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ABSTRACT OF THE DISSERTATION 

 

Spinal Toll-like Receptors and Nociceptive Processing  

 

by 

 

Jennifer Ann Stokes 

 

Doctor of Philosophy in Biomedical Sciences 

 

University of California, San Diego, 2013 

 

Professor Tony L. Yaksh, Chair 

 

Chronic pain affects billions and bilions of people worldwide and its underlying 

mechanisms responsible are vast and poorly understood. Both neural and immune 

mechanisms play a role in the development and maintenance of chronic pain. Toll-

like receptors (TLRs) are a family of receptors that play a key role in the innate 

immune system, many of which are associated with foreign bodies or genomic 

material derived from pathogens. Additionally, TLRs are also activated by 

endogenous cell components secondary to cell death, endocytosis, and inflammatory 
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tissue damage. Although TLRs are widely known to play a role in the response to 

infectious processes, current work indicates the presence of endogenous TLRs in the 

nervous system, particularly on non-neuronal, glial cells. These non-neuronal, glial 

cells are mechanistically involved in regulating local system excitability secondary to 

high intensity afferent input and nerve injury. This organization suggests that TLRs 

may play a role in mediating spinal sensitization initiated by peripheral stimulation. I 

aim to characterize the role of spinal TLRs and define their contribution to the spinal 

processing of nociceptive information. Organizing hypothesis: Following nerve injury, 

the activation of TLRs contributes to spinal sensitization due to their direct activation 

of non-neuronal cells and the resulting release of central pain mediators. Additionally, 

TLRs and their signaling intermediaries, or adaptor proteins, determine the recovery 

pathway after initial insult. 

To investigate the above hypotheses, I will utilize both in vitro and in vivo 

models and will undertake experiments to address three primary aims: (1) Determine 

which TLRs present on primary astrocyte and microglial cells initiate glial activation, 

as assessed by cytokine and interferon release; (2) Determine the role of spinal TLRs 

in the facilitated pain state and the contribution of specific TLR adaptor proteins 

following acute pain; (3) Establish the role of TLR activation in the associated 

hyperalgesia produced by peripheral nerve injury, and assess glial activation and 

contribution of adaptor proteins to this hyperalgesic state. Taken together these 

studies will define the role of the several TLRs in regulating dorsal horn excitability 

leading to behaviorally defined changes in pain processing.  
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Chapter 1 

General Introduction 

1.1 Significance  

Chronic pain is an increasingly complex problem affecting billions of people 

worldwide, placing a financial burden on the medical system [71,111]. Living with a 

chronic pain condition greatly diminishes one’s quality of life and can lead to constant 

suffering, loss of employment, increasing frustration regarding failed treatment, 

depression, and even suicide [49,162]. Major peripheral nerve injuries such as spinal 

nerve trauma, diabetic neuropathy, or surgical procedures can lead to persistent pain 

states [12,73,81,177]. The exact mechanisms behind the transition from the initial 

nerve injury to a persistent pain state are unknown. While the peripheral injury site 

and inflammation are definitely part of the pain state, chronic inflammation of the 

peripheral injury site and constant activation of the central terminals lead to 

organizational and functional changes of the dorsal horn terminals, primary afferents, 

and DRG cells [75,148,176]. Here we investigate the role of, and present evidence 

for, known innate immune response receptors, the Toll-like receptors, in mediating 

this transition. 

Treatments for chronic pain conditions span a wide range. Opioids, within the 

appropriate dose range, are a common clinical choice for treatment of pain due to 

their ability to temporarily alleviate the pain, without altering normal sensory input 

[145]. Unfortunately, opioids only temporarily “mask” the pain and chronic usage 

requires the patient to increase the dose in order to maintain the same degree of pain 

relief, resulting in addictive properties and, as a result, prescription opioid abuse is a 

serious problem [66,94,173]. More recently, agents that target traditional 
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proinflammatory cytokines, such as TNF, have proven to be very effective in the 

treatment of pain associated with chronic arthritic conditions. These treatments offer 

modest relief of both the pain and movement impairment, while primarily affecting the 

peripheral component of the disease [22,96,149]. But, regardless of therapeutics 

targeting both the central pain signals and the inflammatory process, pain is still a 

significant problem.  

With chronic pain still present as a persistent problem despite treatment and 

most therapeutics aiming merely to “mask” the pain, it is critical that we develop a 

better understanding of the events taking place during, and after, nerve injury that 

contribute to this chronic pain state. This thesis aims to contribute to the 

understanding of this complex problem, by focusing on the role of Toll-like receptors 

and non-neuronal cells. The goal of this research is to provide greater insights into 

these mechanisms hopefully leading to better chronic pain therapeutics.  

 

1.2 Central nociceptive signaling  

 The pathways that transmit information about noxious or painful stimuli to the 

brain are complex. There is the sensory discriminative component, which signals 

location and intensity of the stimulus and there is the affective-motivational 

component, which signals the unpleasant quality of the noxious experience, enabling 

autonomic activation (fight-or-flight reaction). The sensory discriminative component 

will be the major focus for the following discussion regarding nociceptive signaling.  

 The pathways responsible for this discriminative component begin with 

peripheral sensory neurons, including their cell bodies the dorsal root ganglion 

(DRG), whose central axons then extend to the spinal cord via the dorsal roots. Thus, 
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these primary afferent fibers originate in the periphery and terminate in the spinal 

cord. Nociceptors are afferent fibers that are activated by high intensity thermal, 

mechanical, or chemical stimuli, which threaten the integrity of the tissue and, in a 

normal person, would result in the initiation of a “painful” sensation. Nociceptors are 

categorized based on the caliber of the axons associated with them. The Aα/β fibers 

are myelinated large diameter fibers (>10µM, in humans) and are typically low 

threshold, mechanoreceptors responding to light touch, but about 20% of these 

receptors do transmit nociceptive information [31]. Axons conveying information 

about pain fall into either the Aδ group of thinly myelinated medium (2-6µM, in 

humans) diameter fibers, or the unmyelinated C fiber group of thin (0.4-1.2µM, in 

humans) diameter. Thinly myelinated, faster-conducting Aδ fibers respond to 

dangerously intense mechanical stimuli as well as noxious heat stimuli. Unmyelinated 

C fibers respond to thermal, mechanical, and chemical stimuli [41,140,163]. 

 Nociceptors serve the purpose of signaling a potentially harmful situation so 

that the organism will remove itself from the noxious stimuli to avoid dramatic tissue 

injury. In this process, peripheral nociceptors, located on the distal terminals of 

primary sensory neurons detect high intensity stimuli, activating spinal and 

supraspinal circuits mediating withdrawal from the stimulus to prevent tissue damage 

[75]. In this event, the initial nociceptive pain and the physiological reactions following 

the acute peripheral stimulus are transient and beneficial to the organism in order to 

prevent damage [148,178]. In contrast, in the case of pathological pain resulting from 

nerve injury, there are changes at the level of the DRG and spinal cord, which alter 

the signaling pathway, so as to cause miscoding of innocuous stimuli as nociceptive 

and to magnify the nociceptive pain transmission [98,120]. 
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Nociceptive primary afferent fibers terminate in the superficial dorsal horn 

(lamina I and II), while large afferents typically terminate in deeper lamina. Superficial 

neurons are frequently “nociceptive specific”, while the deeper neurons, in lamina IV 

and V, respond to both high and low threshold stimuli. These latter neurons normally 

respond in a frequency dependent fashion, where increasing stimulus intensity is 

encoded by the activated cells, resulting in proportionally increasing discharge [120].  

 
1.3 Central sensitization 

 Central sensitization is the activity-dependent increase in the excitability of 

neurons in the dorsal horn of the spinal cord. Wide-dynamic range neurons in the 

dorsal horn normally respond in a stimulus-dependent fashion to the activation of C 

fibers. But, repetitive stimulation of these C fibers, usually following peripheral nerve 

injury and/or chronic inflammatory events, results in enhanced neurotransmitter 

release in the central terminal, due to enhanced primary afferent stimulation As a 

result, there is an enhanced response by the second order neurons by what would 

normally be considered sub-threshold activity, altering the behavioral response 

[17,115,147]. As a result, stimuli that under normal conditions would be low-threshold 

and innocuous, such as a light brushing of the skin, results in a painful sensation 

(allodynia). Additionally, hyperalgesia, or an exaggerated pain response following a 

usually mild pain sensation can also result from this phenomena [28,52,147,180]. 

 Central sensitization results from a variety of events including local circuits 

and glial cell activation (Figure 1.1). Primary afferent neurons release glutamate and 

substance P into the synaptic cleft. These neurotransmitters lead to an increase in 

intracellular calcium of the second order neuron due to NMDA and AMPA receptor 

activation, as well as NK1 receptor activation. Excessive intracellular calcium results 
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in phosphorylation of membrane voltage sensitive sodium and calcium channels, via 

activated kinases, which decreases their thresholds for activation [52,100]. 

Additionally, glial cells are activated secondary to both peripheral tissue and nerve 

injury. Due to the products released by glial cells following activation (cytokines, nitric 

oxide, etc) they are believed to be involved in central sensitization and the resulting 

hyperalgesia [113,169,171]. This is supported by the fact that spinal administration of 

the glial inhibitors minocycline and propentofylline reverses chronic pain in animal 

models [62,116,138,146]. 

 
1.4 Role of glial cells in central sensitization 

 More recently the focus has shifted from the role of neurons in chronic pain to 

non-neuronal, specifically CNS glial cells which out number neurons ten to one. 

Microglia and astrocytes are key mediators of the CNS immune response to nerve 

inflammation, injury, and clearing cellular debris. Astrocytes, originally derived from 

neural stem cells, are the most prevalent of the glial cells and provide functional and 

structural support of the blood brain barrier [4]. Microglia make up only 15% of CNS 

total cells and are derived from myeloid precursors [39,42,129].  

 Both, astrocyes and microglia contribute to immune function through the 

detection and release of proinflammatory mediators involved in chronic pain 

[7,8,26,112,118,170]. Additionally, following peripheral tissue injury there is an 

increased expression of specific glial markers and distinct morphological changes in 

glial cells, which are indicative of increased activity [26,159]. Microglia activation can 

also be characterized by an increase in phosophorylated p38 (p-p38) and, following 

peripheral injury/inflammation there is an increase in p-p38 and blockade of spinal 

p38 function reverses hyperalgesia [62]. The time-course of glial activation indicates 
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that they respond early to tissue injury and inflammation (minutes to hours), thus 

contributing in a major way to the local events responsible for the post-tissue injury 

hyperalgesic state [29,69,137]. 

 Microglia and astrocytes are also involved in the synaptic changes that occur 

during central sensitization. Specifically, these glial cells secrete excitatory products, 

such as lipid mediators, cytokines, and superoxides, which enhances the extracellular 

concentrations of neurotransmitters such as glutamate [112]. There is also evidence 

of microglial “priming”, meaning that once activated microglia do not return to a 

completely inactive state, as characterized by an increase in cell-surface antigens. In 

this “primed” state, microglia respond more rapidly, and to a greater degree, to a 

second “trigger” stimulus [36,37]. This exaggerated state could lead to excessive 

nerve or tissue damage following tissue injury or insult by contributing to neuronal 

hyperexcitability.  

 There are various receptors on microglia and astrocytes that can lead to their 

activation. Notably are the Toll-like receptors (TLRs), which respond as part of the 

innate immune system.  

 

1.5 Toll-like Receptors 

 As noted above, TLRs are present on glial cells, making them a prime 

candidate for involvement in central sensitization. In this section, TLRs will be 

discussed at length to bring their structure, complex pathways, and signaling products 

in focus so that their contribution to chronic pain might be better understood (Figure 

1.3).  
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1.5.1 TLR basic structure and function 

Toll-like receptors (TLRs) are a family of receptors, which play a key role in 

the immune system via recognition of multiple pathogen-associated molecular 

patterns. TLRs sense pathogens and provoke adaptive response, recognizing 

structurally conserved molecules derived from:  damage products, microbes, viruses, 

bacteria cell walls, flagella, etc (Figure 1.2). TLR activation results in activation of NF-

κB and MAP kinase, and induction of IFNs via many downstream pathways [2,3,79]. 

There are 14 known TLRs and they function as both homo- and hetero-dimers. They 

have distinct expression patterns within cells: TLRs 1/2, 2/6, 4, and 5 are found on 

the cell membrane, while TLRs 3, 7/8, and 9 are found on cell endosomes.  

TLRs are predominantly expressed in tissues involved in immune function 

(macrophages, neutrophils, etc), but they are also found on glial cells (microglia and 

astrocytes) in the central nervous system (CNS). TLR expression on glial cells also 

varies, in that microglia express almost all TLRs, while astrocytes predominately 

express TLR2 and TLR3 in comparison to the other TLRs [10,11,70]. Expression of 

TLR3 by brain neurons [97,133], and TLRs 3, 4, 7 and 9 in dorsal root ganglia (DRG) 

[5,135] has been reported, suggesting that even in the absence of glial cells, neurons 

can sense the presence of TLR ligands. Cultured mouse DRGs stimulated with TLR 

ligands augment their expression of proinflammatory chemokines and cytokines, and 

of the transient receptor potential vanilloid type 1 receptor [135]. This is important 

because the DRGs contain the cell bodies of primary afferent neurons, including 

those associated with the pain pathway (A-delta and C-fiber neurons).  

 

1.5.2 TLR signaling cascade and adaptor proteins 
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While the end result of TLR activation is very similar across the TLR 

population (either proinflammatory cytokine or interferon induction), recent studies 

indicate that the signaling intermediates vary slightly between the key TLRs. As 

depicted in Figure 1.3, Toll-interleukin 1 receptor (TIR) domain-containing adaptor 

protein, TIRAP (an adaptor for TLR2 and TLR4) [56,57] and TIR-domain-containing 

adapter-inducing interferon-β, TRIF, (an adapter for TLR4 and TLR3) signaling are 

divergent pathways of the TLRs [46,123]. Both of these signaling intermediates 

(TIRAP and TRIF) activate different pathways (proinflammatory cytokines and 

interferons, respectively) [110]. The proinflammatory (MyD88-dependent) activation 

pathway, common to all TLRs except TLR3, leads to the activation of NF-κB, leading 

to the production of pro-inflammatory cytokines such as TNF-α, and IL-1. The MyD88-

independent pathway results in the production of type I interferons. While Type I 

interferons (e.g. IFNα, IFNβ) are involved in the response against viral infection (via 

TLR3, 7, 8 and 9 activation) through macrophage stimulation. Thus, TLR activation, 

through both the MyD88-dependent and MyD88-independent pathways, leads to a 

wide-rage of effects, all of which may be important in the role of TLRs and pain 

signaling. 

 

1.5.3 TRIF pathway and IFNs 

TRIF is common to TLR3 and TLR4 and functions through IRF-3 to induce 

type I interferon production, specifically IFNβ [46,56,57,123,166]. While the TRIF 

pathway (downstream of TLR3 and TLR4) can eventually induce NFκB and lead to 

proinflammatory cytokine production, this is not the preferred sequence [127,182]. 
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TLR3 and TLR4, which are unique to TRIF and IRF3 are similar to TLR7 and TLR9 in 

that they also produce type 1 interferons, but through MyD88 and IRF7 (Figure 1.3). 

In regard to spinal IFN actions, the role of type I interferons is complex. For 

example, a distinct domain of IFNα has been shown to interact with the µ-opioid 

receptor, mediating an analgesic effect [74,168]. And while, IT IFNα inhibited CFA-

induced inflammatory hypersensitivity [160], IFNα reportedly also enhanced excitatory 

transmission [136]. Others have shown the importance of IFNβ in suppressing 

inflammation and reducing proinflammatory cytokine levels in lung inflammation, 

ulcerative colitis, and multiple sclerosis [25,106,107,154]. The suppressive effects of 

IFNβ might only occur in the introductory phase of a disease, and in the later phases, 

IFNβ might be more likely to increase proinflammatory cytokines [80]. Following IFNβ, 

proinflammatory cytokine upregulation has been reported [80]. The presented work 

aims to more clearly define the roles of the TLR adaptor protein pathways that lead to 

IFNα and IFNβ production in response to nerve injury and inflammation.  

 

1.6 Role of TLRs in nerve injury induced pain 

Now that the TLR structure and signaling pathway has been discussed, the 

focus will switch to how these receptors can mediate central pain signaling. In the 

pain field, TLRs have recently become noticed due to their aforementioned 

expression on glial cells, since glial activation after nerve injury plays a role in 

maintenance and initiation of neuropathic pain [101,137]. Peripheral nerve injury 

leads to both peripheral and central glial activation, and block of central glial 

activation reduces the pain state [62]. The presence of TLRs on these glial cells, 

suggests that TLRs may play a role in mediating spinal sensitization initiated by 
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peripheral stimulation [103]. Current research shows the importance of TLR signaling 

in neuropathic pain and arthritic models [15,22,54,64,86].  

Interestingly the TLR pathway has been shown to play a role in post injury 

hyperalgesia [45,102,135,146]. Specifically, TLRs present on spinal microglia and 

astrocytes mediate neuro-inflammatory interactions through the production of 

proinflammatory cytokines, leading to an enhanced response in the event of 

neuropathic injury [29,45,87,125,150]. 

 

1.7 Endogenous ligands of TLRs 

In an injured system there are endogenous ligands present, which activate 

TLRs contributing to the enhancement of transmission in the central terminal. 

Endogenous ligands include heat-shock proteins (HSP), necrotic cells, and 

extracellular breakdown products. TLR2 and TLR4 are activated by products resulting 

from intracellular components, extracellular-matrix components, and even modified 

lipids or lipoproteins [32]. Recent work shows the activation of TLR3 in the presence 

of tissue necrosis and endocytosis of damaged cells, due to the presence of mRNA 

released from necrotic cells [16,76,77]. Taken together, the study of the role of 

endogenous ligands in an injured system, specifically neuronal injury, will help the 

understanding of the function of these TLRs in neuropathic pain.  

 

1.8 Objectives of the Dissertation 

 The objectives of this dissertation are centered on the following hypothesis:   

TLRs contribute to spinal sensitization initiated by nerve injury, due to their 

direct activation of non-neuronal cells and the resulting release of central pain 
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mediators. Additionally, signaling intermediates, or adaptor proteins, of the TLR 

receptors determine the recovery pathway after the initial insult.  

 To address this hypotheses there are three specific aims, outlined below: 

 

Aim 1: TLRs present on primary astrocyte and microglial cells directly 

contribute to glial activation, as defined by cytokine release.  

While it is known that TLRs are present on both microglia and astrocytes, I 

wanted to confirm the activation of these glial cells in the central nervous system 

(CNS) following TLR activation. Through the use of primary cultured astrocytes and 

microglia from the rat spinal cord, I will investigate the role of the TLR receptors on 

glial activation specifically in the CNS. Inflammatory cytokine, TNF, release as well as 

Interferon-β release in the media samples will be measured. Measuring the activation 

of the primary cells post-TLR agonist addition will produce an activation profile for 

each TLR receptor, aiding in the selection of the most prevalent TLRs present in the 

CNS for further study.  

 

Aim 2: Central activation of TLRs contributes acutely to a facilitated pain state 

and specific TLR adaptor proteins determine recovery after initial insult.  

Intrathecal (IT) injection of TLR agonists allows specific activation of spinal 

TLR receptors, many of which are on glial cells. Following activation, nociceptive 

thresholds will be tested, thereby defining the role of different spinal TLRs on spinal 

nociceptive processing. TLR knock-out mice will be used to confirm the specificity of 

the agonists used. Additionally, TLR2, TLR3, and TLR4, have two key adaptor 

proteins in common TIRAP (TLR2 and TLR4) and TRIF (TLR4 and TLR3). Mice 
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unable to signal through either TIRAP or TRIF will be used to assess their role in this 

cascade as activated by the several TLRs.  

 

Aim 3: The activation of non-neuronal cells and the associated hyperalgesia 

produced by peripheral nerve injury is regulated by the expression and activation of 

TLR receptors. 

Given what we know of the role of glial cells in neuropathic pain, I will 

investigate the contribution of TLRs in glial activation during nerve injury. The L5 

Spinal Nerve Ligation (SNL) model will be used to induce a neuropathic injury and 

chronic pain-like behavior. TLR knock-out mice, and those deficient in specific 

adaptor protein signaling, will be used to assess their phenotype following SNL. Glial 

activation will also be assessed, as well as markers for nerve injury through immuno- 

fluorescent staining.  

 

The following written document follows the aforementioned order, beginning 

with chapter 2, which validates the intrathecal drug injection model used throughout 

the studies, and provides our first in vivo evidence for a role of TLRs in nociception. 

Chapter 3 addresses Aims 1 and 2, combining the cell culture studies and IT TLR 

agonist studies. Chapter 4 addresses Aim 3 and focuses on the role of TLRs in a 

neuropathic pain model. Chapter 5 brings this dissertation to a close with a final 

discussion and future directions for these investigations.  
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Figure 1.1 Factors contributing to central sensitization. Central sensitization is 
the result of various mechanisms, which include local central circuits and glial cell 
activation. Primary neurons release glutamate and substance P from the central 
terminal into the synaptic cleft, which lead to an increase in intracellular calcium of the 
second order neuron due to NMDA and AMPA receptor activation, as well as NK1 
receptor activation. Excessive intracellular calcium phosphorylates membrane voltage 
sensitive sodium and calcium channels, via activated kinases, which decreases their 
thresholds for activation. Additionally, glial cells are activated and following activation 
they release various products (cytokines, nitrous oxides, etc), which also activate 
neighboring neurons. Thus, glia are also believed to be involved in central 
sensitization and the resulting hyperalgesia. 
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Receptor Ligand 

TLR1/2 Bacteria 

TLR2 Bacterial cell wall (Gram+/-) 

TLR3 Viral, dsRNA (Poly(I:C)) 

TLR4 Gram- bacteria (LPS) 

TLR5 Flagellin, Gram+/- bacteria 

TLR6/2 Bacteria 

TLR7/8 Viral, ssRNA 

TLR9 CpG-DNA, microbial 

 

Figure 1.2 TLR ligands. TLRs play a key role in the immune system, via recognition 
of multiple pathogen-associated molecular patterns. TLRs sense pathogens and 
provoke adaptive response, recognizing structurally conserved molecules derived 
from:  damage products, microbes, viruses, bacteria cell walls, flagella, etc. 
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Figure 1.3 TLR pathway and key adaptor proteins of interest. This figure 
highlights the key TLRs and their relevant pathways in this dissertation. TLR2, 4, and 
5 are found on the cell surface, while TLR3, 7, and 9 are on cell endosomes. MyD88 
is a key adaptor protein for all TLRs except TLR3. TIRAP is exclusive to TLR2 and 
TLR4. Its activation leads to proinflammatory cytokine release. TRIF is restricted to 
TLR3 and TLR4, resulting predominantly in type I interferon production. 
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Chapter 2 

Transient tactile allodynia following intrathecal puncture in mouse: 

contributions of toll-like receptor signaling 

 

2.1 Introduction 

Intrathecal (IT) injections allow for the direct and anatomically limited 

introduction of agents to the spinal cord. This approach permits the assessment of 

the pharmacology of the physiological and behavioral effects mediated by spinal 

systems in the intact animal [181]. Preclinical work utilizing this technique has 

particularly led to an understanding of complex mechanisms involved in pain 

processing and the development of drugs for spinal use in humans. Benefits of IT 

injections include a decrease in the effective dose required, and the prevention of 

unwanted side-effects that result from systemic administration and drug accessibility 

to other organs [48]. IT injections are usually administered by catheter implantation in 

larger animals (rats, dogs), but in smaller species (mice) IT injections are performed 

with acute lumbar puncture [67,142]. Here the needle is slowly inserted between the 

lumber vertebra L5 and L6 and then advanced, eliciting a tail flick when passing the 

dura, indicating contact with an intradural nerve root [67]. While the procedure can be 

undertaken in unanesthetized mice [67,68,142], the use of short lasting volatile 

anesthesia can aid in this procedure by allowing the investigator more time to locate 

the injection area and reduce the stress of restraint [43,44,142]. 

The procedure has several complicating variables.  First, volatile anesthetics, 

introduce a drug variable into acute experiments. Several reports suggest that 

isoflurane has both analgesic and hyperalgesic affects depending on the 
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concentration used [35,89,143,190].  The hyperalgesic effects are most often 

reported following low concentrations of isoflurane [34,35,89,143].  Secondly, the 

needle insertion as noted involves the direct activation of the nerve root (the tail flick) 

signaling successful entry into the intradural space [67].  

In the course of work examining the role of spinal Toll-like receptors (TLR) we 

made the unexpected observation that in the early period after anesthesia and sham 

injection there was a robust tactile allodynia that persisted for about 4 hours. We 

sought to characterize this effect and found an involvement of spinal TLR signaling.  

 

2.2 Materials and Methods 

2.2.1 Animals  

All animal experiments were carried out according to protocols approved by 

the Institutional Animal Care and Use Committee of the University of California, San 

Diego (under the Guide for Care and Use of Laboratory Animals, National Institutes of 

Health publication 85-23, Bethesda, MD, USA). Mice were housed up to four per 

standard cage at room temperature, maintained on a 12-hour light/dark cycle (light on 

at 07:00h). Testing was performed during the light cycle. Food and water were 

available ad libitum. C57BL/6 mice (male, 25-30g) were purchased from Harlan 

(Indianapolis, IN). To study the role of the TLR receptors, we repeated these studies 

in mice deficient in MyD88 and TRIF. The MyD88 protein is involved in the pro-

inflammatory activation pathway and is common to all TLRs except TLR3, while the 

TRIF pathway results in the production of type I interferons and is shared by only 

TLR3 and TLR4. The Myd88-/- mice were a kind gift from Dr. S. Akira (Osaka 

University, Japan) and were backcrossed for over ten generations onto the C57Bl/6 
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background. Triflps2 were a gift from Dr. B. Beutler (The Scripps Research Institute, La 

Jolla, CA) and were directly generated on the C57Bl/6 background. These two strains 

were intercrossed to generate Myd88/Triflps2 mice.  

 

2.2.2 Intrathecal (IT) Saline Injection, IT Sham, and Isoflurane Control Treatment  

Intrathecal needle placement procedure for the IT saline and IT sham 

treatment was performed as previously described [67] with modifications outlined in 

the following description. Mice were briefly induced with 3% isoflurane (with 2% 

Oxygen and 2% room air) in a chamber until a loss of the righting reflex was 

observed (about 3 minutes). The mouse was then shaved on the lower back to help 

visualize the lumbar region, and placed in a nose cone for continued isoflurane 

administration during the procedure. At no time during the procedure did the animal 

show respiratory arrest. A 1” 30-gauge needle attached to a 50µL Hamilton syringe 

was inserted between the L5 and L6 vertebrae, evoking a flick of the tail. Tactile 

thresholds were measured using the up-down application of von Frey hairs along the 

following time course: 0 (baseline), 30-, 60-, 90-, 120-, 180-, and 240-minutes, and 

24-hours after needle penetration and/or anesthesia. Following recovery from 

anesthesia, as evidenced by a vigorous righting reflex and spontaneous ambulation, 

typically around 1-2 minutes, mice were evaluated for motor coordination and muscle 

tone. 

Both mouse groups (C57Bl/6 and Myd88/Triflps2) received the following three 

treatments: i) Intrathecal saline (vehicle). Following IT needle placement, 5µL of 

sterile 0.09% saline was slowly injected over 30 seconds. The animal was then 

withdrawn from the nose cone and allowed to ventilate with room air. ii) IT Sham. For 
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the IT sham injection groups, the same procedure was followed as above except the 

needle was simply held in place for 30 seconds to simulate the injection time. iii) 

Anesthesia alone. The isoflurane control treated mice received 3 minutes of 3% 

isoflurane  (with 2% oxygen and 2% room air) in a chamber, followed by transfer to 

the nose cone used for the IT sham procedure. The mouse received isoflurane via 

the nose cone for another minute to simulate the same amount of time under 

isoflurane for the IT sham procedure and then withdrawn form the nose cone and 

allowed to ventilate with room air. 

 

2.2.3 Behavioral tests 

Mechanical sensitivity was assessed using the von Frey up-down method. 

Filaments with values ranging from 2.44 to 4.31 (0.03g to 2.00g) were applied to the 

paw as previously described [19]. The 50% probability withdrawal threshold (in 

principal, the calculated force to which an animal reacts to 50% of the presentations) 

was recorded. Mechanical values for both the paws were measured and averaged to 

produce a single datum point per time point per animal. 

 

2.2.4 Statistics 

Data are presented as group mean ± SEM. Tactile threshold time course 

curves (plotted as the mean ± SEM vs. time after treatment) were analyzed with a 

one-way analysis of variance (ANOVA) with repeated measures over time, followed 

by Dunnett’s post hoc test to compare each time point to the same group’s baseline. 

For Figure 3, hyperalgesic indices were calculated for each mouse. The hyperalgesic 

index is the area under the time course curve after treatment, in which the percentage 
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change from baseline threshold is plotted against time. This is calculated as follows: 

100 × ((baseline threshold − treatment threshold)/(baseline threshold)) and presented 

as group mean ± SEM. Hyperalgesic index was first analyzed within each mouse 

strain via one-way ANOVA followed by Dunnett’s post hoc test to the appropriate 

control (no treatment group). Second, to compare between the two mouse strains, a 

2-way ANOVA and Bonferroni post hoc test was used comparing mouse group and 

treatment. All analyses employed Prism statistical software, CA, USA. 

  

2.3 Results 

 To test the effect of the intrathecal (IT) injection procedure on baseline 

thresholds C57Bl/6 mice were anesthetized with isoflurane and underwent an IT 

injection receiving 5µL of saline (Figure 2.1A).  A second group of mice received the 

IT needle placement but no injection (IT sham) followed by mechanical threshold 

testing with von Frey hairs (Figure 2.1B). Tactile threshold testing of untreated 

C57Bl/6 mice for 4 hours did not produce any significant changes in tactile 

thresholds. After anesthesia and IT saline, a significant drop in the tactile threshold 

(tactile allodynia) was observed at the earliest time point examined and lasted up to 4 

hours (Figure 2.1A). This IT saline effect was not different from that observed in the IT 

sham group (Figure 2.1B). No animals undergoing either the IT saline or sham 

displayed any detectable change in ambulation or behavioral signs such as failure to 

bear weight or paw cupping. 

To assess the effect of transient exposure to isoflurane alone in the tactile 

thresholds, C57Bl/6 mice were exposed to isoflurane for the same amount of time 

and at the same concentrations as the mice that underwent the IT sham procedure 
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(Figure 2.1C). Here, we observed a transient decrease in tactile thresholds up to one-

hour post isoflurane exposure.  

To assess the role of TLR signaling in the allodynia initiated by the anesthesia 

and the sham injection, Myd88/Triflps2 mice were subject to the same IT saline, IT 

sham, or isoflurane alone treatment followed by the same time course of tactile 

threshold testing (Figure 2.2). Importantly, the tactile thresholds of untreated 

Myd88/Triflps2 animals did not differ from the C57Bl/6 mice. The brief allodynia, lasting 

around one hour observed following isoflurane anesthesia alone was unaltered in the 

Myd88/Triflps2 (Figure 2.2C). In contrast, the longer lasting allodynia, observed after 

the IT saline and IT sham in C57Bl/6 mice, was reduced to that observed after 

anesthesia alone in the Myd88/Triflps2 mice (Figure 2.2A and 2.2B). Analyzing these 

data using the hyperalgesic index produced identical results (Figure 2.3). 

 

2.4 Discussion 

In the present work, we show that during the hour following recovery of the 

mouse from a brief period of light isoflurane anesthesia a moderate, but significant, 

tactile allodynia was observed. Following the same protocol, the IT injection of saline 

through a 30-gauge needle resulted in a 4-hour tactile allodynia. The magnitude of 

the effect was identical to that observed after the simple intradural placement of the 

needle. This observation suggests that the critical variable regulating the extended 

allodynia was neither the anesthetic nor the injection of the saline vehicle, but the 

simple intradural insertion of the needle. The intradural placement of the needle is 

commonly accompanied by a brisk flicking of the tail, which is considered to be a 

positive marker for dural penetration of the needle [67,142]. This motor response 
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elicited by placement of the needle at the L5-L6 vertebral interspace reflects the 

contact with nerve roots and not the spinal cord. As these spinal nerves are mixed 

motor/sensory nerves, the needle-evoked flick likely represents a combination of 

activation of sensory and motor axons. Given those circumstances, allodynia is not 

surprising as the acute activation of high-threshold sensory afferents will initiate 

spinal facilitatory processes, which likely account for the observed tactile allodynia 

[90]. Though the animal is anesthetized, afferent-evoked spinal sensitization has 

been routinely demonstrated in animals anesthetized with volatile anesthetics 

[30,184]. Previous work, with intentional needle sticks of the tibial nerve, has shown 

the development of evident and persistent tactile allodynia in animals [91,153]. As the 

effects observed here were transient, and there were no signs of motor impairment, 

significant nerve injury by the point of the 30-gauge needle appears unlikely. In 

humans, acute intradural needle sticks are known to produce evident and often-

transient painful sensations mediated by contact with the spinal nerve root, though 

persistent pain states in humans have also been reported [1,55,132].  

It is important to note that the volatile anesthetic itself had a clear but transient 

effect. The origin of this transient allodynia is not clear. Several reports suggest that 

isoflurane has both analgesic and hyperalgesic affects depending on the 

concentration of isoflurane used [35,89,143,190].  The hyperalgesic effects are most 

reported following low concentrations of isoflurane [34,35,89,143]. Excitatory events 

are commonly observed with emergence from volatile anesthetic, which may have 

parallels in the present observations.    

Whatever the mechanism, the prominent finding in the present work was the 

unexpected observation that the block of TLR signaling had no effect upon the 
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allodynia observed immediately after anesthetic recovery in a normal animal, but 

prevented the delayed allodynia that occurred after the intradural needle stick. The 

extended tactile hyperalgesia observed in the C57Bl/6 mice but not the Myd88/Triflps2 

mice indicates that innate inflammatory cell signaling occurred following a needle 

stick into the intrathecal space that elicited a tail flick, but not following the anesthetic 

recovery, since Myd88/Triflps2 mice are unable to signal via IL-1, IL-18 and the Toll-

like receptors.   

 As the IT procedure evokes a reliable tail flick upon puncture of the dura, we 

suspect that a minor nerve activation or injury plays a role. Interestingly the TLR 

pathway has been shown to play a role in post injury hyperalgesia [45,102,135,146]. 

Specifically, TLRs present on spinal microglia and astrocytes cells mediate this 

neuro-inflammatory response especially in the case of neuropathic injury possibly 

through the production of proinflammatory cytokines [29,45,87,125,150]. While the IT 

injection with spinal nerve root stimulation isn’t considered a model of neuropathic 

pain, the transient lowering of the tactile thresholds do suggest an acute injury.  

 These presented data support the idea that the TLR pathway contributes to 

the extended period of hyperalgesia observed after needle penetration of the dura 

combined with mechanical nerve root stimulation, required in a mouse intrathecal 

injection. This may provide a simple model to identify the specific TLRs involved and 

perhaps the endogenous products released by this modest nerve impalement.  

 

2.5 Acknowledgements 
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and Yaksh TL “Transient tactile allodynia following intrathecal puncture in mouse: 
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Figure 2.1 Transient tactile allodynia observed in C57Bl/6 mice following IT 
saline and IT sham procedure. C57Bl/6 mice received IT saline (A) or underwent 
the IT sham procedure (B), followed by mechanical threshold testing with von Frey 
filaments. (C) C57Bl/6 mice were subjected to vaporized isoflurane anesthetic for the 
same treatment time as the IT sham group. The dashed line in B and C repeats the 
control no treatment group presented in A for comparison. Data expressed as mean ± 
SEM (n=5-6 mice/group) **p<0.01 repeated measures 1-way ANOVA, followed by 
Dunnett’s post hoc test to compare each time point to the same group’s baseline 
(t=0). 



26 

 

 

Figure 2.2 Lack of transient tactile allodynia observed in Myd88/Triflps2 mice 
following IT sham. Myd88/Triflps2 mice received IT saline (A) or underwent the IT 
sham procedure (B), followed by mechanical threshold testing with von Frey 
filaments. (C) Myd88/Triflps2 mice were subjected to vaporized isoflurane anesthetic 
for the same treatment time as the IT sham group. The dashed line in B and C 
repeats the control no treatment group presented in A for comparison. Data 
expressed as mean ± SEM (n=5-6 mice/group) **p<0.01 repeated measures 1-way 
ANOVA, followed by Dunnett’s post hoc test to compare each time point to the same 
group’s baseline (t=0). 
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Figure 2.3 Hyperalgesic index analysis of the treatment groups. Hyperalgesic 
indices were calculated for each mouse using their individual baseline threshold and 
calculating the area under the curve. Data expressed as mean ± SEM (n=5-6 
mice/group). Hyperalgesic index was first analyzed within each mouse strain via one-
way ANOVA followed by Dunnett’s post hoc test to the appropriate control (no 
treatment group), represented by the solid black lines. A 2-way ANOVA followed by 
Bonferroni post hoc test was used comparing mouse group and treatment, 
represented by the dashed lines (*p<0.05; **p<0.01; ns=not significant). 
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Chapter 3 

Spinal Toll-like receptor signaling and nociceptive processing: Regulatory 

balance between TIRAP and TRIF cascades mediated by TNF and IFNß 

 

3.1 Introduction 

Innate immunity is involved in tissue-level responses to infection and injury. 

Elements of this process, notably the Toll-like receptors (TLRs) are expressed by glia 

[10,11,70], and neurons [97,135]. TLRs have been implicated in the nociceptive 

processing initiated by inflammation and peripheral nerve injury 

[15,22,29,87,122,157].  These observations, indicating a role for TLRs in these pain 

models in the absence of an infectious process are in accord with observations that a 

variety of endogenous ligands known to activate TLRs have been identified in biologic 

systems and may serve to act though these constitutively expressed receptors 

[16,32,77,105]. Several approaches have provided direct support for a role of spinal 

TLRs in pain processing.  Thus, spinal (intrathecal: IT) delivery of TLR4 agonists 

yields nociception and allodynia [22,24,114,146,155]. Conversely, pharmacological 

blockade of spinal TLR4 attenuates evolution of a persistent pain state [22].  

Additionally, delivery of agents, which reduce glial activation, can inhibit the 

facilitatory effects of IT TLR agonists [62,116,138,146]. 

 There are thirteen identified TLRs, some localized to the cell surface and 

others on endosomes, which signal through a limited number of adaptor proteins 

(Figure 3.1A). The Toll-interleukin 1 receptor (TIR) domain containing adaptor protein, 

TIRAP, is exclusive to TLR2 and TLR4, and facilitates myeloid differentiation factor 

88 (MyD88) activation [56,57]. The MyD88 activation pathway, common to all TLRs 



29 

 

except TLR3, leads to activation of NF-κB, yielding production of pro-inflammatory 

cytokines such as TNF and IL-1 [79]. In contrast, the TIR-domain-containing adapter-

inducing interferon-β (TRIF) is shared by TLR3 and TLR4 signaling, and skews 

toward type I interferon production [46,123]. Thus, TLR activation, through either the 

MyD88 or the TRIF pathways, can lead to a wide-range of effects.  Given this 

complex organization and the expression of TLRs by glia and neurons, the net effect 

of activating any one of the multiple spinal TLRs cannot be predicted in the absence 

of specific data on outcomes associated with defined spinal TLR activation.   

Here we investigate the role of spinal TLRs and their associated adaptor 

proteins in spinal nociceptive processing using both in vitro and in vivo techniques. 

With primary spinal cell cultures of microglia and astrocytes, we determined the 

expression levels of TNF and IFNß following TLR activation. To assess roles of the 

respective spinal TLRs in initiating a hyperalgesic state, eponymous TLR ligands 

were intrathecally administered and IT TLR2-L (HKLM), TLR3-L (Poly(I:C)) and TLR4-

L (LPS) were found to initiate long lasting allodynic states. Using genetically modified 

mice (Figure 3.1B), we found that TLR2 and TLR4 agonists acted through TNF (as 

defined by a diminished effect in Tnf-/- mice) while TLR3-L did not. Unexpectedly, in 

mice that lacked TRIF or type I IFN receptor signaling, a markedly prolonged and 

enhanced allodynia was noted. Allodynia induced by IT TLR2 or TLR4 agonists was 

transiently relieved by IT IFNβ. These studies revealed TNF-dependent and -

independent spinal pro-allodynic cascades are differentially activated by TRIF and 

TIRAP signaling, and a potential suppressive role of TRIF signaling through IFNß.  
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3.2 Materials and Methods 

3.2.1 Animals 

All animal experiments were carried out according to protocols approved by 

the Institutional Animal Care and Use Committee of the University of California, San 

Diego (under the Guide for Care and Use of Laboratory Animals, National Institutes of 

Health publication 85-23, Bethesda, MD, USA). Mice were housed up to four per 

standard cage at room temperature and maintained on a 12-hour light/dark cycle 

(light on at 07:00h). Testing was performed during the light cycle. Food and water 

were available ad libitum. C57BL/6 mice (male, 25-30g) were purchased from Harlan 

(Indianapolis, IN). Tlr2-/-, Tlr3-/-, Tlr4-/-, and Tirap-/- mice were a gift from Dr. S. Akira 

(Osaka University, Japan) and were bred for 10 generations onto the C57Bl/6 

background. Triflps2 mice were a gift from Dr. B. Beutler (UT Southwestern, Texas) 

and were directly generated on the C57Bl/6 background. Tlr5-/- and Tnf-/- mice were 

purchased from The Jackson Laboratory. Ifnar1-/- mice were originally obtained from 

B&K Universal Limited (Hull, United Kingdom) and backcrossed over 10 generations 

onto the C57Bl/6 background. Figure 3.1B lists the knock-out mice used and the 

standard nomenclature to be used throughout the paper. 

 

3.2.2 Rat Microglia and Astrocyte Primary Cell Culture 

Purified cultures of rat spinal microglia and astrocytes were prepared as 

previously described with some modifications [62]. One- to three-day-old Holtzman 

Sprague–Dawley rat pups were anesthetized, and the spinal cords were ejected, 

mechanically triturated, then centrifuged at 215 g for 5 min and re-suspended in 

DMEM containing 10% fetal bovine serum (FBS; Gibco, Carlsbad, CA, USA), 1% 
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penicillin/streptomycin (P/S; Gibco, Carlsbad, CA, USA), and plated in a flask 

previously coated with poly l-lysine (Sigma, St. Louis, MO, USA). Flasks were 

maintained at 37°C in a humidified 5% CO2 incubator for 2 weeks until 80-90% 

confluent, with media changes every other day. On day 14, microglia were removed 

by shaking for 2 hours at 37 °C, centrifuged at 215 g for 5 min, and plated onto 24-

well plates at 80,000 cells/mL and allowed to adhere for 4 hours. For astrocyte 

cultures, on day 15 mother cultures were shaken a second time, media discarded and 

replaced, trypsanized, centrifuged at 215×g for 5 min, re-suspended in DMEM with 

10% FBS and 1% P/S, and plated on to 24-well plates at 100,000 cells/mL until they 

reached 70–80% confluence (2 days). Individual wells were stimulated with 5µL of 

specific murine TLR agonists available in a complete kit from Invivogen (Invivogen: 

tlrl-kit1mw; Figure S3.1). The doses chosen were based upon the recommended 

range outlined in the Invivogen ligand kit protocol.  

 

3.2.3 TNF ELISA  

TNF in the culture supernatant was assayed at both 6- and 20-hours following 

TLR agonist administration, by ELISA kits per the manufacturers instructions (R&D 

Biosystems). TNF is expressed as pg/mL of culture media sample.  

 

3.2.4 Quantitative real time-PCR 

At 20-hours post TLR agonist addition to the culture media, the media was 

removed and immediately replaced with 0.5mL of Trizol (Invitrogen), allowed to sit for 

2 minutes then flash frozen. The mRNA was then isolated using RNeasy columns 

(Qiagen). Complementary DNA was prepared using the Superscript III First Strand 
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Synthesis System for RT-PCR (Invitrogen). Quantitative real-time PCR was 

performed with pre-developed specific primers and probes (Taqman Gene 

Expression Assay, Applied Biosystems) were used to detect mouse Interferon-beta 1 

(IFNβ1) (Assay ID Rn00569434_s1) and GAPDH (Assay ID Rn01775763_g1) 

(Applied Biosystems). The relative abundance was calculated by comparing delta-CT 

values [130] and the data were then normalized to GAPDH gene expression and 

presented as relative gene expression. 

 

3.2.5 Primary Cell Culture Staining 

Primary microglia and astrocytes cells in cDMEM were aliquoted (200µL) into 

coated 8-chamber cell culture slides at the same density as stated previously and 

allowed to proliferate for 24-hours (microglia) or 36-hours (astrocytes). Cells were 

fixed for 5 minutes in 4% PFA then washed with PBS and stained overnight in 

primary antibodies at 4°C. Astrocytes and microglia were incubated with anti-Vimentin 

(Zymed, 1:500) and anti-Iba-1 (Abcam, 1:250) antibodies. Secondary antibodies 

conjugated to Alexa-488 and 594 were used at 1:300. Slides were visualized and 

images captured on a Leica confocal microscope.  

 

3.2.6 LDH Cytotoxicity Assay 

Cytotoxicity following exposure to TLR ligands was assessed by Lactate 

dehydrogenase (LDH) release. LDH was measured in media samples of microglia 

and astrocytes following each TLR ligand treatment group at the 20-hour time point 

using a CytoTox 96 Non-Radioactive Cytotoxicity Assay (Promega) following the 

manufacturer’s directions. 
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3.2.7 Intrathecal (IT) Injection and drug administration 

Intrathecal needle placement procedure for the IT saline and IT sham 

treatment is performed as previously described [67,157]. Briefly, anesthesia was 

induced with 3% isoflurane (with 2% oxygen and 2% room air) in a chamber until a 

loss of the righting reflex was observed. A 1” 30-gauge needle attached to a 50µL 

Hamilton syringe was inserted between the L5 and L6 vertebrae, evoking a tail flick 

reflex. The following TLR agonists were administered in 5µL diluted in 0.9% sterile 

saline: HKLM (1x108cells/5µL), Poly(I:C) (1µg/5µL), LPS-EK Ultrapure  (1µg/5µL), 

and ST-FLA (1µg/5µL) (Figure S3.2). The doses were chosen from the Invivogen 

product protocol, as well as the results of the cell culture studies outlined above.  

Doses ranging from 0.1µg/5µL to 10µg/µL were first tested, and 1µg/µL produced the 

maximal effect at the lowest dose for all ligands. For the TLR5 ligand (FLA-ST) the 

10µg/5µL dose showed the same minimal TA as the 1µg/5µL dose (Figure S3.4A). 

Thus, the 1µg/5µL dose was chosen to correspond to the other TLR ligand doses. All 

ligands were diluted in 0.9% sterile saline to a stock solution and then aliquoted to 

avoid repeated freeze-thaw cycles. IT administration doses were then diluted to the 

specified concentration from a frozen aliquot.  

Following recovery from anesthesia, as evidenced by a vigorous righting reflex 

and spontaneous ambulation, typically around 1-2 minutes, mice were evaluated for 

motor coordination and muscle tone. Tactile thresholds were measured using the up-

down application of von Frey hairs along the following time course: 0 (baseline), 30-, 

60-, 90-, 120-, 180-, and 240-minutes, 24-hours and 7-days after treatment. We 

previously noted the effects of the use of isoflurane in this procedure and TA [157] 
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and, thus, while all the above time points were recorded, only the 4-hour, 24-hour, 

and 7-day time points are presented here. IFNβ (Chemicon, 100ng/5µL in 0.1% BSA) 

was administered intrathecally either 1 hour before IT LPS (1µg/5µL) or as a post-

treatment, 7 days after IT LPS induced TA. Gabapentin (Toronto Research 

Chemicals) was administered (100mg/kg) i.p. diluted in 0.9% sterile saline.  

 

3.2.8 Behavioral tests 

Mechanical sensitivity was assessed using the von Frey up-down method. 

Filaments with values ranging from 2.44 to 4.31 (0.03g to 2.00g) were applied to the 

paw as previously described [19]. The 50% probability withdrawal threshold (in 

principle, the calculated force to which an animal reacts to 50% of the presentations) 

was recorded. Mechanical values for both the paws were measured and averaged to 

produce a single datum per time point per animal. 

 

3.2.9 Western Blot 

 Mice were deeply anaesthetized and spinal cords were ejected from the 

vertebral column using a saline-filled syringe. The lumbar part of the spinal cord was 

immediately homogenized in extraction buffer [50 mm Tris buffer, pH 8.0, containing 

0.5% Triton X-100, 150 mm NaCl, 1 mm EDTA, protease inhibitor cocktail (P-8340; 

Sigma, 1:100), phosphatase inhibitor cocktail I and II (Sigma, 1:100)] by sonication. 

The tissue extracts were subjected to denaturing NuPAGE 4–12% Bis-Tris gel 

electrophoresis and then transferred to nitrocellulose membranes (Micronic 

Separation Inc. Westborough, MA, USA). Membrane was first blocked with 5% non-

fat milk in Tris-buffer (50 mm Tris-Cl, 6 mm NaCl) containing 0.1% Tween 20 for 1 
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hour at room temperature. The membranes were incubated with antibodies overnight 

at 4°C (IFNβ 1:1000; Chemicon and β-actin 1: 10,000) After washing, the antibody–

protein complexes were probed with appropriate secondary antibodies labeled with 

horseradish peroxidase for 1 hour at room temperature and detected with 

chemiluminescent reagents (SuperSignal; Pierce, Rockford, IL, USA). Intensity of 

immunoreactive bands was quantified using Image Quant software (Molecular 

Dynamics, Sunnyvale, CA, USA). The intensity of the IFNβ immunopositive bands 

was normalized relative to that of β-actin. Two exposures for anti-IFNβ of the same 

blot are shown. The longer exposure is presented to demonstrate that all lanes had a 

band present. Quantification was performed on the shorter exposure, since it 

provided more accurate differential lane expression.  

 

3.2.10 Statistics 

Data are presented as group mean ± SEM. Tactile threshold time course 

curves (plotted as the mean ± SEM vs. time after treatment) were analyzed with a 2-

way analysis of variance (ANOVA) with repeated measures over time, followed by a 

Bonferroni post hoc test. The allodynic index is the area under the time course curve 

after treatment, in which the percentage change from baseline threshold is plotted 

against time: 100 × ((baseline threshold − treatment threshold)/(baseline threshold). 

Multiple comparison tests were performed by two-way ANOVA with Bonferonni post 

hoc tests. Statistical analyses utilized Prism software (GraphPad Software, Inc., San 

Diego, CA) 

 

3.3 Results 



36 

 

3.3.1 Primary astrocyte and microglia cultures 

Rat spinal primary microglia and astrocyte cell cultures were generated from 

neonatal rats and stained with anti-vimentin and anti-Iba-1 to assess purity (Figure 

S3.3C-D). These primary microglia and astrocyte cultures were stimulated with TLR 

ligands specific to individual receptors (Figure S3.1), supernatants collected at both 

6-hours and 20-hours, and the levels of TNF release in the media was assayed by 

ELISA. Primary microglia cultures (Figure 3.2B) showed a robust TNF release at the 

6-hour time point following the addition of TLR2, 4, and 5 ligands, and at the 20-hour 

time point following TLR1/2, 2, 4, 5, and 2/6 ligands. Primary astrocyte cultures 

(Figure 3.2A) showed a significant level of TNF release at the 6-hour time point 

following the addition of TLR2, and 5 ligands, and at the 20-hour time point following 

TLR2, 4, and 5 ligands. The TLR3-L (Poly(I:C)) produced a minimal response as 

expected since TNF release has been reported to have slower kinetics and to be at a 

lower level. However, both astrocyte (Figure 3.2C) and microglia (Figure 3.2D) 

showed an increase in IFNβ following TLR3-L (Poly(I:C))  and TLR7/8 (ssRNA40) 

agonist treatment, which attained statistical significance for (Poly(I:C)) treatment. To 

control for cytotoxicity, LDH release was measured in the primary cell culture media 

samples at 20-hours post TLR agonist addition. In both the microglia and astrocyte 

cultures, only Poly(I:C) and LPS administration resulted in minimal cell death signal 

(5-10%), while the other TLRs had no apparent affect (Figure 3.3A-B).  

 

3.3.2 Spinal TLR activation and nociceptive thresholds  

The following in vivo studies address the role of spinal activation of TLRs on 

tactile thresholds. TLR2-L (HKLM), TLR4-L (LPS) and TLR5-L (FLA-ST) were 
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selected for further study in vivo based on the TNF release and TLR3-L (Poly(I:C)) 

based on IFNβ mRNA induction in the primary microglia and astrocyte cell cultures 

(Figure 3.2). TLR ligands were spinally delivered via IT injection at the L5 level in 

C57Bl/6 mice (Figure 3.3). The effect of IT administration of these selected TLR 

ligands on tactile thresholds was measured by von Frey filament testing using the up-

down method. Mice were tested before IT administration and at 0.5, 1, 1.5, 2, 3, 4, 24 

hours, and 7 days post injection. We previously noted the effects of the use of 

isoflurane in this procedure and TA [157] and, thus, while all the above time points 

were recorded, only the 4-hour, 24-hour, and 7-day time points are presented here. 

TLR2-L (HKLM), TLR3-L (Poly(I:C)) and TLR4-L (LPS) produced a robust TA, lasting 

longer than 7 days (Figure 3.3A-C). Alternatively, TLR5-L (FLA-ST) produced a short-

lived 3-hour TA that was resolved by the 4-hour time point (Figure 3.3D and Figure 

S3.4B).  

 

3.3.3 TLR deficient mice and spinal TLR ligands 

To assess the specificity of the administered TLR ligands to their receptor, 

TLR deficient mice were used. This method was employed since there are no specific 

antagonists available for these receptors, with the exception of TLR4. Each TLR null 

mouse received the corresponding TLR ligand IT, as well as a different TLR ligand to 

show that other TLR signaling pathways were not impaired. As expected IT 

administration of the corresponding TLR ligand did not produce a TA in the respective 

TLR strain (Figure 3.4A-D). IT TLR4-L (LPS) was used as a control for Tlr2-/-, Tlr3-/-, 

and Tlr5-/- mice, as it is specific to TLR4, and produced a robust TA in these mice 

(Figure 3.4A-B, D, Figure S3.4C). IT TLR2-L (HKLM) was used as a control for Tlr4-/- 
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mice, as it is specific to TLR2, and produced a robust TA in the Tlr4-/- mice (Figure 

3.4C). These results not only confirm the specificity of the selected TLR ligands, but 

also the integrity of the gene targeted strain and its signaling pathways.  

 

3.3.4 TLR adapter protein deficient mice and spinal TLR ligands 

We next assessed the role of signaling intermediates in the TLR pathways: 

TIRAP, which leads to proinflammatory cytokine release, and TRIF, which leads to 

type I interferon production (Figure 3.1A). To investigate signaling mediators, mice 

deficient in TIRAP and TRIF signaling were subject to IT TLR ligands (Figure 3.1B). 

TIRAP is specific to TLR2 and TLR4 signaling, while TRIF is specific to TLR4 and 

TLR3 signaling. IT LPS had no effect in Tirap-/- mice (Figure 3.5A), while IT LPS in 

Triflps2 mice produced a robust, long-lasting TA (Figure 3.5C). This finding suggests a 

role for the TRIF pathway, and possibly interferon release, in the resolution phase 

following injury. Additionally, as expected, IT HKLM had no effect in Tirap-/- mice 

(Figure 3.5A) and IT Poly(I:C) had no effect in Triflps2 mice (Figure 3.5B), but IT HKLM 

did have a robust effect in Triflps2 mice (Figure 3.5D). This confirms the roles of TRIF 

and TIRAP as specific adaptor proteins to TLR3 and TLR2, respectively. 

 

3.3.5 Role of TNF in nociceptive processing  

Considerable work with genetically engineered animals and spinally derived 

anti-TNF agents has pointed to a pervasive role of this cytokine in mediating 

neuraxial events underlying pain processing [117,138,175]. To assess the role of TNF 

in the TA following IT TLR ligands administration, Tnf-/- mice were used.  Tnf-/- mice 

received IT injections of the same TLR ligands used previously. Following IT TLR2-L 
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(HKLM) only a modest TA was observed (Figure 3.6A), while the IT TLR4-L (LPS) 

produced only a brief TA similar to that of the saline (Figure 3.6C). This suggests that 

the TLR4 allodynia-inducing pathway is TNF-dependent, while IT TLR2-L (HKLM) 

produced a modest effect suggesting that TLR2 is in part dependent on TNF. In 

contrast, IT TLR3-L (Poly(I:C)) in the Tnf-/- mice continued to produce a robust TA 

(Figure 3.6B), suggesting that the pronociceptive effects of the TLR3/TRIF pathway is 

independent of TNF in producing pain. The brief 3-hour TA effect of the TLR5 agonist 

was also almost completely abolished in the Tnf-/- mice (Figure 3.6D). Accordingly, 

when the allodynic indices are calculated, Tnf-/- mice were shown to be less 

responsive to the TLR2-L (HKLM), TLR4-L (LPS), and TLR5-L (FLA-ST) (Figure 

3.6E), while the TLR3-L (Poly(I:C)) produced a robust effect.  

 

3.3.6 Role of IFN in nociceptive processing  

Type I interferons (IFNs) can have proinflammatory actions (as in the 

response to viral infections via TLR3, 7, 8 and 9 activation) primarily through 

macrophage stimulation and can also serve to suppress the inflammatory cascade as 

in models of tumor growth [83]. To assess the role of interferons on TLR induced TA, 

Ifnar1-/- mice were used. Similar to that of the Triflps2 mice, IT TLR4-L (LPS) produced 

a robust, long-lasting TA in the Ifnar1-/- mice (Figure 3.7A). This TA was transiently 

reversed by 100mg/kg i.p. gabapentin (Figure S3.5). The anti-allodynic effects 

observed in these studies after systemic gabapentin is consistent with the presence 

of a facilitated state.  In contrast to the Triflps2 mice, the Ifnar1-/- mice developed 

prolonged allodynia following IT TLR3-L (Poly(I:C)) resembling the pattern of the IT 

TLR4-L (LPS) treated mice (Figure 3.7B). Together these results suggested that the 
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TA following TLR3 activation was independent of TNF, but the rapid resolution of the 

facilitated TA required type I IFN signaling. Confirming the increased presence of 

interferons following TLR3 signaling, but not TLR2 or TLR4, an increase in spinal 

IFNβ was indeed detected by western blot following TLR3-L (Poly(I:C)), but not TLR2-

L (HKLM) and only slightly following TLR4-L (LPS; Figure S3.6). 

 

3.3.7 Roles of spinal IFN in regulating spinal TLR mediated TA  

To test if type I IFN treatment could relieve the IT TLR4-L (LPS) induced 

hyperalgesia, we selected Triflps2 mice, which develop a protracted course of 

mechanical allodynia after IT LPS treatment (Figure 3.5C), and have intact type I IFN 

receptor signaling. In Triflps2 mice at 7-days post IT TLR4-L (LPS) or TLR-2L (HKLM), 

a post-treatment with IT IFNβ (100ng/5µL) reversed the TA (Figure 3.8A-B). In two 

separate TLR-induced TA pathways IFNβ treatment temporarily alleviated the 

observed allodynia. Additionally, Triflps2 mice were pre-treated with IT IFNβ 

(100ng/5µL) one hour before IT LPS (Figure S3.7). Pre-treatment with IFNβ blocked 

the LPS-induced TA. IT vehicle plus IT LPS still produced a robust TA in the Triflps2 

mice, and IFNβ plus IT saline had no effect on tactile thresholds. This confirmed the 

importance of IFNβ on resolving the central pain state following TLR activation.  

 

3.4 Discussion 

In models of persistent inflammation, and mono-/poly-neuropathy, mice with 

defects in TLR expression show a prominent attenuation of behaviorally defined 

hyperalgesia  [4,8,11,28,36,49].  Although these studies employed globally deficient 

mice, expression of TLRs on spinal glia [10,11,70] and neurons [97,135] and the 
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ability of TLR agonists to evoke release of cytokines, including TNF, has emphasized 

the role of spinal TLRs in spinally mediated facilitated pain states. In the face of tissue 

injury and inflammation there can be a transition from an acute to a persistent 

facilitated state [6,21]; and spinal TLRs may particularly function in this transition [22]. 

One characteristic of the “painful” phenotype after tissue and nerve injury is the 

response to anti-hyperalgesic agents such as gabapentin, which we show here to 

antagonize the TA observed after IT TLR4 agonist. Collectively these data suggest 

complex roles of TLRs in both the induction and the recovery of facilitated pain states. 

 Prior reports of the contributions TLRs to spinal facilitated pain states focused 

on individual receptors. There are 13 TLR family members, which signal through a 

more restricted number of adaptor proteins resulting in the release of neurohumoral 

factors (Figure 3.1).  We undertook to characterize the signaling cascades in the 

spinal cord initiated by local TLR activation of membrane bound (TLR2, TLR4, TLR5) 

and endosomal (TLR3) receptors though the use of intrathecal TLR ligands (Figure 

S3.2). Here, we show that activation of spinal TLR2, TLR3, and TLR4 evokes a long 

lasting (up to 7 days) decrease in touch evoked hind paw withdrawal thresholds 

(tactile allodynia). The TLR5 ligand, though also a membrane TLR, produced only a 

short-lived (<4hr) TA. These results are consistent with previously reported results in 

mice [22] and rats [146]. In contrast to the morbidity observed with peripheral TLR 

agonists [51,82,172], IT TLR agonists did not elicit detectable changes in general 

behavior, body weight, or motor function. 

 

3.4.1 TLR coupling 
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As the TLR2, TLR3 and TLR4 deficient mice prevented TA produced only by 

IT HKLM, Poly(I:C), and LPS, respectively, these effects reflect a specific action 

mediated by the respective spinal receptor and confirm the lack of cross talk between 

the respective spinal receptors. In particular, the specificity of Poly(I:C) for TLR3 was 

confirmed in the Tlr3-/- mice. There are other intracellular RNA sensors such as RIGI 

and MDA5 that would be present in the Tlr3-/- mice, yet the TA was absent in Tlr3-/- 

mice. To characterize the signaling cascades initiated by spinal membrane and 

endosomal TLR activation leading to TA, we examined the role of associated adaptor 

proteins for the TLRs selected for in vivo studies.  As schematically summarized in 

Figure 3.9, IT TLR agonists in these mutant mice revealed several novel 

characteristics of these spinal TLR-effector cascades.    

 

3.4.2 TIRAP signaling in spinal TLR initiated allodynia 

Consistent with coupling of TLR2 and 4, but not TLR3, through TIRAP, IT 

TLR2 and TLR4 agonists initiated TA was absent in Tirap-/- mice, while TLR3-L 

effects were unaltered.  TIRAP signals through MAPKs and NF-κB, leading to 

inflammatory cytokine release [56]. The development of TA by IT TLR4-L injection 

was absent in the Tirap-/- mice indicating that the TIRAP-MyD88 pathway 

predominantly elicits pain-like behavior after IT TLR4-L (LPS) injection.  Hence, the 

TRIF pathway might have slower activation kinetics and, thus, might not be 

associated with hyperalgesia induction, but rather resolution of nociception. The Tlr3-/- 

mice injected with IT TLR4-L (LPS) had a complete resolution of pain-like behavior by 

7 days, suggesting that the absence of TLR3, may have facilitated TLR4 signaling 

toward TRIF activation. 
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Activation of TLR2/TLR4 in a variety of cell systems, including glia as 

demonstrated in the present study, increases TNF synthesis and release [79].  In the 

present work, TA after IT TLR2-L and TLR4-L was reduced in Tnf-/- mice, indicating 

that TLR2/TLR4 allodynia is TNF-dependent (Figure 3.9). These results are 

consistent with previous work in which IT TNF inhibitors block effects of IT TLR4 

agonists [146]. Further, TNF is upregulated in various chronic inflammatory and nerve 

injury models, and other inflammatory cytokines, such as IL-1 and IL-6, are also 

upregulated in these same models [38,139,152,188]. In contrast to effects observed 

with TLR2 and TLR4 ligands, TLR3 activation in Tnf-/- mice produced a TA, 

suggesting that the TLR3/TRIF pathway leading to TA is TNF independent (Figure 

3.9).  This lack of effect of TNF on TLR3 allodynia was unexpected as the TRIF 

pathway (downstream to both TLR3 and TLR4), can induce NF-κB activation and 

cytokine production [127,182].  Myd88-/- mice retain TLR4-L activated phosphorylation 

of mitogen-activated protein kinase family members (ERK1/2, p38 kinase and Jun 

kinase), and NF-κB, albeit with delayed kinetics [78].  Conversely, in the absence of 

TRIF signaling (e.g. Triflps2), TLR4 stimulation continues to activate ERK and IκBα 

degradation and produce TNF [53].   

 

3.4.3 TRIF signaling in spinal TLR initiated allodynia.  

The TRIF adapter protein is common to TLR3 and TLR4 cascades, but not 

TLR2, and functions through IRF3 to induce type I interferon production, specifically 

IFNβ [46,56,57,123,166]. Consistent with this cascade, IT TLR3-L, but not TLR2-L 

initiated TA was abolished in Triflps2 mice. However IT TLR3-L initiated TA was 

unaltered in Tnf-/- mice. Other proinflammatory cytokines, such as IL-6, or IL-1β, down 
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stream of TRIF, likely provided parallel signaling in the Tnf-/- mice that received IT 

TLR3-L.  

An unexpected finding was the exaggerated effect of IT TLR4 agonist 

signaling in the Triflps2 and Ifnar1-/- mice.  IT TLR4 agonism resulted in a robust, long-

lasting (>21 days) TA, which was transiently reversed by gabapentin.  These results 

suggested that the 7-day course of TLR4 mediated TA in WT mice was at least in 

part dependent upon TRIF signaling. Triflps2 mice do not produce IFNβ after TLR 

stimulation, while the Ifnar1-/- mice produce IFNβ, but the IFN receptor is unable to 

signal. Since Triflps2 mice still had functional IFN receptors, we showed the importance 

of IFNβ in regulating spinal TLR4 initiated TA by reintroducing it in the Triflps2 mouse 

by IT delivery. While Triflps2 mice continued to respond to IT TLR2-L, IT IFNß also 

antagonized that TA.  Accordingly, given the TLR4 coupling though Tirap-/- and Triflps2, 

we believe that unlike TLR2, which activates only the TIRAP-TNF cascade, TLR4 

initiates an allodynic state though the TIRAP-TNF pathway, and concurrently 

activates the TRIF-IFN-ß pathway which counter-modulates TIRAP-TNF cascade 

(Figure 3.9).  

With regard to spinal IFN, the effects of type I interferons are complex.  Both 

IT IFNα and IFNß inhibit CFA-hypersensitivity [160] and proinflammatory cytokine 

upregulation [80].  Alternatively, IFNα has been reported to enhance excitatory 

transmission [136]. Consistent with present spinal results, IFNβ suppression of 

proinflammatory cytokines has been shown in a variety of peripheral and neuraxial 

inflammatory states [25,106,107,154]. Mechanisms of IFNβ action include an 

increase in anti-inflammatory IL-10, reduction of proinflammatory IL-17 and 

modulation of matrix metalloproteinase [84]. Also, IFNβ stimulates the production of 
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IL-1 receptor antagonist (IL1Ra), which directly binds to the IL-1 receptor as an 

endogenous regulator. An imbalance between IL-1β and IL-1Ra has been reported in 

the spinal fluid of patients with rheumatoid arthritis, a condition with both chronic 

inflammation and pain [99]. 

 

3.4.4 TLRs and glial activation  

Microglia constitutively express virtually all TLRs, while astrocytes 

predominately express TLR3 and sometimes TLR2 [10,11,70].  We show that with 

primary microglia and astrocyte cultures, ligands activating a TIRAP cascade 

released TNF.  Conversely, TLRs coupled though TRIF displayed IFNß release. In 

vivo, spinal glial cells play a role in nociceptive processing. Intrathecal inhibitors of 

glial activation suppress injury-evoked pain-like behavior [62,116,138,146]. Upon 

activation, glia release proinflammatory mediators, including cytokines such as TNF, 

which activate neighboring glial cells and neurons leading to facilitation of their 

responses to subsequent afferent traffic and an increase in IFNß. Such TRIF 

mediated release would depress the TIRAP facilitatory pathway. While we specifically 

assessed TLR activation on primary glial cells, TLR3 expression by cultured neurons 

in supraspinal regions [97,133], and TLRs 3, 4, 7 and 9 in dorsal root ganglia (DRG) 

[5,135] has been reported, suggesting that neurons can directly respond to TLR 

ligands. Cultured mouse DRGs stimulated with TLR ligands have augmented 

expression of proinflammatory chemokines and cytokines, and repression of the 

TRPV1 receptor [135], demonstrating the complexity of TLR responses in several 

molecular mechanisms associated with nociceptive responses.  
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In conclusion, IT TLR agonists show the robust effects of spinal TLR activation 

on nociceptive processing and the complexity of the downstream signaling initiated by 

the direct activation of these spinal TLRs. The present work reveals TNF-dependent 

and -independent facilitatory signaling, as well as an unexpected modulatory 

feedback through the TRIF pathway. While we emphasize here the effects of TLR 

activation on spinal cytokines, processes leading to activation of NF-κB are also 

associated with the upregulation of a variety of channels and transcription factors 

such as ATF3 [47]. TLR4 null mice have indeed been shown to prevent such changes 

in ATF3 expression [22].  Finally, these effects reflect the downstream coupling 

initiated by tissue and nerve injury states in the absence of an infectious process, 

which can lead to the release of molecules shown to activate spinal TLRs 

[16,32,40,77,105,131]. Elucidation of the events leading to such release, and the 

subsequent activation of the downstream facilitatory and inhibitory cascades noted 

here is an important target for future research.  
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Figure 3.1 Schematic of the TLR pathways. (A) This figure highlights the key TLRs 
and their relevant pathways in this paper. TLR2, 4, and 5 are found on the cell 
surface, while TLR3, 7, and 9 are in the cell endosomes. MyD88 is a key adaptor 
protein for all TLRs except TLR3. TIRAP is exclusive to TLR2 and TLR4 leading to 
proinflammatory cytokine release. TRIF is restricted to TLR3 and TLR4, resulting 
predominantly in type I interferon production. (B) This table summarizes the knock-
out mice used in the presented studies and the nomenclature used throughout the 
paper.  
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Figure 3.2 TLR activation of rat primary cultured astrocyte and microglia. 
Specific ligands of TLRs were added to primary spinal astrocyte (A, C) and microglia 
(B, D) cell cultures (Table 1). Media samples were harvested, and evidence of cell 
activation was assessed by measurement of TNF in the astrocyte (A) and microglia 
(B) media samples at 6-hours and 20-hours post TLR agonist addition. IFNβ mRNA 
was detected using quantitative RT-PCR for astrocyte (C) and microglia (D) cultures 
20-hours post TLR agonist addition. Data are expressed as mean ± SEM (n=3 
samples/group) and analyzed by 1-way ANOVA, followed by Dunnett’s post hoc test 
to compare each treatment to the media control (*p<0.05). 
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Figure 3.3 IT administration of TLR ligands in C57Bl/6 mice produced robust 
tactile allodynia. TLR ligands were spinally delivered via IT injection at the L5 level 
in C57Bl/6 mice. The effect of intrathecal (IT) administration of TLR ligands on tactile 
thresholds was measured by von Frey filament testing, using the up-down method. 
(A-D) Data expressed as mean ± SEM (n=5-8 mice/group) and analyzed via 2-way 
ANOVA, followed by Bonferroni post hoc test to compare each time point to the IT 
saline group (*p<0.05; **p<0.01). The same IT saline group is represented in all four 
graphs.  
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Figure 3.4 Specific TLR null mice confirm TLR ligand specificity. TLR ligands 
were spinally delivered via IT injection at the L5 level in Tlr2-/- (A), Tlr3-/- (B), Tlr4-/- (C), 
and Tlr5-/- (D) mice. Saline and TLR ligand matching that of the TLR null mouse were 
first used to confirm agonist specificity. A different TLR ligand was then administered 
to show that the each mouse strain was still able to produce a robust TA following 
TLR activation. The effect of intrathecal (IT) administration of TLR ligands on tactile 
thresholds was measured by von Frey filament testing, using the up-down method. 
Data expressed as mean ± SEM (n=5-8 mice/group) and analyzed via 2-way ANOVA, 
followed by Bonferroni post hoc test to compare the groups over the entire time 
course (*p<0.05; **p<0.01). Asterisks indicate comparison of corresponding TLR 
ligand group vs. different TLR ligand group. All comparisons of the IT saline vs. 
corresponding TLR ligand group, were not significant in these panels.  
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Figure 3.5 Functional loss of specific TLR adaptor proteins suggest TRIF-
mediated resolution pathway. TLR ligands were spinally delivered via IT injection at 
the L5 level in Tirap-/- (A) and Triflps2 mice (B, C, D). In Tirap-/- mice there was no 
effect on tactile thresholds of IT HKLM or LPS when compared to IT saline (A). Triflps2 
mice showed a robust long-lasting TA following IT LPS (B). IT Poly(I:C) had no effect 
on tactile thresholds in the Triflps2 mice (C), but IT HKLM produced a robust TA in 
Triflps2 mice (D).  Data expressed as mean ± SEM (n=4-7 mice/group) and analyzed 
via 2-way ANOVA, followed by Bonferroni post hoc test to compare the Triflps2 group 
to the C57Bl/6 group (*p<0.05; **p<0.01). 
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Figure 3.6 TLR activation in Tnf-/- mice. TLR ligands were spinally delivered via IT 
injection at the L5 level in Tnf-/- mice. The effect of intrathecal (IT) administration of 
TLR ligands on tactile thresholds was measured by von Frey filament testing, using 
the up-down method. (A-D) Data expressed as mean ± SEM (n=5-8 mice/group) and 
analyzed via 2-way ANOVA, followed by Bonferroni post hoc test to compare each 
time point to the IT saline group (*p<0.05; **p<0.01). The same IT saline group is 
represented in all four graphs. (E) Allodynic indices were calculated for each mouse 
using their individual baseline threshold and calculating the area under the curve. 
Data expressed as mean ± SEM. Hyperalgesic index was analyzed via 2-way 
ANOVA followed by Bonferroni post hoc test to compare each C57Bl/6 treatment 
group to the same Tnf-/- treatment group (*p<0.05; **p<0.01).  
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Figure 3.7 IT TLR3 and TLR4 agonists produce tactile allodynia in Ifnar1-/- mice. 
Ifnar1-/- mice were treated with IT TLR3-L (Poly(I:C)) and TLR4-L (LPS). (A) IT LPS 
produced a robust long-lasting TA, very similar to that observed in the Triflps2 mice. (B) 
IT Poly(I:C) agonist also produced a robust TA, but was slower onset when compared 
to IT LPS. The same IT saline group is represented in both graphs. Data expressed 
as mean ± SEM (n=6-7 mice/group). The same C57Bl/6 saline group is represented 
in this figure and Figure 5E. Data analyzed via 1-way ANOVA followed by Bonferroni 
post hoc test to compare IT saline treatment group to IT LPS and IT Poly(I:C) 
treatment group. For IT saline vs. IT LPS and IT Saline vs. IT Poly(I:C) p<0.01.  
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Figure 3.8 Post-treatment with IFNβ blocks LPS- and HKLM-induced tactile 
allodynia in Triflps2 mice. Triflps2 mice were treated with either IT LPS (1µg/5µL) or IT 
HKLM (1x108 cells/5µL) 7 days before IT IFNβ (100ng/5µL). Post-treatment with IFNβ 
7-days post IT LPS (1µg/5µL) reversed the LPS-induced TA (A) and HKLM-induced 
TA (B). Data expressed as mean ± SEM (n=3-4 mice/group) and analyzed via 2-way 
ANOVA, followed by Bonferroni post hoc test to compare each time point to the pre-
treatment IT vehicle + IT LPS group, or IT vehicle post-treatment group (*p<0.01).  
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Figure 3.9 Schematic of the TLR cascades emphasized. Endogenous ligands 
present in the injured and inflamed system activate resident TLRs, localized to either 
glia or neuronal cells. Based on the effects of IT TLR ligands, it is hypothesized that 
TLRs signaling through TIRAP and MyD88 lead to NF-κB mediated cytokine (TNF) 
release and to a TNF dependent allodynia (e.g. TLR2 and TLR4).  However, TLR3 
leads to a TNF independent allodynia and IFNß production. Based on the effects of 
Ifnar-/- mice, the increased IFNß production regulates the allodynic actions mediated 
by TIRAP (TLR2/TLR4 activation) and induced by IT TLR3-L. As TLR4 activated both 
TRIF and TIRAP signaling, the net allodynic effect reflects the facilitation mediated by 
spinal TNF release and the inhibition initiated by TRIF mediated IFNβ production.   
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Figure S3.1 Target and concentration of TLR ligands used in primary cell 
culture experiments.  
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Figure S3.2 Target and concentration of TLR ligands used in IT injections for in 
vivo experiments.  
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Figure S3.3 LDH assay confirms cell viability and fluorescent staining confirms 
culture purity. An assay detecting LDH in the media was performed at 20-hours post 
agonist administration to assess cell death and toxicity of the TLR ligands to the 
primary cell cultures, astrocytes (A) and microglia (B). Primary astrocyte and 
microglia cell cultures were stained of with antibodies specific to astrocytes (vimentin) 
and microglia (Iba-1). Astrocyte culture (C) stained positive for vimentin (green), but 
not Iba-1 (red). Microglia cultures (D) stained positive for Iba-1 (red), but not vimentin 
(green). 
 



59 

 

 
 
Figure S3.4 TLR5 ligand administration. TLR5-L (FLA-ST) was spinally delivered 
via IT injection at the L5 level in C57Bl/6 mice. (A) Two doses were tested for the 
TLR5 ligand and an extended 7-day effect was not observed.  (B) The 1µg/5µL FLA-
ST dose was chosen for the remaining studies to correspond to the other TLR ligand 
doses. (C) In Tlr5-/- mice IT Saline and FLA-ST was first used to confirm the TLR 
ligand specificity. TLR4-L was then administered to show that the Tlr5-/- mouse was 
still able to produce a robust TA following TLR activation. Data expressed as mean ± 
SEM (n=3-8 mice/group) and analyzed via 2-way ANOVA, followed by Bonferroni 
post hoc test to compare the groups over the entire time course (*p<0.05; **p<0.01). 
Asterisks indicate comparison of corresponding TLR5-L group vs. TLR4-L group. 
Comparison of the IT saline vs. corresponding TLR5-L group was not significant.  
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Figure S3.5 Gabapentin reduces LPS produced TA. At 22 days post IT LPS, 
allodynic Ifnar1-/- mice were administered 100mg/kg i.p. of gabapentin which 
completely reversed the TA resulting from the IT LPS at 60 minutes. This effect was 
eliminated by 24 hours. Data expressed as mean ± SEM (n=4-5 mice/group) and 
analyzed via 1-way ANOVA, followed by Dunnetts post hoc test to comparing 
allodynic day 22 Ifnar1-/- mice with the gabapentin post-treatment group (**p<0.01). 
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Figure S3.6 IFNβ increased following TLR3 ligand. C57Bl/6 mice received 
intrathecal injections of TLR2-L (HKLM), TLR3-L (Poly(I:C)), or TLR4-L (LPS) and the 
lumbar sections of their spinal cords assayed for IFNβ via western blot (A). There is 
an increase in IFNβ following TLR3-L relative to the IT saline treatments. Data 
expressed as mean ± SEM (n=3 mice/group) and analyzed via 1-way ANOVA, 
followed by Dunnetts post hoc test (*p<0.05). 
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Figure S3.7 Pre-treatment with IFNβ blocks LPS-induced TA in Triflps2 mice. 
Triflps2 mice were pre-treated with IT IFNβ (100ng/5µL) one hour before IT LPS 
(1µg/5µL). Tactile thresholds were measured before IT IFNβ or vehicle pretreatment 
(baseline). One hour later, IT LPS or IT saline was then injected and tactile thresholds 
measured 1-, 2-, 4-, 24-hours, and 7-days post injection. Data expressed as mean ± 
SEM (n=3-4 mice/group) and analyzed via 2-way ANOVA, followed by Bonferroni 
post hoc test to compare each time point to the pre-treatment IT vehicle + IT LPS 
group, or IT vehicle post-treatment group (*p<0.01). 
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Chapter 4 

The TLR MyD88 and TRIF pathways govern spread of neuropathic pain and 

recovery post nerve injury 

 

4.1 Introduction 

Clinical symptoms arising from physical injury to the peripheral nerve include 

initiation of a pain behavior phenotype by an otherwise innocuous stimuli (allodynia) 

[108]. Though complex, a number of components have been identified as 

mechanistically contributing to this pain phenotype. Such a behavioral phenotype has 

been identified in preclinical mononeuropathy models (e.g. spinal nerve ligation), 

where a robust tactile allodynia (TA) [23,72,144] and evidence of an aversive state 

[88] have been noted. Based on these preclinical behavioral models, many 

mechanistic contributors to the post-nerve injury pain state have been implicated, 

including changes in the dorsal root ganglion (DRG), transcription factor expression, 

activation of spinal glia [13,14,50,174], along with the appearance of inflammatory 

mediators [45,60,61,85,174]. Thus, after ligation of the L5 nerve, expression of 

activation transcription factor 3 (ATF3) in the DRG is increased [164,167]. In spinal 

cord, microglia and astrocyte display morphological signs of activation in the 

ipsilateral lumbar enlargement of the spinal cord [128,191]. The reduction of injury-

evoked hyperalgesia with intrathecal (IT) inhibitors of glial activation support the 

contribution of glia as a possible target [62,116,134,138,146].  

Toll-like receptors (TLRs) are a family of 14 identified receptors that play a key 

recognition role in the innate immune response. Several TLRs activate multiple 

downstream cascades, which variously activate NF-κB dependent cytokine 
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production and NF-κB independent interferon (IFN) induction [2,121]. These 

receptors are expressed on cells active in innate immunity, but are also found on glial 

(microglia and astrocytes) and non-glial (spinal and DRG neurons) CNS cells 

[10,11,70].  The role of peripheral and central glial activation, in the neuropathic pain 

state, raises the likelihood that TLRs may play a role in mediating spinal sensitization, 

initiated by peripheral nerve injury [101,103,137]. Current research indeed supports 

the importance of TLR signaling in neuropathic pain [15,64,86,87,122,157] and in 

persistent arthritic models where a neuropathic transition has been hypothesized 

[22,29,179]. While these studies indicate that TLRs play a role in these models, the 

cascades through which they mediate behaviorally defined pain states remain 

unclear. 

As indicated schematically in Figure 4.1, TLRs signal through a limited 

number of adaptor proteins, that converge in signaling through Myeloid differentiation 

primary response gene (88) (MyD88) or TIR-domain-containing adapter-inducing 

interferon-β (TRIF). The MyD88 activation pathway, common to all TLRs except 

TLR3, leads to activation of NF-κB, yielding production of pro-inflammatory cytokines 

such as TNF and IL-1β [79]. In contrast, the TRIF pathway is shared only by TLR3 

and TLR4 signaling, and can result, by activation of interferon regulatory factors 

(IRF), in IFNβ secretion [46,123].  

In the previous chapter, we showed that tactile allodynia (TA) produced by IT 

TLR agonists had several defining characteristics: i) spinal TLR2, 3, and 4 ligands 

initiate activation, though their respective receptors, and produce allodynia through 

TIRAP and TRIF signaling; ii) spinal TLR4 allodynia-inducing signaling is TNF 

dependent and TLR3 is TNF independent; and iii) unexpectedly, TRIF pathway 
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activation repressed TLR induced allodynia, likely by an effect upon evoked by IFNß 

production and signaling. In the following study, we have extended this systematic 

assessment of the roles of individual TLRs, and the MyD88 and TRIF adaptor 

proteins in the TA and surrogate marker activation associated with the L5 SNL 

mononeuropathy model. Results noted here in the respective TLR-null mice show 

strong correlation with the hypothesized role of spinal TLRs in initiating and regulating 

a persistent hyperalgesic state. 

 

4.2 Materials and Methods 

4.2.1 Animals 

All animal experiments were carried out according to protocols approved by 

the Institutional Animal Care and Use Committee of the University of California, San 

Diego (under the Guide for Care and Use of Laboratory Animals, National Institutes of 

Health publication 85-23, Bethesda, MD, USA). Mice were housed up to four per 

standard cage at room temperature and maintained on a 12-hour light/dark cycle 

(light on at 07:00h). Testing was performed during the light cycle. Food and water 

were available ad libitum. C57BL/6 mice (male, 25-30g) were purchased from Harlan 

(Indianapolis, IN). Tlr2-/-, Tlr3-/-, Tlr4-/-, Tlr7-/- and Myd88-/- mice were a gift from Dr. S. 

Akira (Osaka University, Japan) and were bred for 10 generations onto the C57Bl/6 

background. Triflps2 mice were a gift from Dr. B. Beutler (The Scripps Research 

Institute, La Jolla, CA) and were directly generated on the C57Bl/6 background. Irf3-/- 

and Irf7-/- mice were generated by Dr. Taniguchi (University of Tokyo, Japan). The 

appropriate strains were intercrossed to generate Myd88/Triflps2 and Triflps2/Tlr7-/- 

mice. Tlr5-/- and Tnf-/- mice were purchased from The Jackson Laboratory. Ifnar1-/- 
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mice were originally obtained from B&K Universal Limited (Hull, United Kingdom) and 

backcrossed over 10 generations onto the C57Bl/6 background. Figure 4.1B lists the 

mouse genotypes and nomenclature used throughout the paper.  

 

4.2.2 L5 Spinal Nerve Ligation Model for Neuropathic Pain 

Ligation of the L5 spinal nerve was performed as previously described [23]. 

Briefly, mice are anesthetized in a box of 2.5% vaporized Isoflurane, with 2% Oxygen 

and 2% room air, then placed in a nose cone for breathable anesthetic (2% 

Isoflurane). The L5 spinal nerve root is surgically located, exposed and permanently 

ligated. The surgical opening is sutured and the mouse is closely monitored and 

allowed to recover in a heated cage until all reflexes are normal. Each mouse is 

assessed for any mobility impairments, and if none are present, then cleared for 

study. For the sham operation, the L5 spinal nerve is surgically exposed, but not 

ligated. Tactile threshold testing is carried out on days 7, 9, 12, and 14 post surgery. 

 

4.2.3 Behavioral tests 

Mechanical sensitivity was assessed using the von Frey up-down method. 

Filaments with values ranging from 2.44 to 4.31 (0.03g to 2.00g) were applied to the 

paw as previously described [19]. The 50% probability withdrawal threshold (in 

principal, the calculated force to which an animal reacts to 50% of the presentations) 

was recorded. The results from the ipsilateral (left) and contralateral (right) paws are 

graphed separately to show the unilateral TA that results from the L5 SNL. Baseline 

tactile thresholds for all mouse strains used were compared via 1-way ANOVA and 

no significant differences were found in baseline thresholds.  
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4.2.4 Intrathecal (IT) injection and drug delivery 

The intrathecal needle placement procedure for the IT Interferon-β (IFNβ; 

100ng/5uL) and IT vehicle (0.1% BSA) treatment was performed as previously 

described [67,157]. Briefly, mice were induced with 3% isoflurane (with 2% oxygen 

and 2% room air) in a chamber until a loss of the righting reflex was observed. A 1” 

30-gauge needle attached to a 50µL Hamilton syringe was inserted between the L5 

and L6 vertebrae, evoking a tail flick reflex. Following recovery from anesthesia, as 

evidenced by a vigorous righting reflex and spontaneous ambulation, typically around 

1-2 minutes, mice were evaluated for motor coordination and muscle tone. Tactile 

thresholds were measured using the up-down application of von Frey hairs along the 

following time course: 0 (baseline), 120-, and 240-minutes, and 24-hours after IT 

treatment. IFNβ (Chemicon, 100ng/5µL in 0.1% BSA) was administered intrathecally 

as a post-treatment, 12 days after L5 SNL. In a separate group of mice IFNβ 

(7500U/100uL) or vehicle was administered i.p. on day 12. Tactile thresholds were 

measured using the up-down application of von Frey hairs along the following time 

course: 0 (baseline), 120-, and 240-minutes, and 24-hours after i.p. treatment. In a 

third cohort of mice IFNβ (7500U/100uL) or vehicle was administered i.p. as a pre-

treatment on day 0 (before L5 SNL), and days 2, 3, 4, 5, 6, and 7 after L5 SNL.  

 

4.2.5 Immunohistochemistry 

Mice were deeply anesthetized with euthasol and perfused intracardially with 

0.9% saline followed by 4% paraformaldehyde. The lumbar spinal cord and L4–L6 

DRGs were removed, post-fixed in 4% paraformaldehyde over-night and 
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cryoprotected in 30% sucrose. Spinal cord sections (L4–L6) of the spinal cord were 

cut as free-floating sections (30µm). Tissue was incubated with anti-GFAP antibody 

(1:20000, Chemicon), and anti-Iba1 antibody (1:1000, Wako). Binding sites were 

visualized with secondary antibodies conjugated with fluoro-Alexa-488 and Alexa-594 

(1:500, Molecular Probes). Images were captured by Leica TCS SP5 confocal 

imaging system and quantified using ImageJ64 v.1.47 software. Glia reactivity is 

characterized by an increase in the number of cells and in the cell morphology 

(rounding of the cell bodies and thickening of processes) leading to an increase in 

labeling with increasing glia reactivity. Staining for microglia (Iba1) and astrocyte 

(GFAP) was each quantified by measuring the total integrated intensity area of pixels 

divided by the total number of pixels in a standardized area of the dorsal horn 

(background). The investigator was blinded to experimental conditions during the 

quantification. Staining intensity was examined in lamina I–III of the superficial dorsal 

horn with four to five sections (separated by at least 180µm) examined per animal 

and three to four animals per experimental condition. Only the areas above a 

background pixel intensity threshold were included. An increase in the integrated 

intensity/pixel area for Iba1 and GFAP staining was interpreted to signify microglia 

and astrocyte reactivity, respectively. All data are presented as fold change from the 

background sample. Each mouse had its own background sample taken per tissue 

section from the deeper lamina to control for staining variation. Background values 

were initially divided into ipsilateral and contralateral halves and assessed for staining 

intensity as described above. The ipsilateral value was divided by the contralateral 

value to ensure that the background sample was consistent with an ipsi/contra value 

of 1. Iba-1 background values were 1.04 + 0.04 and GFAP values 0.98 + 0.08, 



69 

 

confirming an even background staining. Statistics were performed on raw data 

values.  

ATF3 staining was assessed by counting the number of cells with ATF3 

positive nuclei. The L5 ipsilateral and contralateral DRGs were cut in transverse 

sections (10µm) and mounted on glass slides. DRGs were incubated with anti-ATF3 

(1:1000, Santa Cruz) and DAPI. Binding sites were visualized with secondary 

antibodies conjugated with fluoro-Alexa-488. All quantified sections were separated 

by at least 60µm. ATF3 positive nuclei were counted (one section per animal) and 

three to four animals are included for each group.  

 

4.2.6 Statistics 

Data are presented as group mean ± SEM. Tactile threshold time course 

curves (plotted as the mean ± SEM vs. time after treatment) were analyzed with a 

one-way analysis of variance (ANOVA) with repeated measures over time, followed 

by Dunnett’s post hoc test to compare each time point to the same group’s baseline. 

Second, to compare behavior between the two mouse strains, a 2-way ANOVA and 

Bonferroni post hoc test was used comparing mouse group and treatment. For 

staining intensity data was compared across mouse strains and ipsilateral vs. 

contralateral with a 2-way ANOVA followed by Bonferroni post hoc test. All analyses 

employed Prism statistical software, CA, USA. 

 

4.3 Results  

The L5 spinal nerve ligation (SNL) model produces a robust unilateral TA on 

the side ipsilateral to nerve injury in C57Bl/6 mice (Figure 4.2A). In mice that were 
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deficient in specific TLRs the ipsilateral paw threshold was significantly higher than 

that of the C57Bl/6 mice (Figure 4.2B-E). Tlr2-/-, Tlr3-/- and Tlr5-/- mice displayed 

approximately 50% reduction of ipsilateral paw withdrawal threshold throughout the 

time course whereas Tlr4-/- mice had slightly more severe allodynia on days 7 and 9 

and then recovered to the 50% level on days 12 and 14. These time course studies 

suggested that elimination of any single TLR protein was not sufficient for full 

blockade of neuropathic injury related nociception.  

As the SNL studies indicated that more than one TLR was likely involved in 

the induction of allodynia after SNL, we sought to examine a potential downstream 

effector molecule that would be common to TLR signaling. Since proinflammatory 

cytokines, such as TNF are important products of TLR activation we also assessed 

L5 SNL in Tnf-/- mice (Figure 4.2F). Similar to the individual TLR null mice, Tnf-/- mice 

also had only partial reduction in L5 SNL induced nociception suggesting that a single 

down stream cytokine was not universally culpable.  

Spinal Iba-1 and GFAP have previously been shown to be upregulated in the 

lumbar spinal cord ipsilateral to the nerve injury in C57Bl/6 mice. Lumbar spinal tissue 

was collected at 14 days post L5 SNL and incubated with antibodies for both Iba-1 

and GFAP. Quantification of both Iba-1 and GFAP show distinct increases in 

immuno-reactivity ipsilateral to the side of injury in laminae I-III at this time point 

(Figure 4.3A-B). More interestingly, there was that there was no significant difference 

found among the C57Bl/6 animals and any of the specific TLR deficient animals. 

Representative stained images show this ipsilateral increase (Figure 4.3C-F, Figure 

S4.1).  
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 As individual TLRs resulted in only partial reductions of ipsilateral allodynia we 

sought to examine the role of the adaptor proteins. TLR2 and TLR5 signal through 

MyD88, and TLR3 signals through TRIF. TLR4 is able to utilize both the MyD88 and 

TRIF pathways (see Figure 4.1). Mice deficient in these TLR adaptor proteins were 

examined in the L5 SNL model. Both Myd88-/-/Triflps2 and Myd88-/- mice had an 

ipsilateral paw threshold that was significantly higher than C57Bl/6 mice (Figure 4.4A-

B). Surprisingly, mice deficient in TRIF signaling produced a robust TA in both the 

ipsilateral and contralateral paws following SNL (Figure 4.4C). This suggests that the 

TRIF pathway is involved in the recovery following nerve injury. Since the Myd88-/-

/Triflps2 mice only developed the ipsilateral pain-like behavior, MyD88 is required for 

the contralateral allodynia to develop.  

Since these mice are deficient in immune response signaling, we wanted to 

make sure that surgery itself was not introducing microorganisms leading to 

hypersensitivity. C57Bl/6 and Triflps2 mice underwent a sham SNL procedure in which 

the L5 spinal nerve was surgically exposed, but not ligated. This resulted in no 

significant change in tactile thresholds following the procedure or any difference 

between the two mouse strains (Figure S4.2).   

The TRIF pathway signals through interferon regulatory factor (IRF)3 to 

produce interferon (IFN)b. Thus, we next looked at the L5 SNL model in mice 

deficient in type 1 IFN receptors (Figure 4.4D). These Ifnar-/- mice exhibited the same 

TA profile as the mice deficient in TRIF signaling. Assessment of the glial activation 

following nerve injury yielded some interesting results. The Myd88-/- mice showed less 

ipsilateral Iba-1 activation as compared to the C57Bl/6 ipsilateral activation, while 

there was no difference in GFAP (Figure 4.5A-B). The Triflps2 mice, which developed 
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both ipsilateral and contralateral tactile allodynia, showed a significant increase in the 

ipsilateral Iba-1 activation only, and no difference in GFAP on either side (Figure 

4.5A-B). Representative staining images are shown, which were used for the Iba-1 

and GFAP quantification (Figure 4.5C-H and Figure S4.1).  

 To assess the afferent response to nerve injury following SNL, DRGs were 

incubated with antibodies for ATF3. ATF3 has previously been shown to be 

upregulated in the soma of injured neurons. In C57Bl/6 mice the ipsilateral L5 DRG 

had almost 40% ATF3 positive nuclei (Figure 4.6A). The DRGs from Myd88-/- mice 

showed only around 20% of ATF3 positive nuclei, suggesting that inhibition of 

MyD88, or all TLR signaling, except TLR3, diminished the consequence of the SNL. 

Single knock out of TNF, TRIF or IFN did not affect the number of ATF3 positive 

nuclei. Representative stained images are presented with white arrows labeling 

examples of ATF3 positive nuclei (Figure 4.6B-G and Figure S4.3).  

 Since Triflps2 following SNL resulted in both ipsilateral and contralateral 

allodynia, we hypothesized that interferons could play a major role in endogenous 

pain management following nerve injury. C57Bl/6 mice treated with IFNβ intrathecally 

(100ng/5µL) at day 12 post L5 SNL transiently displayed reversal of the TA (Figure 

4.7A). When IFNβ is administered i.p. (7500U/100µL), no effect on tactile thresholds 

was observed (Figure 4.7B). In other models, IFNβ is often administered not in a 

single dose, but as a multi-dose pretreatment. Thus, C57Bl/6 mice received 6 doses 

of IFNβ i.p. (7500U/100µL) beginning at day 0, before L5 SNL, and continuing daily 

through day 7. This prolonged IFNβ i.p. treatment also had no effect on tactile 

thresholds (Figure S4.4).  
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 In order to try and uncover other pathway(s) responsible for the contralateral 

drop in thresholds in the Triflps2 mice, we moved focus to other endosomal nucleic 

acid sensing TLRs, namely TLR7 and TLR9 (see Figure 4.1). IRF3 is downstream of 

TRIF (TLR3 and TLR4), and IRF3 signaling deficient mice (Irf3-/-) have the same 

contralateral and ipsilateral allodynia profile following L5 SNL (Figure 4.8A). This 

confirmed the effect of the Triflps2 mice previously observed (Figure 4.4C). TLR7 and 

TLR9 signal through MyD88 and IRF7, which also produces type I interferons, 

primarily IFNα. In Irf7-/- mice following L5 SNL a robust ipsilateral TA was observed 

and the basal contralateral paw threshold was maintained, just as in the C57Bl/6 mice 

(Figure 4.8B). If we removed the TLR7 component of the pathway from the TRIF 

signaling deficient mice (resulting in Triflps2/Tlr7-/- mice) the previously observed 

contralateral allodynia following L5 SNL in the Triflps2 mice is absent (Figure 4.8C). 

This suggests a role for the TLR7/IRF7 specific pathway in the contralateral allodynia 

following nerve injury. 

 

4.4 Discussion 

This study examines the role of TLRs and their respective adaptor proteins on 

the tactile allodynia associated with the L5 SNL mononeuropathy. There are four 

pivotal observations: 

i) The robust unilateral TA initiated by L5 SNL was incompletely reversed in 

MyD88, or MyD88/TRIF signaling-deficient mice. These mice displayed only a partial 

reduction in withdrawal thresholds and slightly reduced ipsilateral Iba-1 immuno-

reactivity. This indicates that the partial reduction in TA, as compared to C57Bl/6 

mice, reflects events other than those mediated by TLRs alone. This is consistent 
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with the observation that Tlr2-/-, Tlr3-/-, Tlr4-/-, and Tlr5-/- mice showed a comparable 

partial reduction in the TA, as compared to C57Bl/6 mice.     

ii) Tnf-/- mice showed only a partial reduction in the L5 SNL-induced TA 

indicating alternate downstream cytokine mediators for the TA following L5 SNL.   

iii) Triflps2 and Irf3-/- (down stream to TLR3/TLR4) mice developed profound 

ipsilateral and contralateral tactile allodynia, suggesting an enhanced response to the 

L5 SNL. Disruption of MyD88 prevented the contralateral TA in the Myd88-/-/Triflps2 

mice, suggesting a critical role for the MyD88 pathway in initiating neuropathic pain. 

This was confirmed in Triflps2/Tlr7-/- mice where only the ipsilateral allodynia was 

observed. 

iv) IFNß administered intrathecally transiently reversed the L5 SNL, 

suggesting a distinct role for the TRIF/IRF3 pathway and interferons in regulating the 

expression of the neuropathic pain phenotype.  

The partial effects of L5 SNL on TA in Tlr2-/- and Tlr4-/- mice is comparable to 

previous reports [65,86]. Additionally, TNF knock-out alone, ameliorated, but did not 

completely prevent L5 SNL induced nociception, a finding comparable to other 

reports where in TNF ablation alone was not sufficient to completely inhibit nerve 

injury induced allodynia [121]. These results show that MyD88 signaling is required 

for the development of nerve injury evoked hyperalgesia. Conversely, TRIF is 

important not only for recovery following nerve injury induced allodynia, but also that 

in the absence of TRIF signaling a unilateral nerve injury yields an unexpected 

bilateral effect. This TRIF action in the developing neuropathy is mediated in part 

through IFNβ (Figure 4.9), suggesting an intrinsic regulatory action upon nerve injury 

induced changes in nociceptive processing.  
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4.4.1 Spinal TLR signaling and allodynia 

As noted above, in the previous chapter, we characterized downstream 

signaling and behavioral effects arising from the activation of spinal TLR2, 3, or 4. 

Here, IT delivery of the respective agonists evoked a robust and persistent TA by an 

action specifically on their respective TLRs. Consistent with their downstream 

signaling cascade (see Figure 4.1), in toll-interleukin 1 receptor (TIR) domain 

containing adaptor protein (Tirap-/-) deficient mice (downstream to TLR2 and TLR4), 

allodynia after IT TLR2 ligand and TLR4 ligand was abolished. Unexpectedly, 

however, in TIR-domain-containing adapter-inducing interferon-β (TRIF) (Triflps2) mice 

(downstream of TLR3 and TLR4), TLR3 mediated TA was abolished, but spinal TLR4 

activation produced an unexpectedly persistent and robust enhancement (>21 days) 

in the TA. Consistent with a role of interferon (IFN)ß (downstream to TRIF) in 

regulating recovery after IT TLR4 ligand, a persistent TA was also noted in interferon 

signaling-deficient mice. Additionally, through the use of Tnf-/- mice, we noted that, 

spinal TIRAP and TRIF cascades differentially lead to robust TA by TNF-dependent 

and -independent pathways. 

We believe that these previous studies provide a mechanistic framework for 

interpreting the results observed in the SNL mononeuropathy mediated TA. Thus, we 

emphasize the following: i) Disruption of TRIF/IFN signaling leads to an enhanced 

and prolonged spinal response. This suggests that the TRIF pathway is involved in 

the recovery following nerve injury; ii) Disruption of MyD88 signaling blocked the 

effects of the respective TLRs, completely preventing the contralateral TA in the 



76 

 

Myd88-/-/Triflps2 mice; thus, MyD88 is required for the contralateral TA to develop; and, 

iii) IT IFNß indeed produced a transient reversal of the observed L5 SNL-induced TA.  

 

4.4.2 Contralateral allodynia and unilateral nerve injury  

The development of a bilateral effect as a result of MyD88 signaling in the 

Triflps2 mouse, is of particular interest. While the common mononeuropathy pain 

phenotype is an ipsilateral change in sensitivity and dysesthesia, contralateral 

(bilateral) effects have been described in humans since virtually the earliest clinical 

reports [27,33,63,93,95,119,124]. In preclinical models, several examples of 

peripheral mononeuropathy producing contralateral effects are primarily limited to the 

homotopic contralateral segments [18,92,124]. Thus, chronic unilateral compression 

of both L4 and L5 DRGs in mice produced a strong mechanical and thermal 

hyperalgesia, as well as a TA in the ipsilateral paw, which spread to the contralateral 

along the same time course [20]. In a rat model of chronic post-cast pain, two week 

immobilization due to casting resulted in induced atrophy and inflammatory changes 

and widespread hyperalgesia that lasted 5-10 weeks after cast removal [126].  

The mechanism of this onset of bilaterality is not known. As noted, in those 

studies, the homolaterality excludes a systemic humoral signal. In a model of 

unilateral intraplantar capsaicin, the c-fos activation pattern of spinal glycinergic and 

GABAergic neurons was increased on the opposite spinal relative to the injection 

[59]. Following unilateral nerve ligation there was a long lasting loss of PGP9.5+ 

cutaneous innervation contra-laterally to the unilateral nerve injury, suggesting that 

transcellular signals link homologous neurons on opposite sides of the body [124]. 

Alternatively, such bilateral actions may reflect the aberrant activation of the 
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bulbospinal facilitatory pathways [158,165]. In the present study, the absence of an 

increase in ATF3, however suggest that there was not a bilateral effect on afferent 

nerve integrity. It is important to note that without a sham DRG control (assessing 

ATF3+ nuclei in both ipsilateral and contralateral L5 DRGs post sham surgery in all of 

the mouse breeds) this statement is not definitive. Regardless, the present studies 

offer an important potential underlying mechanism. Here we show that Myd88-/-/Triflps2 

mice only developed the ipsilateral allodynia indicating that MyD88 is required for the 

contralateral allodynia to develop while Triflps2 mice developed a strong contralateral 

allodynia. These results offer the provocative hypothesis that following unilateral 

nerve injury a bilateral effect mediated by several mechanisms may be the normal 

occurrence, in the absence of a TRIF-IFN dependent inhibition.  

All of the TLRs signal through MyD88, except TLR3. TLR3 and TLR4 are 

unique to TRIF and IRF3. TLR7 and TLR9 are similar in that they also produce type 1 

interferons, but through IRF7 and MyD88 (see Figure 4.1). We found that Irf3-/- mice 

displayed the same contralateral TA as the Triflps2 mice, confirming the TRIF-IRF3 

pathway. Conversely, Irf7-/- mice following L5 SNL did not display the same 

contralateral allodynia, suggesting that the MyD88-IRF7 pathway may determine the 

contralateral effect. This was further confirmed in Triflps2/Tlr7-/- mice, which lacks TRIF 

and has reduced access to the MyD88-IRF7 pathway, and also did not display the 

contralateral allodynia.  

 Since both Triflps2 and Ifnar-/- mice produced both ipsilateral and contralateral 

allodynia, we hypothesize that interferons could play a major role in endogenous pain 

management following nerve injury. Other reports support this hypothesis since IFNβ 

induces MHC class I leading to enhanced axonal growth and motor function recovery 
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following nerve injury [185]. C57Bl/6 mice were treated with IT IFNβ at day 12 post L5 

SNL, which transiently reversed the TA. However, an i.p. IFNβ treatment both single 

dose, and repetitive over 6 days early in the time course did not improve the tactile 

thresholds.   

 

4.4.3 Role for endogenous ligands in nerve injury induced allodynia 

These studies display the complex cascades activated by nerve injury and 

emphasize the likely role of the endogenous ligands that are increased in the DRG 

and spinal cord secondary to the injury. Such signaling is hypothesized to be 

mediated by danger-associated molecular patterns (DAMPs) that activate immune 

cells to the presence of injury. Potential locally activating products include high 

mobility group box 1 (HMGB1), peroxiredoxin (Prx) family proteins, β-amyloid (Aβ), 

hyaluronan, DNA or RNA immune complexes, heat shock proteins, and heparan 

sulfate [16,32,77,109,141,151,156,183,186,189]. 

An interesting observation was that after L5 SNL in C57Bl/6 mice, the 

ipsilateral L5 DRG shows near 40% ATF3 positive nuclei. The DRG from Myd88-/- 

mice showed only around 20% of ATF3 positive nuclei, suggesting that inhibition of 

MyD88, results in less DRG reactivity to the nerve injury. TNF, TRIF or IFNR knock 

out alone, did not affect the number of ATF3 positive nuclei. In terms of nerve injury 

recovery the TRIF protein has been implicated in the activation of microglia and p38 

MAPK to clear axonal debris following peripheral insult [58,161]. This would suggest 

that without the TRIF protein there would be more axonal debris present with the 

ability to activate local TLRs, which detect endogenous materials. More specifically, 

products such as HMGB1, Prx proteins, and other DAMPs previously mentioned, can 
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stimulate TLR2 and TLR4 [105,186]. It is important to emphasize that while the TLRs 

play a defined role in the inflammatory and injury initiated components of the classical 

innate immune response, the current research outlined here and elsewhere 

emphasizes that these TLR cascades play a role in the normal processing of sensory 

information generated by distant injury and inflammation.  

 

In conclusion, the present studies uncovered three important roles of the TLR 

pathway: 1) Individual TLRs only modestly contribute to the allodynia present after 

nerve injury; 2) TRIF plays a dual role mediating the allodynia arising from TLR3 

activation and regulating the though an IFNß pathway the recovery following nerve 

injury induced allodynia; and, 3) the MyD88 pathway is required for the development 

of contralateral allodynia. Characterization of the agents activating these TLRs and 

the parameters governing their release will be of particular interest in defining the role 

of TLRs in nociceptive processing as illustrated by these studies. 
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Figure 4.1 Schematic of the TLR pathways. (A) This figure highlights the key TLRs 
and their relevant pathways in this paper. TLR2, TLR4, and TLR5 are found on the 
cell surface, while TLR3, TLR7, and TLR9 are on the cell endosomes. MyD88 is a 
key adaptor protein for all TLRs except TLR3. TLR3 and TLR4 signal through TRIF, 
resulting predominantly in type I interferon production. TLR7 and TLR9 signal through 
MyD88 and can activate both NF-κB and IRF7, which produce proinflammatory 
cytokines and type 1 interferons, respectively. (B) This table summarizes the strains 
of mice used in the presented studies and the nomenclature used throughout the 
paper.  
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Figure 4.2 Unilateral TA observed following L5 SNL in C57Bl/6 mice only 
slightly reduced in TLR signaling deficient mice. L5 Spinal Nerve Ligation was 
performed on (A) C57Bl/6, (B) Tlr2-/-, (C) Tlr3-/-, (D) Tlr4-/-, (E) Tlr5-/-, and (F) Tnf-/- 
mice. Mice were allowed to recover and tested at days 7, 9, 12 and 14 post-SNL. The 
solid black line and dashed line represents the C57Bl/6 ipsilateral and contralateral 
thresholds, respectively on B-F. (A) C57Bl/6 mice show a robust TA in the ipsilateral 
paw beginning 7-days post surgery. The (B) Tlr2-/-, (C) Tlr3-/-, (D) Tlr4-/-, (E) Tlr5-/-, and 
(F) Tnf-/- all produced a modest reduction in the ipsilateral paw tactile thresold 
following L5 SNL, but none completely reversed the effect. Data expressed as mean 
± SEM (n=5-8 mice/group) and analyzed via 2-way ANOVA, followed by Bonferroni 
post hoc test to compare each time point to the respective C57Bl/6 group, Ipsilateral 
or Contralateral (*p<0.05 or  **p<0.01). 
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Figure 4.3 Glial activation in lumbar enlargement following L5 SNL. At day 14 
following L5 SNL the lumber region of the spinal cord was harvested and incubated 
with antibodies against Iba-1 and GFAP. Both (A) Iba-1 and (B) GFAP 
immunoreactivity is consistently elevated compared to contralateral in the ipsilateral 
side of the dorsal horn within each group. Data expressed as mean ± SEM (n=3-5 
sections per mouse, with 3-4 mice/group) and analyzed via 2-way ANOVA followed 
by Bonferroni post hoc test. No differences were found across mouse strains. 
Representative stained images are presented from C57Bl/6 mice with (C) Iba-1 and 
(D) GFAP staining and from Tlr4-/- mice with (E) Iba-1 and (F) GFAP staining.  
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Figure 4.4 TRIF protein is important for resolution pathway following L5 SNL. L5 
Spinal Nerve Ligation was performed on (A) Myd88-/-/Triflps2, (B) Myd88-/-, (C) Triflps2, 
and (D) Ifnar-/- mice. Mice were allowed to recover and tested at days 7, 9, 12 and 14 
post-SNL. The solid black line and dashed line represents the C57Bl/6 ipsilateral and 
contralateral thresholds, respectively. Both (A) Myd88-/-/Triflps2 and (B) Myd88-/- 
ipsilateral tactile thresholds are significantly different from the C57Bl/6 thresholds 
beginning 7 days post L5 SNL. Surprisingly, the (C) Triflps2 and (D) Ifnar-/- mice 
displayed a tactile allodynia in both the ipsilateral and contralateral paws. The Triflps2 
and Ifnar-/- ipsilaterla paw thresholds were not significantly different from the C57Bl/6 
mice, but the contralateral paws were significantly different beginning at day 12 post 
L5-SNL. Data expressed as mean ± SEM (n=5-8 mice/group) and analyzed via 2-way 
ANOVA, followed by Bonferroni post hoc test to compare each time point to the 
respective C57Bl/6 group, Ipsilateral or Contralateral (*p<0.05 or  **p<0.01 for 
Ipsilateral group;  ##p<0.01 for Contralateral group). 
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Figure 4.5 TRIF and MyD88 signaling deficient mice have different Iba-1 
immunoreactivity profiles following L5 SNL. At day 14 following L5 SNL the 
lumber region of the spinal cord was harvested and incubated with antibodies against 
Iba-1 and GFAP. Both (A) Iba-1 and (B) GFAP immuno-reactivity is consistently 
significantly elevated over contralateral in the ipsilateral side of the dorsal horn within 
each group. Data expressed as mean ± SEM (n=3-5 sections per mouse, with 3-4 
mice/group) and analyzed via 2-way ANOVA followed by Bonferroni post hoc test. 
The Iba-1 Triflps2 and Myd88-/- ipsilateral groups are statistically different from the 
C57Bl/6 ipsilateral group (**p<0.01; ****p<0.0001). Representative stained images 
are presented from C57Bl/6 mice with (C) Iba-1 and (D) GFAP, Myd88-/- mice with (E) 
Iba-1 and (F) GFAP, and Triflps2 with (G) Iba-1 and (H) GFAP, which support the 
quantified immunoreactivity results.  
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Figure 4.6 MyD88 signaling deficient mice have less ATF3+ nuclei following L5 
SNL. At day 14 following L5 SNL the ipsilateral and contralateral L5 DRGs were 
harvested and incubated with an antibody against ATF3. (A) Myd88-/- DRGs display 
less ATF3 immunoreactivity in their L5 ipsilateral DRGs when compared to C57Bl/6. 
No significant difference was found among the other groups. Data expressed as 
mean ± SEM (n=4-8mice/group) and analyzed via 2-way ANOVA followed by 
Bonferroni post hoc test. The Myd88-/- ipsilateral group is statistically different from 
the C57Bl/6 ipsilateral group (**p<0.01). Representative stained images from the 
DRGs of C57Bl/6 (B-D), Myd88-/- (E-G), and Triflps2 (H-J) mice are presented. 
Examples of ATF3+ nuclei are marked with a white arrow in D, G, and J.  
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Figure 4.7 IT IFNβ transiently reversed L5 SNL induced TA. Twelve days following 
L5 SNL, C57Bl/6 mice received IFNβ either (A) intrathecally or (B) intraperitoneally. 
(A) IT IFNβ (100ng/5uL) transiently reversed the TA present at 12 days post L5 SNL 
in C57Bl/6 mice. (B) I.p. IFNβ (7500U/100uL) did not affect the TA present at 12 days 
post L5 SNL in C57Bl/6 mice. Data expressed as mean ± SEM (n=3-4 mice/group) 
and analyzed via 2-way ANOVA. Following IT IFNβ treatment (A) there is a significant 
affect of the IT treatment (p < 0.05), but not the i.p. treatment (B).  
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Figure 4.8 TLR7/IRF7 signaling required for contralateral tactile allodynia 
following L5 SNL. L5 Spinal Nerve Ligation was performed on (A) Irf3-/-, (B) Irf7-/-, 
and (C) Triflps2/Tlr7-/- mice. Mice were allowed to recover and tested at days 7, 9, 12 
and 14 post-SNL. The solid black line and dashed line represents the C57Bl/6 
ipsilateral and contralateral thresholds, respectively. The Irf3-/- mice (A) displayed a 
tactile allodynia in both the ipsilateral and contralateral paws. The ipsilateral paw 
thresholds were not significantly different from the C57Bl/6 mice, but the contralateral 
paws were significantly different beginning at day 12 post L5-SNL. Conversely, the 
Irf3-/- mice (B) and the Triflps2/Tlr7-/- mice (C) only produce the drop in the ipsilateral 
paw threshold. There was no statistical significance between the C57Bl/6 mice and 
these mice. Data expressed as mean ± SEM (n=5-8 mice/group) and analyzed via 2-
way ANOVA, followed by Bonferroni post hoc test to compare each time point to the 
respective C57Bl/6 group, Ipsilateral or Contralateral (*p<0.05 or  **p<0.01 for 
Ipsilateral group;  ##p<0.01 for Contralateral group). 
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Figure 4.9 Hypothesis for the development of tactile allodynia following nerve 
injury. There is an initial endogenous TLR activation signal following nerve injury that 
results in: 1) concurrent activation of multiple TLRs; 2) the TLR2 and TLR4 TIRAP-
MyD88 pathway and production of proinflammatory cytokines (via NF-κB) produces a 
ipsilateral tactile allodynia; 3) the TLR3-TRIF pathway suppresses contralateral 
allodynia development; 4) activation of the TLR7-IRF7 pathway regulates the bilateral 
tactile allodynia. 
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Figure S4.1 Iba-1 and GFAP immunoreactivity following L5 SNL. At day 14 
following L5 SNL the lumber region of the spinal cord was harvested and incubated 
with antibodies against Iba-1 and GFAP. Iba-1 immunoreactivity is visualized with 
Alexa-488 (green) in the left panel, and GFAP with Alexa-594 (red) in the right panel. 
Quantification for the Iba-1 and GFAP immuno reactivity is found in Figure 4.3 and 
Figure 4.5.  
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Figure S4.2 L5 SNL sham had no significant affect on tactile thresholds. C57Bl/6 
and Triflps2 mice underwent L5 SNL sham surgery and tactile thresholds measured. 
There were no significant differences found between the tactile thresholds of the four 
groups as assessed by 1-way ANOVA. 
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Figure S4.3 ATF3 immunoreactivity following L5 SNL. At day 14 following L5 SNL 
the L5 right and left DRGs were harvested and incubated with an antibody against 
ATF3. ATF3 immuno reactivity is visualized with Alexa-488 (green) and recognized as 
an intense fluorescent mark in the nuclei region. The white arrows point to examples 
of ATF3 staining. Quantification for the ATF3 immuno reactivity is found in Figure 4.6.  
 



92 

 

 
 
Figure S4.4 Repetitive treatment with IFNβ had no affect on tactile thresholds 
following L5 SNL. C57Bl/6 mice received i.p. IFNβ (7500U/100uL) or vehicle (0.1% 
BSA) as a pre-treatment on day 0 (before L5 SNL), and days 2, 3, 4, 5, and 6 after L5 
SNL. Tactile thresholds were measured on days 7, 9, 12, and 14. No significant 
differences were found between the i.p. vehicle and i.p. IFNβ groups as assessed by 
2-way ANOVA followed by Bonferroni post hoc test.  
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Chapter 5 

Concluding Overview 

 

These studies provide a broad characterization of the roles of spinal TLRs and 

the proinflammatory cytokine and interferon pathways associated with the 

development of TA following spinal TLR activation due to nerve injury. This work adds 

to the current knowledge of spinal nociceptive signaling transmission and the role that 

TLRs and glial cells play in this system.  

First, in Chapter 2, we reveal a hierarchy of TNF and IFNβ release among the 

activated TLRs in primary rat glial cell cultures. Primary microglia cultures showed a 

robust TNF release following the addition of TLR1/2, 2, 4, 5, and 2/6 ligands. Primary 

astrocyte cultures showed a robust TNF release following TLR 2, 4, and 5 ligands. 

We assessed TLR activation on primary glial cells, but expression of TLRs by 

neurons is also likely relevant. TLR3 expression by cultured supraspinal neurons 

[97,133], and TLRs 3, 4, 7 and 9 in dorsal root ganglia (DRG) [5,135] has been 

reported, suggesting that even in the absence of glial cells, neurons can sense the 

presence of TLR ligands. Cultured mouse DRGs stimulated with TLR ligands 

augment expression of proinflammatory chemokines and cytokines, and the 

expression of the transient receptor potential vanilloid type 1 receptor [135]. While 

TLRs are predominately expressed by glial cells (microglia and astrocytes) we cannot 

discount the role that TLRs on neurons might play. This is highlighted in the L5 SNL 

where following spinal nerve injury in TLR signaling deficient mice, where there was 

no difference in glial activation following injury. The discrepancies observed in the 

glial activation staining could be due to the described bi-phasic nature of nerve injury 
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[22,104]. Future work could focus more on the role of TLRs present on neurons or 

DRGs through the use of neuronal cultures and TLR agonists and/or follow a time 

course of glial activation in both WT and TLR KOs following nerve injury. Also, 

assessment of TLR expression in vivo following nerve injury could lead to insights on 

any TLR upregulation following nerve injury as well as the localization of TLRs in the 

CNS.  

Second, we show that spinal activation of TLRs on either glia or neurons 

produces a robust tactile allodynia, mimicking the effects of endogenous TLR ligands 

after nerve injury. Spinal glial cells are considered to play a prominent role in 

nociceptive processing and delivery agents, which reduce glial activation can inhibit 

the facilitatory effects of IT TLRs [62,116,138,146]. Upon activation, glia release 

proinflammatory mediators, including cytokines such as TNF, which activate 

neighboring glial cells and neurons leading to a facilitation of their responses to 

subsequent afferent traffic. TNF is upregulated in various chronic inflammatory and 

nerve injury models [38,139,152,188] and binds to two functionally distinct receptors 

(TNFR1 and TNFR2) [9]. Both TNFR1 and TNFR2 play unique roles in central 

sensitization and inflammatory pain, and, specifically, TNFR2 was recently shown to 

regulate the early phase of post-inflammatory pain [187]. IT injections of the TLR 

ligands in Tnf-/- mice revealed that TLR2 and TLR4 allodynia-inducing pathways are 

TNF dependent. However, IT TLR3-L (Poly(I:C)) in Tnf-/- mice produced a robust TA, 

suggesting that the TLR3/TRIF pathway leads to an allodynia, which is independent 

of TNF. This absolute lack of effect of TNF on TLR3 allodynia was unexpected. As a 

follow-up study, we could look at the administration of IT TLR ligands in other 

cytokine-deficient animals, such as Il-1β or Il-6, to assess their roles in this pathway.   
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The unexpected finding in the intrathecal TLR study (Chapter 3) was the 

profoundly exaggerated effect of IT LPS in the Triflps2 and Ifnar1-/- mice. The Triflps2 

mice are unable to signal through TRIF, and do not produce IFNβ after TLR 

stimulation, while the Ifnar1-/- mice can produce IFNβ, but the IFN receptor is unable 

to signal. In these studies we examined the potential contribution of IFNß to the 

regulation of nociceptive processing. Intrathecal IFNβ given prior to IT TLR4-L in 

Triflps2 mice prevented the TA usually produced by the TLR4-L. Since Triflps2 mice are 

incapable of inducing IFNβ through the TRIF pathway, but still have functional IFN 

receptors, we thus show the importance of IFNβ in this pathway by reintroducing it in 

to the system. Others have shown the importance of IFNβ in suppressing 

inflammation and reducing proinflammatory cytokine levels in lung inflammation, 

ulcerative colitis, and multiple sclerosis [25,106,107,154]. The suppressive effects of 

IFNβ might only occur in the introductory phase of a disease and that in the later 

phases IFNβ might be more likely to increase proinflammatory cytokines [80]. In 

regard to spinal IFN actions, the role of type I interferons is complex. IT IFNα inhibited 

CFA-induced inflammatory hypersensitivity [160], but IFNα reportedly also enhanced 

excitatory transmission [136]. Following IFNβ, proinflammatory cytokine upregulation 

has been reported [80].  

Linking this finding to the nerve injury model of Chapter 4, both Triflps2 and 

Ifnar-/- mice produced both ipsilateral and contralateral allodynia; therefore, we 

hypothesized that interferons could play a major role in endogenous pain 

management following nerve injury. Other reports support this hypothesis since IFNβ 

induces MHC class 1 leading to enhanced axonal growth and motor function recovery 

following nerve injury [185]. C57Bl/6 mice were treated with IFNβ intrathecally at day 
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12 post L5 SNL, which transiently reversed the tactile allodynia, while an i.p. IFNβ 

treatment both single dose, and repetitive over 6 days did not reverse the injury-

induced decrease in the tactile thresholds. The present work is the first to our 

knowledge that signifies the importance of this specific IFNβ pathway in the down 

modulation of spinal nociceptive processing. Unfortunately all the effects of IFNβ 

were transient, suggesting that a chronic secretion of IFNβ or even IFNα is most likely 

required to serve as an endogenous pain alleviator.  

Finally, in Chapter 4, we uncovered an unexpected contralateral allodynia 

following L5 SNL in TRIF signaling-deficient mice. This suggests that the TRIF 

pathway is involved in the recovery following nerve injury. Additionally, since the 

Myd88-/-/Triflps2 mice only developed the ipsilateral hyperalgesia, MyD88 is required 

for the contralateral hyperalgesia to develop. While the common mononeuropathy 

hyperalgesic phenotype is an ipsilateral change in sensitivity, contralateral (bilateral) 

effects have been described in humans since virtually the earliest clinical reports 

[27,33,63,93,95,119,124]. In a mouse model, a chronic compression of both L4 and 

L5 DRGs produced a strong mechanical and thermal hyperalgesia, as well as a 

tactile allodynia in the ipsilateral paw, which spread to the contralateral along the 

same time course [20]. And in a rat model of chronic post-cast pain, two week 

immobilization due to casting resulted in induced atrophy and inflammatory changes 

and widespread hyperalgesia that lasted 5-10 weeks after cast removal [126]. But, 

investigation behind the mechanisms on the development of contralateral 

hyperalgesia is lacking. In one study of unilateral inflammatory pain (via capsaicin 

injection), the c-fos activation pattern of spinal glyceneric and GABAergic neurons 

was increased [59] on the opposite spinal relative to the injection. Thus, future work 
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could examine c-fos expression over a timecourse following nerve injury in the TRIF-

signaling deficient mice.   

Overall no individual TLR proved more important than the others in terms of 

tactile allodynia development. TLR activation, through either the MyD88 or the TRIF 

pathways, can lead to a wide-range of effects. All the TLRs signal through MyD88, 

except TLR3. TLR3 and TLR4, which are unique to TRIF and IRF3 are similar to 

TLR7 and TLR9 in that they also produce type 1 interferons, but through IRF7 and 

MyD88. We found that Irf3-/- mice displayed the same contralateral tactile allodynia as 

the Triflps2 mice, confirming the TRIF-IFN3 pathway. Conversely, Irf7-/- mice following 

L5 SNL did not display the same contralateral allodynia, suggesting that the MyD88-

IRF7 pathway may determine the contralateral effect. This was further confirmed in 

Triflps2/Tlr7-/- mice, which lack both TRIF and the MyD88-IRF7 pathway, and also did 

not display the contralateral allodynia.  

In regards to nerve injury, only mice deficient in MyD88 showed a decrease in 

ATF3+ staining. ATF3 has been shown to be upregulated following nerve injury. In 

C57Bl/6 mice the ipsilateral L5 DRG shows near 40% ATF3 positive nuclei. Myd88-/- 

mice showed only around 20% of ATF3 positive nuclei, suggesting that inhibition of 

MyD88, or all TLR signaling, except TLR3, results in less nerve injury. TNF, TRIF or 

IFN knock out alone, did not affect ATF3 positive nuclei. It is important to note that 

without a sham control this statement is not definitive. Since an unexpected 

contralateral allodynia was observed in a few of the mouse breeds, the study would 

could have been improved with sham operated controls for all of the mouse strains 

used, assessing both ATF3+ nuclei and glial staining at 14 days following the sham 

operation, but availability limited this study addition.  
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Taken together these studies provide an evolving picture of the role of spinal 

TLRs: 1) spinal TLR2, TLR3, and TLR4 activation mediates a persistent change 

through adapter proteins in spinal processing leading to a robust TA by TNF-

dependent and -independent pathways; 2) activation of the TRIF pathway leads to a 

modulation of the TLR evoked TA mediated by IFNβ; 3) Individual TLRs contribute to 

the allodynia present after nerve injury; 4) TRIF is important for recovery following 

nerve injury induced allodynia and IFNβ can transiently mediate this process; and, 5) 

the MyD88 pathway is required for the development of contralateral allodynia. These 

findings suggest that TRIF signaling and IFNβ are an important linkage in the 

resolution of the spinal TLR initiated state of facilitated processing. Collectively, these 

findings greatly contribute to the understanding of the spinal nociceptive pathway 

following nerve injury and the role that TLRs play in this physiological event.  
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