer can be divided into 

two areas, lateral and medial, based on the size and the shape of cells identified 

through Nissl-type staining. Axons from muscle spindle terminates in the medial 

zone whereas small interneurons that participate in spinal reflexes are found in the 

lateral zone. Neurons found in this layer often have extensive dendrites that 

radiate toward the superficial dorsal horn without penetrating into the laminae I 

and II166, which make them unlikely direct substrates of primary afferents.  

 

Lamina VII is made up of highly heterogeneous types of cells16. This layer 

receives input from laminae II to VI and from visceral afferent fibers. Cells in this 

layer are intermediary relay station in impulse transmission of visceral motor 

neurons as they project to motor neurons and other spinal and supraspinal targets. 

A column of cell located in the medial section of this layer is called the dorsal 

nucleus of Clarke, which are found in segments C8 through L3. These cells relay 

information about limb position and movement to the cerebellum167. Within this 

layer, there are autonomic preganglionic neurons that are located laterally at the 

junction of gray and white matter in T1 through L2168. These autonomic ganglia 

project to sympathetic ganglia in the sympathetic chain that runs along the 

vertebral column, from where the sympathetic innervation of the entire body 

arises. 

 

Lamina VIII is the medial most region at the base of the ventral horn16. In this 

region, descending vestibulospinal and reticulospinal fiber terminate, both of 

which supply the motor neurons for the control of limb muscles169. Neurons found 

in this layer modulate motor activity via motor neurons that innervate the 

intrafusal muscle fibers, which are specialized skeletal muscles that detect the 

amount and rate of changes of the muscle during contraction.  

 

Lamina IX is primarily composed of α, β and γ motor neurons that innervate the 

striated muscle170. These motor neurons innervate intrafusal and extrafusal 

skeletal muscle fibers that are important for skeletal movements. The medial part 

of this layer is comprised of motor neurons that project to axial muscles whereas 

lateral cell groups innervate the muscles of the body wall and the extremities171. 

Higher motor commands descend to the interneurons of the spinal cord. In 

primates, there is a direct supraspinal projections to the medial motoneurons, 

which are critical in creating fine movements of the extremities. Reflex motor 

activity is mediated by relay of sensory information to the motor neurons via 

interneurons in the intermediate zone of this layer.  
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Lamina X is the circular area around the central canal of the spinal cord. This 

layer comprises of dorsal and ventral gray commissures, which contains 

decussating axons. This layer receives inputs from the primary nociceptive 

afferents and supraspinal descending neurons. Spinal stems cells called neuroglia 

are also found in this area172. 

In summary, laminae I-V are concerned with exteroceptive sensations, whereas 

laminae V and VI are concerned primarily with proprioceptive sensation and act 

as an intermediary between the periphery to the midbrain and the cerebellum. 

Laminae VIII and IX form the final motor pathway to initiate and modulate motor 

activity via α, β and γ motor neurons, which innervate striated muscle. All 

visceral motor neurons are located in lamina VII and innervate neurons in 

autonomic ganglia.  

 

 

Descending Inputs to the Spinal Cord 

 

Nociceptive transmission to the higher brain areas produces feedback that returns 

to the spinal cord. There are a few known monoamine-containing descending 

pathways: serotonergic system from the nucleus raphe magnus; noadrenergic 

pathway from the locus coeruleus; GABAergic pathway from rostral 

ventromedial medulla and; dopaminergic system from the hypothalamus. 

Activation and inhibition of these systems at the spinal cord can powerfully 

modulate pain response. 

 

Most, if not all, spinal serotonin originates from neurons in the nucleus raphe 

magnus (NRM) of the brainstem173, 174. These serotonin-immunoreactive profiles 

have been shown to synapse onto the projection neurons175-177 and many of them 

are immunoreactive for NK1-r. This observation is in agreement with tracing and 

immunostaining studies that examined locations of NRM projections to the spinal 

cord and serotonin expression at these terminals. Serotonergic innervation occurs 

throughout the dorsal horn of the spinal cord with denser loci in the superficial, 

likely lamina I but not lamina II178, and medial deep dorsal region179. These fibers 

co-localize with other transmitters such as enkephalin180 and SP, both of which 

also occur locally in the spinal cord and/or central terminals of DRGs.  

 

While NRM modulates nociception by directly projecting to the spinal cord, it is 

under a strong influence of PAG. In fact, a body of research suggests that NRM is 

directly modulated by PAG. When PAG is stimulated, it can produce a profound 

analgesia that is powerful enough to perform surgeries on rats without 

anesthesia181. Stimulation of PAG selectively inhibit responses to noxious stimuli 

without generalized deficits in sensory and motor function182-184. Moreover, 

stimulation of PAG by injecting morphine was shown to stimulate serotonin 

release in the spinal cord 185 and induce increased tail flick latency186. This effect 

was reversed by spinal injection of serotonin receptor antagonist186, or by 

suppressing NRM neurotransmisstion by lesion187 or local anesthesia188. These 



27 

 

findings suggest that PAG stimulation can inhibit pain and that this effect is 

mediated by the activation of serotonergic descending fibers from NRM. 

 

Another pain modulatory pathway that originates from PAG is the locus 

ceruleous/subcoerulus (LC/SC) route. LC and SC are major noradrenergic nuclei 

that supply almost all norepinephrine in the spinal cord189. These fibers terminate 

all over the spinal cord but most heavily terminate in the superficial layer of the 

dorsal horn190, 191, which is in agreement with noradrenergic marker 

immunoreactivity in the spinal cord192. PAG is thought to induce analgesia by 

stimulating the release of norepinephrine and serotonin186 and the analgesic effects 

are blocked by spinal antagonism of adrenergic α2 receptor193. A part of this effect 

may involve presynaptic inhibition194 of glutamate release from adrenergic 

terminals of excitatory interneurons that contact NK1-r immunoreactive 

projection neurons195. Alternatively, postsynaptic mechanism of norepinephrine 

was proposed as application of norepinephrine in substantia gelatinosa neurons 

caused depression of excitatory current196. Collectively, these findings suggest a 

descending inhibitory pathway that is distinct from the PAG-NRM circuitry. 

 

A lesser known GABAergic projections descend from RVM in the brainstem to 

the spinal cord. Most of these terminals show predominant GABA 

immunoreactivity and synapse onto a non-GABA-containing postsynaptic 

target197, causing suppression of neurotransmission of the target neurons86. While 

GABAergic neurons in PAG project to GABA-containing RVM neurons198 and 

injection of GABA agonist in PAG decreases tail flick latency199, these effects are 

probably not directly mediated by the GABAergic descending neurons as there is 

scarcity of these directly projecting neurons200. 

 

Similar to norepinephrine and serotonin, spinal dopamine is virtually of 

hypothalamic origin201. Anterograde tracer injection to the medial and posterior 

hypothalamic area including the paraventricular hypothalamic nucleus (PVN) 

revealed that these dopaminergic fibers terminate in lamina I and X and in the 

intermediolateral regions of the spinal cord202, 203. In the case of PVN, which has a 

well-described role in physiological control of stress204, 205, it has been shown to 

modulate pain through its endocrine connection to the pituitary gland108, 206-208. Not 

surprisingly, PVN receives inputs from many of the important pain-processing 

brain areas such as PAG, LC, amygdala and surrounding hypothalamic regions209, 

210, which includes A11 nucleus211. Dopaminergic neurons in A11, in turn, form 

connections with brain areas like PAG212, thalamus211, 213 and amygdala214, 215. 

Although there is no direct evidence of A11 stimulation leading to autonomic 

modulation, older studies demonstrated that electrical stimulation or application 

of excitatory amine in the posterior hypothalamus can slightly depress autonomic 

function216, 217. 

 

The tracing data demonstrated that hypothalamus provides a major input to 

PAG218 and a minor one to NRM219, both of which make reciprocal projections. 

Although it is not known if PAG and hypothalamus forms a discrete pathway as 
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PAG does with NRM, stimulation of certain subregions of hypothalamus has been 

shown to be clinically efficacious in treating intractable cluster headache220, 221. 

These patients, surprisingly, were free of baroreflex, cardiorespiratory, efferent 

sympathetic and vagal dysfunction221. Moreover, animal studies demonstrated that 

hypothalamic stimulation produces analgesia without aversion against electric 

shock222 and noxious thermal stimulus223. All of these findings and clinical 

outcomes strongly suggest an important role of hypothalamus in pain 

transmission. However, the contribution of the descending hypothalamic 

pathways to nociceptive transmission at the level of spinal cord is unknown. 

 

Thus far described anatomical architecture and neurochemical characteristics of 

the spinal cord and its neurochemically-identified populations of neuronal profiles 

suggest that the nociceptive circuitry of the spinal cord is comprised of functional 

units that process and transmit sensory information that collectively produce an 

appropriate pain experience. The proceeding literature review will describe how 

descending and ascending limbs of the pain circuitry engages during a painful 

event by examining the appearance of neuronal activity marker, FBJ 

osteosarcoma oncogene (Fos), in the pain-related areas of the spinal cord, laminae 

I through V. 
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Chapter IV  

 

Spinal Circuitry of Pain 

 

 

Preceding chapters described what spinal cord dorsal horn is comprised of: 

primary afferent terminals, interneurons, projection neurons and descending 

projections. These components form a network that handles nociceptive 

information. We do not understand nearly enough to clearly delineate the 

functions of each and every component of spinal circuitry that responds to 

nociceptive input. However, by incorporating neurochemical, 

electrophysiological, and behavioral studies, we can infer the functions of some of 

the nociceptive components that participate in pain pathways. In order to 

accomplish this goal, the following sections will describe spinal circuitry engaged 

during inflammatory attack of somatic origin as this specific type of stimulus is 

most relevant to current thesis work.  

 

 

Nociceptor Activator: Inflammation 

 

Inflammation is a protective immunovascular response that involves immune 

cells, blood vessels, and molecular mediators. The purpose of inflammation is to 

eliminate the cause of cell injury, clear out necrotic cells and tissues damaged 

from the insult and to initiate tissue repair. During inflammation, a chain of 

biochemical and molecular reactions at the sight of injury produces pain, along 

with transient changes to the injured tissue and its surroundings, marked by heat 

production, redness, swelling. These changes are mediated by factors released 

from activated nociceptors and nonneuronal cells surrounding the injured tissues, 

which triggers a mass release of inflammatory agents like neurotransmitters, 

peptides, neurotrophins, cytokines, chemokines, lipids and protons, collectively 

called proflammatory soup9. Many of these factors directly bind to nociceptor 

fibers and cause excitability that promotes heightened sensitivity to heat and 

touch.  

 

In laboratory settings, heightened sensitivity to noxious and non-noxious stimuli 

after an injury called hyperalgesia has been studied with injections of individual 

components of proinflammatory soup. For example, neurotrophic growth factor 

(NGF), a neurotrophin that is released during inflammation, is known to directly 

act on the C fibers through the activation of trkA receptors and the low-affinity 

neurotrophin receptors, p75. Subcutaneous injection of NGF to the hind paw of 

rats and mice can produce a profound hypersensitivity to heat and mechanical 

stimuli224, 225. In addition to neurotrophins, cytokines such as iterleukin-1β (IL-

1β), iterleukin-6 (IL-6) and tumor necrosis factor α (TNFα) that are produced 

during inflammation have been studied in isolation in a similar fashion226. These 

chemokines can cause potentiation of the inflammatory response and enhance the 

production of proalgesic agents, in addition to their direct action on nociceptors.  
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On the other hand, general proalgesic agents have been used to model 

inflammatory pain in a laboratory setting. Some of these agents are as follows227, 

23: (1) carrageenan, which is sulfated polysaccharides that come from red 

seaweeds (Rhodophycae); (2) formalin and; (3) complete Freund’s adjuvant 

(CFA) that is composed of inactivated and dried Mycobacterium and adjuvant. 

The details of the molecular mechanisms of these agents’ action on causing pain 

is not known and likely to be different, at least in some regards, as the pain 

responses differ in terms of their quality, magnitude and duration. For example, 

carrageenan causes thermal and mechanical hypersensitivity in 3 hours post 

injection and lasts approximately 24 hours whereas CFA injection causes more 

severe response that lasts for at least 5 days. Formalin intraplantar injection, in 

contrast, induces nocifensive behavior like licking, flinching, shaking and lifting 

of the injected paw and the onset is immediate.  

 

Although the exact molecular mechanisms through which these proalgesic agents 

cause pain are likely to be unique, there should be mechanistic similarities in 

many aspects because many of the same pharmacological manipulations impact 

their responses in a similar fashion. For example, systemic injection of 

nonsteroidal anti-inflammatory drugs (NSAIDs) or non-steroidal opioid receptor 

agonists produces anti-nociception in animals treated with carrageenan, formalin 

or CFA, which suggests that these proalgesic agents all initiate some degree of 

inflammation and under the influence of opioid system228, 229. Moreover, ablation 

or pharmacological modulation of spinal NK1-r230 or 5-HT-r231 in the spinal cord 

was shown to prevent and/or attenuate hyperalgesia induced by all of the 

aforementioned proalgesic agents and capsaicin. These findings collectively 

suggest that, to a certain extent, these proalgesic agents share the same pain 

circuitry to produce pain. Hence, the following section will describe the spinal 

circuitry that is engaged upon peripheral inflammatory pain induced by combined 

and isolated components of inflammatory soup and proalgesic agents introduced 

above.  

 

 

Inflammation Activation of Nociceptive Circuitry 

 

Subcutaneous administration of neurotrophins or chemokines produces a robust 

thermal sensitivity. This thermal sensitization is thought be largely mediated by 

TRPV1 receptors expressing C fibers. The lack of thermal hypersensitivity in the 

TRPV1 knock out (KO) transgenic mice supports this idea232, 233. 

Electrophysiological studies in the cultured DRG neurons show potentiation of 

TRPV1 channel activity with NGF pretreatment 234. Similarly, TRPA1 receptors, 

another TRP family of cationic channel, are thought to mediate mechanical and 

thermal hyperalgesia during inflammation235, 236 as TRPA1 KO mice show a 

significantly reduced response to intraplantar injection of formalin and 

prostaglandins, which are released during inflammation237, 238. These findings 

point to TRPV1 and TRPA1 expressing C fibers as the major players that mediate 

thermal and mechanical hyperalgesia during inflammation239.  
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Activation of nociceptive fibers causes the release of neurotransmitters and 

neuromodulators from their central terminals. One of neuromodulators that is 

critical for the development of hyperalgesia is brain-derived neurotrophic factor 

(BDNF). Expression of BDNF is normally detected in CGRP-immunoreactive 

DRG cell bodies and spinal dorsal horn but its expression is not only upregulated 

in cells naively expressing BDNF but expanded to previous non-BDNF 

expressing sensory fibers240, 241. Interestingly, this expansion of expression is 

restricted to trkA-immunoreactive neurons, suggesting that NGF may regulate 

DRG expression of BDNF. Behavioral data supports this idea; intraplantar NGF 

treatment in BDNF KO mice failed to produce thermal hyperalgesia242. Moreover, 

spinal injection of BDNF sequestering antibody, trkB-IgG, or knock down (KD) 

siRNA construct was able to attenuate or abolish carrageenan- or CFA-induced 

thermal and mechanical hypersensitivity243, 244. It is interesting to note that the 

DRG neurons seem to preferentially express certain splice variants of BDNF 

following NGF treatment245.  

 

The release of BDNF and glutamate, along other neuromodulators, at the central 

terminals of TRPV1- and TRPA1-immuoreactive nerve fibers (that are mostly C 

fibers) probably produces a net excitatory action on their postsynaptic targets. 

This action is likely to be mediated by NDMA receptor activation as primary 

afferent stimulation246 or exogenous application of BDNF onto spinal cord slice 

potentiates NDMA current in lamina I and II neurons247, where TRPV1- and 

TRPA1-immunoreactive fibers predominatly terminate. This finding is supported 

by c-Fos, an immediate early gene that is used as a marker for neuronal activity; 

c-Fos staining is observed intensely in the superficial lamina within an hour after 

intraplantar injection of formalin248-250, carrageenan 251and noxious thermal 

stimulation252. Some of these c-Fos substrates are NK1-r expressing projection 

neurons in lamina I72 but many more of them are likely interneurons, including a 

small population of GABAergic inhibitory lamina II neurons88, 250, 253. 

 

Within the first hour of inflammatory attack, during when the c-Fos staining is 

most intense in the superficial layers of the dorsal horn, NK1-r expressing 

projection neurons in lamina I are presumably transmitting nociceptive 

information to their supraspinal targets. This step is necessary for the 

development of hyperalgesia; ablation of NK1-r expressing spinal neurons prior 

to intraplantar injection of carrageenan or CFA completely abolished thermal and 

mechanical hypersensitivity11, 12. In regions of the brain that receive heavy inputs 

from NK1-r immunoreactive ascending neurons like thalamus and CVLM, c-Fos 

expression is observed within 2 hours254-256. Moreover, spinobrachial and 

spinomedullary neurons were directly confirmed for their c-fos reactivity 2 hours 

after formalin injection257 or noxious mechanical and thermal application125 to the 

hind paw, suggesting immediate activation of these brain areas in response to 

peripheral inflammation.  
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Other areas of the brain that are known to receive lamina I projections (with less 

prominence of NK1 expression) such as thalamus258, 259, NTS260, DRt140, 261, 

PAG262-264 and hypothalamus158, 265 also express c-Fos after noxious stimulations. 

Pain assessment after blockade or lesion of some of these areas show direct 

influence of these areas to pain and the nature of their input. For example, 

unilateral DRt lesion266, lidocaine injection to the lateral hypothalamus267 prior to 

formalin injection to the hind paw reduced nocifensive behavior, indicating that 

these regions normally facilitate pain. Similar results have been obtained with 

lidocaine injection to the unilateral cingulum bundle, which receives inputs from 

spinothalamic projections, when the same manipulation did not change the mean 

foot-shock latencies268. These findings suggesting that non-NK1-r expressing 

neurons participate during peripheral inflammation. 

 

Some brain areas, on the other hand, that normally show pain inhibition when 

stimulated also show c-Fos immunoreactivity. For example, the NRM, where the 

major serotonergic descending projection arises, show c-Fos immunoreactivity by 

4 hrs after a continuous noxious pinch pressure to the paw265. When serotonergic 

neurons in NRM was destroyed prior to CFA i.pl. injection, a significant c-Fos 

staining was observed throughout the entire dorsal horn but most intensely in 

laminae V and VI and was accompanied by exacerbation of mechanical 

hypersensitivity269. Similarly, c-Fos expression is detected in LC in animals that 

received i.pl. injection of carrageenan270. Either unilateral or bilateral lesion of 

LC, a major supplier of norepinephrine in the spinal cord, worsened mechanical 

hypersensitivity to i.pl. carrageenan injection270, 271. These findings collectively 

demonstrate that these pain inhibitory centers of brain also participate during 

inflammation. 

 

The number of c-Fos neuron profiles rise to a maximum in superficial laminae 

within 2 to 4 hours, by which time considerable c-Fos labeling is seen in laminae 

V and VI with some label in laminae III and IV. When the c-Fos immunoreactive 

loci begin to appear in the deeper layer, V and VI, they, too, are likely to affect 

supraspinal nociceptive feedback system231. The labeling then declines, more 

rapidly in laminae I and II and by 5–6 h after stimulation and most labeling is in 

laminae V and VI. These c-Fos staining data demonstrate that 1) acute peripheral 

inflammation or noxious somatic stimulus can elicit activities from both the pro-

nociceptive and anti-nociceptive areas of the brain and 2) spinal loci of the most 

intense activity shifts from superficial to the deep dorsal horn after 2-4 hours of 

inflammation. Collectively, these observations suggest that noxious stimulus 

activates many spinal neurons and most supraspinal pain-processing areas that, 

when, blocked or stimulated, cause a profound change to pain response.  
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Summary 

 

The neuronal wiring of the pain pathway starting from sensory afferents to the 

spinal cord and then to the brain and back to the spinal cord was reviewed here. It 

becomes apparent that 1) neuroplasticity that mediates chronic pain can occur 

anywhere in the pain circuitry and disruption of this circuitry can affect, often 

ameliorate, pain behaviors in preclinical models and; 2) spinal cord is a 

converging hub for many neuronal components that modulate nociceptive 

signaling. Therefore, the following two chapters, Chapter III and Chapter IV, 

present original research results that address how the spinal plasticity or plasticity 

that occurs in neuronal profiles housed in the spinal cord may facilitate the 

development and/or maintenance of chronic pain. Understanding the central 

nervous system (CNS) determinants of the neuroplasticity that mediate chronic 

pain will enhance our knowledge of the biology of chronic pain and help to 

identify novel targets for the treatment of chronic pain. 
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Chapter V 

 

Preclinical Models of Chronic Pain 

 

 

Chronic pain is a major health problem that affects millions of Americans.  

Despite the alarming prevalence of chronic pain, clinical pain disorders are poorly 

controlled with current pharmacological therapies. One major reason for this is 

that most pain medications are more effective at treating acute pain, which is a 

distinct neurobiological state from chronic pain. Chronic pain, unlike acute pain, 

produces increased sensitivity of nociceptors that promotes spontaneous pain and 

hyperalgesia and can constitutively engage certain physiological components such 

as the immune system272. Moreover, as acute pain transitions to chronic pain, 

pharmacological therapies often become progressively ineffective, which suggests 

that separate neurobiological processes mediate these conditions273. Because of 

these clear differences, understanding the cellular mechanisms specifically 

underlying chronic pain states is important for the development of more effective 

therapies.  

 

In order to better understand the molecular mechanisms that drive chronic pain 

states, many types of rodent models of chronic pain are used in a laboratory 

setting. The most widely used models rely on traumatic injury to a single nerve, 

usually the sciatic nerve, to induce peripheral neuropathy that results in 

neuropathic pain. For example, the chronic construction injury (CCI) model274 

uses a constrictive ligature around the sciatic nerve trunk whereas in the spared 

nerve injury (SNI)275 model, only the tibial and common peroneal branches of the 

sciatic nerve are ligated, sparing the sural nerve. In the spinal nerve ligation 

(SNL)276 model, spinal nerves of L5 and L6 are tightly ligated. All of these 

manipulations profoundly change the posture, gait, guarding and lifting of the 

affected paw as well as the withdrawal threshold to thermal and mechanical 

stimuli.  

 

The characteristic features of behavior indicating chronic pain manifest almost 

identically across the three neuropathic pain models: mechanical and thermal 

hypersensitivity and spontaneous pain. These behavioral changes can develop as 

quickly as 48 hours post-surgery, in the case of SNL276, and can persist up to 6 

months in SNI animals275. Electrophysiological and histological studies report 

changes in sensory fiber behavior after the onset of peripheral neuropathy; a loss 

of large diameter myelinated fibers277 and aberrant spontaneous discharge from 

myelinated149 but not from unmyelinated sensory fibers278, all of which contribute 

to the development of neuropathic pain. These findings, along with clinical data, 

demonstrate that peripheral neuropathy induces both spontaneous and evoked 

pain that lasts for a long time.  
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While peripheral neuropathy almost certainly produces pain, signs of injury 

capable of continuously generating pain are not as overt in other chronic pain 

conditions. Instead, many poorly understood chronic pain conditions show a 

persistent injury-induced hyper-responsive pain state. For example, post-surgical 

pain develops in 20% of patients that undergo surgery, which then causes them to 

continue to experience pain even after they recover from the surgery279.  

Moreover, in tension-type headache disorder, patients show gradual lowering of 

pain threshold as the headache transitions from episodic to continuous form280. 

These clinical observations suggest the presence of neuroplasticity that 1) may not 

depend on direct input from the injured neurons, 2) shows persistent activation or 

sensitization of nociceptors even after the resolution of acute pain and 3) induces 

heightened pain sensitivity to future insults as the hyper-responsive nociceptive 

circuitry persists. The overarching goal of this thesis work is to better understand 

the molecular mechanisms of chronic pain using an animal model called 

hyperalgesic priming, which captures these characteristics of chronic pain well. 

Understanding its mechanism may yield important insights to advance our 

knowledge of the underlying pathophysiological mechanisms of chronic pain.  

 

 

Hyperalgesic Priming: Model Description 

 

Traditionally, all persistent pain conditions are thought to be a sensitized or 

hyperalgesic state of nociception/nociceptors that is clearly distinguishable from 

the normal or naïve stage. The hyperalgesic states are accompanied by the 

obvious emergence of nociceptive behaviors and, as mentioned above, induce 

electrophysiological and cellular changes to the sensory fibers, all of which are 

absent in naïve states.  

 

Some of the molecules that are critical in initiating and maintaining the 

hyperalgesic stage have been identified. For example, a myriad of reports have 

shown that protein kinase C (PKC) activation is key to the nociceptor activation 

and sensitization and in producing nociceptive behaviors. In these studies, 

activation of PKC using phorbol esters alone caused mechanical and thermal 

hypersensitivity281. In sensory neuronal cultures, this treatment led to calcium 

influx282, which causes excitability of neurons. Moreover, blocking PKC was 

shown to prevent the release of the inflammatory neuropeptides, bradykinin283 and 

CGRP284, and genetic deletion of a PKC isoform, PKCε, caused animals to show 

reduced inflammation sensitization without any deficits in thermal and 

mechanical sensory modalities under basal conditions285. All of these findings 

suggest that PKC activation is a critical step in producing hyperalgesia.  

 

Recent findings on PKC-dependent hyperalgesia suggest a third, intermediate, 

stage between the hyperalgesia and naïve stage, called the “primed state286”. In the 

primed stage, animals show increased sensitivity to thermal and mechanical 

stimuli only after an exposure to sensitizing but non-noxious agents. A sub-

noxious concentration of inflammatory mediators are able to elicit prolonged 
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hyperalgesia in primed animals. Pharmacological inhibition or knockdown of 

PKCε after the establishment of the primed state was shown to reverse priming286 

whereas its activation was shown to establish priming286, 287. These findings 

suggest that the sub-threshold sensitized state of nociceptive circuitry may share 

similar molecular mechanisms with hyperalgesia and that its persistence may 

contribute to chronification of pain, all of which may explain clinical pain 

conditions without clear etiology. 

 

The sensitized state of nervous system can be established after a transient 

inflammatory attack and can remain in place for several weeks without showing 

any outward signs of hypersensitivity in the absence of a sensitizing agent. In the 

laboratory setting, hyperalgesic priming is first initiated by intraplantar injection 

of interleukin 6 (IL-6) or carrageenan, which induces transient mechanical 

hypersensitivity that lasts up to 4 days. Following resolution, on day 7, we 

introduce a sensitizing agent, prostaglandin E2 (PGE2), at a low dose to the hind 

paw. In primed mice, the PGE2 injection causes mechanical hypersensitivity that 

lasts for at least 24 hours whereas the same dose of PGE2 promotes only a 

transient (< 1 hour) mechanical hypersensitivity in naïve mice. The neuronal 

plasticity underlying this hyper-responsive state is maintained for weeks on end 

and injection of PGE2 any time during this period produces exaggerated and 

prolonged mechanical hypersensitivity. This dramatic response to a normally sub-

threshold stimulus suggests the presence of neuroplasticity underlying the 

transition from acute to chronic pain state200, 288. 

 

 

Hyperalgesic Priming: Molecular Mechanisms 

 

In addition to PKC, a suite of molecules and molecular processes that are crucial 

in hyperalgesic priming have been identified. In the peripheral nervous system, 

activation of mitogen-active protein kinase (MEK) in the hind paw at the time of 

IL-6 or carrageenan injection is necessary to establish hyperalgesic priming. 

Inhibition of this kinase was shown to completely abolish IL-6-induced 

mechanical hypersensitivity and the following PGE2 precipitation of hyperalgesic 

priming289. Moreover, injection of translation inhibitors either locally in the paw 

or spinally at the time of IL-6 injection also prevented IL-6-induced priming, 

which suggests that a protein-synthesis-dependent mechanism is required to 

establish hyperalgesic priming290. All of these peripheral mechanisms are clearly 

important in establishing the cellular mechanisms of priming. However, as seen 

with spinal blockade of translation inhibition, hyperalgesic priming may also 

involve neuroplastic changes in the central nervous system, which may augment 

nociceptive input from primary afferents.  

 

Our research group has discovered a number of spinally-mediated processes that 

are important for initiating and/or maintaining hyperalgesic priming. We reported 

that hyperalgesic priming can be induced by intrathecal injection of BDNF and 

that blockade of spinal BDNF after IL-6 intraplantar injection completely 
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prevented priming291. This finding suggests that hyperalgesic priming can form 

without direct afferent input and that at least one priming agent, IL-6, requires 

BDNF release in the spinal cord. Furthermore, we found that spinal atypical 

protein kinase C (aPKC) is a critical component of this neuroplasticity290. In these 

experiments, we administered aPKC inhibitor spinally at the time of or 4 days 

after IL-6 injection and tested for PGE2-precipitation of priming. We saw that 

aPKC inhibition prevented both the IL-6 response and priming when given at the 

time of IL-6 injection and abolished priming when given after the resolution of 

IL-6 response. These findings collectively demonstrate that both peripheral and 

central changes occur during acute to chronic transition of pain.   

 

The central components that participate in hyperalgesic priming may share similar 

mechanisms of the neuroplasticity underlying chronic pain conditions without 

clear etiology. For example, fibromyalgia is a syndrome of unknown etiology that 

is characterized by widespread joint and muscle pain, though patients often 

present a range of other symptoms including sleep disturbance, fatigue, irritable 

bowel syndrome, and headache and mood disorders292. Even when there is a clear 

history of non-traumatic injury, sometimes chronic pain conditions persist. For 

example, repetitive strain injury is a condition where painful symptoms occur in 

an area of the body subjected to repetitive tasks293. Patients that suffer from this 

disorder can experience pain well beyond the time it would take symptoms of 

normal strain to subside, which suggests persistence of cellular mechanisms that 

promote nociceptive hyperresponsiveness. These observations suggests that 1) an 

initial injury can induce a persistent hyperresponsive state of nociception and 2) 

CNS amplification of nociceptive mechanisms can cause diffuse pain symptoms 

(i.e., away from the original site of injury or trauma). These kind of clinical 

observations warrant better mechanism-based explanation as to how this kind of 

chronic pain can be developed and maintained.  

 

The hyperalgesic priming model of chronic pain can be useful in modeling some 

of these feature of chronic pain. For example, hyperalgesic priming can be 

established with a peripheral (IL-6) or central (BDNF) stimulus, which suggests 

that it does not require direct input or continuous activity from afferent input. 

Also, hyperalgesic priming models a sub-threshold hyperresponsive state of 

nociception wherein the underlying cellular mechanism that allows for 

exaggerated and prolonged nociceptive response to PGE2 can last for at least 

several weeks without showing any hypersensitivity in the absence of PGE2. 

These characteristics of the model strongly argue that, though this model does not 

precisely match or try to model a given chronic pain condition, it can be a useful 

tool for us to uncover certain general principles of pain neuroplasticity.  
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Chapter VI 

 

Research Aims 

 

 

While many existing evidence support a role for plasticity in peripheral 

nociceptors (Reichling and Levine, 2009; Melemedjian et al., 2010; Asiedu et al., 

2011; Bogen et al., 2012; Ferrari et al., 2013; Wang et al., 2013; Melemedjian et 

al., 2014) in various preclinical pain models, ascending and descending 

modulatory system and local spinal interneuron circuitry have gained 

considerable attention for their roles in pain modulation. For example, NK1-r 

immunoreactive ascending projection neurons (see Part I, Chapter III) and 

serotonergic descending neurons(Suzuki et al., 2002; Suzuki et al., 2004b; Suzuki 

et al., 2004a; Kim et al., 2014) are essential for the establishment and/or 

development of mechanical and thermal hypersensitivity in a wide range of 

preclinical pain models. Likewise, GABAergic interneurons are often disturbed 

during inflammatory pain or development of chronic pain (see Part I, Chapter III). 

These findings suggest that ascending, descending and interneuron systems are 

critical components of pain modulation.  

 

Even these well-described nociceptive modulatory circuits have not been studied 

for their roles in maintaining pain plasticity in the absence of continuous afferent 

input, as in the case of hyperalgesic priming. It is unknown how supraspinal 

descending modulatory systems including noradrenergic LC, serotonergic RVM, 

opioidergic PAG and dopaminergic hypothalamus influence pain processing in 

the spinal cord. In this setting, we know that hyperalgesic priming establishes 

plasticity in the spinal cord but it is not yet clear 1) if this plasticity occurs in the 

spinal cord resident neurons (i.e., interneurons) or spinal-cord-modulating 

processes (i.e., descending projections) or 2) how this plasticity persists. This 

thesis work will examine the roles of these spinal CNS components using the 

hyperalgesic priming model.  

 

Aim 1: Determine the role of ascending or descending circuitry on initiation and 

maintenance of hyperalgesic priming. Multiple lines of evidence suggest that 

spinally-mediated processes participate in initiating and maintaining hyperalgesic 

priming. In order to better understand exactly what kind of spinal plasticity is 

mediating priming, we will examine neurochemically well-defined 

subpopulations of spinal neurons or the processes for their possible role in 

mediating hyperalgesic priming. This specifically includes NK1-positive 

ascending projection neurons, serotonergic, noradrenergic and dopaminergic 

descending neurons.  
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Aim 2: Determine changes to spinal GABA pharmacology and its associated 

markers in the spinal cord. This aim will test for changes in spinal GABAergic 

system during the two phases of hyperalgesic priming by comparing the 

behavioral responses to GABAergic modulation before and after priming. Also, 

we will seek to identify molecular makers of hyperalgesic priming in the spinal 

dorsal horn and, by doing so, infer the type of long-term plasticity induced by 

hyperalgesic priming.  

 

The current thesis work plans to identify novel pain pathways and molecular 

targets that specifically mediate acute to chronic pain transition. Careful 

examination of neurochemically classified and functionally identified 

subpopulations of spinal profiles during various stages of hyperalgesic priming 

will provide insights into which neuronal networks and substrates are involved in 

initiating and maintaining hyperalgesic priming. The completion of this work will 

contribute to our understanding of the CNS targets of pathological pain plasticity.  
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Chapter VII 

 

Methods 

 

 

Experimental Animals 

All procedures that involve use of animals were approved by the Institutional 

Animal Care and Use Committee of The University of Arizona, The University of 

Alabama at Birmingham and The University of Texas at Dallas and were in 

accordance with International Association for the Study of Pain guidelines. All 

behavioral studies were conducted using male or female ICR mice weighing 

between 20 and 25 grams (Harlan Laboratories). Mice were used in behavioral 

experiments starting one week after arrival at the animal facility at University of 

Arizona School of Medicine, University of Alabama at Birmingham or University 

of Texas at Dallas. Animals were housed with a 12 hr light/dark cycle and had 

food and water available ad libitum.  

 

Behavioral Testing: Mechanical Withdrawal Threshold and Mouse Grimace 

Scale Testing 

Mechanical withdrawal threshold testing was conducted using the up down 

method of Dixon with modification294. Animals were placed in acrylic boxes with 

wire mesh floors and habituated for a minimum of 1 hr prior to the measurement 

of mechanical withdrawal thresholds of the appropriate hindpaw using calibrated 

von Frey filaments (Stoelting, Wood Dale, IL, USA). In order to establish 

hyperalgesic priming, we adminstered 0.1 ng of recombinant human IL-6 (R&D 

systems, Minneapolis, MN, USA) in 25 l sterile 0.9% NaCl saline or 1% 

carrageenan (w/v, Sigma Aldrich, St. Louis, MO, USA) in 30 l sterile H2O into 

the left hindpaw with an intraplantar (i.pl.) injection and measured their 

mechanical withdrawal thresholds at 3, 24 and 72 hr post injection. Following 

complete resolution of the initial mechanical hypersensitivity, mice were again 

assessed for their mechanical withdrawal threshold and subsequently injected in 

the left hindpaw with 100 ng of PGE2 (Cayman Chemical, Ann Arbor, MI, USA) 

in 10 l of sterile 0.9% saline.  Afterward, mechanical withdrawal thresholds 

were measured at 3 and 24 hr. For all intrathecal (i.t.) injections, drugs were 

administered in 5 l or 10 µl sterile 0.9% saline or water to animals anesthetized 

with isoflurane for no longer than 3 minutes. For all i.p. injections drugs were 

dissolved in sterile saline and administered in 200 l volume. 

 

Mouse Grimace Scale (MGS) was used to quantify spontaneous pain in mice295. 

We scored the changes in the facial expressions (using the facial action coding 

system) 3hrs after i.pl. PGE2 injection.  

 

The experimenters measuring mechanical withdrawal thresholds or scoring mouse 

facial expressions were always blinded to the experimental conditions. Mice were 

randomized to groups by a blinded experimenter and mice of individual groups 



42 

 

were never housed together (e.g. home cages were always mixed between 

experimental groups). 

 

Chemical Lesions 

NK1-positive neuron lesion was done using substance P conjugated to saporin 

(SP-SAP)11, 12.  300ng was injected intrathecally (i.t.) using the injection method 

described previously (Hylden and Wilcox, 1980). Serotonergic lesion was done 

by i.t. administration of 5,7-dihydroxytriptamine (5,7-DHT, 50 g) combined 

with intraperitoneal (i.p.) desipramine (25 mg/kg), to ensure preservation of 

noradrenergic (NE) neurons.  Noradrenergic lesion was done in two ways: anti-

dopamine  hydroxylase conjugated to saporin (DβH-SAP, 5 g) was injected i.t. 

or 6 hydroxy-dopamine hydrobromide (6-OHDA, 50 g) given i.t.296. Here, the 

dopamine reuptake blocker GBR12909 (40 mg/kg) was administered i.p. 30 min 

prior to 6-OHDA injection to block targeting of dopaminergic neurons.  Spinal 

dopaminergic lesion was done by injecting 6-OHDA (50 g) i.t. with desipramine 

(25 mg/kg) given i.p. Finally a peripherally restricted dopaminergic lesion was 

done using i.p. injection of 6-OHDA hydrochloride (200 mg/kg) preceded by 

desipramine i.p. (25 mg/kg) to spare adrenergic neurons. All experimental 

compounds, doses, source, catalog numbers and references from which the doses 

taken from are described in Table 1. 

 

Perfusion and Tissue Collection for Immunohistochemistry 

Mice were anaesthetized with i.p ketamine (80 mg/kg) and xylazine (12 mg/kg) 

cocktail and transcardially perfused with 30 mL of 100 mM phosphate buffered 

saline (PBS, pH 7.4) with heparin (10 U/mL). Following the PBS perfusion, 

animals were fixed with 30 mL of 4% paraformaldehyde or 4% formaldehyde / 

12.5% picric acid (pH 6.9) mixture. The spinal cord and/or brain were removed 

and further fixed in the same fixative overnight at 4◦ C. Subsequently, the tissues 

were transferred to and incubated in 30% sucrose in 100 mM PBS (pH 7.4) for 48 

hrs at 4◦ C. Once the tissues were cryoprotected, they were embedded in O.C.T. 

(Sakura Finetek, Torrance, CA, USA) for sectioning on a cryostat. Transverse 

lumbar spinal cord sections were cut at 20 m while brain sections were cut at 30 

m and stored at -80◦C before immunohistochemical procedures.  

 

Immunohistochemistry and Image Acquisition 

Tissue sections were washed three times with 100 mM PBS and permeabilized 

and blocked with 0.3 or 1% triton-X100 in 100 mM PBS (pH 7.4) containing 3% 

goat or donkey serum (depending on antibodies). For NeuN and tryptophan 

hydroxylase (TPH); tyrosine hydroxylase (TH); dopamine reuptake transporter 

(DAT) and; isolectin B4 (IB4) and calcitonin gene related peptide (CGRP) 

immunoreactivity, tissue sections were incubated in permeabilization/blocking 

solution containing 0.1M PBS with 3% normal goat serum and 0.3% triton X100. 

For NeuN and NK1 double immunoreactivity, tissue sections were incubated in 

permeabilization / blocking solution containing 0.1M PBS with 3% normal 

donkey serum, and 1% triton X100. For NeuN and dopamine  hydroxylase 
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(DH) immunoreactivity, the sections were incubated in permeabilization / 

blocking solution containing 0.1M PBS with 3% goat serum and 1% triton X100. 

Antibody dilutions, source and catalog numbers are described in Table 2. 

Following permeabilization and blocking for 1hr at room temperature, primary 

antibodies were added for overnight incubation at 4◦ C. After the primary antibody 

incubation, slides were washed with PBS three times and then incubated for 1 hr 

with secondary antibody at room temperature. Slides were washed with PBS three 

times once the secondary incubation was completed and then mounted in ProLong 

Gold mounting media (P36930, Life Technologies, Carlsbad, CA, USA). Tissues 

from all groups were processed together under identical conditions with the same 

reagents.  

 

Confocal microscopy images were obtained with an Olympus FluoView 1200 

single photon confocal microscope. All images are presented as z-projections of 

z-stacks. Images were processed using Adobe Photoshop CS5. 

 

Image Correlation Analysis 

Image analysis was performed using an ImageJ plug-in called Just Another Co-

localization Plugin (JACoP) provided by Bolte and Cordelières 

(http://rsb.info.nih.gov/ij/plugins/track/jacop2.html) as described in their 

review297. To determine DAT immunoreactivity in NeuN-positive cells, Li’s 

intensity correlation analysis (ICA) was calculated for regions of interest (ROI) in 

images collected from vehicle and drug treatment groups298. ICA computes the 

sum of (current pixel intensity in channel A – channel A’s mean intensity) X 

(current pixel intensity in channel B – channel B’s mean intensity) for each ROIs.  

 

Tissue Dissection for Quantitative PCR and Immunoblotting 

The lumbar region of spinal dorsal horn was dissected and immediately frozen in 

dry ice and stored at -80°C for immunoblotting samples. Alternatively, tissues 

were digested in RNAlater (AM7020, Life Technologies, Carlsbad, CA, USA) for 

24hrs at 4°C, after which the tissue was removed from the solution and stored at -

80°C until they were processed for RNA extraction. 

 

Quantitative PCR 

Total RNA was extracted from the tissues using the RNAqueous Total RNA kit 

(AM1912, Life Technologies, Carlsbad, CA, USA), following manufacturer’s 

protocol for tissue samples. Extracted RNA was further treated by DNAse 

digestion using TURBO DNA-free kit (AM1907, Life Technologies, Carlsbad, 

CA, USA) to remove any genomic contamination. RNA quantification and purity 

were tested using a Nanodrop®  spectrophotometer. 20ng of total RNA was used 

for cDNA synthesis with iScript™ Reverse Transcription Supermix for RT-qPCR 

kit (170-8890, Biorad, Hercules, CA, USA). Quantitative PCR reactions were 

performed on an ABI 7500 Real-time PCR System with SYBR Green PCR master 

mix (4309155, Applied Biosystems, Life Technologies, Carlsbad, CA, USA) 

using default two-step (95°–60°) amplification. Reactions were run in triplicates 

and melt curves were performed at the end of every run to ensure amplification of 

http://rsb.info.nih.gov/ij/plugins/track/jacop2.html
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single species. All the CT value of each target was normalized to GAPDH value 

and then the vehicle and treatment groups were compared using ΔΔCT method299.  

All primer pairs were tested and validated for their efficiency in the sample type 

by running a RNA standard curve, generated by 5-fold dilutions of 6 points. Only 

the primers with efficiency that fell between 90 to 110% with a single, shoulder-

free peak upon melt curve analysis were used. Primers sequences are listed in 

Table 4. Moreover, no-reverse transcriptase (no-RT) and no template (NT) 

controls were run for every sample set or primer pairs to check for genomic DNA 

contamination or primer dimer, respectively.  

 

Immunoblotting 

Harvested tissues were homogenized in lysis buffer containing 10mM HEPES at 

pH 7.9, 20mM NaCl, 1mM EDTA, 0.05% Triton X-100, protease inhibitor 

cocktail (P8340, Sigma Aldrich, St. Louis, MO, USA) and phosphatase inhibitor 

cocktail 2/3 (P5726, P0044, Sigma Aldrich, St. Louis, MO, USA). Then the lysate 

was spun at 1000 x g for 15 minutes 4°C and the supernatant was collected and 

measured for protein concentration using BCA Protein Assay Kit (PI-23223, 

Thermo Scientific, Waltham, MA). Approximately 20µg of protein per sample 

was mixed with loading buffer, 4X Laemmli Sample Buffer (161-077, Biorad, 

Hercules, CA, USA), with 5% dithiothreitol (DTT) v/v (161-0611, Biorad, 

Hercules, CA, USA) and ran on 7.5% SDS-PAGE for separation. When the run 

was completed, the gels were transferred onto PVDF membranes (IPVH00010, 

Millipore, Billerica, MA) overnight at 4°C. The membranes in the following day 

was collected and blocked with 5% dry milk for 1hr at room temperature and then 

incubated with primary antibody overnight at 4°C. In the following day, these 

membranes were incubates in the horseradish peroxidas-conjugated secondary 

antibody (Jackson Immunoresearch, West Grove, PA) for chemiluminescent 

detection onto a radiography film or on ChemiDoc Touch (170-8370, Biorad, 

Hercules, CA, USA) after the substrate (WBKLS0500, Millipore, Billerica, MA) 

application to the membranes.  

  

Nlgn2 peptide injection to the spinal cord 

Inhibitory nlgn2 peptide (HSEGLFQRA) was synthesized as a tetramer composed 

of four monomers coupled to a lysine backbone (synthesized by Dr. Josef 

Vagner). The peptides were reconstituted in DMSO and kept at -80°C before the 

experiment. 

 

Data Analysis and Statistics 

All data are presented as mean ± SEM. Graphpad (San Diego, CA, USA) Prism  

Statistical differences between groups were measured by two-way ANOVA with 

Bonferroni’s post-hoc test. The a priori level of significance was set at 95%. 

Densitometric analyses were performed with immunoblots with Image J software 

(NIH, Bethesda, MD) using the gel analysis tool available as a plugin from 

McMaster University (www.macbiophotonics.ca). Densitometry was done 

following instructions given for this plugin for ImageJ. 
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Table 1: Experimental Compounds 

Experimental 

Compounds 

Vendor Cat. 

No. 

Dose Mechanism of 

Action 

5,7-DHT Sigma Aldrich 37970 50 g 

i.t.296, 300  

Serotonergic 

toxin 

6-OHDA-

hydrobromide 

Sigma Aldrich H116 50 g i.t.300 Catacholinergic 

toxin 

6-OHDA-

hydrochloride 

Sigma Aldrich H4381 200mg/kg 

i.p.3 

Catacholinergic 

toxin 

Anti-DH-SAP 

(with blank-

SAP) 

Advanced 

Targeting 

Systems 

IT-03 5 g i.t.301 Adrenergic toxin 

Anisomycin Sigma Aldrich A9789 67.5 g 

i.t.302 

Ribosome 

Inhibitor 

Desipramine Sigma Aldrich D3900 25 mg/kg 

i.p.296 

Norepinephrine 

reuptake 

transporter 

inhibitor 

GBR12909 Tocris 0421 

 

40 mg/kg 

i.p.303 

Dopamine 

reuptake 

transporter 

inhibitor 

SCH23390 Tocris 0925 3.3 g 

i.t.304 

D1/D5 antagonist 

SKF-82958 Sigma Aldrich C130 4.1 g 

i.t.304 

D1/D5 agonist 

Substance P-

SAP (with 

blank-SAP) 

Advanced 

Targeting 

Systems 

IT-11 300 ng 

i.t.11, 12 

Selective NK1 

toxin 

Sulpiride Tocris 0895 3.5 g 

i.t.304 

D2 antagonist 
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ZIP / Scrambled 

ZIP 

Anaspec 63361 10 g i.t.290 aPKC inhibitor 

Muscimol Tocris 0289 0.3µg i.t.117  GABAA agonist 

Midazolam Tocris 2831 10µg i.t.117 Benzodiazepine 

THIIP 

(Garboxadol) 

Tocris 0817 3µg i.t.117 GABAA agonist 

SR95531 

(Gabazine) 

Tocris 1262 150ng 

i.t.305 

GABAA 

antagonist 

 

 

Table 2: Antibodies Used for IHC 

Antibody Vendor Cat.No. Dilution 

Anti-NeuN Millipore MAB377 1:3000 

Anti-Dopamine  

Hydroxylase 

Millipore AB1585 1:10,000 

Anti-Neurokinin 1 

Receptor 

Mantyh lab12 1:3000 

Anti-Tryptophan 

Hydroxylase 

Millipore AB152 1:3000 

Anti-Dopamine 

Reuptake Transporter 

(DAT) 

Millipore MAB369 1:1000 

Isolectin B4 Invitrogen I21412 1:2000 

Anti-Calcitonin gene 

related 

peptide (CGRP) 

Peninsula Laboratories IHC 6006 1:2000 

Goat anti-mouse 546 Life Technologies A11030 1:2000 

Goat anti-rabbit 488 Life Technologies A11034 1:2000 
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Donkey anti-mouse 

555 

Life Technologies A31570 1:2000 

Donkey anti-rabbit 

488 

Life Technologies A21206 1:2000 

Donkey anti-sheep 

Cy3 

Jackson 

Immunoresearch 

713-166-

147 

1:500 

 

 

Table 3: Antibodies Used for Immunoblotting 

Antibody Vendor Cat.No. Dilution 

Neuroligin 1 Neuromab 75-160 1:2000 

Neuroligin 2 Santa Cruz 

Biotechnoloy 

sc-14089 1:1000 

Neurexin 1β Santa Cruz 

Biotechnology 

sc-14334 1:2000 

GAPDH Cell Signaling 2118 1:6000 

 

 

Table 4: qPCR Primers 

Target Sequence Amplicon 

Size 

Neuroligin 1 F GGA ACG CCA CTC AGT TTG CT 119 

R TTG GAC GTA TGA TGA AAC CAC AT 

Neuroligin 2-

pan  

F AGG CAG GGA GGA GGA CTT G 74 

R CAC CTT AAC ACT GCT CCA CGA A 

Neuroligin 

+2A 

F GCT CAA TCC GCC AGA CAC 67 

R GCC GTG TAG AAA CAG CAT GA 

Neuroligin -

2A 

F CAC CTA CGT GCA GAA CCA GA 79 

R AGA GTC CCG GAT ATC GTC CT 

GAPDH F AGG TCG GTG TGA ACG GAT TTG 123 

R TGT AGA CCA TGT AGT TGA GGT CA 
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PART III 

DESCENDING DOPAMINERGIC CONTROL OF HYPERALGSEIC 

PRIMING 
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Chapter VIII 

 

Results  

 

 

Hyperalgesic priming persists for weeks after a single exposure to IL-6 or 

carrageenan 

We have previously shown that IL-6 injection into the hind paw of mice induces 

hyperalgesic priming. In this model, we inject IL-6 or carrageenan in the left hind 

paw followed by PGE2 injection 7 days later. In primed mice, the PGE2 injection 

causes mechanical hypersensitivity that lasts for at least 72 hrs whereas the 

injection promotes only a transient (< 1 hr) mechanical hypersensitivity in mice 

previously treated with vehicle (Fig 1A). This dramatic response to a normally 

sub-threshold stimulus after priming suggests the presence of neuroplasticity that 

was established and maintained at least for 7 days after the injection of the 

priming insult. While 7 days allows for complete resolution of mechanical 

hypersensitivity from IL-6 or carrageenan injection before precipitation of 

priming by PGE2 injection, we questioned the “chronicity” of this model by 

asking if these neuroplastic changes underlying hyperalgesic priming can persist 

beyond 7 days. We sought to address this question by increasing the wait time 

between the priming insults and PGE2 injection. We found that PGE2 caused 

mechanical hypersensitivity when injected 3 weeks after the IL-6 or carrageenan 

treatment. Strikingly, IL-6 primed animals showed mechanical hypersensitivity to 

PGE2 injection even at 5 weeks after injection (Fig 1B). The pathological pain 

plasticity underlying hyperalgesic priming may involve persistent alterations to 

spinal or descending pain circuitry induced by the hyperalgesic priming stimulus. 

 

NK1-positive spinal cord neurons are required for initiation of hyperalgesic 

priming but not for its maintenance 

The persistence of maintenance mechanisms of hyperalgesic priming may 

underlie the neuroplasticity driving the transition to a pathological pain state191, 

263. While existing evidence supports a role for plasticity in peripheral 

nociceptors191, 262, 264, 265, 284, 285and in the spinal dorsal horn265, 266, 286 in models of 

hyperalgesic priming, here we sought to determine specific CNS determinants, 

including descending circuits, of the initiation and maintenance of hyperalgesic 

priming via selective targeting approaches.  

 

The first group of neurons that we targeted was the neurokinin 1 (NK1) receptor-

positive subset of dorsal horn projection neurons. These neurons are essential for 

the establishment of mechanical and thermal hypersensitivity in a wide range of 

preclinical pain models11, 12. However, their role in sustaining nociceptive 

plasticity has not been explored. Therefore we sought to determine if NK1-

positive projection neurons mediate initiation and/or maintenance of hyperalgesic 

priming. First, we tested the effect of ablating NK1-postive neurons on the initial 

IL-6 response. The NK1-targeted toxin, substance P conjugated to saporin (SP- 
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FIGURE 1 

IL-6 and carrageenan can establish hyperalgesic priming that persists for weeks. A) Intraplantar injection of IL-6 and carrageenan caused mechanical 

hypersensitivity that lasted for at least 48 hours. After a complete recovery from IL-6 and carrageenan, PGE2 was injected into the same paw, which caused 

mechanical hypersensitivity only in animals previously exposed to IL-6 and carrageenan. B) PGE2 injection precipitated mechanical hypersensitivity for at least 

5 weeks after IL-6 and up to 3 weeks after carrageenan injection. ** p < 0.01; *** p < 0.001; two-way ANOVA with Bonferroni post-hoc test. N = 6 - 8 mice 

per group.  

 

 
FIGURE 2 

NK1 projection neurons differentially control the initiation and maintenance of hyperalgesic priming. A) Intrathecal injection of SP-SAP 14 days prior to IL-6 

i.pl. injection prevented IL-6-induced mechanical hypersensitivity. SP-SAP, given 7 days after IL-6 (B) or carrageenan (C) injection failed to reverse 

hyperalgesic priming. D) Spinal dorsal horn NK1 immunoreactivity was reduced by SP-SAP treatment. * p < 0.05, *** p < 0.001; two-way ANOVA with 

Bonferroni post-hoc test. N = 6 - 8 mice per group.  
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SAP), was injected i.t. 14 days prior to the injection of IL-6 to eliminate dorsal 

horn NK1 expressing neurons. We found that eliminating NK1-postive neurons 

prior to IL-6 injection completely prevented mechanical hypersensitivity induced 

by IL-6 and prevented development of hyperalgesic priming as revealed by a lack 

of effect of subsequent PGE2 treatment in SP-SAP treated mice (Fig 2A). In stark 

contrast to the initiation experiment, the same dose of SP-SAP had no effect when 

given after priming was fully established by IL-6 or carrageenan injection 7 days 

prior to SP-SAP (Fig 2B and C).  We removed the spinal cord and assessed NK1 

immunoreactivity 14 days after SP-SAP or blank-SAP treatment. SP-SAP 

treatment eliminated dorsal horn NK1 staining (Fig 2D). Hence, NK1-positive 

dorsal horn neurons are required for the initiation of hyperalgesic priming but 

they are dispensable for its maintenance.  

 

IL-6 induces bilateral priming 

The striking findings with SP-SAP suggest two major possibilities for the 

maintenance mechanism of hyperalgesic priming: 1) reorganization of local 

dorsal horn circuits such that NK1-positive projection neurons are no longer 

needed for mechanical hypersensitivity once priming is established or 2) the 

recruitment of descending circuits from supraspinal locations thereby bypassing 

the involvement of NK1-positive neurons. To test these ideas, we assessed 

whether IL-6 produces contralateral priming.  We first confirmed that PGE2 

injection into the contralateral hindpaw produced robust priming equal to priming 

induced in the ipsilateral hindpaw (Fig 3A). We then took advantage of our 

previous findings demonstrating that the aPKC inhibitor ZIP, given i.t., reverses 

hyperalgesic priming in the ipsilateral hindpaw of mice. When IL-6 was given 

into the left hindpaw and animals were treated with i.t. ZIP (10 g) 2 days prior to 

PGE2 injection into the right hindpaw, a robust precipitation of priming was 

observed contralaterally and this effect was unaffected by ZIP treatment (Fig 3B). 

On the other hand, consistent with our previous work265, 266, when IL-6 was 

injected into the left hindpaw and ZIP was given 2 days prior to PGE2 injection 

into the left hindpaw, the maintenance of hyperalgesic priming was completely 

reversed even though ZIP treatment again had no effect on contralateral priming 

(Fig 3C). Hence, ZIP’s inability to abolish contralateral priming suggests that: 1) 

contralateral priming is independent of spinal aPKC activity and 2) circuits with 

bilateral projections, such as descending modulatory inputs from the brainstem287 

and/or hypothalamus288, may govern the maintenance of hyperalgesic priming.   

 

Descending serotonergic projections are required for initiation but not 

maintenance of hyperalgesic priming 

Bilateral precipitation of priming suggests that hyperalgesic priming involves a 

descending modulatory circuit. To approach this experimentally, we turned to 

serotonergic (5-HT) projections from the brainstem to the spinal cord because of 

their well-described role in nociceptive descending facilitation289-291although 5-

HT has also long been described as having antinociceptive actions in the spinal 

dorsal horn292. Ablation of descending 5-HT inputs reduces pain hypersensitivity 

induced by peripheral nerve injury293and current evidence supports a role of.
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FIGURE 3 

IL-6 induces bilateral priming. A) Intraplantar injection of PGE2 ipsilateral or contralateral to the previous IL-6 injection produced prolonged mechanical 

hyperalgesia; N = 4 per group. B) Animals that received intrathecal injection of ZIP or scramble-ZIP developed mechanical sensitive to contralateral injection 

of PGE2. C) The same dose of ZIP reversed ipsilateral priming, but not contralateral priming. B and C: N = 6 mice per group. ** p < 0.01; two-way ANOVA 

with Bonferroni post-hoc test. 
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presynaptic 5-HT3 receptors on afferent terminals in 5-HT-mediated descending 

facilitation291. We tested the role of descending 5-HT neurons in initiation and 

maintenance of hyperalgesic priming using the selective 5-HT toxin, 5,7-DHT. 

First, we ablated 5-HT neurons by i.t. administration of 5,7-DHT (50 g) 

combined with i.p. desipramine (25 mg/kg) 7 days prior to IL-6 injection. These 

mice demonstrated a blunted acute IL-6 response and reduced PGE2 responses 

(Fig 4A). Similar to the SP-SAP maintenance of priming experiment, the same 

dose of 5-HT toxin given after IL-6 or carrageenan injection failed to interfere 

with priming precipitated by PGE2 injection (Fig 4B and C). In the spinal cords of 

vehicle treated animals, tryptophan hydroxylase (TPH) immunoreactivity was 

predominantly observed in the outermost lamina with more diffuse expression in 

the deeper lamina. The toxin treatment strongly reduced TPH expression in these 

regions of the spinal dorsal horn 7 days after treatment (Fig 4D). Therefore, 

consistent with previous studies, descending 5-HT neurons play a key role in 

mechanical hypersensitivity induced by an initial injury, however, these same 

neurons do not participate in the maintenance of hyperalgesic priming.  

 

Descending noradrenergic projections are not required for maintenance of 

hyperalgesic priming 

Our findings with 5,7-DHT rule out descending 5-HT in the maintenance of 

hyperalgesic priming. Therefore, we continued our investigation with another 

well-known group of descending projecting neurons, noradrenergic (NE) neurons. 

Although descending NE neurons are thought to promote acute pain inhibition294, 

295and protect against the emergence of neuropathic pain, these same neurons may 

play a pain promoting role following injury296. For example, NE toxin or local 

anesthetic injection into the locus coeruleus decreases cold and mechanical 

hypersensitivity in animals with established neuropathic pain297. Hence, we 

hypothesized that priming may require NE neurons for its maintenance. We chose 

only to examine the maintenance phase in these experiments due to the well-

known antinociceptive role of descending NE modulation in acute nociception295.  

Using the same experimental time course, we injected the selective NE toxin, 

anti-DH conjugated to saporin (DβH-SAP, 0.5 g), after IL-6 or carrageenan-

induced mechanical hypersensitivity resolved. We observed that spinal treatment 

of DH-SAP did not alter PGE2-induced responses (Fig 5A and B). Alternatively 

we targeted NE neurons with the catecholamine toxin, 6-OHDA (50 g) given i.t. 

Here, the dopamine reuptake blocker GBR12909 (40 mg/kg) was administered 

systemically 30 min prior to 6-OHDA injection to block targeting of 

dopaminergic neurons. When this NE-selective targeting approach was used after 

IL-6 and carrageenan-induced mechanical hypersensitivity resolved, again, the 

full PGE2 response was intact (Fig 5C). A loss of spinal NE projections was 

confirmed by reduced DH immunoreactivity, which is observed throughout the 

dorsal horn with stronger expression in the superficial lamina (Fig 5D). Hence, we 

conclude that NE descending projections are not required for the maintenance of 

hyperalgesic priming.  
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FIGURE 4 

5-HT neurons differentially influence the initiation and maintenance of hyperalgesic priming. (A) A 5-HT lesion prior to IL-6 injection reduced the initial IL-6 

response and hyperalgesic priming. Conversely, ablation of 5-HT neurons after priming with IL-6 (B) or carrageenan (C) had no effect on the maintenance of 

priming but reduces tryptophan hydroxylase (TPH) staining in the spinal dorsal horn (D). *** p < 0.001; two-way ANOVA with Bonferroni post-hoc test. N = 6 

- 8 mice per group. 

 

 
FIGURE 5 

Ablation of NE neurons does not affect hyperalgesic priming. A) DβH-SAP injection into the spinal cord 7 days after IL-6 treatment failed to influence 

hyperalgesic priming precipitated by i.pl. injection of PGE2. B) DβH-SAP also did not influence carrageenan-induced priming. C) Treatment with 6-OHDA and 

GBR12909 to induce a selective NE ablation in the spinal cord also did not affect hyperalgesic priming induced by either IL-6 or carrageenan. D) DβH 

immunoreactivity was reduced 7 days after treatment in the spinal dorsal horn of 6-OHDA and GBR 12909 treated animals. N = 6 - 8 mice per group. 
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Dopaminergic spinal projections are required for hyperalgesic priming 

We next investigated a possible role for dopaminergic (DA) pathways in 

maintenance of hyperalgesic priming. DA neurons are known to play a critical 

role in pain modulation in several areas of CNS, including the anterior cingulate 

cortex298, nucleus accumbens299 and the spinal cord300, 301. DA projections to the 

spinal cord arise exclusively from the A11 area of the hypothalamus 302 and these 

neurons modulate nociceptive processing in the dorsal horn301, 303-305. To 

determine whether these neurons play a role in hyperalgesic priming, we ablated 

DA neurons by injecting 6-OHDA (50 g) i.t. with systemic injection of 

desipramine (25 mg/kg) to create a selective DA lesion. We observed that DA 

lesion had no effect on IL-6-induced mechanical hypersensitivity but, strikingly, 

precipitation of priming with PGE2 failed in DA lesioned mice (Fig 6A). To 

examine if DA could reverse hyperalgesic priming once it is established, we 

performed the DA lesion 7 days after IL-6 or carrageenan treatment. In stark 

contrast to NK1, 5-HT and NE lesions after IL-6 or carrageenan injection, we 

found that spinal DA projections are required for the maintenance of a primed 

state (Fig 6B and C). We confirmed that the DA toxin administered following IL-

6 or carrageenan treatment reduced DA neurons in the hypothalamic A11 nucleus 

using tyrosine hydroxylase (TH) staining (Fig 6D). 

 

While these results demonstrate a clear role for descending DA neurons in 

mechanical hypersensitivity in hyperalgesic priming, it is not clear whether 

hyperalgesic priming also induces an affective pain state and/or if this is 

influenced by spinal DA. To assess both of these questions we used the mouse 

grimace scale (MGS273). In mice previously treated with IL-6 who did not receive 

a DA spinal lesion, an increase in MGS score was observed 3 hrs following PGE2 

injection (Fig 6E). Lesioning DA neurons 7 days prior to PGE2 injection 

completely reversed this effect (Fig 6E).  Hence, spinal DA projections are 

required for mechanical hypersensitivity and spontaneous pain responses in 

hyperalgesic priming. 

 

The presence of bilateral hyperalgesic priming initially led us to investigate 

descending spinal projections in this experimental paradigm. Hence, we asked if 

DA neurons were also responsible for IL-6-induced contralateral priming.  Here 

the DA lesion after the initial IL-6 insult also completely reversed maintenance of 

hyperalgesic priming when it was precipitated on the contralateral hindpaw (Fig 

6F).  

 

Our finding shows a clear role of DA in hyperalgesic priming in male mice. 

Sexual dimorphic effects have been observed in hyperalgesic priming models306. 

First, we observed that IL-6-induced priming is robust in female ICR mice (Fig 

6G) similar to reports with carrageenan in this strain285. We then asked if a DA 

lesion also reverses hyperalgesic priming in female mice. We observed a similar 

reversal of hyperalgesic priming in female mice after the 6-OHDA (+ 

desipramine) treatment (Fig 6G).    
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FIGURE 6 

Dopaminergic neurons control hyperalgesic priming. (A) DA lesion 7 days prior to IL-6 injection blocked hyperalgesic priming and DA lesion 7 days after IL-6 

(B) or carrageenan (C) injection reversed the maintenance of hyperalgesic priming. D) This spinally-directed DA lesion reduced A11 hypothalamic DA neurons 

(6-OHDA + desipramine). DA lesion after IL-6 injection also attenuated PGE2 induced increase in grimace scores in primed mice (E), contralateral priming (F) 

and priming in female mice (G, N = 5 per group). N = 6-8 mice per group in A - F. * p < 0.05, ** p < 0.01, *** p < 0.001; two-way ANOVA with Bonferroni 

post-hoc test. 
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FIGURE 7 

6-OHDA (+ desipiramine)-directed DA lesion is highly selective for DA. A) Spinal DA lesion (6-OHDA + desipramine) significantly reduced DAT 

immunoreactivity 7 days after the treatment but did not disrupt (B) other monoamine neurotransmitters (TPH and DβH) or primary C fiber marker (CGRP and 

IB4) expression. Images are representative of N = 3 mice per group. 
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While we confirmed a reduction of TH-immunoreactive A11 neurons 7 days after 

the spinally applied DA lesion, we sought to further validate our findings by 

examining changes in the expression of dopaminergic nerve endings in the spinal 

cord using the DA lesion approach. We took spinal cords from mice 7 days after 

6-OHDA (+ desipramine) treatment and assessed expression of the dopamine 

reuptake transporter (DAT). We saw that while spinal cords from vehicle treated 

animals showed a strong DAT immunoreactivity around large neurons located in 

the lateral part of deeper lamina (Fig 7A insets), DA lesion led to a significant 

reduction of DAT immunoreactivity in this region (Veh = 0.27  0.041; DA 

lesion = 0.17  0.020; n = 6; p = 0.0286, Student's t-test ; Fig 7A). This 

demonstrates that the spinal 6-OHDA (+ desipramine) treatment not only leads to 

the loss of dopaminergic neurons in A11 but also reduces DAT expression locally 

in the spinal cord. Additionally, we failed to see any changes in the expression of 

other monoamine neurotransmitter enzymes (TPH and DβH), or CGRP-positive 

peptidergic or IB4-positive non-peptidergic nerve endings in outer lamina (Fig 

7B). These findings support a highly selective action of 6-OHDA (+ desipramine) 

in creating a spinal DA lesion and indicate its lack of disturbance of primary 

afferent endings in the spinal dorsal horn (Fig 7B). 

 

Although we have extensively confirmed selectivity of our spinal DA lesion 

approach, it is still possible that this i.t. treatment led to destruction of DA 

neurons outside the CNS. For example, there are some suggestions that a 

subpopulation of small DRG neurons are DA positive307. To exclude a possible 

contribution of these neurons to the lesion phenotype observed here, we 

administered systemic desipramine (25 mg/kg) followed 30 min later by systemic 

6-OHDA (200 mg/kg), which does not readily cross the blood-brain-barrier in 

adult rodents308, to mice previously primed with IL-6. Seven days later, this 

systemic 6-OHDA treatment had no effect on PGE2-induced mechanical 

hypersensitivity in primed mice (Fig 8A), ruling out an effect of DA lesion 

outside the CNS. 

 

Recruitment of a D1/D5-dependent spinal mechanism for the maintenance of 

hyperalgesic priming  

Our results show that a spinally-directed DA lesion prevents and reverses 

plasticity responsible for the maintenance of hyperalgesic priming.  This suggests 

an active role of A11 DA projections in plasticity leading to pathological pain 

plasticity. We sought to determine which spinal DA receptors were responsible 

for this effect. We first examined D2 receptors with the selective antagonist, 

sulpride.  Sulpride (3.5 g) was injected i.t. at the time of PGE2 administration in 

animals primed with IL-6. Sulpride failed to modulate PGE2-induced mechanical 

hypersensitivity (Fig 8B). In contrast, the D1/D5 antagonist, SCH23390 (3.3 g), 

given i.t. at the time of PGE2 injection, attenuated mechanical hypersensitivity 

(Fig. 8Ci). On the other hand, mirroring the effect observed with a spinally 

directed DA lesion given before IL-6 injection (Fig 6A), the D1/D5 antagonist 

given at the time of IL-6 injection was completely without effect (Fig 8Cii).  

Hence, differential D1/D5-mediated mechanisms contribute to pain plasticity in 
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FIGURE 8 

D1/D5 receptors mediate hyperalgesic priming. A) A peripherally restricted DA lesion 7 days after IL-6 injection did not interfere with maintenance of 

hyperalgesic priming precipitated by PGE2 injection on day 14 after IL-6. Spinal injection of the D2 antagonist, sulpiride at the time of PGE2 injection, did not 

affect hyperalgesic priming (B) whereas the D1/D5 antagonist, SCH23380, blocked PGE2-precipitation of priming (Ci). Cii) The D1/D5 antagonist SCH23380 

given spinally at the time of IL-6 injection failed to influence IL-6-mediated acute mechanical hypersensitivity. D) Intrathecal injection of the D1/D5 agonist, 

SKF82958, precipitated mechanical hypersensitivity only in animals primed with IL-6. N = 6 - 8 mice per group. The experiment in panel D was performed with 

male and female mice. E) Intrathecal injection of the D1/D5 agonist, SKF82958, precipitated mechanical hypersensitivity only in animals primed with 

carrageenan. N = 6 - 8 mice per group. F) Intrathecal injection of the D1/D5 agonist, SKF82958, induced grimacing only in mice previously exposed to IL-6 

compared to baseline measures taken 3 hrs prior to intrathecal injection. Mice received IL-6 or veh (naïve) into the hindpaw 7 days previously. Naïve + veh: N = 

3; naïve + SKF82958: N = 4; IL-6 + veh: N = 6; IL-6 + SKF82958: N = 10. * p < 0.05, ** p < 0.01, *** p < 0.001; two-way ANOVA with Bonferroni post-hoc 

test. 
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FIGURE 9 

Precipitation of hyperalgesic priming renders the maintenance phase reversible by protein synthesis inhibition. A) In IL-6 primed mice, anisomycin i.t. 

injection paired with i.pl. PGE2 injection rapidly reversed the maintenance of hyperalgesic priming. B) Spinal injection of anisomycin at the time of D1/D5 

agonist treatment in primed animals likewise reversed the maintenance of hyperalgesic priming when mice were subsequently challenged with i.pl. PGE2. C) 

Schematic illustrating plasticity mechanisms mediating maintenance of hyperalgesic priming. Acute pain plasticity induced by IL-6 or carrageenan requires 

NK1-positive projection neurons and descending 5-HT neurons for its full expression. However, following the transition to a primed state, neither NK1-positive 

nor serotonergic neurons are required for the continued presence of PGE2 precipitation of priming. Instead, descending dopaminergic input to spinal D1/D5 

receptors controls the maintenance phase of hyperalgesic priming. N = 5 - 8 mice per group.  All experiments were performed with male and female mice. ** p 

< 0.01, *** p < 0.001; two-way ANOVA with Bonferroni post-hoc test. 



61 

 

the initiation vs. maintenance of hyperalgesic priming. Since a D1/D5 antagonist 

blocks precipitation of priming we hypothesized that a D1/D5 agonist should do 

the opposite, even in the absence of PGE2 injection. Spinal injection of D1/D5 

agonist in IL-6-primed animals precipitated mechanical hypersensitivity lasting 

for 24 hrs in male and female mice whereas naïve animals were completely 

unaffected (Fig 8D).  Moreover, in mice treated with IL-6 seven days previously, 

i.t. injection of the D1/D5 agonist induced a significant increase in grimace scores 

at 3 hrs post injection while a similar effect was not observed in control groups 

(Fig 8E). We conclude that D1/D5 receptors regulate nociceptive responses 

exclusively in mice that have transitioned to a state of pathological pain plasticity. 

Activation of spinal D1/D5 receptors is permissive for pain reconsolidation 

We have previously shown that while spinally applied translation inhibitors 

prevent hyperalgesic priming if they are coupled with the initial priming stimulus 

(e.g. IL-6), their administration during the maintenance phase has no effect on 

hyperalgesic priming265. This finding parallels effects on early vs. late phase 

hippocampal long-term potentiation (LTP) where protein synthesis inhibitors 

prevent the transition from early to late LTP but are not capable of reversing 

established late LTP309. Interestingly, late spinal LTP is also not reversed by 

protein synthesis inhibitors unless it is paired with a second tetanic stimulation at 

C-fiber strength280. Remarkably, this effect can be mimicked behaviorally, 

suggesting a spinal mechanism of pain reconsolidation, which parallels the 

classical observations in aversive memory paradigms with anisomycin injection 

paired with memory reactivation310. We therefore asked if a reconsolidation-like 

effect can be observed in hyperalgesic priming models.  Indeed, i.t. injection of 

anisomycin (67.5 g) coupled with PGE2 injection into the hindpaw led to a 

reversal of mechanical hypersensitivity compared to vehicle treated mice and a 

subsequent response to PGE2 was completely absent (Fig 9A). We reasoned that 

spinal injection of a D1/D5 agonist should also open a pain reconsolidation 

window, similarly to PGE2 injection.  While mice treated with SKF82958 with 

and without anisomycin all developed mechanical hypersensitivity following i.t. 

drug administration, the subsequent response to PGE2 was markedly reduced at 24 

hrs (and not different from unprimed mice) in mice that previously received 

anisomycin coupled with agonist (Fig 9B).  Based on these findings, 

reconsolidation of a spinal, translation-dependent pain memory trace occurs in 

hyperalgesic priming and this can be induced by afferent stimulation or by 

activating D1/D5 receptors.  
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Chapter IX 

 

Discussion 

 

 

Our findings support the following primary conclusions: (1) spinal NK1-positive 

and descending 5-HT neurons are required for establishing hyperalgesic priming 

but are dispensable for its maintenance; (2) NE neurons are not required for the 

maintenance of hyperalgesic priming; (3) descending DA neurons are required for 

the initiation and maintenance of hyperalgesic priming; (4) DA effects on 

hyperalgesic priming are D1/D5 receptor-dependent; (5) A reconsolidation-like 

process occurs in hyperalgesic priming and spinal D1/D5 receptors engage this 

mechanism. These findings elucidate a novel role for spinal DA projections in the 

development and maintenance of pathological pain states.  

 

Previous findings have demonstrated the involvement of DA in pain modulation 

but clinical observations and preclinical data offer an unclear interpretation of 

DA’s role in pain. In humans, dopaminergic neurotransmission and/or dopamine 

receptors are altered in fibromyalgia333, burning mouth syndrome334, and atypical 

facial pain335. In healthy human volunteers, depletion of DA precursors or D2 

antagonism fails to change acute sensory aspects of pain336, 337 but selectively 

modulates aspects of pain unpleasantness337. In preclinical models, there is 

evidence for antinociceptive effects of dopamine via D2 receptor agonists in acute 

inflammatory pain338and stimulation of the A11 nucleus leads to a D2-dependent 

suppression of dorsal horn neuron activity325. On the other hand, activation of 

spinal D1/D5 receptors induces LTP in dorsal horn neurons receiving C-fiber 

input322. Taking into account our findings, a possible interpretation arising from 

these collective results is that DA plays a specialized role in certain forms of pain 

plasticity that are most salient in persistent pain conditions. Our experiments are 

in line with this idea as a DA lesion prior to the priming insult had no effect on 

acute mechanical hypersensitivity but completely blocked the development of 

hyperalgesic priming. Likewise, removal of DA after the priming stimulus 

completely reversed hyperalgesic priming, both its evoked and affective 

manifestations and its bilaterality, again consistent with a need for descending DA 

input to maintain this state of nociceptive plasticity. Further work is required to 

understand how the maintenance mechanism of priming recruits descending 

D1/D5 dopaminergic signaling pathways and what their downstream targets are in 

this context.  

 

Our work indicates a critical function for D1/D5 receptors in plasticity underlying 

hyperalgesic priming. D1/D5 antagonism selectively blocked mechanical 

hypersensitivity in primed animals and, conversely, D1/D5 stimulation induced 

mechanical hypersensitivity exclusively in primed mice. DA plays a key role in 

modulation of synaptic plasticity throughout the CNS primarily through a 

postsynaptic action at D1/D5 receptors339.  In line with effects in other CNS 

regions, recording from wide dynamic range neurons in the spinal dorsal horn 
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upon slice application of D1/D5 agonist showed a slowly developing, protein 

synthesis-dependent LTP322. We hypothesize that this D1/D5-dependent form of 

plasticity plays a crucial role in hyperalgesic priming allowing a normally sub-

threshold nociceptive input to the spinal cord to produce mechanical 

hypersensitivity and spontaneous pain. Our finding that spinal application of a 

D1/D5 agonist, in the presence of protein synthesis inhibition, leads to a reversal 

of the prolonged effect of PGE2 injection in primed mice supports this idea. In 

this model, activation of D1/D5 receptors would be capable of inducing a labile 

state in potentiated synapses that can be reversed by protein synthesis inhibition. 

This is consistent with reconsolidation theories of memory storage332 and with the 

recent demonstration of a reconsolidation-like effect in the spinal dorsal horn302, 

which we demonstrate can be induced even after a transition to a state of 

pathological pain plasticity. We note that the behavioral manifestations of 

disruption of different signaling mechanisms led to disparate results at the 3 hr 

post PGE2 time point, which probably reflects differences in early vs. late 

mechanisms of plasticity in hyperalgesic priming. Nevertheless, we observed 

consistent effects at the 24 hr time point across our manipulations. We feel this 

time point is the most relevant because it reliably represents a prolonged pain 

phenotype induced by hyperalgesic priming. 

 

The differential contribution of peripheral versus central mechanisms in the 

maintenance of pathological pain plasticity underlying hyperalgesic priming is not 

clearly delineated. Our previous work, and work by other groups, showed that 

peripheral translation blockade prevented289, 290 and abolished hyperalgesic 

priming287, thereby demonstrating the presence of a translation-dependent 

neuroplasticity established in primary afferents during hyperalgesic priming. 

Other findings, including ours here, however, suggest that hyperalgesic priming is 

established bilaterally340, which indicates that peripheral plasticity is not an 

absolute requirement for priming and that central plasticity alone can be 

permissive for hyperalgesic priming. In our view, these collective findings more 

convincingly argue for neuroplasticity in both peripheral and central 

compartments and in the absence of either one, priming can be disrupted. An 

important factor, however, is targeting of the correct mechanism, at the correct 

time for reversal of the plasticity mechanism. In this work, we discovered DA and 

its action on D1/D5 receptor subtypes as a critical factor mediating the central 

plasticity of hyperalgesic priming.  We also identified DAT-immunoreactive 

spinal projections as mediators of this DA-lesion phenotype and confirmed that 

our lesion approach is independent of damage to peripheral afferent neurons. 

Therefore, postsynaptic targets of these DAT-immunoreactive projections are 

likely loci of the neuroplastic changes induced by hyperalgesic priming. Future 

work will strive to identify these neurons in more detail.  

 

Our results demonstrate that NK1-postive projection neurons in the spinal cord 

are not required for the maintenance of hyperalgesic priming. NK1-posive 

neurons are crucial for thermal and mechanical hypersensitivity caused by 

nociceptor activation, inflammation and nerve injury11, 12, 311. In line with these 
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studies, we saw that the ablation of NK1-positive neurons prior to IL-6 injection 

profoundly alleviated mechanical hypersensitivity and blocked the development 

of hyperalgesic priming. In stark contrast, we found that when these neurons were 

lesioned after the resolution of the acute IL-6 or carrageenan response, animals 

showed full-blown precipitation of hyperalgesic priming. This finding indicates 

that NK-1-positive neurons are not required for pain plasticity if they are ablated 

after a transition to chronic pain is established. The implications of this finding 

challenges our previous understanding of the types of ascending sensory pathways 

that are critical in transmission of nociceptive signals and suggests the possibility 

that the engagement of other ascending fiber pathways are more salient upon 

transition to a state of pathological pain plasticity. Moreover, if cellular 

mechanisms of pain plasticity in human chronic pain states are appropriately 

modeled by the maintenance phase of hyperalgesic priming models, our data is 

consistent with the failure of NK1 antagonists for the treatment of many different 

types of chronic pain conditions341, 342.  

 

5-HT and NE descending modulatory circuits have received a great deal of 

attention in the context of inflammatory- and nerve injury-induced pain312, 313, 315, 

316, 318. These modulatory circuits play a key role in the development and 

maintenance of chronic neuropathic pain317, 318. However, paralleling SP-SAP 

experiments, when the ablation of 5-HT neurons took place after the 

establishment of hyperalgesic priming, the subsequent PGE2 response was fully 

intact. Why is ablation of 5-HT neurons effective in alleviating neuropathic pain 

(e.g. weeks after injury) but has no effect on maintenance of hyperalgesic 

priming? This may occur due to the unique pathophysiology of pain conditions 

that are dependent on persistent afferent drive such as peripheral nerve injury-

induced neuropathic pain343. Therefore, pathological pain plasticity conditions that 

are dependent on central changes after an initial, but unsustained afferent barrage 

may be less susceptible to descending serotonergic modulation indicating, again, 

that the cellular architecture underlying these conditions are likely unique.  

 

While a broad line of evidence indicates that hyperalgesic priming involves 

plasticity in peripheral nociceptors200, 287, 289, 307and in the spinal dorsal horn290, 291, 

the current findings point to a completely novel role for descending DA circuits in 

plasticity regulating a pathological state of pain plasticity. Further investigations 

into the role of A11 and D1/D5 receptor-dependent plasticity in hyperalgesic 

priming will lead to a better understanding of the neurological architecture of this 

pathological pain state, which may lead to disease modifying treatments for 

chronic pain.  

 

  



65 

 

 

 

 

 

 

 

 

 

PART IV 

HYPERALGESIC PRIMING DISTURBS SPINAL GABAA BIOLOGY 

AND INHIBITORY NLGN2 SYNAPSES 
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Chapter X 

 

Results 

 

 

Hyperalgesic priming changes spinal GABAA receptor pharmacology 

We have previously shown that IL-6 intraplantar or BDNF intrathecal injection 

induces hyperalgesic priming290, 291. In this model, we inject IL-6 in the left hind 

paw or BDNF spinally followed by a sub-noxious dose of PGE2 injection 7 days 

later. Only the animals that previously received IL-6 or BDNF show a prolonged 

and exaggerated mechanical hypersensitivity, suggesting neuroplastic changes to 

the nociceptive circuitry. While this change may occur at any level of nociception 

processing (i.e. afferents, spinal cord or specific supraspinal areas) and at multiple 

locations simultaneously, we focused on the role of spinal circuitry in inducing 

pathological neuroplasticity of hyperalgesic priming. 

 

Our previous work suggests that GABAA receptor pharmacology of the spinal 

cord changes drastically in chronic pain conditions. We observed that analgesia 

produced by spinal application of GABAA receptor agonists and positive 

modulators was significantly reduced in neuropathic animals116. Others reported 

reversal of GABAA receptor pharmacology305 where spinal application of GABAA 

receptor agonist exacerbated mechanical hypersensitivity when GABAA receptor 

antagonist produced analgesia during peripheral inflammation. These findings led 

us to investigate possible changes to spinal GABAA receptors as a potential 

mechanism that drives hyperalgesic priming. We sought to address this question 

by comparing analgesic effects of GABAA receptor agonist and positive 

modulators during the initiation and maintenance phase of hyperalgesic priming. 

We hypothesized that if hyperalgesic priming changes GABAA receptor function 

and/or expression, the GABAA receptor agonism during PGE2 response in primed 

animals should differ from the acute IL-6 response in naïve mice. When we 

injected GABAA receptor agonist, muscimol, in the spinal cord at the time of i.pl. 

injection of IL-6, we observed that muscimol produced a robust analgesia up to 

3hrs post injection (Fig 10A).  However, when the same dose of muscimol was 

administered spinally at the time of PGE2 i.pl. injection to IL-6-primed animals, 

muscimol failed to attenuate mechanical hypersensitivity (Fig 10B). Similarly, 

spinal application of benzodiazepine, midazolam, and the δ subunit preferring 

GABAA receptor agonist, THIP, produced profound analgesia that attenuated 

mechanical hypersensitivity up to 3hrs post IL-6 injection (Fig 10C and E). 

Again, the same dose of midazolam and THIP injected spinally in IL-6-primed 

mice failed to block PGE2 precipitation of priming (Fig 10D and F). These 

findings suggest that hyperalgesic priming reduces analgesic effects of spinal 

GABAA receptor agonism. 

 

 

 

 



67 

 

 

FIGURE 10 

GABAA receptor agonist and positive modulators lose their 

analgesic efficacy once animals are primed. A) Intrathecal 

injection of GABAA receptor agonist, muscimol, at the time of 

intraplantar injection of IL-6 prevented animals from developing 

mechanical hypersensitivity up to 3hrs. When the same dose of 

muscimol was injected to mice that received IL-6 7 days prior to 

PGE2 i.pl. injection, it failed to alleviate mechanical 

hypersensitivity (B). C) A benzodiazepine, midazolam, given 

spinally at the time of IL-6 i.pl. injection attenuated mechanical 

hypersenstivity up to 3hrs but when injected to mice that were 

previously exposed to IL-6, midazolam failed to block PGE2-

induced mechanical hypersensitivity (D). E) Intrathecal injection 

of THIP, a δ-subunit preferring GABAA receptor agonist, 

significantly attenuated IL-6-induced mechanical hypersensitivity 

but failed to provide anti-nociception when given to IL-6 primed 

animals at the time of PGE2 i.pl. injection. * p < 0.05; ** p < 0.01; 

*** p < 0.001; two-way ANOVA with Bonferroni post-hoc test. N 

= 6 - 8 mice per group. 
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FIGURE 11 

GABAA receptor antagonist causes anti-nociception in IL-6- and BDNF-primed animals. A) Animals that received intrathecal injection of SR95531, GABAA 

receptor antagonist, with IL-6 i.pl. treatment showed similar level of mechanical hypersensitivity as animals that only received i.pl. IL-6 injection. B) When 

the same dose of SR95531 was injected to animals that were previously exposed to IL-6, animals showed a significant attenuation of PGE2-induced 

mechanical hypersensitivity. C) Spinal injection of 150ng of SR95531 produced robust mechanical hypersensitivity in naïve animals. SR95531 treatment led 

to significant attenuation of PGE2 precipitation of priming (D) and less grimacing (E) in animals that were primed with BDNF. * p < 0.05, ** p < 0.01, *** p 

< 0.001; two-way ANOVA with Bonferroni post-hoc test. N = 6 - 8 mice per group. 



69 

 

Spinal GABAA receptor antagonism is anti-nociceptive in primed animals but pro-

nociceptive in naïve animals 

The loss of analgesic effects of muscimol, midazolam and THIP in primed 

animals led us to investigate the effects of the GABAA receptor antagonist, 

SR95531 (gabazine). Similarly to the previous experiments, we gave intrathecal 

injections of SR95531 to mice as we were administrating i.pl. IL-6 and afterward 

measured mechanical hypersensitivity. We observed that animals that received 

both IL-6 and SR95531 did not show greater mechanical hypersensitivity than 

animals that only received i.pl. IL-6 (Fig 11A). However, when the same dose of 

SR95531 was administered spinally at the time of PGE2 i.pl. injection in primed 

mice, it significantly attenuated mechanical hypersensitivity (Fig 11B). We 

subsequently determined that the dose of SR95531 used without i.pl. IL-6 

produced a robust mechanical hypersensitivity when injected to naïve animals, 

which suggests that spinal GABAA receptor antagonism is inherently pro-

nociceptive (Fig 11C). We further demonstrated that intrathecal treatment of 

SR95531 in BDNF-primed mice also alleviated mechanical hypersensitivity, 

exactly mirroring the results obtained with IL-6-primed mice (Fig 11D). In these 

animals, we saw significantly less grimacing at 24hr post SR95531 injection, 

which indicates reduction of affective component of pain (Fig 11E). These 

findings suggest that both IL-6- and BDNF-induced hyperalgesic priming causes 

changes to GABAergic biology in the spinal cord that causes changes to spinal 

GABAA receptor pharmacology. 

 

Intrathecal injection of BDNF acutely reduces nlgn1 and persistently increases 

nlgn2 expression in the spinal dorsal horn 

Hyperalgesic priming clearly changes the behavior of GABAA receptors in the 

spinal cord. In order to better understand the cellular mechanisms that may 

mediate this change, we sought to determine the expression profiles of neuroligin 

1 (nlgn1) and neuroligin 2 (nlgn2). Neuroligins 1 and 2 are highly expressed 

synaptic adhesion proteins that play a critical role in synaptogenesis and synapse 

maturation of excitatory and inhibitory postsynapses, respectively344, 345. Emerging 

lines of evidence suggest that these proteins have a novel role in nociception. 

Studies demonstrated that nlgn2 KO animals show deficits in pain response to 

noxious thermal and electric stimuli346 and that spinal KD of nlgn2 alleviated 

mechanical hypersensitivity347 in SNL animals. In this setting, we hypothesized 

that changes to GABAA receptor pharmacology may result from the changes to 

inhibitory synapses and if this is true, inhibitory synapse-specific proteins like 

nlgn2 should be good candidates for examination. 

 

We first gave intrathecal injection of BDNF to two groups of mice and collected 

spinal dorsal horns and DRGs either 24hrs or 7 days after the injection. We chose 

to use BDNF as our priming stimulus because while it reverses GABAA receptor 

pharmacology, just like IL-6, it allowed us to bypass peripheral input, thereby 

specifically investigating the central changes that mediate hyperalgesic priming. 

Subsequently, these tissues were quantified for their expression of nlgn1 and 

nlgn2 as well as neurexin 1β (nrxn1β), which is a presynaptic binding protein of
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FIGURE 12 

Intrathecal BDNF treatment modulates expression of neuroligins and neurexin in the spinal dorsal horn. A) Intrathecal injection of BDNF causes mechanical 

hypersensitivity that persists for 2 days. Following the resolution of mechanical hypersensitivity, on day 6, intraplantar injection of PGE2 precipitates 

mechanical hypersensitivity only in animals previously exposed to BDNF. B) Spinal dorsal horn collected from animals at 24hrs after BDNF i.t. injection 

showed a significant reduction of nlgn1 and nrxn1β expression and no change in nlgn2 expression. C) In the dorsal horn of animals that received i.t. BDNF 7 

days ago, we saw an increased expression of nlgn2 when nlgn1 and nrxn1β expressions were comparable to vehicle treated animals. DRGs from these 

animals showed no expression changes of any of these target proteins. * p < 0.05, ** p < 0.01; two-way ANOVA with Bonferroni post-hoc test. N = 6 - 8 

mice per group. 
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neuroligins (Fig 12A). We observed that nlgn1 and its binding partner, nrxn1β, 

were significantly downregulated 24hrs after BDNF i.t. injection, while there was 

no change to nlgn2 expression (Fig 12B). On the other hand, nlgn2 was 

significantly upregulated while no changes of nlgn1 and nrxn1β expression were 

detected in spinal dorsal horn tissues collected from animals that received BDNF 

7 days previously (Fig 12C). When DRGs were isolated from these animals and 

analyzed for nlgn1, nlgn2 and nrxn1β expression, we saw that none of these 

protein expressions was changed (Fig 12D). From these experiments, we 

discovered that 1) nlgn1 and nrxn1β are downregulated acutely after BDNF 

injection, at the height of mechanical hypersensitivity, only to regain their 

expression level prior to BDNF treatment by day 7 and; 2) nlgn2 expression is 

upregulated by 7 days after BDNF injection, when hyperalgesic priming has 

already been established, but only in the spinal cord and not in the DRG. These 

findings suggest that neuroligins are dynamically regulated by spinal BDNF. 

 

Spinal BDNF-induced downregulation of nlgn1 and nrxn1β and mechanical 

hypersensitivity requires NMDA receptor activation 

A body of literature suggests that BDNF activation of NMDA receptors 

(NMDAR) is required for its effects on inducing neuronal excitability. For 

example, BDNF application to the spinal cord has been shown to potentiate 

NDMA-evoked ventral root response348 and increase C-fiber-evoked field 

potential, which is completely blocked by pretreatment with NDMAR 

antagonists349. Behavioral data from many groups demonstrated that spinal 

antagonism of NMDAR significantly attenuated mechanical hypersensitivity 

induced by intrathecal injection of BDNF, suggesting that BDNF requires NDMA 

receptor activation for its pro-nociceptive effects. We sought to determine if 

NMDA receptor activation after BDNF i.t. injection is required for the reduction 

of nlgn1 and nrxn1β expression at the peak of mechanical hypersensitivity. We 

first administered the NDMA receptor antagonist, D-AP5, 15 min prior to BDNF 

i.t. injection and tested for changes in mechanical withdrawal threshold at 1, 3, 

and 24 hours (Fig 13A). We found that animals that received D-AP5 prior to 

BDNF injection were completely free of mechanical hypersensitivity by 24hrs. 

When the spinal dorsal horns were collected from these animals and analyzed for 

nlgn1 and nrxn1β expressions, BDNF treated animals, as previously observed, 

showed downregulation of nlgn1 and nrxn1β that was then completely blocked by 

AP5 pretreatment (Fig 13B). In fact, the expression of these proteins was 

comparable to animals that only received vehicle, suggesting that NDMA receptor 

activation after BDNF i.t. injection leads to downregulation of nlgn1 and nrxn1β 

protein expression. 

 

BDNF modulates expression of splice isoforms of nlgn2 in the spinal cord 

Neuroligin genes produce multiple splice isoforms350, 351. In the case of nlgn2, it is 

alternatively spliced in its ectodomain, where a short alternative exon that gives 

rise to 20 amino acids is either present or absent (nlgn2A+ or nlgn2A-). 

Interestingly, shifting the balance between nlgn2A+ and nlgn2- transcripts has 

been shown to influence the ratio of glutamatergic to GABAergic synapse 
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formation. When the nlgn2A+ to nlgn2A- ratio increased, more GABAergic 

synapses formed, whereas a decrease in the ratio promoted more formation of 

glutamatergic synapses in hippocampal culture. These findings led us to 

investigate if spinal application of BDNF can also induce increased nlgn2 mRNA 

level in the spinal cord and if there are any differences in its splice form 

expression. We administered intrathecal injection of BDNF to mice and collected 

spinal dorsal horns and DRGs 7 days later for RNA extraction. When we analyzed 

nlgn2 mRNA expression profiles from these tissues, we observed that pan-nlgn2 

expression was unaltered. Meanwhile, nlgn2A+ splice form was significantly 

increased when nlgn2A- transcripts decreased in the spinal dorsal horn of BDNF-

primed animals (Fig 14A). We checked for the expression of these splice isoforms 

in DRGs to find out the possible contribution of primary afferent terminals in the 

increased expression level of nlgn2A+ (Fig 14B). Similarly to the protein 

expression data, none of the nlgn2 isoform expression levels was changed in 

BDNF-primed animals. These findings suggest that BDNF shifts the spinal 

nlgn2A+ to nlgn2A- ratio, which, based on the literature, should stimulate 

formation of inhibitory synapses.  

 

Reduction of nlgn2 protein revereses priming 

Since increased levels of nlgn2A+ after BDNF priming are suggestive of changes 

in inhibitory nlgn2-expressig synapses, we sought to determine if reversing this 

change would impact hyperalgesic priming. In this experiment, we first primed 

mice with intrathecal injection of BDNF. Then, 7 days later, animals received 

nlgn2 inhibitory peptide delivered spinally once. We then precipitated mechanical 

hypersensitivity with i.pl. injection of PGE2 24 hrs after the peptide injection. We 

saw that animals that received spinal peptide inhibitor of nlgn2 showed a 

significant reduction of mechanical hypersensitivity following PGE2 injection 

(Fig 15B). We confirmed the selectivity of the inhibitory peptide by checking for 

a reduction of nlgn2 not accompanied by reduction of nlgn1 or nrxn1β after a 

single spinal injection of the drug (Fig 15C). These findings collectively suggest 

that increased nlgn2-expressing inhibitory synapses in the spinal dorsal horn 

mediate the pathological neuroplasticity underlying hyperalgesic priming, which 

may explain the changes to GABAA receptor pharmacology after hyperalgesic 

priming. 
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FIGURE 13 

BDNF-induced downregulation of nlgn1 and 

nrxn1β is blocked by NMDA antagonist. A) 

Pretreatment with NDMA receptor antagonist, 

D-AP5, 15 min prior to BDNF i.t. injection 

completely blocked mechanical 

hypersensitivity. Spinal dorsal horn collected 

from animals at 24hrs after co-injection of 

BDNF and D-AP5 revealed that D-AP5 

prevented downlregulation of nlgn1 and 

nrxn1β. * p < 0.05, ** p < 0.01, *** p < 0.001; 

two-way ANOVA with Bonferroni post-hoc 

test. N = 5-6 mice per group. 

 

 

 

 

FIGURE 14 

BDNF induces differential expression of nlgn2 splice isoforms. We 

injected animals with vehicle or BDNF intrathecally and waited 7 

days before we collected their dorsal horn of spinal cords and 

DRGs. A) In the dorsal horn, nlgn2A+ mRNA expression was 

upregulated when nlgn2A- mRNA showed reduced expression. B) 

None of these changes were detected in the DRGs from the same 

animals. * p < 0.05, ** p < 0.01; two-way ANOVA with Bonferroni 

post-hoc test. N = 5-6 mice per group. 
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FIGURE 15 

Peptide inhibitor of nlgn2 reverses hyperalgesic 

priming. A) Spinal injection of nlgn2 peptide 

inhibitor, Ng647, 24 hrs prior to PGE2 i.pl. injection 

significantly attenuated mechanical hypersensitivity 

at 3 and24 hrs. B) Spinal dorsal horn, collected 

24hrs after Ng647 injection, showed reduced nlgn2 

protein expression without changes to nlgn1 or 

nrxn1β expression. 

* p < 0.05, *** p < 0.001; two-way ANOVA with 

Bonferroni post-hoc test. N = 5-6 mice per group. 
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Chapter XI 

 

Discussion 

 

 

Our findings collectively support the following primary conclusions: (1) 

hyperalgesic priming causes changes to spinal GABAA receptor pharmacology; 

(2) spinal nlgn1 and nrxn1β expressions are transiently reduced during the 

initiation phase of hyperalgesic priming; (3) nlgn2 protein and a splice isoform of 

nlgn2 mRNA, nlgn2A+, expressions are increased in the dorsal horn during the 

maintenance phase; (4) reduction of nlgn2 protein in the spinal cord reverses 

priming. These findings suggest that the development and maintenance of 

pathological pain modulates the spinal inhibitory circuitry, including the 

GABAergic system.  

 

GABA is the major inhibitory neurotransmitter in the CNS that is important in 

many biological processes including pain. Preclinical work on rodent models of 

neuropathic pain showed that the development of chronic pain is usually 

accompanied by a profound disturbance to GABAergic system. For example, after 

chronic constriction injury, animals show reduced GABA immunoreactivity of the 

dorsal horn108, 109 and analgesic efficacy of spinal GABAA receptor angonism116. 

Moreover, spinal GABAA receptor pharmacology was shown to reverse during 

CFA-induced peripheral inflammation where intrathecal injection GABAA 

receptor antagonist produced anti-nociception while GABAA receptor agonist, 

exacerbated mechanical hypersensitivity305. Our experiments add to these 

observations. We found that spinal GABAA receptor antagonist produced anti-

nociception, at a dose that is normally pro-nociceptive in naive animals, once 

animals were primed with IL-6 or BDNF. The reason for this is unclear but we 

know that BDNF, at least in acute setting, can induce depolarizing shift in the 

chloride equilibrium potential (ECl), providing cellular basis for neuronal 

excitability upon GABAA receptor activation352. However, it is unknown if this 

kind of change can persist after a single exposure to BDNF, especially in vivo. 

Our data here demonstrates that spinal application of BDNF can induce changes 

in GABAA pharmacology that persist for at least 7 days. However, further 

investigation is required to understand if this plasticity involves changes to ECl or 

a completely different mechanism. We note that we did not see exacerbation of 

mechanical hypersensitivity with GABAA receptor agonist after priming. We 

speculate that this is due to the dose of muscimol we used may not have been 

sufficiently low as it can produce a U-shaped dose-response curve during 

inflammation305. 

 

Emerging line of evidence suggests that striking the right balance between 

inhibition and excitation in neural networks is critical in producing complex 

behavioral phenotypes353. This is true for pain. Chronic pain patients show 

abnormal activity in brain areas such as cingulate cortex and insula cortex that are 

likely to contribute to the sensory and emotional building of prolonged pain 
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experience354-356. Our finding that GABAergic system, which is the major 

inhibitory system in the CNS, is disturbed in the spinal cord of primed animals led 

us to investigate the molecular changes in inhibitory synapses by examining 

inhibitory synapse specific protein, nlgn2357. Nlgn2 synaptic adhesion molecules 

have been shown to exclusively localize to inhibitory synapses358, to recruit 

gephyrin359 and to be required for the formation of functioning inhibitory 

synapses360. Our data indicates that these inhibitory synapses increase after 

priming, which would suggest increased systemic inhibitory tone. Paradoxically, 

this change is accompanied by spinal GABAA receptor antagonist now causing 

anti-nociception. In our view, this strongly argues for the presence of maladaptive 

formation of inhibitory synapses whose net effect is minimizing its own inhibitory 

action, akin to disinhibition, thereby promoting net positive result. However, it is 

unknown which groups of GABAergic neurons are mediating this effect and what 

their downstream targets are. Further work is required to identify the loci of these 

maladaptive connections. 

 

Nlgn1 has similar synaptic function as nlgn2 but for excitatory synapses. It has 

been found to strongly interact with PSD-95344, to modulate NDMAR to AMPAR 

ratio361 and to recruit NDMARs to excitatory synapses362. Accordingly, reduction 

of nlgn1 significantly reduces excitatory postsynaptic current361. In our 

experiments, we observed a significant reduction in nlgn1 expression acutely at 

24hrs after BDNF i.t. injection, which suggests that excitatory synapses are 

temporarily altered by this treatment. We speculate that this observation is related 

to protection mechanisms against excitotoxicity as NDMA receptor activation 

increases intracellular calcium level, which is highly toxic to cells at high 

concentrations363. In fact, 24hr-long treatment of BDNF led to significant 

reduction of NDMA receptor, NR1 and NR2A364, expression in cerebellar granule 

neuronal culture. Hence, the loss of nlgn1 may be attributed to the synaptic 

removal of NMDA receptors after BDNF exposure but recovery of its expression 

in primed animals 7 days later, suggests that nlgn1-expression excitatory synapses 

are probably not the final targets of neuroplasticity that mediate hyperalgesic 

priming. 

 

Our most recent data showed that hyperalgesic priming can persist at least 3 

weeks after a single injection of priming insult, which suggests that pathological 

pain plasticity underlying hyperalgesic priming may involve persistent alterations 

to spinal circuitry. In this study, we discovered that hyperalgesic priming induces 

changes to spinal GABAA receptor pharmacology and persistently increases 

nlgn2-expressing inhibitory synapses, which may serve to preserve the 

neuroplasticity that mediate hyperalgesic priming. While our current findings 

suggest that these increasing inhibitory synapses are likely to be related to the 

changing GABAA receptor pharmacology because of strong biological association 

between nlgn2 and gephyrin that tethers GABAA receptor at synapses, it is 

unknown if these observations have a causal relationship. Future work is required 

to investigate the cellular substrates of nlgn2 increase and how this change may 

directly impact GABAergic biology during transition to chronic pain.  
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CONCLUSIONS AND FUTURE DIRECTIONS 
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Chapter XII 

 

Extended Discussion 

 

 

The current thesis work identifies spinal dopaminergic and GABAergic systems 

as components of spinal circuitry that underlie the maintenance of pathological 

pain states. These systems have well-described roles in pain, but their 

contributions as acute pain transitions to chronic pain have not been studied. This 

is especially true for hypothalamic dopaminergic descending neurons. The 

hypothalamus controls not only autonomic functions, but many aspects of crucial 

bodily processes, including body temperature, hunger and sleep. We find that it 

also modulates the sensory aspect of pain but only after hyperalgesic priming is 

established. This finding suggests that 1) coupling of the DA pathway to spinal 

nociceptive network takes place during the initiation of hyperalgesic priming, and 

2) the neuroplasticity underlying this coupling is persistent.  

 

While there is not enough literature on this topic for us to hypothesize how or 

why this plasticity may happen or exist, we speculate that DA plasticity is a 

coupling event between DA projections and spinal nociceptive circuitry that is 

presumably active during the initiation phase of hyperalgesic priming. The reason 

for this is two-fold. First, we found a line of evidence that suggests acute release 

of spinal dopamine365 after carrageenan i.pl. injection, which is blocked by spinal 

D1/D5 antagonist but not by D2 antagonist338. This finding suggests that DA is 

naturally released in the spinal cord during the height of peripheral inflammatory 

event, and the target receptor for this release is D1/D5 type. Second, we observed 

that injection of spinal D1/D5 agonist alone fails to establish hyperalgesic 

priming, which suggests that the activation of these receptors is required, but 

insufficient to produce priming. This is interesting because of dopamine’s known 

role in contextual learning during fear conditioning, where animals come to 

associate a cue with aversive stimulus. In this setting, loss of dopamine input to 

the hippocampus366 and striatum367 significantly reduced fear conditioning, 

suggesting that dopamine input to these structures allows for the cognitive 

coupling between the cue and aversive emotional state produced by a noxious 

stimulus. If we apply our findings to this known phenomenon, we can imagine 

that D1/D5 agonist injection may require further context in the form of an 

inflammatory event to establish hyperalgesic priming, and that activation of these 

receptors is probably not directly responsible for pain production, and instead may 

potentiate the coupled nociceptive neurons during transmission of nociceptive 

signaling.  

 

Our finding on DA modulation of pain makes it tempting for us to consider the 

GABAergic system as a possible coupling target of DA since this system was the 

only other spinal neurotransmitter system in which we saw a profound change 

after hyperalgesic priming. The modulation of nociception by GABA has been 

extensively studied at both supraspinal and spinal levels, and this is partly true for 
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DA. While the activation of subtypes of receptors of either neurotransmitter 

generally provides anti-nociception, much less is known about the potential 

interactions between DA and GABA in modulation of pain. This question is 

raised based on the clear indication that GABAergic neurons express DA 

receptors and vice versa. For example, in the striatum, where GABAergic neurons 

receive dopaminergic inputs, stimulation of D1 receptors causes GABA release, 

whereas D2 activation inhibits it391. Also, stimulation of GABAA receptors in 

nigral dopaminergic neurons have been shown to modulate their firing patterns368. 

Hence, it is conceivable that transmission between dopaminergic and GABAergic 

neurons may also occur in the spinal cord. However, the available data does not 

provide a clear relationship between the two systems. Spinal slice application of 

DA has been shown to hyperpolarize substantia gelatinosa neurons by a D2-

dependent mechanism369. The same group conducted a follow-up study using in 

vivo electrophysiology to show that application of spinal DA significantly reduced 

the firing of neurons recorded from substantia gelatinosa, upon pinching the hind 

paw of a rat327, collectively suggesting that in an acute setting, DA directly 

influences spinal cord nociceptive neurons in a D2-dependent manner. 

Interestingly, these studies observed no effects of D1 receptor stimulation, 

suggesting its lack of action in response to acute stimuli. This observation is in 

keeping with our results that D1/D5 antagonist injection in the spinal cord failed 

to alleviate mechanical hypersensitivity resultant of IL-6 i.pl. injection. However, 

more direct evidence is needed to understand if the GABAergic system does 

indeed interact with DA to mediate spinal mechanisms of hyperalgesic priming. 

 

Our DAT staining points to neurons in the intermediolateral zone of the spinal 

cord as being the central loci of the DA pathway. The identity of these targets, 

however, is unknown. The only group of well-described cells in this region is the 

intermediolateral cell column that houses sympathetic preganglionic neurons that 

exist at vertebral levels T1 through L2. These neurons are absent from the lower 

lumbar region where we inject pharmacological agents such as D1/D5 antagonist. 

Lack of choline acetyltransferase (ChAT)-expressing autonomic preganglionic 

cells in the lateral area of the spinal dorsal horn in L5 and L6 further supports the 

absence of sympathetic preganglioninc cells in the lower lumbar region370, 371. It is, 

however, well known that stimulation of nerves from lower trunk372-374 (i.e., 

sciatic, femoral and radial) or lumbar DRGs375 can induce sympathetic outflow. 

Indeed, direct injection of retrograde propagating viral tracer to DRGs in L3-L6 

produced retrograde-labeled cell bodies in L5 spinal cord376, suggesting that 

postganglionic sympathetic innervation to the DRGs is receiving indirect inputs 

from non-preganglionic spinal neurons housed in L3-L6 levels of the spinal cord. 

The viral labeling of these neurons was concentrated in the mediolateral areas of 

the spinal cord, which is similar to what we observed with DAT staining. This 

leaves the possibility of these neurons somehow feeding forward to the 

preganglionic neurons, thereby affecting the sympathetic outflow, which may in 

turn modulate nociception – perhaps similarly to the clinical condition, 

sympathetically maintained pain (SMP)53. However, dearth of literature that 

supports the existence of lower lumbar interneurons projecting to the thoracic-
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lumbar preganglionic sympathetic neurons makes it difficult to properly evaluate 

this hypothesis377.  

 

Alternatively, it is possible that these DAT-immunoreactive neurons are 

spinothalamic projection neurons. A few studies demonstrated that some 

spinothalamic (STT) projection neurons respond to spinal application of 

dopamine378-380. In one study, upon spinal application of DA, antidromically-

identified STT neurons showed reduced firing in response to noxious pinch to the 

paw 379. Also, spinal application of non-selective dopamine agonist, apomorphine, 

was shown to directly cause firing of thalamic neurons, thereby suggesting that 

STT neurons are able to respond to DA216. However, all of the available studies 

suggest that, at least in the case of acute noxious stimulus, D2 receptors are 

responsible for mediating the anti-nociceptive effect of DA in STT, whereas D1 

are not. In fact, most studies found a lack of consequences for D1 receptor agonist 

and antagonist treatments, with the exception being one study where D1 receptor 

activation was shown to be required for the development of the late phase of C-

fiber-evoked LTP322. The neurons from this study are likely to represent 

superficial dorsal horn neurons (laminae I and II), as the electrode location was 

shallow at 50-500µm in the L4-L5 region, which may include STTs. However, it 

is still unclear if dopamine plays this type of specialized role in establishing LTP 

in STTs, and that even if this is the case, we do not know if such a finding would 

be transposable to the STTs in the deeper dorsal horn, which we speculate to be 

the loci of DA-induced plasticity. 

 

Emerging lines of evidence suggest that the hypothalamus may play a more direct 

role in pain modulation than previously thought. A11 dopaminergic nucleus in the 

dorsomedial part of the posterior hypothalamus has been shown to inhibit 

nociceptive trigeminal afferents325 and reduce nociceptive transmission in the 

trigeminocervical complex381. However, it is not known what specific aspects of 

pain are controlled by the A11 system. Current thesis work suggests that these 

dopaminergic neurons are specifically responsible for the formation and 

maintenance of the pain plasticity that is critical for transition from acute to 

chronic pain states.  Given that the lesion to A11 was shown to increase both the 

nociceptive and non-nociceptive signals from the trigeminocervical complex325, 

we speculate that this is probably related to A11’s general role in trafficking of 

the sensory transmission. Therefore, activation of A11 nucleus may selectively 

modulate signal-to-noise ratio, where nociceptive input signals are amplified 

(relative to non-nociceptive inputs) during the activation of A11 circuitry, thereby 

contributing to escalation of the nociceptive signal. Future work is required to 

understand the exact molecular mechanisms through which DA induces 

nociceptive plasticity, as well as to evaluate its significance and relevance to pain 

biology and, possibly, as a therapeutic target.  
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Conclusions 

 

The major findings of this thesis work point to the unique changes to nociceptive 

circuitry specifically as acute pain transitions to chronic pain. We discovered that 

while spinal dopaminergic projections do not participate in mediating the pain 

response induced by acute peripheral inflammation, they are required for the 

establishment and expression of the pathological pain plasticity that allows for 

preservation of hyper-responsiveness of the nociceptive circuitry. This plasticity, 

at least in the spinal cord, induces restructuring of inhibitory nlgn2 synapses that 

likely contribute to the disturbance of inhibitory GABAergic neurotransmission in 

primed animals. This finding highlights the fundamental difference between the 

mechanisms underlying acute and chronic pain; these states have distinctly 

different neurological mechanisms, and more effective corrective interventions 

can only come from targeting disease-specific components. Future work on 

elucidating the mechanisms underlying DA-induced pain plasticity would provide 

much-needed insight to advance our understanding of the underlying 

pathophysiological mechanisms of chronic pain. 
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Future Directions 

 

At this point, the most interesting question that remains concerns the loci of DA 

innervation. Tracing studies suggest that hypothalamic projections terminate in 

the intermediolateral part of the spinal cord, which is in agreement with our DAT 

staining data. In order for us to better understand the downstream targets of DA, 

we will first need to tease apart D1 from D5, and determine if either (if not both) 

is responsible for mediating hyperalgesic priming. Publicly-available GENSAT 

database suggests that the D5 receptor in the spinal dorsal horn shows 

significantly higher expression when compared to that of the D1. Additionally, 

based on morphology, the receptors are predominantly expressed by neurons382. 

We can confirm this via immunostaining and selecting the receptor type that best 

correlates with DAT co-staining. Alternatively, D1- or D5-GFP reporter 

transgenic mice can be used to identify and profile the D1- or D5-expressing 

spinal neurons. We can sort spinal cord cells using flow cytometry to select GFP-

positive spinal neurons, and then perform transcriptome profiling of these cells. 

This will allow us to understand their expression profiles in great depth. Also, we 

can use these animals to investigate electrophysiological properties by applying 

various pharmacological agents and observing their behavior. These experiments 

will allow us to better understand and characterize spinal substrates of DA 

projection. 

 

The potential relationship between DA and GABA has to be investigated. A 

wealth of literature suggests that these two types of neuronal populations interact 

extensively in many parts of the brain. For example, stimulation of D1/D5 

receptors has been shown to facilitate GABA release from VTA383 and 

striatonigral neurons384. This relationship, however, has never been observed in 

the spinal cord, likely due to a much smaller dopamine presence. Our finding 

clearly shows changes to the GABAergic system after priming, but we do not 

know if this is due to direct DA action on these neurons. It is conceivable that DA 

stimulation of GABA neurotransmission may lead to strengthening of the target 

inhibitory synapses, which may account for the upregulaton of nlgn2 expression 

and the reversal of priming upon reduction of this protein expression. Addressing 

these questions would aid our understanding of both GABAA receptor biology, 

and how dopaminergic and GABAergic systems interact in the spinal cord.  

 

Studying the upstream circuitry that activates descending dopaminergic neurons 

in A11 is also critical in order to better understand the higher brain structures that 

are involved in this type of pain plasticity. The posterior dorsomedial 

hypothalamus, including A11, receives inputs from the spinal cord70, 385, NAc386-388, 

the paraventricular nucleus of the hypothalamus (PVN)389, and several potine 

nuclei390. It is important to note that: 1) these afferents to A11 are rather weak, 

and 2) it is unclear which input(s) to A11 is actually responsible for activating the 

descending dopaminergic projections to the spinal cord. Lack of prominent 

afferent feed into A11 may suggest that more than one brain area is involved in 

the activation of A11 neurons. Uncovering this pain circuitry would help us better 
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understand the true nature of this pain plasticity – more specifically, if 

hypothalamic dopamine recruitment is the product of sensory maladaptive 

learning or emotional learning that helps to powerfully reinforce aversion toward 

noxious stimuli.  
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