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ABSTRACT 
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James Tang      Advisor: 

University of Guelph, 2021    Dr. Giannina Descalzi 

 

Chronic pain is one of the most prevalent debilitating conditions, affecting an estimated 1 in 5 

Canadians. Despite the current treatment options, many who suffer from the condition report 

inadequate pain management, demonstrating a need to improve our understanding of the 

molecular and cellular processes underlying the condition such that new therapies can be 

developed. Synaptic plasticity within the central nervous system has been repeatedly implicated 

in the functional changes to pain-associated neural networks in chronic pain. Increasing 

evidence shows that astrocytes contribute to synaptic plasticity and are also involved in the 

pathogenesis of chronic pain. The astrocyte-neuron lactate shuttle (ANLS), where astrocytes 

export lactate that neurons can take up and use for energy metabolism, plays a critical role in 

hippocampal synaptic plasticity and in animal models of long-term memory. This thesis 

investigated the possible contribution of the ANLS to pain-associated synaptic plasticity in the 

anterior cingulate cortex (ACC), an area of the brain associated with pain and emotion, and 

consistently shows altered activity in both clinical populations as well as in animal models of 

chronic pain. Following induction of chronic hindpaw inflammation, our results indicate the 

development of hypersensitive pain-like behavior and a temporal pattern of increased lactate 

levels in the ACC. Additionally, our preliminary findings suggest that inhibiting neuronal lactate 

uptake via monocarboxylate transporter 2 genetic knockdown may inhibit the expression of 

inflammation-induced pain-like behavior. 
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Chapter 1: Review of the Literature 

General Introduction 

Chronic pain is a debilitating condition which currently affects approximately 7.6 million 

Canadians1. The condition is associated with a significantly lower quality of life, as patients 

report restrictions in their ability to participate in everyday activities, higher levels of depressive 

symptoms, and an overall decreased satisfaction with their lives2. A recent report by Health 

Canada indicates that the prevalence of chronic pain is steadily increasing, as an estimated 

20% of Canadians are affected as of 2019, up from 16.3% in 20001,3. Additionally, management 

of the condition places a significant burden on the Canadian economy, costing an estimated 

$38.2 to $40.3 billion in health care and lost productivity in 2019 alone1.  

 A major issue with chronic pain is that current treatments for pain management are 

inadequate. The World Health Organization analgesic ladder is commonly used to guide 

treatment of pain conditions4. At the lowest level, non-opioid pain relieving (analgesic) drugs, 

such as nonsteroidal anti-inflammatory drugs (e.g. aspirin, ibuprofen) may be prescribed to 

manage chronic pain. However they generally do not provide long-term pain relief, while also 

carrying significant side effects when used at high dosages for extended periods4. Opioids are 

prescribed when non-opioid analgesics are unable to adequately control pain, but patients will 

generally develop tolerance to the drugs, requiring increasing dosages overtime to maintain 

pain relief4. Tolerance to the analgesic effects of opioids is known to develop more rapidly than 

the tolerance to adverse effects, such as nausea, constipation, and respiratory depression, 

limiting the long-term efficacy of opioid treatment5. Additionally, not all patients respond well to 

opioid treatment6. For example, opioids alone are generally ineffective at relieving pain in 

patients with neuropathic pain6, a form of chronic pain caused by nerve damage. Drugs which 

are targeted at other diseases but have analgesic properties, such as the anticonvulsant 
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gabapentin or antidepressants such as serotonin-norepinephrine reuptake inhibitors, have 

shown effectiveness in achieving pain relief7–9.   

With the current pharmaceutical treatments that are available for pain management, 

many patients fail to achieve adequate pain relief10. In a 2006 survey of chronic pain in Europe 

for example, out of 2450 respondents, 64% reported that at times their medication did not 

provide adequate pain management10. This issue is compounded by the increasing reliance on 

medication for pain management, as the ongoing COVID-19 pandemic has reduced the 

availability of many alternative health care services11. A recent report surveying 17 Canadian 

pain clinics which collectively receive tens of thousands of visits per year, found that medication 

use has increased in over half of the surveyed clinics12. Thus, there is a critical need to develop 

new and effective therapies to allow those suffering from chronic pain to better manage their 

symptoms. This requires expanding our knowledge of the molecular and cellular processes 

occurring within and interacting with the nervous system that give rise to pain, as well as the 

pathological changes to pain-associated neural networks that cause pain to become chronic.   
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Pain 

 Pain is a complex experience consisting of multiple dissociable components. Early 

observations made in patients with severe intractable pain who underwent frontal lobotomy 

showed that while they retained the ability to perceive and describe their pain, the pain 

experience was no longer distressful13. Similarly, examinations in patients described as having 

pain asymbolia has found that while they could discriminate sensory characteristics such as hot 

and cold, sharp and dull, and stimulus intensity, they often failed to show withdrawal responses 

to stimulation even in the case of bodily harm14. Pain can therefore be described as having 

distinct sensory as well as affective qualities15. The sensory component of pain refers to 

characteristics such as its intensity, location, and duration, whereas pain affect can be 

described as how the pain feels, or its unpleasantness. Pain affect is additionally associated 

with motivational elements, as its unpleasant or aversive nature drives behaviors aimed at 

preventing or reducing further pain16,17.  

While pain often reflects exposure to a noxious stimulus or ongoing tissue damage, it is 

a subjective experience and is not necessarily an accurate measure of the severity or degree of 

a stimulus. For example, one study has shown that in response to identical thermal stimulation 

of the leg, subjective ratings of pain intensity vary substantially between human subjects18. 

Functional magnetic resonance imaging (fMRI) during thermal stimulation revealed brain activity 

in specific cortical regions which correlated with high and low pain sensitivity18, suggesting that 

variability of the activity of neural networks within the nervous system forms the basis for 

subjective differences in pain perception. Adding to the subjectivity and malleability of pain 

perception is the powerful modulatory role of emotion and higher order cognitive functions such 

as attention. For example, different emotional states can affect the perception of pain severity. 

Subjecting human participants to slide shows of pictures which induced feelings of fear has 

been observed to increase pain sensitivity, measured as the time it took for participants to report 
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feeling pain following immersion of their hands into ice water19. Likewise, influencing mood via 

exposure to different odors is also able to affect ratings of the unpleasantness of a thermal 

stimulus20.  

Pain arises from normal functioning of the somatosensory system, the division of the 

nervous system involved in transmitting and processing tactile and proprioceptive information21. 

Physiological pain results from the activation of nociceptors, a type of peripheral sensory 

neuron, by noxious stimuli22. Injury or disease can alter the function of the somatosensory 

system, resulting in the pathological experience of pain22. The etiology of many forms of 

pathological pain can be broadly divided into being inflammatory or neuropathic in origin22. 

Inflammatory pain is associated with the release of a variety of inflammatory signaling 

molecules and other neuromodulatory substances following tissue injury, which can influence 

the activity of neurons in pain-associated pathways22,23. Neuropathic pain refers to pain caused 

by nerve injury22,24. This may be a result of direct damage to the nerve, which can occur during 

surgery or be caused by medical treatments such as chemotherapy25,26. Diseases such as 

diabetes27 and neurofibromatosis28,29, or bacterial and viral infections such as by human 

immunodeficiency virus and in Lyme disease can also cause nerve injury30,31. Additionally, in 

certain types of cancer such as pancreatic cancer, invasion of neural tissue by cancer cells can 

lead to nerve injury along with neuropathic pain32,33.  

Acute pain serves an adaptive function, as it alerts us to potential danger or bodily harm. 

When pain becomes chronic however, its adaptive function is diminished as it becomes 

debilitating in everyday life. In some chronic pain syndromes, pain may persist in the absence or 

following the resolution of tissue injury22. Patients with chronic pain may experience pain 

hypersensitivity34–37, which can be broadly categorized as hyperalgesia or allodynia. The 

International Association for the Study of Pain defines hyperalgesia as increased pain due to a 

normally painful stimulus24. Allodynia on the other hand is defined as pain caused by a normally 
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non-painful stimulus24. Often, patients also report experiencing spontaneous pain38,39; pain 

which is not evoked by a stimulus. These abnormal pain symptoms in chronic pain syndromes 

are generally thought to be a result of changes in the function of nociceptive signaling pathways 

in the peripheral and central nervous systems (PNS and CNS respectively)40,41. 

Modeling Chronic Pain in Animals 

 Research in chronic pain has extensively used animal models, particularly rodent 

models42, to investigate changes occurring within the nervous system that may contribute to the 

pathogenesis of chronic pain. Common models include those involving the injection of 

substances such as Complete Freund’s adjuvant (CFA) into the rodent’s hindpaw, which 

induces localized chronic inflammation at the site of injection43. Chronic neuropathic pain can be 

modeled by surgically causing peripheral nerve injury, of which there are various different 

methods and models commonly employed in pain research44,45. Other examples include disease 

models associated with pain, such as diabetic neuropathy46, bone cancer47, and pancreatitis-

induced visceral pain48, although this list is non-exhaustive. 

In humans, whether a stimulus is perceived as painful is dependent on the stimulus 

intensity24. The pain threshold, or the intensity at which a stimulus transitions from being 

perceived as non-painful to painful24, varies from person to person. Because of the subjectivity 

of the pain experience, it cannot be directly measured in rodents. Instead, pain is inferred from a 

variety of behavioral tests which produce consistent and robust behavioral responses that 

appear pain-like49. Commonly, tests of stimulus-evoked pain involve mechanical or thermal 

stimulation of the rodent hind paw, in which behaviors such as rapid withdrawal, fanning, or 

licking of the paw in response to the stimulus is interpreted as a pain-like behaviour50.  

Allodynia in humans describes a reduction in their pain thresholds, where low intensity 

innocuous stimuli may be perceived as painful24. Examples of tests for assessing allodynia in 
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rodents include the Von Frey51 and dynamic hot plate tests50. These tests involve exposing 

rodents to mechanical or thermal stimulation of increasing intensities to determine the lowest 

stimulus intensity, or the threshold, which produces a pain-like response. Rodents with 

experimentally induced chronic pain will generally show pain-like behavior in response to lower 

stimulus intensities relative to healthy control animals52. This reduction in the threshold intensity 

to elicit pain-like behavior suggests that the rodents are experiencing allodynia.  

Hyperalgesia is the exaggerated perception of pain in response to stimuli that are 

normally painful24. Hyperalgesia in rodents can be assessed using a Hargreaves test, which 

involves stimulating the rodent hindpaw with a constant radiant heat source and measuring the 

latency to a withdrawal response53. The thermal stimulation causes hindpaw withdrawal in 

healthy control rodents, indicating that the stimulus is noxious53. In models of chronic pain, 

rodents generally have lower paw withdrawal latencies compared to controls, indicating an 

enhanced response to noxious stimulation and thus suggesting hyperalgesia54.   

The Nociceptive System 

 The process of nociception is distinct from the experience of pain. Nociception refers to 

the neural encoding of noxious or potentially noxious stimulation, which in turn contributes to the 

experience of pain55. This process is specifically initiated by nociceptors, primary afferent 

sensory neurons that detect and respond to harmful stimuli55. Pain however, can occur in the 

absence of nociceptor activation and thus nociception, as is often the case in pathological pain 

conditions56,57. Early evidence for nociceptors was provided based on observations that different 

forms of mechanical and thermal stimulation evoked specific reflexive movements in dogs58. 

Noxious stimulation of sufficient intensity, such as a prick or exposure to heat beyond a certain 

temperature, could evoke protective withdrawal reflexes58. Conversely, low intensity stimuli 

failed to evoke a withdrawal reflex, as these innocuous stimuli evoked entirely different 

behavioral responses58. Later electrophysiological work measuring the responses of individual 
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cutaneous afferent sensory fibers to various forms of stimulation provided evidence for distinct 

populations of sensory neurons. Certain fibers were found to respond to very low intensity 

mechanical stimulation, while those classified as nociceptive had significantly higher response 

thresholds59. These nociceptors appeared to discriminate between different forms of stimulation, 

as fibers which responded to pinches delivered by serrated forceps did not respond to pinches 

by blunt forceps at the same force59. Additionally, nociceptor responses thresholds varied, as 

certain fibers responded only to apparently noxious stimuli, such as Von Frey filaments which 

exerted 5-8 gram force (gf) and penetrated the skin, while others could respond to strong but 

non-penetrating stimuli59.  

Subsequent research has since expanded on these findings, showing that individual 

nociceptors respond to specific stimulus modalities. These include high-threshold 

mechanoreceptors which respond only to noxious mechanical stimulation, mechano-insensitive 

receptors that respond to noxious heat, polymodal receptors that respond to some combination 

of noxious heat or cold, mechanical, and chemical stimulation, and silent nociceptors that are 

normally insensitive to heat and mechanical stimulation60–64. Silent nociceptors can however 

become responsive to thermal and mechanical stimulation following exposure to chemical 

irritants for example64. Cutaneous nociceptors are further categorized into Aα/β, Aδ, and C 

fibers, or analogously group I – IV fibers in the case of muscle afferents65, based on their cell 

body size and axon diameter, the velocity at which they conduct electrical signals, and their 

myelination55,60,66. Generally, C-fiber nociceptors have smaller cell bodies and axon diameters 

compared to A-fiber nociceptors, are unmyelinated, and have conductance velocities around 

approximately 1 m/s55,62,67,68. C-fiber nociceptors can be further subdivided into peptidergic 

nociceptors expressing and releasing the neuropeptides calcitonin gene-related peptide (CGRP) 

and substance P69–71, or non-peptidergic nociceptors generally marked by their binding to 

isolectin B472, although there is evidence for some overlap between these two populations73,74. 
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A-fiber nociceptors are myelinated and have larger axon and cell body diameters as well as 

higher conductance velocities on average relative to C-fiber nociceptors55,60,67,68,75,76.   

 Structurally, nociceptors are pseudounipolar neurons whose cell bodies reside in the 

dorsal root and trigeminal ganglia77,78. These nociceptors project to and innervate skin, muscle, 

and viscera79. Additionally, nociceptors within the dorsal root ganglia project to the ipsilateral 

dorsal horn of the spinal cord, where they synapse onto second order sensory neurons, allowing 

the transmission of peripherally induced nociceptive signals to the CNS55. A-fiber nociceptors 

project primarily to lamina I, outer lamina II, and lamina V of the spinal dorsal horn (SDH)80. 

Non-peptidergic C-fiber nociceptors appear to project mainly to lamina II, while peptidergic C-

fiber nociceptors project to laminae I and II81,82. SDH neuron projections typically cross to the 

contralateral side of the body before travelling to the brain through multiple distinct ascending 

tracts which have been associated with varying functions83. The spinothalamic tract for example 

is a major ascending sensory tract associated with transmitting information related to touch, 

temperature, and pain84. It contains neurons responsive to innocuous mechanical stimulation, 

and noxious thermal and mechanical stimuli84, and damage to regions of the spinal cord 

containing the spinothalamic tract leads to deficits in pain and temperature perception85. The 

transmission of input from visceral nociceptors however appears to occur primarily through 

tracts in the dorsal column-medial lemniscus pathway86. Phenomena such as diffuse noxious 

inhibitory control, where a noxious stimulus can inhibit responses to other noxious stimuli 

applied simultaneously, has been attributed to the spinoreticular tract87,88.   

Peripheral Sensitization 

 Following exposure to a damaging or potentially damaging stimuli, the responses of 

primary afferent nociceptors to subsequent stimulation may be enhanced in a phenomenon 

referred to as peripheral sensitization. Exposure to noxious heat or mechanical stimulation has 

been demonstrated to enhance spontaneous activity, as well as elevate the evoked firing 
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frequency and reduce response thresholds to subsequent stimulation89,90. Nociceptor receptor 

field (RF) sizes have also been shown to increase following injury, as nociceptor activity can be 

evoked by mechanical or thermal stimulation within 1-5 mm outside their normal RF89,90. 

Importantly, the enhancement of nociceptor responses within their normal RF is restricted to the 

portion of the RF in which tissue injury occurred, and the RF size enhancement specifically 

extends to the site of stimulation89,90. Furthermore, noxious stimulation can recruit the activity of 

nociceptors with RFs adjacent to the site of stimulation90, in effect increasing the magnitude of 

subsequent nociceptor responses.  

 Numerous studies have shown that peripheral inflammation can result in nociceptor 

sensitization. Rat models of inflammatory pain induced by hindpaw injection of CFA or 

carrageenan show enhanced nociceptor firing evoked by mechanical and heat stimulation, as 

well as reduced response thresholds to heat91,92. Additionally, pro-inflammatory cytokines such 

as TNFα93 and IL-1β94 can reduce response thresholds and enhance spontaneous nociceptor 

activity. Notably, many chronic pain conditions are associated with peripheral inflammation 

accompanied by sensitization of nociceptors. Circulating blood levels of pro- and anti-

inflammatory cytokines including TNFα, IL-6, IL-8, IL-10, along with dermal expression of mast 

cells are elevated in patients with fibromyalgia95–97. Similarly, a significantly higher proportion of 

patients with chronic low back pain have been found to be TNFα positive, having serum 

concentrations greater than 2pg/mL, compared to healthy controls98. Furthermore, patients with 

painful diabetic neuropathy also appear to have higher serum levels of C-reactive protein, a 

general marker of inflammation, compared to patients with non-painful diabetic neuropathy99. 

Studies employing microneurography in patients with fibromyalgia and conditions involving 

neuropathic pain have found significant increases in spontaneous activity as well as 

sensitization to mechanical stimulation in mechano-insensitive C-fiber nociceptors100–102. 

However, rodent inflammatory pain models have shown that nociceptor sensitization is not 
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maintained when the inflammatory response ends103. Additionally, behavioral sensitization of 

pain-like responses can be induced in inflammatory pain models in the absence of sensitization 

of either C- or A-fiber nociceptors104. Therefore, while peripheral sensitization likely contributes 

to chronic pain, other mechanisms must be involved.  

Central Sensitization 

 Unlike peripheral sensitization where increased nociceptive signaling is a result of 

hyperexcitable primary nociceptors, central sensitization refers specifically to persistent changes 

in the function of neurons within the spinal cord56. Electrophysiological recordings in rodent 

models of neuropathic pain for example, have found that wide dynamic range neurons and high 

threshold neurons in the SDH exhibit elevated spontaneous activity, as well as increased 

cutaneous receptive field size to mechanical stimulation in neurons ipsilateral to the injury105,106. 

Additionally, while mechanical stimulation has been found to elicit wide dynamic range neuron 

firing activity with frequencies that positively correlated stimulus intensity in control rats, wide 

dynamic range neurons from injured rats responded with their maximal firing rate regardless of 

stimulus intensity and had lower mechanical response thresholds106. This enhanced activity of 

SDH neurons could be explained in part by increased afferent input resulting from peripheral 

sensitization. However, investigations using spinal cord slice preparations from rats with chronic 

inflammatory or neuropathic pain have provided evidence for changes in the properties of dorsal 

horn neurons associated with enhancing synaptic transmission. For example, expression of α-

amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors, cation channels which 

bind to the excitatory neurotransmitter glutamate and mediate post-synaptic neuronal 

depolarization primarily through Na+ influx107,108, is altered in the SDH following peripheral nerve 

injury109. AMPA receptors are tetrameric proteins110 consisting of different combinations of 4 

subunits, GluA1-GluA4111. Through immunostaining for receptors GluA1 and GluA2/3, 

significantly increased expression of AMPA receptor subunits has been observed in the spinal 
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dorsal horn ipsilateral to the injury112. Correspondingly, lamina II SDH neurons in rats with 

chronic inflammatory or neuropathic pain show significantly higher frequency of spontaneous 

excitatory postsynaptic currents (sEPSC) relative to control in slice recordings, which was 

AMPA receptor-dependent as the AMPA receptor antagonist CNQX abolished all sEPSCs113. 

Additional work has provided evidence that persistent potentiation of neuronal activity in the 

SDH can be induced by nociceptor activation and release of the neuropeptide substance P114. 

Low frequency (2 Hz) stimulation of C-fibers in vitro, which resembles the frequency of 

spontaneous C-fiber discharge in inflammatory pain models115, significantly increased the 

amplitude of evoked EPSCs in SDH neurons which project to the periaqueductal grey (PAG) 

following the stimulation protocol114. This effect could be blocked by an antagonist for the 

substance P receptor, neurokinin 1 receptor (NK1R)114. Furthermore, hind paw injection of 

formalin, which causes acute inflammation and induces low frequency C-fiber activity116, was 

found to similarly increase C-fiber evoked responses in the SDH114. These results suggest that 

elevated afferent nociceptor input can induce changes in the properties of nociceptive neurons 

within the SDH, such that their responses to subsequent nociceptive input will be enhanced.  

GABA Disinhibition 

In addition to synaptic potentiation induced by afferent nociceptor activity, disinhibition of 

SDH neurons has also been implicated as an important mechanism mediating chronic pain 

development. GABA and glycine are major inhibitory neurotransmitters within the spinal cord117.  

Through binding to postsynaptic ionotropic GABAA and glycine receptors, they hyperpolarize 

neurons by allowing the influx of Cl- ions118. GABA can additionally bind to the metabotropic G-

protein-coupled GABAB receptor, which results in neuronal hyperpolarization through increased 

postsynaptic K+ conductance119, and reduces presynaptic transmission via inhibiting Ca2+ 

conductance120. GABAA receptor inhibition by bicuculline can significantly enhance the 

amplitude and duration of Aβ, Aδ, and to a lesser extent C fiber- evoked excitatory postsynaptic 
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currents (EPSC) in lamina II neurons in vitro121, and induce mechanical allodynia in vivo122,123. 

Chemogenetic inhibition of GABAergic neurons in the spinal cord has also been found to 

increase mechanical and thermal sensitivity124. Importantly, in rats with peripheral nerve injury, 

bicuculline’s enhancement of evoked SDH activity in spinal cord slices is reduced121, and does 

not further enhance mechanical allodynia in vivo125. These results suggest that GABAA receptor-

mediated inhibition is impaired in the SDH following peripheral nerve injury, occluding further 

disinhibition of SDH activity and sensitization to nociceptive stimulation by bicuculine.   

Rodent neuropathic pain models show reduced GABAA receptor-mediated but not 

glycine receptor-mediated inhibitory postsynaptic currents (IPSC) in lamina II dorsal horn 

neurons126,127. Impairment of presynaptic GABA release has been implicated, as the frequency 

of GABAA receptor-mediated spontaneous IPSCs and mini IPSCs have been reported to be 

significantly reduced following onset of pain-like behaviours126,127. Decreased GABA synthesis 

may contribute to disinhibition, as expression of GAD65 and GAD67, enzymes involved in 

decarboxylating glutamate to GABA128, is reduced following nerve injury126,129. Loss of 

GABAergic interneurons in lamina I-II due to apoptosis has also been reported127,129, and may 

be a result of N-methyl-D-aspartate (NMDA) receptor-mediated excitotoxicity127. Additionally, 

altered postsynaptic GABA responses may also contribute to disinhibition of dorsal horn 

neurons. While one study found that GABAA receptor expression was unaffected126, a separate 

study observed that the amplitude of GABAergic mini IPSCs decreased127, suggesting a 

possible shift in the function of GABA receptor-mediated responses. Indeed, the K+/Cl- 

cotransporter, which maintains the Cl- gradient across the neuronal membrane and is necessary 

for GABAA receptor-mediated hyperpolarization130, is downregulated in SDH neurons following 

spinal cord injury in rats131. This was associated with a positive shift in the reversal potential of 

GABA-induced currents, such that GABA-mediated Cl- influx switches to efflux at less negative 
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membrane potentials, reducing the degree of hyperpolarizing inhibitory-postsynaptic potentials 

induced by GABA131.  

Interestingly, loss of GABA inhibition in the SDH has been implicated in the recruitment 

of non-nociceptive fibers to activate neurons in lamina I/II of the dorsal horn. The majority of Aβ 

fibers are non-nociceptive, low-threshold mechanoreceptors which transmit information related 

to light tactile stimulati132, and these low-threshold mechanoreceptors primarily terminate in 

laminae III/IV80. In rat spinal cord slices, very few lamina I neurons expressing the neurokinin 1 

receptor respond to dorsal root stimulation at intensities previously found to activate Aβ 

fibers133. However, inhibiting GABAA and glycine receptors within the dorsal horn by bath 

application of bicuculline and strychnine uncovered Aβ fiber-mediated responses in previously 

unresponsive neurons133. Further in vitro work has observed that electrical and glutamate 

stimulation of lamina III neurons excites a significant proportion of lamina I/II neurons in spinal 

slices from rats with neuropathic pain, a phenomenon that occurred rarely in slices from healthy 

control rats134. This effect could be mimicked in control slices by inhibiting GABAA and glycine 

receptor activity134. Aβ fiber-mediated responses in lamina III neurons are also enhanced by 

disinhibition of the SDH133. Moreover, recent in vivo work employing optogenetics has shown 

that stimulation of non-nociceptive Aβ fibers evokes EPSCs in lamina 1 neurons of rats with 

peripheral nerve injury but not in naïve rats57. Activation of Aβ fibers was further shown to 

induce pain-like behaviours, and was also associated with an increase in aversive behaviour as 

assessed by a conditioned place avoidance test57. Taken together, these findings provide a 

possible mechanistic explanation for allodynia, where responses to innocuous stimulation 

transmitted by non-nociceptive Aβ fibers may contribute to activation of the nociceptive pathway 

in chronic pain conditions.  
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Descending Facilitation 

Ascending nociceptive transmission at the level of the spinal dorsal horn is subject to 

descending modulation from the brainstem. The PAG is a major hub in descending modulatory 

pathways, as it integrates information from various cortical brain regions and projects to areas in 

the brainstem such as the rostral ventromedial medulla (RVM), locus coeruleus, and nucleus 

raphe magnus, which in turn project to the dorsal horn of the spinal cord135,136. Evidence from 

rats demonstrates the PAG’s modulatory role on nociception, as glutamate injection into the 

PAG significantly increases the temperature threshold to elicit a flexion reflex in rats, which also 

correlated with enhanced activity of cells in the nucleus raphe magnus137. In rats with 

neuropathic pain, descending modulation exerted by the PAG is affected, as PAG stimulation 

had no effect on the activity of SDH wide-dynamic range neuron responses to noxious 

mechanical stimulation138. Additionally, PAG stimulation significantly reduced wide-dynamic 

range neuron responses to noxious heat in neurons contralateral, but not ipsilateral to the spinal 

nerve injury138. Findings that glutamatergic transmission is impaired in the ventrolateral PAG in 

rodent chronic pain models via reduced glutamate release and AMPA receptor-mediated 

responses139,140, which is associated with mechanical hypersensitivity140, provide further 

evidence for altered PAG function in mediating chronic pain. However, the role of the PAG is 

complicated by work showing that it sends both excitatory and inhibitory projections to the 

RVM141, and a recent chemogenetic study has shown that these different populations of 

neurons exert opposing effects on the transmission of nociceptive information142. Using designer 

receptors exclusively activated by designer drugs (DREADDs) allowed for specific activation or 

inhibition of glutamatergic or GABAergic neurons of the ventrolateral PAG. Activating 

GABAergic or inhibiting glutamatergic PAG neurons in mice increased their sensitivity to 

mechanical and noxious thermal stimulation. Conversely, activating glutamatergic or inhibiting 
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GABAergic PAG neurons decreased sensitivity to noxious heat, but not mechanical 

stimulation142.  

 The RVM is a major source of direct modulatory output onto SDH neurons. Functionally, 

different populations of neurons in the RVM have been classified broadly as ON, OFF, or 

neutral cells depending on whether their activity increased, decreased, or remained unchanged 

respectively in response to noxious stimulation143,144. Behaviorally, early studies have observed 

that the latency to tail-flick responses induced by noxious heat stimulation is significantly higher 

when ON cells are spontaneously active and OFF cells are silent and vice versa, suggesting 

that the RVM can bidirectionally modulate nociception145. Additionally, prolonged noxious heat 

stimulation of a rat’s tail has been shown to increase ON cell activity and decrease OFF cell 

activity which strongly correlated to a reduced heat-evoked hind paw withdrawal latency, 

providing evidence that altered RVM activity may contribute to the development of secondary 

hyperalgesia146. In this study, changes in neuronal activity returned to baseline upon removal of 

the sensitizing stimulus146. However, studies in neuropathic pain models have provided 

evidence for persistent changes in RVM activity that indicate a shift towards descending 

facilitation of SDH neuron activity. Specifically, ON cells display enhanced evoked activity to 

innocuous and noxious mechanical stimulation in rats with nerve injury, while evoked pauses in 

OFF cell activity are similarly enhanced144. Furthermore, rats with diabetic neuropathy exhibit 

increased and decreased spontaneous activity of ON and OFF cells respectively147. 

Accordingly, inhibiting the RVM with the sodium channel blocker lidocaine148 can transiently 

reverse sensitization of pain-like behavior in rats with peripheral nerve injury, increasing their 

mechanical paw withdrawal thresholds and thermal paw withdrawal latencies149. 

Beyond the functional ON and OFF classification of RVM neurons, the molecular 

characteristics of these neurons remains ambiguous150. Immunostaining of anterogradely 

labelled terminals in the SDH has shown that the RVM sends GABAergic projections to laminae 
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I, II, IV, and V of the SDH151, and excitation of RVM neurons via electrical stimulation or 

glutamate injections elicit GABA and glycine-mediated IPSCs in the SDH, potentially through a 

direct monosynaptic projection152. The same stimulation protocol has also been associated with 

abolishing pinch-induced action potentials in lamina II SDH neurons152, and thus may mediate 

antinociceptive effects. Other work has identified a pronociceptive disynaptic RVM-SDH 

pathway in which the RVM sends GABAergic projections onto SDH interneurons, which in turn 

inhibit presynaptic transmission from primary sensory neurons through release of GABA and 

enkephalins124. The RVM additionally sends serotonergic projections to the SDH. Interestingly, 

reducing the synthesis of serotonin in the RVM has no effect on pain-like behavior in healthy 

rats, but reduces hypersensitivity to mechanical and thermal stimulation in rat models of chronic 

inflammatory and neuropathic pain153. 

While the RVM accounts for a significant proportion of the descending modulation onto 

the SDH, other supraspinal areas project directly to the spinal cord as well. Studies employing 

various retrograde and anterograde tracing techniques indicate the presence of direct 

corticospinal projections from the anterior cingulate cortex (ACC), primary somatosensory 

cortex, and primary motor cortex to the SDH in rodents154,155. In mice with peripheral nerve 

injury, ACC-SDH projecting neurons were additionally found to have larger EPSC responses at 

a given stimulation intensity compared to sham control mice155. Furthermore, specific 

optogenetic inhibition of these ACC-SDH projecting neurons can reduce mechanical 

sensitization in nerve-injured mice156, indicating that these direct SDH projecting neurons can 

likewise modulate the transmission of nociceptive information, and that their activity is altered in 

chronic pain models. The medial prefrontal cortex, which also participates in descending 

modulation of nociceptive signals157, sends direct spinal cord projecting neurons in rats158. But 

whether descending modulation from the medial prefrontal cortex is mediated by these 

corticospinal projections is unknown.  
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Altered Brain Activity in Chronic Pain Patients 

 Studies examining grey matter structure in patients have found brain regions which are 

consistently altered across various chronic pain conditions. Patients with chronic back pain have 

decreased grey matter density in the prefrontal cortex (PFC), anterior insula, and the thalamus, 

among other areas159–161. Chronic migraine patients exhibit decreased grey mater density in 

frontal areas such as the ACC, amygdala and insula, as well as increased grey mater density in 

the PAG162,163. Patients with fibromyalgia showed white matter alterations in the thalamus, 

thalamocortical tracts, and insula164. Decreased grey matter density was also seen in areas 

such as the amygdala, cingulate cortex, superior frontal gyrus and hippocampus164,165. The 

thalamus, anterior insula, and a few other regions were again found to be consistently altered in 

a meta-analysis of patients with neuropathic pain166. 

 Using functional magnetic resonance imaging, many of the brain regions found to be 

structurally affected in chronic pain patients have also been found to have altered functional 

connectivity. Functional connectivity is the temporal correlation of activity in brain areas that 

may be spatially separate167. In patients with chronic back pain, the medial PFC was found to 

have increased functional connectivity with the ACC, insula, and secondary somatosensory 

cortex168. Another study found enhanced resting-state functional connectivity of the PAG with 

the ventral medial PFC and the rostral ACC in patients with chronic back pain169. Patients with 

fibromyalgia similarly show alterations such as increased ACC connectivity with the insula, 

decreased ACC connectivity with the amygdala and PAG, and decreased connectivity of the 

thalamus with the insula and PAG, amongst numerous other alterations169. Patients with 

diabetic neuropathy exhibit alterations in the connectivity of the default mode network, including 

regions such as the dorsal ACC, dorsolateral PFC, superior and inferior frontal gyri, the 

thalamus, and insula170.  
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 While the above list is far from exhaustive, brain regions involved in processing of 

sensory data, pain, emotion, and memory have been consistently found to be altered in patients 

with chronic pain conditions. However, these studies are limited. While they provide insight into 

which brain areas may be involved, they do not tell us how these changes arise or how they 

may contribute to the chronicity of pain.  

The Human Anterior Cingulate Cortex  

 The human cingulate gyrus, which is located along the medial surface of the cerebral 

cortex dorsal to the corpus callosum, is divided functionally and anatomically into the anterior 

and posterior cingulate cortices (ACC and PCC respectively)171. The ACC is a heterogenous 

structure corresponding to Brodmann areas 24, 25, 32 and 33172, and can be further subdivided 

into the rostral/ventral ACC which wraps around the genu of the corpus callosum, and the 

caudal/dorsal ACC which is adjacent to the PCC. Structurally for example, areas 24a-c and 32, 

which extend from the rostroventral portion of the ACC towards the caudal end of the ACC, 

exhibit differences in cytoarchitecture along the rostrocaudal axis172. These include differences 

in the size of individual neuronal layers, as well as in neuronal density172. Likewise, general 

patterns of functional connectivity differ throughout the ACC173. Activity within the caudal end of 

the dorsal ACC has been found to positively correlate with activity in parietal regions such as 

the somatosensory and motor cortices, while activity towards the ventral ACC gradually shows 

stronger positive correlations with more frontotemporal areas such as the orbitofrontal cortex, 

amygdala, and hippocampus amongst other regions173.   

 Brain imaging studies have consistently associated the ACC with both emotional and 

cognitive processes. Cognitive functions such as conflict monitoring174 or the detection of 

conflicting information, anticipation of a task175,176, and decision making177,178 for example, 

correspond to increases in ACC activity. Increased ACC activation also occurs during emotional 

regulation, such as where subjects are instructed to control their emotional responses to task 
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errors179, or in response to emotionally salient stimuli180. ACC activity is also associated with 

nociception and pain. During painful electrical or thermal stimulation, increased activation is 

seen in distinct regions of both the ventral and dorsal ACC that correlate with reported pain 

intensity, with variability in the exact location of activation between subjects181,182. 

Electrophysiological examination of individual neurons within the dorsal ACC has shown that 

these neurons respond to different modalities of painful but not innocuous stimulation183, 

suggesting a specific role in encoding pain rather than perhaps a graded response to general 

sensation. Activity within the ACC has also been associated with pain affect184. One study 

employed hypnosis which specifically reduced ratings of pain unpleasantness but not intensity, 

and observed a positive correlation between ACC activity and pain unpleasantness184.  

 Studies in patients undergoing anterior cingulotomy has provided further evidence for 

the direct role of the ACC in mediating pain as well as affect. Cingulotomy has been observed in 

certain cases to improve the wellbeing of psychiatric patients with generalized anxiety and 

affective disorders such as depression185, and has shown some effectiveness in reducing pain 

in patients with a range of chronic pain syndromes186–189. In particular, cingulotomy may reduce 

the negative affective quality of pain, as patients reported only mild decreases in pain ratings 

despite being bothered significantly less by their pain187,189. Additionally, cingulotomy has been 

found to reduce pain-associated anxiety189, and significantly reduce scores of depression and 

anxiety in patients with obsessive-compulsive disorder190,191. However, patients that undergo 

cingulotomy do generally exhibit impairments on various tests of executive function and 

selective attention, in which performance eventually may either partially or fully recover with 

time187,192.  
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The Anterior Cingulate Cortex in Chronic Pain 

Connections with Nociceptive and Affect-Related Brain Areas 

 The ACC has been considered part of a specialized nociceptive neural system which 

integrates nociceptive information with cognitive and emotional processing in the brain193. This 

functional role of the ACC is supported by structural studies in animals examining afferent 

connections to, and efferent connections from the ACC. The present discussion will focus on 

structural findings in the rodent brain, however it may be noted that cingulate anatomy and 

connectivity has also been examined extensively in other animals, particularly monkeys194,195. 

There has been ambiguity within the rodent literature regarding the precise anatomical 

definitions of the ACC196–198, but recent cytoarchitectural work has provided insight into the 

structure of the rodent ACC along with suggestions for its human homologues. Areas Cg1/Cg2, 

which are commonly considered the rodent ACC and correspond to areas 24a and 24b, are 

shown to encompass two cytoarchitecturally distinct regions along the rostrocaudal axis196, 

which is similar in nature to the heterogeneity of areas 24a-c spanning the ventral and dorsal 

ACC in humans172. Therefore, rodent areas 24a and 24b were related to both the human dorsal 

ACC (alternatively referred to here as the anterior division of the midcingulate cortex), as well as 

portions of the perigenual ACC196. From here onwards, the rodent ACC will refer to findings in 

the Cg1/Cg2 areas. Neuroanatomical studies employing injections of retrograde tracers such as 

Fluoro-Gold, cholera toxin subunit B, and horse radish peroxidase, into the rodent ACC have 

found that it is interconnected with a variety of brain areas associated with relaying affective and 

sensory information199–202.  

 The thalamus receives extensive primary sensory inputs and is critical for relaying 

sensory information throughout the cortex203. Of the numerous distinct nuclei within this area, 

the ACC has been shown to be connected with certain nuclei implicated in transmitting 



 
 

21 
 

nociceptive and affective information. The ACC receives projections from the dorsomedial 

thalamic nucleus200–202, an area containing neurons which respond to noxious pressure or 

thermal but not innocuous tactile stimulation204. It is also involved in long-term associative 

learning with affective valence, as it contributes to both expression and extinction of conditioned 

fear behaviours205,206. Other nuclei of interest which project to the ACC include the 

paraventricular nucleus201, in which neuronal activation by the neuropeptide orexin correlates 

with elevated measures of anxiety-like behaviours, such as reduced exploration in the center of 

an open field test and the open arms of an elevated plus maze207,208. Additionally, activity within 

the paraventricular nucleus has been associated with fear learning, as rats with lesions in this 

area display deficits in freezing behaviour in a foot shock fear conditioning paradigm209. The 

parafascicular nucleus also projects to the ACC201 and has been implicated in nociceptive 

signaling, as it contains neurons responsive to noxious stimulation such as a tail pinch210.  

 In addition to the thalamus, the ACC receives projections from other structures 

associated with encoding negative affect, such as the basolateral and basomedial amygdala, 

and the insula199. Human studies have implicated these structures in emotional processes. For 

example subjects who are more prone to anxiety, based on a self-report personality 

assessment, show greater activity in both the amygdala and insula during an emotional task 

compared to subjects not prone to anxiety211. Rodent studies have further provided evidence 

that activity in the basolateral amygdala contributes to regulating anxiety, as increasing 

GABAergic inhibition within this area has been shown to decrease anxiety-like behaviour in the 

open field and elevated plus maze tests212. Conversely, lesioning NK1R+ GABAergic 

interneurons in the basolateral amygdala in rats decreases social interaction and open arm 

exploration time in the elevated plus maze suggesting an increase in anxiety213. In addition to 

modulating general anxiety-like behaviour, the basolateral amygdala is also critical for long-term 

aversive learning. Lesioning the basolateral amygdala causes significant deficits in freezing 
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following conditioned fear training pairing either a context or tone to a foot shock214. Like the 

basolateral amygdala, the basomedial amygdala is associated with influencing anxiety, as 

modulating activity in this area can bidirectionally influence anxiety-like behaviours in mice215. 

Moreover, the activity of a subset of neurons within the amygdala closely corresponds to rodent 

escape behaviors in response to noxious stimulation, and these neurons have been found to 

become more responsive to innocuous stimulation in mice with peripheral nerve injury216. 

Chemogenetic inhibition of these neurons reduces escape responses to noxious stimulation in 

uninjured rats, and to both innocuous and noxious stimulation in injured rats, indicating a role in 

generating pain-related aversion which is altered in chronic pain216.  

 The insula has also been implicated in associative learning paradigms involving either a 

positive or negative valence217,218, as well as in mediating general anxiety219. Using a morphine-

induced conditioned place preference, inactivation of the granular region of the insula by 

injection of GABAA and GABAB receptor agonists during training reduces preference for the 

drug-associated chamber during post-training tests217. Additionally, inactivation of both the 

agranular and granular insula reduces the avoidance of a naloxone-associated chamber, in 

which naloxone counteracts the effects of morphine and is an aversive experience217. Similar 

results have been obtained in a study employing conditioned taste aversion. Chemogenetically 

inhibiting projections between the insula and the basolateral amygdala prevents the 

development of aversion to a saccharine solution paired with injection of lithium chloride218, a 

known aversive agent220. Studies indicate that insular cortex activity is altered in chronic pain 

models and contributes to hypersensitivity of pain-like behaviors221. For instance, the expression 

of postsynaptic NMDA receptors, which are ionotropic glutamate receptors222, is enhanced in 

mice with peripheral nerve injury as shown by an increased expression of the NMDA receptor 

subunit GluN1221. NMDA receptor blockade by the competitive inhibitor AP5 was additionally 

shown to reduce the percentage of pain-like responses to innocuous mechanical stimulation221. 
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 Major areas that project to the ACC and have been implicated in mediating the sensory 

aspect of pain include the primary and secondary somatosensory cortices200. In human subjects 

for example, activity within these areas is suggested to encode pain intensity, as the intensity of 

noxious laser stimulation has been observed to correlate both with pain intensity ratings and 

patterns of evoked activity in primary and secondary somatosensory cortices223. Interestingly, in 

a study examining an isolated case of lesion to the primary and secondary somatosensory 

cortices, cutaneous laser stimulation at intensities that did not elicit pain caused the patient to 

experience an unpleasant and poorly localized feeling, suggesting a specific deficit in perception 

of the sensory but not affective qualities of pain224. This is corroborated by findings in rats, 

where lesions to the primary somatosensory cortex have been observed to reduce the 

magnitude of mechanical allodynia in a chronic inflammatory pain model225. Assessment by a 

conditioned place avoidance test found that these rats show decreased preference for a dark 

chamber associated with suprathreshold stimulation of their injured paw relative compared to a 

light chamber associated with stimulation of their uninjured paw, suggesting that pain-

associated affect remained intact225.  

Due to the extensive connections to the ACC from areas such as the amygdala, insula, 

somatosensory cortices and various thalamic nuclei, the ACC is in a position to integrate both 

nociceptive and affective information. The ACC additionally sends efferent projections back to 

the basolateral amygdala, insula226, PAG227, and various thalamic nuclei228,229. Given their roles 

in mediating general anxiety-like states and in associative aversive learning, this reciprocal 

communication may allow for the association of negative affect with nociceptive information, 

potentially contributing to the unpleasantness of pain. In addition, studies in humans have 

repeatedly observed significant interactions between emotion and pain19,20,230. As the ACC also 

sends projections to PAG227 and the RVM231, critical areas in modulation of the SDH, emotion-
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associated activation of the ACC could potentially modulate ascending transmission of 

nociceptive signals through these descending pathways. 

The Anterior Cingulate Cortex in Chronic Pain Models 

Repeatedly, studies have observed persistently altered neuronal activity in the ACC in 

neuropathic and inflammatory pain models232–234. This is suggested by in vivo and in vitro 

electrophysiological findings. In brain slices from mice with chronic inflammatory or neuropathic 

pain, whole-cell patch-clamp recordings from individual ACC neurons observed a higher 

frequency of miniature excitatory postsynaptic currents (mEPSC) compared to control rats, 

suggesting that spontaneous activity within the ACC is elevated235. In vivo single-unit recordings 

have observed increased firing rates as well as an elevated number of bursting events, defined 

as 3 or more electrical spikes within a 50 millisecond window, in mice with neuropathic pain, 

further suggesting that neuronal activity within the ACC is elevated in chronic pain states232. 

Other methods of measuring neuronal activity include fluorescent calcium imaging. As calcium 

influx into neurons is involved in neurotransmitter release236, increased calcium activity is 

associated with elevated neuronal activity233. Using transgenic mice expressing the fluorescent 

calcium indicator GCaMP6s, imaging revealed enhanced spontaneous calcium activity 

bilaterally in layer V pyramidal neurons of the ACC233. In addition to spontaneous activity, 

evoked neuronal activity in response to mechanical stimulation of the paw or by electrical 

stimulation of ACC layer V is enhanced in mice with chronic pain233,235,237.  

Given that ACC activity is consistently altered in chronic pain models, studies have 

worked to establish causal links to persistent pain-like behaviours in chronic pain through 

lesioning or directly modulating ACC activity. Studies in acute pain models provide evidence 

that the ACC may be involved in encoding the affective qualities of pain. For example, two 

studies employed a conditioned place avoidance test in which they gave rats an injection of 

formalin238,239, which causes acute pain-like behavior240. Conditioned place avoidance is an 
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associative learning task used to assess the aversiveness of a stimulus241. Following the pairing 

of one of two compartments with formalin injection, rats spent significantly less time in the 

formalin-associated compartment in a post-conditioning test238,239, indicating aversion to the 

formalin injection. However, rats with lesion to the rostral portion of the ACC spend significantly 

more time in the formalin compartment compared to rats with sham lesion, and thus appeared 

to show less aversion to the formalin injection238,239. In two models of chronic neuropathic pain, 

rats with peripheral nerve injury actively avoid a dark compartment in which they receive 

consistent suprathreshold mechanical stimulation to their sensitized hindpaw, spending more 

time in a light compartment where they receive the same stimulation to their unaffected 

hindpaw242,243. Interestingly, conflicting results have been observed, where both activation of the 

ACC by electrical stimulation and lesioning of the ACC was observed to significantly decrease 

the time injured rats spent in the light chamber242,243. The discrepancy here may potentially be a 

result of the variability of electrode placement in the ACC, as the site of electrical stimulation 

varied across a large portion of the region242, which has been shown to structurally vary 

rostrocaudaly196. In addition to stimulus-evoked pain affect, the ACC has been implicated in 

mediating the tonic aversiveness of ongoing spontaneous pain. A measure of spontaneous pain 

in rodents that has been proposed uses a conditioned place preference paradigm, in which one 

chamber is paired with administration of a pain-relieving drug, while saline is administered in the 

other chamber244. Rats with peripheral nerve injury spend more time in the drug-associated 

chamber, while rats that underwent a sham surgery show no specific preference244. This 

suggested that rats with peripheral nerve injury may experience spontaneous pain and due to its 

aversiveness, seek drug-mediated relief in the absence of stimulus-evoked pain244. One study 

employing this measure found that while lesion to the rostral portion of the ACC had no effect on 

evoked pain-like behaviors in nerve-injured rats, these rats showed no preference for either 

lidocaine or saline paired chambers245. Rats with nerve injury that underwent sham lesion 

however, spent substantially more time in the lidocaine chamber, suggesting that rostral ACC 
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lesion may reduce the negative affect but not sensory hypersensitivity associated with nerve 

injury245.  

Aside from its role in mediating the intrinsic negative affect or unpleasantness of pain, 

altered ACC activity may also contribute to the development of mood disorders which are highly 

comorbid with chronic pain246. In rodents, lesioning the ACC prior to peripheral nerve injury can 

prevent the development of anxiety and depression-like behaviors247. Mice showing increased 

depression-like behaviors will generally spend less time grooming in a splash test, and more 

time immobile in a forced swim test248. To assess anxiety, a novelty suppressed feeding test 

was used, in which a longer latency to feed was used as measure of anxiety-like behavior249. 

Mice with peripheral injury and an intact ACC exhibited depression and anxiety-like behavior, as 

they had lower grooming time, higher immobility time, and higher latency to feed compared to 

sham mice247. However, ACC lesion prior to nerve injury completely abolished anxiety and 

depression-like behaviors induced by nerve injury, without affecting test performance in sham 

controls247. Later work by the same group additionally showed that nerve injury-induced 

enhancement of spontaneous ACC activity was temporally correlated with the onset of anxiety 

and depression-like behaviors232. Through optogenetic inhibition of excitatory neurons in the 

ACC, they reduced all measures of anxiety and depression-like behavior to sham control 

levels232. These results suggest that the ACC may be involved not only in the induction but also 

the maintenance of psychiatric disorders associated with chronic pain.  

The ACC is known to project to the PAG, which is part of the descending pain pathway. 

However, the ACC sends direct excitatory projections to the spinal dorsal horn (SDH) 

independent of the descending pain pathway, and the function of this pathway has recently 

been investigated156. Stimulation of the ACC increased the frequency and amplitude of spinal 

excitatory post-synaptic potentials in the contralateral SDH, while having no effect on the spinal 

inhibitory post-synaptic potentials156. Additionally, stimulation of the ACC only potentiated SDH 
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neurons of sham operated rats, indicating that peripheral nerve injury already potentiates the 

SDH occluding further plasticity156. This effect was independent of the RVM, as inhibiting RVM 

activity with CNQX or the sodium channel blocker lidocaine148 did not prevent SDH 

potentiation156.  Optogenetic activation of these ACC-spinal cord fibers decreased mechanical 

thresholds in sham mice, while optogenetic inhibition of these same fibers increased mechanical 

thresholds only in SNI mice156. Accordingly, previous work had shown that optogenetic 

stimulation of ACC pyramidal neurons decreased mechanical thresholds, and this effect was 

occluded in animals with chronic pain caused by CFA. Meanwhile inhibiting pyramidal neurons 

increased mechanical thresholds in CFA mice, similar to the previous study250. This study also 

showed that activation of inhibitory parvalbumin expressing interneurons increased mechanical 

thresholds250. A third study performed general, non-specific optogenetic inhibition of the ACC, 

which again increased mechanical thresholds and thus had an analgesic effect251. These 

studies illustrate that altered ACC transmission can bidirectionally modulate the sensory 

component of pain.  

Neuroplasticity in the ACC 

Long-Term Potentiation 

 Given the findings that the ACC’s activity is altered in chronic pain, and it can 

bidirectionally modulate both the sensory and affective processing of pain in rodents, what are 

the molecular mechanisms that may lead to this altered activity? One possible mechanism by 

which neuronal activity may be persistently altered is synaptic plasticity, where the strength of 

synaptic connections between neurons can be modified in an activity-dependent manner. Work 

done by Bliss and Lomo provided initial experimental evidence characterizing a form of synaptic 

plasticity, now known as long-term potentiation (LTP), in the rabbit hippocampus252. They 

recorded evoked population responses in the molecular layer of the dentate gyrus, before and 
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after delivery of a conditioning electrical stimulus to the perforant pathway, which synapses on 

to granule cells in the dentate gyrus252. The parameters assessed included the population 

excitatory postsynaptic potential, which is a measure of the change in neuronal membrane 

potential, the population spike which results from action potential firing, as well as the latency 

between delivery of a test stimulus and the resulting population spike252.  Following conditioning 

stimulation of the perforant pathway at either 15 Hz for 10-15 seconds or 100 Hz for 3-4 

seconds, they consistently observed increases in the amplitudes of both the population 

excitatory postsynaptic potentials (EPSP) and population spikes as well as a decreased 

population spike latency which lasted up to a few hours252. These findings suggested that 

increased firing of a presynaptic neuron could result in long lasting potentiation of synaptic 

activity.  

In this particular model, the induction of LTP involves the activity of AMPA and NMDA 

receptors, which are ionotropic glutamate receptors expressed on the postsynaptic 

membrane222,253. Glutamate released into the synaptic cleft binds to both receptors, causing 

depolarization of the postsynaptic neuron mediated by AMPA254 but not NMDA receptors255. 

NMDA activation, which is critical for LTP255, requires binding of its co-agonist glycine256 in 

addition to sufficient depolarization of the postsynaptic membrane to remove the voltage-

dependent block of channel conductance by Mg2+257,258. NMDA receptor activation allows for the 

inward flux of Ca2+259, which initiates intracellular signaling pathways that eventually lead to 

persistent potentiation of synaptic activity. This includes activation of kinases such as 

Ca2+/calmodulin-dependent protein kinase II (CaMKII)260, protein kinase A (PKA)261, and 

phosphatidylinositol 3-kinase262, resulting in enhancement of subsequent AMPA receptor-

mediated responses via trafficking of additional AMPA receptors to the postsynaptic 

membrane254,263. Additionally, CaMKII activity stimulates adenylyl cyclase, causing an increase 

in cyclic adenosine monophosphate (cAMP)264. These intracellular signaling pathways converge 
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on the phosphorylation and activation of cAMP response-element binding protein (CREB)265,266, 

a transcription factor which in turn initiates gene transcription267 that contributes to the persistent 

maintenance of LTP268.  

LTP has been used extensively as a model for studying the hippocampal mechanisms 

involved in animal models of learning and memory269, and certain forms of memory are impaired 

by blocking LTP. Early observations made in hippocampal-dependent tasks such as the Morris 

water maze270 have shown for example, that spatial learning deficits can be caused by the 

NMDA antagonist AP5271. The Morris water maze consisted of a pool of water containing a 

hidden platform onto which the rats could escape. Following repeated exposure to this setting, 

rats were subjected to a test where the platform was removed. While control rats spent most of 

the test within the quadrant that had contained the hidden platform, rats that received 

intraventricular AP5 infusions during training spent roughly equal amounts of time in all 

quadrants of the pool, suggesting that they did not remember where the platform was located271. 

Studies have also found that activation of CREB contributes substantially to memory268. In 

contextual fear conditioning, mice with a mutant form of the CREB gene can form immediate 

associations between a context and a foot shock. However, when tested an hour later, they 

show significantly less freezing behavior compared to control mice when returned to the foot 

shock context suggesting impaired memory of the context-foot shock association268. 

Conversely, transgenic mice that express a mutant form of CREB with increased activity exhibit 

enhanced performance in a variety of memory tests, including the Morris water maze, social 

recognition test, and contextual fear conditioning, when tested 24 hours after training272. Like 

chronic pain, certain forms of long-term memory have been linked to persistent changes to 

neuronal activity. In rats for example, hippocampal neurons known as place cells exhibit distinct 

firing patterns that correlate with an animal’s physical location273. Repeated exposure to distinct 

environments results in the development distinct spatial firing patterns for each environment 
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which is maintained for weeks274, and this expression of novel spatial firing patterns has been 

associated with LTP275.  

LTP-Like Plasticity in the Anterior Cingulate Cortex 

Early in vitro work has provided evidence that synaptic plasticity which occurs in the 

ACC shares common mechanisms with hippocampal LTP. The presence of glutamate-mediated 

transmission via AMPA and NMDA receptors was suggested by the fact that CNQX and AP5, 

competitive inhibitors of AMPA and NMDA receptors respectively, completely abolished evoked 

EPSPs in layer V/VI pyramidal neurons276. Furthermore, high frequency stimulation of afferents 

from the corpus callosum resulted in potentiation of evoked EPSPs277. Synaptic potentiation was 

also dependent on both NMDA receptor activation and intracellular Ca2+ rises, as either AP5 or 

the Ca2+ chelator BAPTA prevented potentiation of the EPSP277. Similar intracellular pathways 

also appear to be involved in plasticity in the ACC and hippocampus. One study found that 

expressing a mutant form of calmodulin with impaired Ca2+ binding sites blocked the induction of 

synaptic potentiation in vitro278, suggesting a requirement for CaMKII which acts downstream of 

calmodulin279. The involvement of adenylyl cyclase is suggested as selective inhibition 

significantly impairs synaptic potentiation, while activation via forskolin is sufficient to induce 

potentiation in vitro280. Specifically, activity of the calcium-sensitive adenylyl cyclase I281 was 

required, as synaptic potentiation could not be induced in slices from mice with genetic knockout 

of adenylyl cyclase I280. CREB activity is also implicated in LTP-like plasticity within the ACC 

since pCREB expression is elevated in ACC slices following induction of synaptic 

potentiation282. Furthermore, inhibiting extracellular signal-regulated kinase (ERK), which is 

associated with phosphorylation of CREB in the hippocampus283,284, is required for induction but 

not maintenance of synaptic potentiation in the ACC285. 
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Evidence for ACC Plasticity in Chronic Pain 

There is a growing body of evidence showing that LTP-like synaptic plasticity not only 

occurs in the ACC in models of chronic pain but contributes to persistent hypersensitivity of 

pain-like behavior. Two studies by the same group showed that following peripheral nerve injury 

in mice, postsynaptic expression of the AMPA receptor subunit GluA1 is significantly 

enhanced286,287. This is consistent with findings in hippocampal neurons, where LTP induces 

trafficking of homomeric GluA1-containing AMPA receptors to the synapse263. AMPA receptors 

lacking the GluA2 subunit are Ca2+-permeable288, and are involved in certain forms of PKA-

mediated LTP in the hippocampus289. Accordingly, NASPM, a selective non-competitive 

antagonist of Ca2+-permeable AMPA receptors290, inhibited induction of synaptic potentiation in 

ACC slices and also significantly reversed mechanical allodynia in vivo286. They additionally 

showed that repeatedly inhibiting PKA beginning prior to nerve injury could partially alleviate 

mechanical allodynia286. Given that pGluA1 but not total GluA1 protein levels were enhanced287, 

upregulation of postsynaptic GluA1 may therefore be a result of AMPA receptor trafficking 

induced by PKA phosphorylation of GluA1261. This effect was additionally dependent on adenylyl 

cyclase 1, as genetic knockout mice failed to show enhancements of pGluA1287. Using an 

alternative model of chronic visceral pain induced by the inflammatory compound zymosan, 

similar findings were observed291. These include elevated phosphorylation of GluA1 at the PKA 

phosphorylation site Ser845, which was likewise not observed following zymosan injection in 

adenylyl cyclase 1 knockout mice291. This enhancement of GluA1 delivery to the synapse has 

additionally been associated with the activation of ERK1/2 in mice with chronic inflammatory 

pain292, which may further suggest downstream activation and involvement of CREB. 

In accordance with the previous findings, phosphorylation of CREB has been observed 

in the ACC and appears to contribute to the expression of persistent pain hypersensitivity293,294. 

Analysis of tissue slices from mice that received a hindpaw injection of formalin shows that 
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pCREB expression is enhanced in the ACC293. Additional work has shown that transgenic mice 

expressing a mutant form of CREB (CREB-Y134F), which increases forebrain CREB 

expression, exhibit enhanced pain-like behavior relative to wild type mice in inflammatory and 

neuropathic pain models294. Prior to induction of chronic pain, both wild type and transgenic 

mice exhibited similar behavioral response latencies in a 55°C hot plate test, suggesting that 

CREB activity is not involved in normal nociception294. After hindpaw injection of CFA or 

peripheral nerve injury, both transgenic mice and WT mice exhibited mechanical allodynia as 

they showed withdrawal responses to Von Frey stimulation at a normally innocuous force294. 

However, transgenic mice responded significantly more than WT, indicating that CREB activity 

can enhance behavioural sensitization in chronic pain models294. Enhancement of CREB activity 

however was not limited to the ACC294.   

  Other findings implicating LTP-related mechanisms in chronic pain include observations 

that PKMζ, an isoform of PKC which has been linked to hippocampal LTP295,296, is involved in 

the potentiation of ACC neurons and pain-like hypersensitivity in mice with peripheral nerve 

injury297,298. In the hippocampus, PKMζ appears to be persistently activated following LTP 

induction296,299, and inhibiting PKMζ in the rat hippocampus reverses LTP and also causes 

deficits in tests of spatial memory295,299. In the ACC, PKMζ and pPKMζ levels are elevated 3 

days after nerve injury297. While total PKMζ levels fall back to baseline, the amount of 

phosphorylated PKMζ stays elevated297, suggesting that it may be persistently active similar to 

what is seen in the hippocampus296,299. ζ inhibitory protein, a synthetic peptide which specifically 

inhibits PKMζ300, delivered after the onset of behavioral symptoms significantly alleviated 

mechanical allodynia297. Additionally, ζ inhibitory protein significantly reduced evoked EPSC 

amplitudes in ACC neurons of mice with peripheral nerve injury, but not in sham control mice297.   

Similar results were obtained in later work by the same group, in addition to findings that the 

expression of PKMζ in the ACC was transcription-independent298. It should be noted however, 
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that the necessity of PKMζ in LTP has been questioned, as normal LTP can be induced in the 

hippocampus of mice with genetic knockout of PKMζ301. Findings that ζ inhibitory protein can 

also reduce potentiated as well as non-potentiated synaptic transmission in knockout mice 

further call into question findings regarding the action PKMζ301. 

While the preceding discussion focused primarily on postsynaptic mechanisms of 

synaptic potentiation, other distinct forms of plasticity occur within the ACC237,287,302. For 

example, a form of presynaptic plasticity occurs in the ACC in rodents with chronic pain. Two 

studies by the same group have observed changes in paired pulse ratio (PPR) and in the rate of 

decay of NMDA receptor-mediated EPSCs following pharmacological blockade that suggest 

that presynaptic release of the excitatory neurotransmitter glutamate is enhanced mice with 

chronic pain237,287. PPR is the ratio of the amplitude of two EPSCs evoked by stimuli delivered 

within a short time frame, where the amplitude of the second EPSC is divided by the first237,287. 

A decrease in paired pulse facilitation, and faster decay of NMDA-mediated currents following 

blockade has been associated with increased in neurotransmitter release probability303,304. 

Accordingly, both studies observed significantly lower paired pulse facilitation and faster decay 

of evoked NMDA receptor-mediated EPSCs following blockade by an NMDA-receptor 

antagonist MK-801 in slice preparations of the ACC from mice with neuropathic pain237,287. Later 

work by the same group showed that this presynaptic plasticity is mechanistically distinct from 

postsynaptic plasticity, as it is insensitive to AP5 as well as BAPTA applied via the recording 

pipette patched onto postsynaptic neurons, and is thus independent of NMDA receptor activity 

and postsynaptic Ca2+ signaling302. Importantly, in animals with chronic inflammatory or 

neuropathic pain, or animals exposed to an elevated plus maze which is associated with 

inducing anxiety, the induction of presynaptic plasticity was impaired302. This occlusion was 

suggested to be due to saturation of presynaptic plasticity, as inhibiting HCN channels which 

were critical for maintenance of plasticity but not baseline transmission, reduced evoked EPSCs 
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and increased the PPR302.  These results provided a mechanism by which anxiety-induced 

presynaptic plasticity may contribute to persistent neuronal hyperactivity in the ACC in chronic 

pain302.  

The results presented here show that pain-induced plasticity and experience-dependent 

plasticity in memory formation share some common mechanisms. It follows then that further 

parallels in plasticity-related mechanisms may exist. One potential target, astrocytes, will be 

discussed below.  

Astrocytes and Synaptic Plasticity 

Astrocytes are a major category of non-neuronal glial cells, which are widely expressed 

throughout the CNS305, outnumbering neurons in some brain regions306. They are a 

heterogenous population with varying morphologies307,308 as well as distinct developmental 

origins309, and have been classified broadly into two major categories, fibrous astrocytes and 

protoplasmic astrocytes which reside primarily in white and grey matter respectively309. In brief, 

some of their functions include but are not limited to contributing to synapse formation310 and 

elimination311, maintaining the blood brain barrier312–314, uptake of neurotransmitters315–317 

released during synaptic activity, K+ buffering318, release of cell signaling molecules such as 

cytokines319, and release of neuromodulatory compounds referred to as gliotransmitters320,321. 

Of particular interest is the emerging role of astrocytes as active players in normal 

synaptic transmission and synaptic plasticity. For example, an in vitro study in cultures of mixed 

astrocyte and hippocampal neurons found that electrical or mechanical stimulation of astrocytes 

can induce slow inward currents and/or increased frequency of spontaneous postsynaptic 

currents in neurons, an effect which was sensitive to AP5 and CNQX322. Astrocytic stimulation 

also modulated evoked IPSCs as well as EPSCs, reducing the amplitude of both types of 

currents, which suggested that astrocyte activity may modulate synaptic transmission323. Work 
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done in hippocampal slices has found that electrical stimulation of astrocytes can increase the 

frequency and amplitude of mIPSCs, which was similarly impaired by AP5 and CNQX324. In both 

studies, intracellular Ca2+ signaling was implicated as BAPTA injection into astrocytes blocked 

their effects on synaptic transmission323,324. Furthermore, interneuron activity, as well as local 

injections of GABA and glutamate into the stratum radiatum of hippocampal slices, were found 

to elicit intracellular Ca2+ responses in astrocytes324. Combined with an earlier finding that Ca2+ 

rises in astrocytes can stimulate astrocytic glutamate release325, these studies suggest that 

astrocytes can respond rapidly to synaptic activity and may in turn modulate transmission 

through activating ionotropic glutamate receptors323,324. This is corroborated by more recent in 

vivo calcium imaging studies in mice, where sensory stimulation causes astrocytic Ca2+ rises 

which temporally correlate with neuronal activity326 and are mediated by glutamate327. 

Additionally, impairing striatal astrocyte Ca2+ responses by virally expressing the Ca2+ pump, 

PMCA isoform type 2, which reduces intracellular Ca2+ has been associated with significant 

changes in the excitability of striatal medium spiny neurons328.  

Not only are astrocytes associated with regulating synaptic transmission, but astrocyte 

activity is also involved in synaptic plasticity. Two studies by separate groups have shown for 

example, that LTP induced by cholinergic activity in the hippocampus and barrel cortex requires 

astrocytic Ca2+ rises. Genetically knocking out inositol triphosphate receptor type 2 (IP3R2), the 

main functional IP3R in astrocytes329 which mediates intracellular Ca2+ rises, or injection of 

BAPTA both prevented the induction of LTP330,331. Conversely, chemogenetic activation of 

astrocytes, which induced Ca2+ rises, is sufficient to induce synaptic potentiation in hippocampal 

slices and enhance contextual fear learning in vivo332. Notably, some studies have questioned 

the role of astrocyte Ca2+ in regulating synaptic transmission due to findings that IP3R2 

knockout mice exhibit normal behavior and excitatory neuronal activity in the hippocampus333,334. 
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However recent studies have found evidence for activity of other IP3R subtypes in astrocytes335, 

as well as astrocyte Ca2+ fluctuations in IP3R2 knockout mice336.  

In addition to Ca2+ signaling, astrocytic release of metabolites such as lactate and 

glutamine have been shown to contribute to learning and memory. Glycogen in the CNS is 

primarily stored in astrocytes rather than neurons337, and breakdown of astrocytic glycogen 

stores by glycogenolysis is involved in the production and release of lactate338. In rats, 

extracellular levels of lactate in the hippocampus is elevated during the first 10 minutes of a 

spontaneous alternation task337. This task involves placing the rats in a maze with 4 arms, each 

associated with visual cues to allow discrimination between different arms337. Rats have a 

tendency to explore novel environments and will generally alternate between exploring different 

arms, and the degree of arm alternation can be used to assess spatial working memory337,339. 

Impairing glycogenolysis by inhibiting the rate-limiting enzyme glycogen phosphorylase with 

DAB significantly reduces arm alternation in rats, which can be rescued by exogenous lactate, 

suggesting the involvement of astrocyte lactate release in spatial working memory337. Blocking 

astrocyte glycogenolysis has additionally been shown to impair the formation of long-term 

memories340. In an inhibitory avoidance task where rats are trained to associate a context with a 

foot shock, rats that receive DAB injections into the hippocampus shortly before or immediately 

after training display significantly shorter latencies to enter the foot shock paired context 

compared to control rats that received saline injections when tested 24 hours and up to a week 

later340. In addition to lactate, inhibiting astrocyte release of glutamine has also been found to 

impair memory formation341. For example, chicks trained to peck at two differently colored 

beads, one of which is coated in an aversive chemical, will learn to discriminate between the 

two bead colors341. During a subsequent test, two beads of the same color but without the 

aversive chemical will be presented, and chicks generally avoid pecking the colored bead 

associated with the aversive chemical341. Inhibiting glutamine synthetase, which is localized to 
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astrocytes but not neurons342, with methionine sulfoximine343 can significantly impair bead 

discrimination when tested 120 minutes after training341. 

In addition to their functions under normal healthy conditions, astrocytes respond to 

injuries and insults to the CNS in a process known as reactive astrogliosis344. Reactive 

astrogliosis involves changes in morphology and upregulation of the intermediate filament glial 

fibrillary acidic protein (GFAP)345,346, as well as changes in gene expression which affect their 

functions347. Repeatedly, studies utilizing various rodent models of chronic pain show that GFAP 

is upregulated in the spinal cord 348–353 and brain areas involved in processing the sensory and 

affective components of pain, including the ACC354–358, somatosensory cortex359, 

amygdala360,361, thalamus362, and ventrolateral periaqueductal grey363–366. Discussed below are 

two forms of astrocyte-neuronal metabolic coupling, glutamate-glutamine cycling and lactate 

shuttling, which may be altered in chronic pain states and contribute to persistent changes in 

activity of the CNS.  

Altered Glutamate-Glutamine Cycling in Chronic Pain 

Astrocytes participate in glutamate clearance by taking up glutamate present at the 

synaptic cleft, which can then be converted to glutamine via glutamine synthetase (GS) and 

exported in a process known as the glutamate-glutamine cycle367. Mounting human and animal 

data suggest that the development of chronic pain may also involve changes in glutamate-

glutamine homeostasis. In the spinal cord for example, glutamate uptake by astrocytes, which is 

mediated via the glutamate transporters GLT-1 and GLAST368, appears to show biphasic 

alterations in rodent models of neuropathic pain. Specifically, within the first 5 days following 

nerve injury, astrocytic expression of both in GLT-1 and GLAST is upregulated in the ipsilateral 

spinal dorsal horn369,370, which is followed by a prominent decrease in expression below 

baseline at 7 days post-injury and beyond369–372. Critically, changes in glutamate uptake may 

play a causal role in chronic pain development, as inhibiting glutamate transporter upregulation 
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enhances the onset and magnitude of pain-related behaviours370, whereas transgenic 

upregulation of spinal GLT-1 can disrupt the induction of, and partially reverse, mechanical and 

thermal hypersensitivity in neuropathic and inflammatory pain models373,374. Interestingly, 

upregulation of GLT-1 was associated with a decreased number of dorsal horn neurons 

expressing the immediate early gene ∆FosB, indicating a reduction in neuronal activity 374. 

Additionally, acute inhibition of spinal GS has also been found to transiently reduce mechanical 

allodynia in a rat model of chronic pulpitis375. This was accompanied by a reduction in the 

enhanced response of wide dynamic range neurons, located in the medullary dorsal horn, to 

mechanical stimulation375. There are some discrepancies in the literature, as it has been found 

for example that intracisternal injection of DL-threo-β-benzyloxyaspartate, an inhibitor of GLT-1, 

GLAST, and the neuronal glutamate transporter EAAC1, can reduce rather than enhance CFA-

induced orofacial heat hyperalgesia376. Despite this, the evidence suggests that glutamate-

glutamine cycling is altered in chronic pain states. It should be noted however, that while GLT-1 

and GLAST are predominantly expressed on astrocytes, microglia in the spinal cord and 

brainstem have been shown to express both transporters following peripheral nerve injury371,377 

and likely participate in mediating aberrant glutamate dynamics. Although most findings have 

focused on the spinal cord, glutamate-glutamine homeostasis may also promote chronic pain 

development. For example, in healthy human subjects, glutamate and glutamine levels 

positively correlate with subjective evoked pain ratings in pain-associated areas such as the 

ACC, mid-cingulate cortex, insula, dorsolateral prefrontal cortex, and thalamus378,379. Moreover, 

elevated combined levels of glutamate and glutamine have been observed in the ACC of 

patients with a range of chronic pain conditions 380, the thalamus of migraine patients381, and in 

the right amygdala of female fibromyalgia patients382. 

 

 



 
 

39 
 

The Astrocyte-Neuron Lactate Shuttle 

Astrocyte-neuronal metabolic coupling may also play a critical role in the development of 

chronic pain. Pain-induced neuroplasticity within spinal and brain regions is believed to promote 

the transition from acute to chronic pain, and mounting evidence indicates that astrocytes 

provide neurons with energy in an activity-dependent manner. In particular, astrocytes are the 

primary sites of glycogen storage in the CNS383. In response to neuronal activity, astrocytes can 

rapidly metabolize glycogen to lactate338 and export it to neurons, where it is converted to 

pyruvate, and metabolized to ATP via the citric acid cycle and oxidative phosphorylation to 

serve as a source of energy384–386. L-lactate derived from astrocytes has been investigated as 

an energy source for neurons, and altered lactate metabolism is associated with diseases such 

as Alzheimer’s387–389, epilepsy390, multiple sclerosis391,392, and depression393. Astrocyte 

metabolism can also be significantly modified by a variety of cytokines394. Therefore, it is of 

interest whether altered astrocytic lactate dynamics are involved in the development and 

maintenance of chronic pain.  

Due to their close association with both neurons and blood vessels in the CNS, 

astrocytes are in a prime position to mediate energy supply to neurons. Astrocyte end feed 

processes make contact with blood vessels395, allowing them to take up glucose from the blood 

via glucose transporter 1396. Early culture studies demonstrated that astrocytes are able to 

accumulate glycogen in the presence of glucose338. While both neurons and astrocytes express 

glycogen synthase397,398, a critical enzyme in glycogenesis, brain glycogen is predominantly 

localized to astrocytes rather than neurons383. Astrocytes can break down glycogen to produce 

lactate338, the majority of which is exported to the extracellular space rather than being 

consumed for energy384,385. In addition to findings that astrocytes can store glucose and export 

lactate, mechanisms by which lactate release is coupled to neuronal activity have been 

identified. Seminal work by Pellerin and Magistretti showed that glutamate uptake by astrocytes 
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stimulates glucose uptake, glycolysis and lactate release, an effect dependent on extracellular 

Na+ and glutamate co-transport399,400. Further work identifying the expression of 

monocarboxylate transporters (MCT) in the brain, localization of different isoforms of lactate 

dehydrogenase in neurons and astrocytes, and that lactate was an efficient substrate for 

oxidative metabolism led to the proposal of the astrocyte neuron-lactate shuttle401. This theory 

proposed that neuronal activity stimulates glycogenolysis and conversion of glucose to lactate, 

followed by its subsequent release from astrocytes and uptake by neurons to produce ATP 

during elevated activity401.  

Much of the work examining the consequences of lactate shuttling have been in the 

context of learning, memory, and reward associated learning in the brain. The formation of long-

term memories has been shown to require hippocampal astrocytic lactate release during the 

initial acquisition period340,402. Indeed, training in an inhibitory avoidance task is accompanied by 

a rapid and sustained increase in extracellular lactate in the hippocampus340, whereas inhibiting 

glycogen phosphorylase, the rate limiting enzyme in glycogenolysis, using 1,4-dideoxy-1,4,-

imino-D-arabinitol (DAB) 15 minutes prior to training abolishes the lactate rise, impairs LTP, and 

results in memory deficits340,402. In addition, inhibiting astrocytic lactate export by reducing MCT1 

or MCT4 expression, or blocking neuronal lactate uptake by reducing MCT2 expression both 

result in memory impairments340,402,403. The former can be rescued by lactate and its energetic 

equivalent pyruvate, but not by glucose340,402. Similar findings have been observed in drug-

related memories involving the amygdala. In a conditioned place preference (CPP) paradigm, 

inhibiting glycogenolysis in the basolateral amygdala can prevent the acquisition of cocaine-

induced place preference, transiently inhibit established CPP, and impair CPP following 

retrieval404,405. In both the hippocampus and amygdala, the induction of plasticity-related 

phosphorylation of cAMP response-element binding protein (CREB), cofilin, and ERK, is 

dependent on astrocytic glycogenolysis and L-lactate340,404. Notably, CREB is activated in the 
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spinal cord and forebrain following tissue injury293,406, and transgenic over-expression of CREB 

in the forebrain enhances behavioral responses to the formalin model of temporary pain, and 

correspond with potentiated and more rapid development of pain hypersensitivity induced by 

nerve injury294. Given that long term memory and chronic pain both involve persistent changes 

in synaptic activity, it is of interest whether astrocyte-neuronal lactate shuttling is involved in the 

pathogenesis of chronic pain.  

Initial Research on Astrocyte Lactate Export in Chronic Pain 

Very few studies have directly examined the involvement of astrocyte-derived lactate in 

the context of pain. However, there is some evidence associating chronic pain with altered 

lactate dynamics in the CNS. One study found that MCT1 protein expression is elevated in the 

spinal dorsal horn 7 days after induction of chronic inflammatory pain by CFA407, an observation 

that was also made in the hippocampus following inhibitory avoidance training340. Another study 

in rats with chronic visceral hypersensitivity observed blunted activity-dependent lactate release 

in the ACC along with impaired decision making and synaptic plasticity408. Additionally, 

molecular changes associated with LTP, such as the upregulation of pCREB or pERK in the 

spinal dorsal horn and the spinothalamic tract352,409–413, as well as in supraspinal regions such as 

the amygdala and anterior cingulate cortex414–416 are also observed in chronic pain states. 

These parallels with memory-related synaptic plasticity suggest the possibility of other common 

mechanisms such as lactate shuttling in chronic pain. Recent work by Miyamoto et al. showed 

that activating spinal astrocytes in mice using DREADDs rapidly induces mechanical allodynia 

lasting for 10 hours, accompanied by an increase in extracellular lactate levels417. Accordingly, 

the broad MCT inhibitor α-Cyano-4-hydroxycinnamic acid (4-CIN) fully reversed this induced 

allodynia417. They also found that intrathecal injections of 4-CIN could reduce mechanical 

allodynia, although not fully, in a partial sciatic nerve ligation model of neuropathic pain417. At the 

time of drug administration, behavioral symptoms have already developed suggesting that 
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inhibiting lactate shuttling can reduce pain hypersensitivity during the chronic phase. A study by 

a separate group also found that 4-CIN could partially alleviate mechanical allodynia during the 

chronic phase of a spinal-nerve ligation pain model418. Hence, this initial evidence points to a 

possible role of spinal astrocytic lactate in maintaining pain hypersensitivity. This is a departure 

from findings in long term memory, where disrupting lactate beyond a certain window of time 

following either memory acquisition or retrieval has no effect on subsequent task 

performance340,404.  

In addition to the work above, there have been studies which investigated pyruvate 

kinase M2 (PKM2), a glycolytic enzyme that catalyzes the dephosphorylation of 

phosphoenolpyruvate to pyruvate. Expression of PKM2 is elevated in the spinal dorsal horn 

along with lactate in both neuropathic and inflammatory pain models419,420. Inhibiting PKM2 

reduces lactate elevations and partially alleviates mechanical allodynia and thermal 

hyperalgesia419,420. However, these studies also noted that inhibiting PKM2 prevented the 

enhanced expression of GFAP, TNFα, IL-1β, and phosphorylation of STAT3 amongst other 

proteins419,420. Indeed, PKM2 has been implicated to have functions beyond glycolysis, including 

activity as a protein kinase421. But these effects may also relate to possible lactate signaling 

which will be discussed below. It is however, difficult to isolate the PKM2-mediated rise in 

lactate to astrocytes in these studies, as PKM2 expression was elevated in neurons and 

microglia as well420.  
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Study Rationale 

 There is a need for the development of new treatments and therapies for chronic pain, 

as a significant proportion of the clinical population is unable to adequately manage their pain. 

To do so requires an improved understanding of the basic molecular and cellular processes 

occurring within the nervous system which contribute to pain chronicity. Chronic pain is 

associated with sensitization of peripheral and central nociceptive pathways, as well as with 

altered activity of various supraspinal regions such as the ACC. Imaging and lesions studies of 

the ACC have implicated it in various cognitive, emotional, and pain-related processes. Studies 

in rodents have shown that the ACC is structurally interconnected with numerous cortical areas 

implicated in sensation and emotion, and projects to subcortical areas associated with 

descending modulation of nociceptive transmission at the level of the spinal cord. Additionally, 

ACC activity is consistently altered in rodent models of chronic pain and manipulating activity of 

the ACC has shown that it can modulate both pain-like, anxiety-like, and depression-like 

symptoms which develop in these models. There is evidence that synaptic plasticity in the ACC 

may underlie the persistent change in neuronal activity, and that aspects of this plasticity are 

mechanistically similar to LTP, a form of synaptic plasticity in the hippocampus which is critical 

for various forms of learning and memory. Growing evidence shows that astrocytes are actively 

involved in regulating synaptic transmission and plasticity. Additionally, recent work has shown 

that astrocyte-neuronal lactate shuttling is critical for long term memory formation as well as 

hippocampal LTP in vivo. Given that the ACC exhibits LTP-like plasticity, astrocyte-neuron 

lactate shuttling may also be involved in pain-associated plasticity in the ACC. 

Hypothesis and Objectives 

The astrocyte neuron lactate shuttle is involved in synaptic plasticity in the ACC, which 

contributes to the development of chronic pain in rodents.  
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This hypothesis was tested through two main objectives 

Objective 1:  

Investigate whether total lactate concentrations in the ACC are altered in a rodent model of 

chronic inflammatory pain, and if changes in ACC lactate levels correspond with the emergence 

of hypersensitive pain-like behaviors and anxiety-like behaviors. 

Objective 2: 

Investigate whether inhibiting astrocyte neuron lactate shuttling in the ACC affects the onset of 

pain-like behaviors in a rodent model of acute inflammatory pain. 
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Chapter 2: Materials and Methods 

Animals  

All experiments used male C57BL/6 strain mice. Mice aged 6-7 weeks were purchased 

from Charles River (Quebec, Canada). Mice were housed in cages (sized 35 cm x 16.5 cm x 18 

cm) in groups of 3-4. All mice were kept on a 12-hour light/dark cycle (lights on at 7:00 am, off at 

7:00 pm), at an ambient temperature of 21-24˚C and had access to food and water ad libitum. 

Each cage contained corn cob bedding, and enrichment consisted of Crink-l’Nest bedding (Lab 

Supply, Fort Worth, TX, USA), a Kimwipe, popsicle stick, polycarbonate igloo, and elevated 

polycarbonate loft suspended from the cage roof. Mice were maintained for at least 7 days on 

arrival at the Central Animal Facility (University of Guelph, Guelph ON, Canada) prior to 

beginning habituation for experiments. All mice were cared for in accordance with the guidelines 

of the Canadian Council on Animal Care, and all procedures were approved by the Animal Care 

Committee at the University of Guelph.  

Habituation  

Prior to all experiments, mice received 5 days of habituation to handling by the 

experimenter. Home cages were transferred individually from the colony room to the behaviour 

room containing all behavioral testing equipment. Mice were removed from their home cage by 

tail and allowed to freely explore the experimenter’s open hands one at a time for 3 minutes. 

Following habituation, mice were placed in a temporary transfer cage containing only corn cob 

bedding. Once habituation of all mice was complete, they were returned to their home cage and 

brought back to the colony room before transferring the next cage to the behaviour room. All 

habituations took place during the light cycle between 1:30 pm – 4:30 pm. Start times for 

habituation and testing were kept consistent within experimental groups. 
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Models of Inflammatory Pain 

Complete Freund’s Adjuvant (CFA) is an emulsion of bacterial antigens, which is 

commonly used to model chronic inflammatory pain in rodents. Intraplantar injection of CFA 

causes a prolonged local inflammatory response beginning within hours and lasting for 

approximately 1 month43. The inflammation is accompanied by a persistent elevation in 

sensitivity to mechanical stimulation of the affected paw43. For our model, mice were assigned 

by cage to receive either a single subcutaneous injection of 10 μL Complete Freund’s Adjuvant 

(Sigma-Aldrich, Oakville, ON, Canada) or 1X phosphate buffered saline (PBS) as control via 10 

μL Hamilton 700-series Luer lock syringes (Hamilton Company, Reno, NV, USA) fitted with 27-

guage hypodermic needles (Air-Tite, Virginia Beach, VA, USA). 100% CFA (1 mg/mL heat killed 

Mycobacterium Tuberculosis strain H37Ra, 85% vol/vol paraffin oil, 15% vol/vol mannide 

monooleate) was diluted to a concentration of 50% with PBS (pH 7.4, 11.9 mM phosphates, 137 

mM NaCl, 2.7 mM KCl) on the day of injection. Mice were restrained in a plastic sleeve 

exposing their left hind paw. The needle was inserted into the dorsal aspect of their left hind 

paw. During injection, mice were monitored for the development of a characteristic 

subcutaneous bubble on the dorsal aspect of their hind paw, indicating that the CFA or PBS had 

entered the paw. Following injection, the needle was carefully removed to minimize tissue 

damage, and the mice were placed in a transfer cage and monitored briefly for bleeding from 

the wound or additional injury resulting from handling. The mice were then returned to their 

home cages. All injections took place between 1:30 pm – 3:00 pm.  

Formalin is an aqueous solution of formaldehyde, and is used as a chemical irritant to 

model inflammatory pain in rodents422. Dorsal hind paw injection of formalin results in a 

significant increase in hind paw licking, which is used as a measure of pain-like behavior423. For 

our model, mice received either a single subcutaneous injection of 10 μL 1% formalin423 or 1X 

PBS as control following the same procedure as for CFA injections outlined above. 10% neutral 
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buffered formalin (Sigma-Aldrich, Oakville, ON, Canada: 4% vol/vol formaldehyde, 96% vol/vol 

water) was diluted to a concentration of 1% with PBS on the day of injection. Behavioral 

analysis was performed as described below in collaboration with Mercedes Bair and Rahul 

Thakuri. 

Behavioral Analysis 

The manual Von Frey test as described by Deuis, Dvorakova and Vetter50 was used to 

assess mechanical allodynia. The testing apparatus (BioSeb, Pinellas Park, FL, USA) consisted 

of 2 black-walled bottomless cages containing 12 equally sized compartments (sized 11 cm x 

7.5 cm x 14 cm), with a transparent plastic wall facing the front of each compartment. The 

apparatus was placed on top of an elevated metal mesh flooring. On 2 separate days prior to 

testing day, mice were placed individually in each compartment and allowed to habituate for 45 

minutes. On each testing day, mice were habituated in the Von Frey apparatus for at least 45 

minutes before testing began. Testing was performed using a percent-response method 

adapted from previous studies52,424 using Von Frey filaments (Stoelting, Wood Dale, IL, USA) 

ranging from 0.4-2.0 gram-force (gf). The monofilaments were applied at a 90˚ angle to the mid-

plantar surface of the hind paw until they bent and held for 2-3 seconds or until the mouse 

responded. Brisk or prolonged hind paw withdrawal, paw licking, or paw shaking were 

considered responses. Starting at 0.4 gram-force, the filament was applied to the left hind paw 5 

times and responses were recorded. If the mouse did not respond at least 3 out of 5 times, the 

next greater force filament was used, up to a maximum of 2.0 gram-force. Mechanical 

thresholds were defined as being the lowest force at which a mouse responded at least 3 out of 

5 times. Mice were tested one additional filament above the first filament to which they 

responded 3 or more times. Assessment of baseline mechanical thresholds occurred 1 day 

before mice received either CFA or PBS injections. Mice were subsequently tested 1 day, 3 

days, and 7 days post-injection.  



 
 

48 
 

 The open field test (OFT) and elevated plus maze (EPM) were used to assess anxiety-

like behaviors52 at 8 days post-injection. The open field test arena consisted of two white boxes 

(sized 45 cm x 45 cm x 40 cm) placed side by side. The elevated plus maze consisted of a 

single apparatus with two open arms and two closed arms (size per arm: 29 cm x 6 cm; closed 

arm wall height: 14 cm) raised 41 cm off the ground. Mice were recorded by overhead cameras 

connected to a computer running the video tracking software Ethovison XT (Noldus, Leesburg, 

VA, USA). Prior to testing, all mice were brought into the behaviour room and allowed to 

habituate for 30 minutes in their home cages. The OFT was conducted first, as it has shown that 

prior behavioral testing can significantly affect mouse activity in the OFT425. Both OFT arenas 

were wiped down with 70% ethanol and dried before the first trial, and in between each trial 

thereafter. Mice were removed from their home cages by the tail and placed in the center of the 

OFT426, with one mouse per arena, and allowed to freely explore for 5 minutes. After each trial, 

the mice were placed in a temporary transfer cage to minimize possible effects of reintroduction 

on the behaviour of subsequent mice426,427. When all mice from the same cage completed their 

trials, they were transferred from the transfer cage back to their home cage. Video analysis was 

carried out using Ethovision XT. The arena was divided into a central 25 cm x 25 cm zone, with 

the rest of the area comprising the border zones. The time (seconds) each mouse spent in the 

center zone was expressed as a percentage of the length of the trial. Distance (cm) travelled 

within the center zone was also acquired. Mice exhibit thigmotaxis, a behavior where they prefer 

to spend more time near the arena walls428. Thigmotaxis is commonly used as a measure of 

anxiety429 and is sensitive to certain anxiolytic drugs such as those in the benzodiazepine class, 

which decrease the behaviour430. Thus, mice that spent a lower proportion of time and travelled 

a shorter distance within the center zone were interpreted as being more anxious. Total 

distance travelled was also assessed to confirm that changes in behaviors were not a result of 

altered locomotion due to the treatment.  
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EPM testing began after the final OFT trial, with at least 30 minutes between the tests for 

each mouse. Mouse cages were tested in the same order as in the OFT. Prior to the first trial 

and in between every subsequent trial, the EPM was wiped down with 70% ethanol and dried. 

Mice were removed from their home cage by the tail and placed in the center of the EPM, facing 

the open arm opposite the researcher. Free exploration was recorded for 5 minutes. Following 

each trial, mice were removed and placed in a temporary transfer cage and were not returned to 

their home cage until all mice from that cage had been tested. Video analysis was carried out 

using Ethovision XT. The proportion of time mice spent in the open arms and the proportion of 

open arm entries were analyzed as measures of anxiety-like behavior431. Time spent in open 

arms was expressed as a percentage of the total time spent in both open and closed arms, 

excluding time in the central square between all arms. Similarly, the number of open arm entries 

was expressed as a percentage of the total open and closed arm entries. Mice with lower open 

arm time and entries were interpreted as being more anxious. The total # of entries into either 

closed or open arms was also analyzed as a measurement of general locomotor behaviour. All 

behavioral tests, including habituation, were carried out between 1:30 pm – 6:30 pm.  

To assess pain-like behavior in the formalin test, mice were video recorded for 1 hour 

following formalin or PBS injection into the left hind paw, with 2-3 mice being recorded at a time. 

The testing apparatus (BioSeb, Pinellas Park, FL, USA) in which the mice were recorded 

consisted of a black-walled bottomless cage containing 6 equally sized compartments (sized 11 

cm x 7.5 cm x 14 cm), 3 facing the back and 3 facing the front, with a transparent plastic wall at 

the front of each compartment, that was placed on a flat table. On test day, one mouse was 

placed in each of the front facing compartments and allowed to habituate for 30 minutes. Mice 

were recorded by a front-facing camera placed directly on the table. Video recording began 

immediately prior to injections. Mice were removed from their compartment, injected with either 

formalin or PBS, and returned to their compartment one at a time. Recording continued until 1 
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hour following the injection of the final mouse. Licking behavior was manually scored in 5-

minute bins for a total of 12 bins per mouse, measuring the time spent licking (seconds) the 

injected paw in each bin. The first bin for each mouse began immediately following injection of 

that mouse. Observers were blind to the treatment. Manual scoring of behavior for the MCT2 

genetic knockdown experiment described below was done in collaboration with Mercedes Bair. 

Manual scoring of behavior comparing formalin versus PBS mice was done in collaboration with 

Rahul Thakuri.  

Tissue Dissection and Blood Collection 

 Mice injected with either 10uL CFA or PBS were sacrificed at 3 hours, 1 day, 3 days, 

and 7 days post-injection. Based on previous observations that isoflurane can cause a rapid and 

significant increase in extracellular lactate concentrations in the striatum and hippocampus432, 

we opted to perform non-anesthetized decapitations. Brains were extracted, washed in ice-cold 

Dulbecco’s phosphate buffered saline (D-PBS: 0.133 g/L CaCl2, 0.1 g/L MgCl2, 0.2 g/L KCl, 0.2 

g/L KH2PO4, 8.0 g/L NaCl, 1.15 g/L Na2HPO4 anhydrous) (Sigma-Aldrich, Oakville, ON, 

Canada), and sliced into 1 mm thick coronal sections using an acrylic brain matrix (Braintree 

Scientific, Braintree, MA, USA). Slices were dissected in ice-cold D-PBS. The ACC was cut from 

two coronal sections between approximately 0.345 mm to 1.15 mm anterior-posterior to Bregma 

(Fig. 1) and transferred to 1.5 mL Eppendorf tubes containing 200 μL lactate assay buffer 

(Abcam, Cambridge, MA, USA). Using a Dounce homogenizer (VWR, Missisauga, ON, 

Canada), the tissue was homogenized on ice for 10 seconds. Samples were then centrifuged 

for 5 minutes at 21,130 relative centrifugal force (rcf) at 4˚C, and the supernatant was 

transferred to 10 kD spin columns (Abcam, Cambridge, MA, USA). Samples were centrifuged 

again for 12 minutes at 10,000 rcf. The filtrate vessels were discarded, and the eluate was 

stored at -80˚C until biochemical analysis, for no more than 1 week.  
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Blood samples were collected from the same mice that were dissected for ACC tissue 

samples. Immediately following decapitation, trunk blood was collected in 1.5 mL Eppendorf 

tubes. Blood samples were allowed to clot at room temperature for one hour433 following the last 

sample collection, and then centrifuged at 4˚C for 15 minutes at 1000 rcf. Serum was separated 

from the clot and transferred to a separate 1.5 mL Eppendorf tube and stored at -80˚C until 

biochemical analysis.  
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Figure 1: Mouse coronal slice containing the ACC 

Representative coronal brain section containing areas 24a and 24b (alternatively Cg1 and Cg2 

respectively), corresponding to the mouse ACC434. Slices visibly containing the hippocampal 

formation were not dissected despite containing the ACC, as they would contain portions of the 

retrosplenial cortex towards the caudal end of the slice.  

  



 
 

53 
 

Lactate Assay 

 Colorimetric/fluorometric L-lactate assay kits (product code: ab65330) from Abcam 

(Abcam, Cambridge, MA, USA) were used to determine total lactate concentrations in the ACC. 

All reagents were prepared according to manufacturer protocol. Lactate standard supplied at 

100 nmol/μL was diluted in lactate assay buffer to concentrations of 0.04, 0.08, 0.12, 0.16 and 

0.2 nmol/μL. To generate a standard curve, 50 μL of each standard concentration was loaded 

resulting in final lactate concentrations of 0, 2, 4, 6, 8 and 10 nmol/well. Frozen ACC tissue 

samples were thawed on ice and loaded into Falcon clear non-tissue culture treated 96-well 

plates (Corning Inc., Corning, NY, USA). Initial assays were loaded with 2 μL of tissue sample 

and 48 μL lactate assay buffer per well based on prior research done in the hippocampus340. 

Following microplate analysis, many of the sample absorbance values resulted in calculated 

lactate concentrations near or below the manufacturer specified assay sensitivity of 0.1 

nmol/well (0.001 nmol/µL). Subsequent assays were loaded with 20 μL of tissue sample and 30 

μL lactate assay buffer per well, resulting in calculated lactate concentrations ranging from 

approximately 1 to 2.5 nmol/well. A lactate probe and lactate enzyme mix containing lactate 

dehydrogenase were dissolved in lactate assay buffer, resulting in a concentration of 4% 

(vol/vol) lactate probe and 4% (vol/vol) lactate enzyme mix in the master reaction mix. To each 

standard and sample well, 50 μL of master reaction mix was added, bringing the final volume to 

100 μL/well. Background control wells were identical to sample wells but received 50 μL of 

background mix containing 4% (vol/vol) lactate probe dissolved in lactate assay buffer, instead 

of the master reaction mix. The plates were then incubated at room temperature and away from 

light for 30 minutes on a VWR DS2-500E-1 orbital shaker (VWR International, Radnor, PA, 

USA) (speed setting 54 ~ 57). For the colorimetric assay, absorbance was measured at a 

primary wavelength of 570 nm with an EL800 universal microplate reader (BioTek Instruments, 
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Winooski, VT, USA). Lactate standard and tissue sample wells were loaded in duplicates. See 

Figure 6A for a representative microplate example.  

Corticosterone Assay 

 Corticosterone enzyme-linked immunosorbent assay (ELISA) kits (product code: 

ab108821) from Abcam (Abcam, Cambridge, MA, USA) were used to determined serum 

concentrations of corticosterone. All reagents were prepared according to manufacturer 

protocol. Frozen serum samples were thawed on ice and diluted 1:5 in 1X Diluent S. 

Corticosterone standard supplied at 100 ng/mL was diluted in 1X Diluent S to concentrations of 

0.391, 1.563, 6.25, and 25 ng/mL. A microplate pre-coated with an antibody specific for 

Corticosterone was loaded with either 25 μL of corticosterone standard or serum sample per 

well, followed immediately by 25 μL of biotinylated corticosterone. The wells were covered with 

sealing tape and incubated away from light for 2 hours at room temperature. Following 

incubation, 200 µL of 1X Wash Buffer was added to all standard and sample wells, decanted by 

inverting the plate, and tapped while inverted onto Kimwipes to dry. The wash steps were 

repeated 5 times. Following washes, 50 μL of 1X streptavidin-peroxidase conjugate was added 

to each well, and the microplate was sealed and incubated again for 30 minutes away from light. 

Wash steps were repeated another 5 times. 50 μL of chromogen substrate was then added to 

each well, followed by a 20-minute incubation, and subsequent addition of 50 μL stop solution. 

Absorbance was measured immediately at a primary wavelength of 450 nm with a Synergy HT 

multi-detection microplate reader (BioTek Instruments, Winooski, VT, USA). Determination of 

corticosterone concentrations and quality control of the ELISA assay are described in the results 

section. Corticosterone standards and serum samples were loaded in duplicates.  
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MCT2 Genetic Knockdown 

 Antisense oligodeoxynucleotides (AS-ODN) were used to genetically knockdown the 

expression of MCT2, which is primarily expressed by neurons but not astrocytes in the mouse 

brain435. AS-ODNs are synthetic single-stranded DNA molecules which have complementary 

sequences to a target messenger ribonucleic acid (mRNA), binding to the mRNA and inhibiting 

protein translation through mechanisms such as by RNase H-mediated degradation436. To 

generate our ODNs, mouse MCT2 gene sequences were determined by using the nucleotide 

basic local alignment search tool (BLAST). An MCT2 gene sequence for C57BL/6J mice from 

GenBank (accession number: XM_006513406) was used to identify a 21-base pair sequence 

containing an ATG start codon along with either guanine or cytosine on both ends (Table 1). 

Nucleotide BLAST found that our 21-base pair sequence fully aligned only with mouse MCT2 

reference sequences. The MCT2 AS-ODN is the sequence complementary to the reversed 21-

base pair sequence (Table 1). A 21-base pair scrambled ODN which did not fully match any 

mouse reference sequences was generated as a control (Table 1). The AS-ODN and scramble 

ODN were purchased from Gene Link (Gene Link, Hawthorne, NY, USA). The 3 terminal bases 

on each end of both ODNS were phosphorothioated, where a non-bridging oxygen on the DNA 

phosphate backbone is replaced by sulphur, conferring resistance to nuclease degradation436. 

Purchased ODNs were additionally reverse phase cartridge-purified by Gene Link.   

 Guide cannulas were surgically implanted bilaterally into the ACC to allow for 

microinjection of ODNs directly into the ACC. Two weeks prior to surgery, mice received a 

subcutaneous injection of the non-steroidal anti-inflammatory drug carprofen (20 mg/kg). Mice 

were anesthetized via inhalation of 4% isoflurane and remained under anesthesia via inhalation 

of 1 – 3 % isoflurane throughout the surgery. After being placed in a small animal stereotaxic 

instrument adapted for mice (Kopf, Tujunga, CA, USA), the head was shaved and sterilized with 

the antiseptic Baxedin (4% weight/vol chlorhexidine gluconate), followed by 70% isopropyl 



 
 

56 
 

alcohol, followed by Baxedin Pre-Op solution (0.5% weight/vol chlorhexidine gluconate, 70% 

vol/vol isopropyl alcohol). 50 µL of local anesthetic (50% lidocaine, 50% Marcaine) was then 

subcutaneously injected into the top of the head. A 10 – 15 mm midline incision beginning 4 mm 

behind the eyes was made to expose the skull. Using bregma as a landmark, the point where 

the coronal and sagittal sutures meet, two burr holes were drilled into the skull to allow for  

stereotaxic implantation of 23-gauge, 5 mm long guide cannulas into the ACC bilaterally 

(Anterior-Posterior: +0.7 mm, Medial-Lateral: ± 0.3 mm, Dorsal-Ventral: -0.9 mm, one cannula 

per side). Cyanoacrylate was applied to the skull, followed by acrylic dental cement, and 

allowed to dry to hold the cannulas in place. A 30-gauge steel wire was inserted into the guide 

cannulas to prevent the entry of debris. Mice were allowed to recover for at least 2 weeks before 

formalin testing. During this period, mice were monitored twice daily for 3 days, followed by daily 

monitoring to ensure recovery.  

MCT2 AS-ODNs or scramble ODNs were injected bilaterally into the ACC 1 hour prior to 

formalin injection based on prior work done in rats340. A 30-gauge microinjection cannula was 

inserted (Dorsal-Ventral: -1.9 mm) into the guide cannula, targeting the mouse Cg2 area. The 

microinjection cannula was attached to a 10 μL syringe (Hamilton Company, Reno, NV, USA), 

and a microinfusion pump (Harvard Apparatus, Holliston, MA, USA) was used to inject 0.5 μL 

(2nmol) of ODNs into the ACC per side, at a rate of 0.3 μL/min. Two minutes after ODN 

injection, the microinjection cannula was removed from the guide cannula and replaced with the 

30-gauge steel wire. One hour after ODN microinjection, both AS-ODN and scramble ODN mice 

received a 10 μL injection of 1% formalin into the left hind paw, were video recorded, and 

manually scored for the time spent licking the injected hind paw, as described for the formalin 

test above.  
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Table 1. Oligodeoxynucleotide sequences 

 

Statistical Analysis 

 All data are presented as the mean ± standard error of the mean (SEM). All lactate 

assay data was log2 transformed, and data collected within the same day was expressed as a 

log2 fold-change relative the average value of the PBS group for that day. Sample sizes for the 

Von Frey test, OFT, and EPM were 15 mice per treatment. Sample sizes for lactate analysis 

ranged from 7-10 mice per group. Sample sizes for corticosterone analysis was 5 mice per 

group. Statistical analysis was performed using RStudio Version 1.3.1093 (RStudio, Boston, 

MA, USA). Group differences were tested at a significance level of p < 0.05. Von Frey data was 

analyzed using a two-way mixed ANOVA with repeated measures, testing for effects of 

treatment and time on mechanical thresholds. OFT and EPM data were analyzed using 

Student’s t-tests, Welch’s t-tests, or Wilcoxon rank-sum tests, testing for effects of treatment on 

measures of anxiety-related behaviour. Formalin test data were analyzed using Wilcoxon rank-

sum tests or Welch’s t-tests, testing for effect of treatment on hind paw licking time. Lactate 

assay and corticosterone assay data were analyzed using two-way ANOVA, testing for effects 

of treatment and time on ACC lactate and serum corticosterone concentrations. Post-hoc 

analysis was carried out on lactate assay, corticosterone assay, and Von Frey test data using 

Tukey’s HSD test for multiple pairwise comparisons. Post-hoc power analysis was carried out 

on formalin test data using G * Power Version 3.1.9.7 (Heinrich Heine University Düsseldorf, 

Düsseldorf, Germany).  
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Chapter 3: Results 

CFA Induced Mechanical Allodynia 

Mice were separated into a treatment and control group (n = 15 per group), receiving a 

single injection of either CFA or PBS respectively into their left hind paw. To verify that CFA 

injection induced sensitization of pain-like behavior, we compared the mechanical thresholds of 

both groups at 1-, 3-, and 7-days post-injection using the von Frey test. Two mice were 

excluded from analysis, one from each group, due to abnormally low baseline mechanical 

thresholds. Baseline mechanical thresholds prior to injection were similar between groups in 

both the left hind paw (Figure 2C: CFA mice; 1.60 ± 0.10 gram force (gf), PBS mice; 1.63 ± 

0.093 gf) and the right hind paw (Figure 2D: CFA mice; 1.50 ± 0.11 gf, PBS mice; 1.49 ± 0.10 

gf). Two-way mixed ANOVA with group as a between-subjects factor and time as a within-

subjects factor was used to test the effect of group and time on mean mechanical thresholds. A 

significant main effect of group [F (1,26) = 9.21, ƞ  = 0.26, p = 0.0054] and time [F (3,78) = 

12.47, ƞ  = 0.32, p < 0.0001] on mechanical thresholds was observed in the left hind paw 

(Figure 2C). No significant interaction between group and time [F (3,78) = 2.27, ƞ  = 0.080, p = 

0.087] was observed. Post-hoc analysis using Tukey’s HSD test revealed that CFA mice had 

significantly lower mean mechanical thresholds compared to PBS mice at 3 days post-injection 

[CFA mice; 0.83 ± 0.089 gf, PBS mice; 1.33 ± 0.12 gf, t (26) = -3.30, p = 0.049], but not at 1 day 

[CFA mice; 1.03 ± 0.14 gf, PBS mice; 1.36 ± 0.11 gf, t (26) = -2.17, p = 0.40] or 7 days post-

injection [CFA mice; 1.06 ± 0.11 gf, PBS mice; 1.41 ± 0.097 gf, t (26) = -2.36, p = 0.30]. Two-

way mixed ANOVA of right hind paw mechanical thresholds (Figure 2D) found no significant 

main effect of group [F (1,26) = 0.23, ƞ  = 0.0086, p = 0.64] and time (F (3, 78) = 1.18, ƞ  = 

0.043, p = 0.32), or interaction between group and time [F (3,78) = 0.12, ƞ  = 0.0046, p = 0.95].  
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Figure 2. Assessment of mechanical allodynia at 1-7 days following CFA-induced chronic 

inflammatory pain 

Mice receiving a left hind paw CFA injection exhibit hypersensitivity of pain-like behaviors (A) 

Experimental timeline (B) Representative image of the injection and testing areas. CFA or PBS 

was injected into the dorsal aspect of the left hind paw. Von Frey filaments were applied to the 

center of the plantar surface of both left and right hind paws. (C) CFA mice (n = 14) had 

significantly lower mechanical thresholds in their left hind paw following injection at all time 

points relative to baseline [1 day: t (78) = -4.34, p = 0.0010; 3 days: t (78) = -5.86, p < 0.0001; 7 

days: t (78) = -4.13, p = 0.0022]. The mean mechanical threshold was significantly lower in CFA 

mice relative to PBS mice (n = 14) at 3 days post injection [t (26) = -3.30 p = 0.049]. Left hind 

paw mechanical thresholds of PBS mice were not significantly different from baseline at all time 

points examined [1 day: t (78) = -2.06, p = 0.45; 3 days: t (78) = -2.28, p = 0.32; 7 days: t-ratio 

(78) = -1.63, p = 0.73]. (D) Mean right hind paw mechanical thresholds did not change 

significantly in both groups throughout the experiment [Group main effect: F (1,26) = 0.23, ƞ  = 

0.0086, p = 0.64; Time main effect: F (3,78) = 1.18, ƞ  = 0.043, p = 0.32; Group x Time 

interaction: F (3,78) = 0.12, ƞ  = 0.0046, p = 0.95]. *p < 0.05 indicates a significantly different 

mean mechanical threshold between groups at the same time point (Two-way mixed ANOVA 

followed by Tukey’s HSD test). Data is presented as the mean ± SEM. 
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 A separate test was performed to assess mechanical allodynia 3 hours after CFA 

injection. Mice were injected either with CFA (n = 6) or PBS (n = 6). At 3 hours post-injection, 

Wilcoxon rank sum tests found that the distributions of mechanical thresholds for the left hind 

paw were significantly different [W = 6, p = 0.039] between CFA (1.00 ± 0.18 gf) and PBS (1.60 

± 0.13 gf) mice. No significant difference in mechanical thresholds was found between the right 

hind paw [W = 18, p = 1.00] between CFA (1.64 ± 0.15) and PBS (1.60 ± 0.13) mice. 
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Figure 3. Assessment of mechanical allodynia at 3 hours following CFA-induced chronic 

inflammatory pain 

(A) CFA mice (n = 6) had significantly lower left hind paw mechanical thresholds compared to 

PBS mice (n = 6) [W = 6, p = 0.039]. (B) Mechanical thresholds of the right hind paw were not 

significantly different between groups [W = 18, p = 1.00]. *p < 0.05 indicates a significant 

difference in the distributions of mechanical thresholds between groups (Wilcoxon rank sum 

test). Data is presented as the mean ± SEM. 
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CFA Did Not Induce Anxiety-Like Behavior 

 In chronic inflammatory pain models, previous research has observed increased anxiety-

like behavior437,438. In the same mice that underwent von Frey testing, we assessed anxiety-like 

behavior 8 days post-injection using an OFT and EPM. On the OFT, the distance travelled in the 

center zone, and percentage of time spent in the center zone was analyzed as a measure of 

anxiety-like behavior, while total distance travelled was used as a measure of general locomotor 

activity. Wilcoxon rank-sum tests were used to analyze the % time in center zone, as visual 

inspection of a normal Q-Q plot suggested that the data was not normally distributed. No 

significant difference in the distributions of % time in center zone [Figure 4B: W = 133.5, p = 

0.39] between CFA (9.75 ± 1.84%, n = 15) and PBS mice (7.92 ± 1.81%, n = 15) was observed. 

Additionally, Student’s t-test found no significant difference in mean distance travelled within the 

center zone [Figure 4C: t (27) = 0.54, d = 0.47, p = 0.60] between CFA (161.87 ± 27.92 cm, n = 

14) and PBS mice (142 ± 23.97 cm, n = 15). One CFA mouse was excluded from analysis of the 

distance travelled in the center zone due to being 2.68 standard deviations away from the 

mean. Mean total distance travelled was not significantly different [Figure 4D: t (28) = 1.29, d = 

0.19, p = 0.21] between CFA (1351.50 ± 130.36 cm, n = 15) and PBS mice (1155.57 ± 77.91 

cm, n = 15), indicating that locomotor function was not affected by CFA injection.   
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Figure 4. Assessment of anxiety-like behavior in the open field test 

CFA mice did not exhibit an increase in anxiety-like behavior in a 5-minute open field test (A) 

Experimental timeline. (B) The percentage of time spent in the center zone was not significantly 

different between groups [Wilcoxon rank-sum test: W = 133.5, p = 0.39, n = 15 per group]. (C) 

The distance travelled in the center zone was not significantly different between groups 

[Student’s t-test: t (27) = 0.54, d = 0.47, p = 0.60, n = 14 (CFA), n = 15 (PBS)]. (D) The total 

distance travelled was not significantly different between groups [Student’s t-test: t (28) = 1.29, 

d = 0.19, p = 0.21, n = 15 per group]. Data is presented as the mean ± SEM. 
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In the EPM, we assessed percentage of time spent in the open arms as a measure of 

anxiety-like behavior, while the total number of entries and the percentage of open arm entries 

were used as measures of exploratory behavior. Visual inspection of normal Q-Q plots 

suggested that the % time in open arms was not normally distributed. Wilcoxon rank-sum tests 

found no significant difference in the distributions of % open arm time between CFA (21.08 ± 

3.07%, n = 15) and PBS mice (19.09 ± 4.81%, n = 15) [Figure 5B: W = 136, p = 0.35]. Welch’s t-

test was used to assess group differences in the percentage of open arm entries due to unequal 

variances between the two groups [Levene’s test: F (1,28) = 8.55, p = 0.0068]. CFA mice had a 

significantly higher percentage of open arm entries compared to PBS mice [Figure 5C: CFA 

mice; 53.18 ± 1.84%, PBS mice; 42.27 ± 4.12%, t (19.39) = 2.42, d = 0.88, p = 0.026, n = 15 per 

group]. Student’s t-test found that the total number of entries into both closed and open arms 

was not significantly different between groups [Figure 5D: CFA mice; 15.40 ± 1.44, PBS mice; 

17.07 ± 1.59, t (28) = -0.78, d = -0.28, p = 0.44, n = 15 per group], indicating that exploratory 

behavior was not affected by CFA injection. Overall, the results from the OFT and EPM suggest 

that mice injected with CFA were not more anxious compared to controls. 
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Figure 5. Assessment of anxiety-like behavior in the elevated plus maze 

CFA mice did not exhibit an increase in anxiety-like behavior in a 5-minute elevated plus maze 

(A) Experimental timeline. (B) The percentage of time spent in the open arms relative to total 

time spent in both open and closed arms was not significantly different between groups 

[Wilcoxon rank-sum test: W = 136, p = 0.3453, n = 15 per group]. (C) The percentage of open 

arm entries relative to total entries was significantly higher in CFA mice compared to PBS mice 

[Welch’s t-test: t (19.39) = 2.42, d = 0.88, p = 0.026, n = 15 per group]. (D) The total number of 

arm entries was not significantly different between groups [Student’s t-test: t (28) = -0.78, d =     

-0.28, p = 0.44, n = 15 per group]. *p < 0.05 indicates a significant difference between groups 

(Student’s t-test, Welch’s t-test, or Wilcoxon rank-sum test). Data is presented as the mean ± 

SEM. 
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Altered ACC Lactate Levels Following Chronic Pain Induction 

 In the hippocampus, extracellular lactate concentrations increase immediately after 

training on a task of contextual memory340. Recent work has also shown that extracellular 

lactate is persistently elevated following LTP induction in the hippocampus439. There is evidence 

suggesting that lactate may be involved in pain-associated plasticity, as spinal MCT1 

expression is increased in rats with CFA-induced chronic inflammatory pain407, and broad MCT 

inhibition with 4-CIN reduces mechanical allodynia in a mouse model of neuropathic pain417. 

Additionally, activity-dependent lactate release and synaptic plasticity in the ACC has been 

observed to be impaired in rats with chronic visceral pain358.  Thus, we sought to investigate 

temporal changes in ACC lactate levels following the induction of chronic inflammatory pain, 

and if present, whether these changes correspond to pain-associated behaviors. Mice were 

again divided into treatment and control groups, receiving either CFA or PBS injections 

respectively into their left hind paw. ACC tissue samples were collected at 3 hours, 1 day, 3 

days, and 7 days post-injection (Figure 7A) and analyzed for total lactate concentration. The 

intra-assay coefficient of variance was calculated for each analyzed plate, ranging from 0.78% 

to 2.51%. A portion of the samples from the CFA and PBS mice were pooled into a single 

sample and used to generate a dose-response curve to assess the performance of the assay 

(Figure 6B). A strong linear relationship between the sample doses ranging from 10 µL to 50 µL 

and lactate concentration (Figure 6B: R2 = 0.9983) was observed, where increasing sample 

dosage resulted in an increase in the calculated lactate concentration by the same factor, with 

all sample doses falling within the range of the standard curve. One mouse from the CFA 1-day 

group and two mice from the CFA 3-day group were excluded from analysis of ACC lactate 

levels, due to being greater than 2 standard deviations from the group mean or exhibiting lactate 

levels that differed substantially from other CFA mice dissected in the same day. Lactate 

concentrations were log2 transformed and expressed as a fold-change relative to the PBS group 
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(Figure 7B). Two-way ANOVA found a significant main effect of group [F (1,64) = 19.91, ƞ  = 

0.24, p < 0.00001] and time [F (3,64) = 2.83, ƞ  = 0.12, p = 0.045]. There was additionally a 

significant interaction effect between group and time [F (3,64) = 2.86, ƞ  = 0.12, p = 0.044]. 

Post-hoc analysis via Tukey’s HSD test found that CFA mice had significant log2 fold-increase in 

ACC lactate levels at 3 hours [Figure 7B: 0.60 ± 0.039 log2 fold-change; t (64) = 3.90, p = 

0.0054, n = 8 CFA and 7 PBS mice] and 7 days [Figure 7B: 0.43 ± 0.13 log2 fold-change; t (64) 

= 3.23, p = 0.038, n = 10 per group] post-injection relative to PBS mice. The log2 fold-change of 

lactate in CFA mice at 1 day [0.099 ± 0.13 log2 fold-change, n = 9] and 3 days [0.081 ± 0.18 log2 

fold-change, n = 8] post-injection was significantly lower than at 3 hours [CFA day 1: t (64) = -

3.33, p = 0.029; CFA day 3: t-ratio (64) = -3.39, p = 0.025]. Additionally, no statistically 

significant difference was observed between groups at 1 day [Figure 7B: t (64) = 0.87, p = 0.99, 

n = 9 CFA and 10 PBS mice] and 3 days [Figure 7B: t (64) = 0.69, p = 1.00, n = 8 CFA and 10 

PBS mice] post-injection. These results suggest that lactate levels in the ACC spike shortly after 

the induction of inflammatory pain, transiently return to control levels, and then begin to rise 

again during the chronic phase of pain.  
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Figure 6: Lactate assay linearity 

(A) Example microplate for the colorimetric lactate assay. Standard wells contained lactate 

concentrations of 0, 2, 4, 6, 8, and 10 nmol/well moving down the columns. All standard and 

sample wells were replicated in duplicates. Bg = background control. (B) Dose-response 

relationship between sample doses ranging from 10-50 µL/well and lactate concentration 

(nmol/well) (100 µL total volume per well). 
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Figure 7. Quantification of changes in ACC lactate levels following CFA-induced chronic 

inflammatory pain 

Total ACC lactate levels were elevated in CFA mice compared to PBS mice. (A) Experimental 

timeline. (B) Lactate concentrations were log2 transformed. Data collected on different days 

were normalized by subtracting the average PBS group value from each CFA and PBS mouse 

for a particular day to obtain the log2 fold-change relative to the PBS group. This results in an 

average log2 fold-change of 0 for the PBS group at each timepoint. Since outliers in the PBS 

group had a substantial effect on log2 fold-change calculations, two PBS mice from the 1-day 

group and two PBS mice from the 7-day group were not used in calculating the log2 fold-change 

and were assigned values of 0. *p<0.05, **p<0.01 indicates a significantly different log2 fold-

change of lactate in CFA mice relative to PBS mice (two-way ANOVA followed by Tukey’s HSD 

test). Data is presented as the mean ± SEM.  
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Serum Corticosterone Levels Following Chronic Pain Induction 

 Previously it has been shown that circulating corticosterone levels spike significantly 3 

hours after hind paw injection of CFA in mice440. Additionally, in vitro studies have shown that 

the synthetic glucocorticoid dexamethasone can stimulate astrocytic lactate release441. Thus, we 

sought to determine whether altered serum corticosterone levels in mice with chronic 

inflammatory pain may correspond to changes in ACC lactate levels. To generate a standard 

curve from which sample corticosterone concentrations can be interpolated, standard wells 

were loaded with corticosterone standard at concentrations of 0.391, 1.563, 6.25, 25, and 100 

ng/mL. The resulting absorbance values were plotted and fit to a 4-paramater logistic curve 

(Figure 8A) with the following equation: 

𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 = 0.0595 +  
1.267 − 0.0595

1 + (
𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛

1.352
) .

 

The maximum absorbance value corresponding to 0 standard concentration, and the minimum 

absorbance value corresponding to an infinite standard concentration in this model, were 1.267 

and 0.0595 respectively. The values of 1.352 and 0.802 correspond to the inflection point and 

the slope of the curve at the inflection point respectively. Fitting the corticosterone standard 

absorbance values to this model yielded an R2 = 0.999. The intra-assay coefficient of variance 

for all standard and sample duplicates was 9.52%. To assess changes in serum corticosterone 

levels in CFA and PBS mice, serum samples were collected at 3 hours, 1 day, 3 days, and 7 

days post-injection (Figure 8B, n = 5 per group). One mouse from the CFA 1-day group was 

excluded from analysis, due to having a substantial effect on the group standard deviation, 

increasing it approximately 2.8-fold. Two-way ANOVA found no significant main effect of group 

[F (1,31) = 0.85, ƞ  = 0.027, p = 0.36] or time [F (3,31) = 0.59, ƞ  = 0.054, p = 0.63]. A 

significant interaction between group and time was observed [F (3,31) = 3.06, ƞ  = 0.23, p = 
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0.043]. Post-hoc analysis via Tukey’s HSD test found no significant difference between groups 

at 3 hours [Figure 8C: CFA mice; 52.07 ± 18.93 ng/mL, PBS mice; 42.41 ± 10.63 ng/mL; t (31) = 

0.47, p = 1.00], 1 day [CFA mice; 77.58 ± 19.68 ng/mL, PBS mice; 44.68 ± 7.60 ng/mL, t (31) = 

1.52, p = 0.79], 3 days [CFA mice; 33.55 ± 9.20 ng/mL, PBS mice; 83.55 ± 22.12 ng/mL, t (31) = 

-2.45, p = 0.25], or 7 days [CFA mice; 30.85 ± 7.47 ng/mL, PBS mice; 55.49 ± 15.01 ng/mL, t 

(31) = -1.21, p = 0.92] post-injection.  
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Figure 8. Quantification of changes in serum corticosterone levels following CFA-

induced chronic inflammatory pain 

(A) Corticosterone standard curve (R2 = 0.999). Standard wells contained corticosterone 

concentrations of 0, 0.391, 1.563, 6.25, 25, and 100 ng/mL. (B) The group x time interaction [F 

(3,31) = 3.06, ƞ  = 0.23, p = 0.043] was significant, but not the group [F (1,31) = 0.85, ƞ  = 

0.027, p = 0.36] or time [F (3,31) = 0.59, ƞ  = 0.054, p = 0.63] main effects. Data is presented 

as the mean ± SEM. 
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Preliminary Findings of MCT2 Knockdown on Pain-Like Behavior 

 The formalin model of inflammatory pain consists of two phases. An acute nociceptive 

phase within the first 5 minutes in which pain-like behavior is associated with the activation of 

nociceptors, and an inflammatory phase beginning around 15-20 minutes after formalin 

injection422,442. Nociceptive behaviors during the second phase but not the first phase can be 

reduced by both steroidal and non-steroidal anti-inflammatory drugs442. We first set out to 

evaluate formalin-induced pain-like behaviors in mice in our lab setting. Mice were separated 

into two groups, receiving either left hind paw injection of formalin (n = 4) or PBS (n = 4). Figure 

9A shows the time course of licking time following injection. Mice that received formalin 

injections displayed licking behavior typical of this model, in which licking time of the injected 

paw is elevated during the first 5 minutes, dropping drastically at 10 – 15 minutes, and 

increasing again at 20 minutes onwards (Figure 9A)422. Licking time was then binned into two 

time points, 0-10 minutes corresponding to the acute nociceptive phase, and 15-60 minutes 

corresponding to the inflammatory phase (Figure 9B). Two-way mixed ANOVA with time as a 

within subjects factor and group as a between subjects factor found a significant main effect of 

group [F (1,6) = 8.47, ƞ  = 0.59, p = 0.027] and time [F (1,6) = 6.95, ƞ  = 0.54, p = 0.039]. No 

significant interaction between group and time was observed [F (1,6) = 3.15, ƞ  = 0.34, p = 

0.13]. Post-hoc analysis via Tukey’s HSD test found no significant difference between groups at 

0-10 minutes [Figure 9B: Formalin mice; 79.73 ± 11.66 s, PBS mice; 29.00 ± 6.30 s; t (6) = 1.05, 

p = 0.73] or at 15-60 minutes [Figure 9B: Formalin mice; 218.32 ± 64.08 s, PBS mice; 56.00 ± 

19.30 s, t (6) = 3.37, p = 0.056].   
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Figure 9. Pain-like behavior induced by hind paw formalin injection 

(A) Time course of left hind paw licking time. Mice received a 10 µL injection of either formalin 

or PBS into the left hind paw (n = 4 per group). (B) Both the group main effect [F (1,6) = 8.47, ƞ  

= 0.59, p = 0.027] and time main effect [F (1,6) = 6.95, ƞ  = 0.54, p = 0.039] were significant. 

The group differences were not significant at 0-10 [t (6) = 1.05, p = 0.73] or 15-60 minutes [t (6) 

= 3.37, p = 0.056]. Data is presented as the mean ± SEM. Behavior scoring was performed in 

collaboration with Rahul Thakuri. 
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Formalin-induced inflammatory pain is associated with plasticity in the CNS, as 

phosphorylated CREB is upregulated in both the SDH and ACC293. Given lactate’s role in 

hippocampal synaptic plasticity340, we wished to assess whether inhibiting neuronal lactate 

uptake in the ACC could reduce pain-like behavior induced by formalin injection. To that end, 

we infused AS-ODNs targeting MCT2 mRNA, with the goal of knocking down expression of 

MCT2, which is primarily expressed on neurons rather than astrocytes in the mouse brain435. 

Mice received microinjections of either MCT2 AS-ODNs (n=3) or scrambled ODNs (n=3) 

bilaterally into the ACC, 1 hour before formalin injection. Figure 10A shows the time course of 

licking time following formalin injection. As above, data was binned into two time points (Figure 

10B). Two-way mixed ANOVA with time as a within subjects factor and group as a between 

subjects factor found a significant main effect of time [F (1,4) = 15.70, ƞ  = 0.80, p = 0.017], but 

no significant group main effect [F (1,4) = 5.18, ƞ  = 0.56, p = 0.085] or interaction between 

group and time [F (1,4) = 5.70, ƞ  = 0.59, p = 0.076]. Post-hoc analysis with Tukey’s HSD test 

found no significant group difference at 0-10 minutes [Figure 10B: MCT2 AS-ODN mice; 14.16 ± 

6.57 s, scrambled ODN mice; 27.98 ± 4.21 s; t (4) = 0.51, p = 0.95] or at 15-60 minutes [Figure 

10B: MCT2 AS-ODN mice; 38.25 ± 35.07 s, scrambled ODN mice; 125.05 ± 12.45 s, t (4) = 

3.23, p = 0.10].  
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Figure 10. Effect of inhibiting neuronal lactate uptake on formalin-induced pain-like 

behavior 

(A) Time course of left hind paw licking time. Mice received a 10 µL injection of formalin. One 

hour before formalin injection, mice received bilateral ACC microinjection of 0.5 µL (2 nmol) 

MCT2 AS-ODN or scrambled control ODN (n = 3 per group). (B) A significant time main effect 

[F (1,4) = 15.70, ƞ  = 0.80, p = 0.017] was observed. The group differences were not significant 

at 0-10 [t (4) = 0.51, p = 0.95] or 15-60 minutes [t (4) = 3.23, p = 0.10]. Data is presented as the 

mean ± SEM. Behavior scoring was performed in collaboration with Mercedes Bair. 
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Chapter 4: Discussion 

 The findings presented here provide evidence that lactate levels in the ACC increase in 

a model of chronic inflammatory pain in adult male mice and correspond with onset of 

behavioral symptoms (key results from CFA model summarized in Table 2). Injection of CFA 

into the left hind paw caused a significant decrease in mechanical thresholds from baseline at 1, 

3, and 7 days post-injection, consistent with previous work employing this model443,444. 

Mechanical thresholds were additionally significantly different between CFA and PBS mice at 3 

hours and 3 days post-injection. Alongside the development of mechanical allodynia, we 

observed a significant log2 fold-increase in ACC lactate concentration at 3 hours and 7 days 

post-injection. However, lactate levels in the ACC of CFA and PBS mice were not significantly 

different 1- and 3-days post-injection. Thus, we have observed a distinct temporal pattern in 

ACC lactate levels where after an initial spike in lactate, lactate transiently returns to control 

levels before increasing again during the chronic phase of an inflammatory pain model. This 

initial spike in lactate additionally corresponds temporally with the onset of mechanical allodynia. 

Although our data suggests that whether a mouse received a CFA or PBS injection differentially 

affected how their serum corticosterone levels changed over time, we did not observe a 

significant difference in serum corticosterone levels between groups at 3 hours or at 7 days. 

Therefore, the rise in ACC lactate levels at these timepoints may not be a result of elevated 

circulating corticosterone modulating astrocytic lactate release. Our preliminary findings also 

indicate a functional role of lactate in generating pain-like behavior. We found a significant main 

effect of hind paw formalin versus saline injection in mice on hind paw licking time during the 

following hour, suggesting that formalin induced an increase in pain-like behavior. Infusing AS-

ODNs bilaterally into the ACC targeting the mRNA for MCT2, which is expressed on neurons 

but not astrocytes in the mouse brain435,445, appears to inhibit formalin-induced pain-like 

behavior. While the difference in licking time is not statistically significant between AS-ODN and 
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scrambled ODN control mice, the MCT2 knockdown experiment is a work in progress as the 

power of our statistical analysis is limited by the small sample size (total n = 6). A post-hoc 

power analysis revealed that the achieved statistical power for detecting a group main effect if 

one is present was 0.68. These results provide initial support for our hypothesis that astrocyte-

neuron lactate shuttling may be involved in pain-associated synaptic plasticity, contributing to 

the development of chronic pain-like behavior in rodents. Interestingly however, while studies 

have reported an increase in anxiety-like behavior in the CFA model of chronic pain437,438, we 

found little evidence for this in the present study. Although we observed a significantly higher 

percentage of open arm entries in CFA mice compared to PBS mice, CFA and PBS mice spent 

a similar percentage of time in the open arms of an EPM and the central zone of an OFT, and 

travelled a similar distance in the OFT central zone, suggesting that anxiety levels were similar 

between groups.  
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Table 2. Summary of results from the CFA model of chronic inflammatory pain 

Lactate log2 fold-change values were determined relative to the PBS group, thus the average 

log2 fold-change for the PBS group was 0 at all time points and not shown. *p<0.05, **p<0.01 

indicates a significant difference between groups. All values are presented as the mean ± SEM.  
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Anxiety-Like Behavior in Chronic Pain Models 

 Housing conditions can have a substantial effect on measures of anxiety-like behavior in 

healthy mice. Some studies for example have investigated behavioral differences between mice 

housed in either environmentally enriched cages containing ladders, tunnels, and running 

wheels, compared to mice housed in cages containing only basic bedding446,447. 

Environmentally enriched C3H446 and BALB/c447 mice exhibit less anxiety-like behavior, as in an 

elevated plus maze test they spend significantly more time in the open arms446, display less 

stretch-attend postures, and defecate less447 compared to non-enriched mice. The effect of 

environmental enrichment on anxiety-like behavior has been found to vary between different 

mouse strains448. However, studies in C57BL/6 mice, which were used in the present 

experiments, have similarly observed an effect of environmental enrichment on anxiety-like 

behavior448,449. Environmentally enriched mice spend more time in the central zone of the 

OFT449, and display significantly more unprotected head dips in the EPM448 than mice housed in 

basic conditions. Interestingly, housing conditions in healthy mice does not seem to affect the 

percentage of time mice spend in the open arms of an EPM448,450.  

 One study investigating environmental enrichment in the context of chronic pain 

observed that in C57BL/6 control mice who received a hind paw saline injection, 

environmentally enriched housing did not affect measures of anxiety-like behavior in the OFT 

and EPM443. Mice with CFA-induced chronic inflammatory pain that were housed in non-

enriched cages showed increased anxiety-like behavior, as they spent significantly less time in 

the center of an OFT and in the open arms of an EPM443. However, CFA mice in enriched 

housing spent a comparable amount of time in the center of the OFT and the open arms of the 

EPM to saline mice443. In this study, mice were housed in enriched environments prior to the 

induction of chronic inflammation, and throughout the duration of the experiment443. A separate 

study found that exposing CD-1 mice to environmental enrichment 3 months after peripheral 
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nerve injury had no effect on open arm time in the EPM451. In the present experiments, our mice 

were housed in cages containing 17.3 grams of Crink-l’Nest bedding and a nestlet, in addition to 

basic corn cob bedding, as well as a variety of objects with which they can interact, including a 

polycarbonate igloo shelter, a polycarbonate loft shelter, tongue depressor, Kimwipe, and 

diamond twist. Mice were housed in these enriched conditions for approximately 2 weeks prior 

the injection of CFA and were maintained in the same cages throughout the length of each 

experiment. Thus, our lack of evidence for CFA-induced increases in anxiety-like behavior may 

in part be due to the enrichment present in our housing cages. Future studies will test this 

possibility by housing CFA or PBS-injected mice in either basic conditions with just corn cob 

bedding, or the enriched conditions presently used, to confirm whether anxiety-like behavior is 

affected by CFA injections under non-enriched housing conditions.  

Altered Lactate Dynamics in the ACC  

 Following the injection of CFA, we found a significant log2-fold increase in ACC lactate 

levels at 3 hours, which returned towards control levels at 1 and 3 days, before increasing again 

at 7 days. Extracellular lactate has been shown to transiently rise following brief electrical 

stimulation of neuronal activity in the hippocampus in vivo452. However, lactate returned to 

baseline levels within 15 minutes452. Learning on the other hand, which involves long-term 

synaptic plasticity, has been shown to be accompanied by persistently increased hippocampal 

lactate concentrations, which remain elevated for at least 50 minutes340. As studies indicate that 

LTP-like synaptic plasticity in the ACC occurs in models of chronic pain287,294,453, our findings 

that ACC lactate levels were increased 3 hours after CFA injection may therefore correspond to 

a persistent elevation of lactate associated with pain-induced plasticity.  

Plasma corticosterone levels have previously been found to increase significantly 3 

hours after hind paw CFA injection440. Glucocorticoid signaling can alter astrocyte activity 

through regulating astrocyte transcriptomes454. Glucocorticoids have been found to inhibit 
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astrocyte proliferation455 and glucose uptake456 in rat hippocampal and cortical astrocyte 

cultures. The opposite has also been observed, where activity of glucocorticoid receptor β has 

also been associated with enhancing astrocyte proliferation and reactive astrogliosis in 

astrocyte cultures derived from human glioma cell lines457. Additionally, the synthetic 

glucocorticoid dexamethasone has been found to decrease intracellular glycogen content, and 

increase both glucose uptake and lactate release in mouse cortical astrocyte cultures441,458. 

Although there is evidence for opposing effects of glucocorticoids on astrocytes, that 

glucocorticoids can significantly modulate astrocyte activity raises the possibility that an acute 

spike in plasma corticosterone may contribute to elevated ACC lactate levels 3 hours after CFA 

injection. Interestingly however, in the present set of experiments we did not observe a 

significant difference in serum corticosterone levels between CFA and PBS mice at all time 

points examined. In particular, corticosterone levels were very similar at 3 hours (52.07 ± 18.93 

ng/mL in CFA mice vs 42.41 ± 10.63 ng/mL in PBS mice) post-injection. Following from our 

previous interpretation that housing our mice in enriched environments may have prevented 

CFA-induced increases in anxiety-like behavior, studies have also shown that enrichment can 

reduce acute stress responses in rodents459. In response to handling, rats housed in enriched 

environments exhibit much smaller increases of plasma corticosterone during the 30 minutes 

following handling compared to non-enriched rats459. A similar effect could apply to CFA-

induced corticosterone responses. These findings also have implications for the lack of anxiety-

like behavior which we observed in CFA relative to PBS mice. A single subcutaneous injection 

of corticosterone is sufficient to induce morphological changes in basolateral amygdala neurons, 

as well as reduce open arm time in an elevated plus maze at 12 days after injection460. An acute 

spike in corticosterone might therefore contribute to the increase in anxiety-like behavior 

generally observed in chronic pain models. The lack of evidence for differences in serum 

corticosterone levels observed in our experiments may underly our findings that anxiety-like 

behavior was not affected by CFA injection. 
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Recent in vivo work has also identified changes in lactate dynamics lasting for days 

following the induction of LTP in the rat hippocampus439. The researchers characterized an 

acute extracellular lactate response that occurs within seconds of electrical stimulation of the 

medial perforant pathway439. The response consists of an initial dip in extracellular lactate 

concentration followed by a large overshoot, before returning to baseline439. LTP induction 

causes a significant increase in the magnitude of the lactate dips and overshoots, starting at 24 

hours after potentiation. Additionally, they found that inducing LTP resulted in an average 

chronic elevation of lactate concentrations that persists for at least 72 hours439. These results in 

combination with previous work suggests that extracellular lactate in the hippocampus rises 

immediately following synaptic plasticity340, and returns to baseline transiently before increasing 

again and remaining elevated for an extended period of time439. We observed a similar pattern, 

where lactate was significantly elevated in the ACC at 3 hours post-CFA injection, returned 

towards control levels at 1 and 3 days, and increased again at 7 days post-injection. The 

similarities in the time courses of lactate levels further indicate that lactate may contribute to 

pain-associated plasticity in the ACC. One of the limitations of the present set of experiments is 

our timepoints, as we did not investigate ACC lactate concentrations beyond the 7-day 

timepoint. Thus, we do not know if lactate remains chronically elevated in chronic pain states, or 

if lactate levels gradually return to baseline while pain persists. While pain-like behavior in the 

CFA mouse model of chronic inflammatory pain in some cases lasts for up to a few weeks443,444, 

there is variability within the literature where some studies indicate significant recovery of 

mechanical allodynia in as little as a week461–463. Indeed, in our data, mechanical allodynia is 

less pronounced at 7 days post-CFA injection, as mechanical thresholds were not significantly 

different between CFA and PBS mice at this time point. A more robust and long-lasting model 

such as models of neuropathic pain induced by peripheral nerve injury464,465 may therefore be 

appropriate for investigating long-term changes in ACC lactate levels.  
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 While our results indicate that lactate might be persistently elevated in chronic pain 

states, the functional implications of this increased lactate in mediating chronic pain requires 

further investigation. To begin addressing this question, we aimed to genetically knock down the 

expression of MCT2 in the ACC to inhibit neuronal lactate uptake. We observed that injecting 

AS-ODNs targeting MCT2 mRNA into the mouse ACC 1 hour before formalin injection caused a 

trend towards decreased formalin-induced hind paw licking behavior, relative to mice receiving 

scrambled control ODNs. Formalin-induced inflammatory pain is associated with increased 

expression of plasticity-related markers in the CNS, such as upregulation of phosphorylated 

CREB in the SDH and ACC293. While hippocampal LTP can be induced in the absence of CREB 

activity, CREB-mediated gene expression and protein synthesis is required for the maintenance 

of LTP267,268,466 and is critical for memory consolidation467. Previous work using DAB to inhibit 

astrocytic glycogenolysis has shown that astrocytic lactate is required for learning-induced 

upregulation of phosphorylated CREB in the hippocampus340. Breakdown of astrocytic glycogen 

stores by glycogenolysis is involved in the production and release of lactate338. In addition, 

administering DAB 15 minutes before, or knocking down hippocampal MCT2 with AS-ODNs 1 

hour before training on an inhibitory avoidance task significantly impaired task performance 

when tested 24 hours and 7 days later, indicating impaired long-term memory340. Another study 

using a technique termed surface sensing of translation, which measures puromycin 

incorporation into proteins as a measure of protein synthesis468, showed that lactate is required 

for protein synthesis following learning402. The amount of puromycin-incorporated protein was 

significantly higher in both excitatory and inhibitory neurons 2 hours after training on an 

inhibitory avoidance task relative to untrained rats, indicating increased protein synthesis402. 

Blocking glycogenolysis with DAB 15 minutes before training prevented the learning-induced 

increase in protein synthesis, a deficit which could be rescued by exogenous lactate 

administered alongside DAB402. Given our findings that lactate is elevated 3 hours after CFA 

injection, and that MCT2 knockdown prior to formalin injection may reduce pain-like behavior, 
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increased lactate in the ACC during the induction of inflammatory pain may fuel protein 

synthesis required for long-term synaptic plasticity, leading to persistent changes in ACC activity 

in chronic pain states. 

We also observed that lactate was significantly elevated in the ACC 7 days after CFA 

injection, after the onset of pain-like behavior. In the hippocampus, impairing lactate release by 

blocking astrocytic glycogenolysis with DAB 15 minutes before or immediately after training rats 

in an inhibitory avoidance task causes significant impairments in task performance 24 hours and 

7 days later340. However, DAB administered 24 hours after training had no effect on subsequent 

task performance at a later date340. Additionally, while synaptic potentiation can be induced in 

the presence of DAB, DAB administered before but not after LTP induction causes deficits in 

LTP maintenance340. Similar findings have been observed in the basolateral amygdala, where 

DAB administered 15 minutes before the acquisition of cocaine-induced CPP blocks the 

expression of preference for the cocaine-paired context405. DAB administered 5 hours after a 

test re-exposure had no effect on subsequent test performance405. Thus, lactate does not seem 

to be critical for maintenance of either synaptic potentiation or long-term memories once they 

are established.  

There is evidence however, that lactate is required for the reconsolidation of 

memory404,405, a process by which reactivation of a memory places it in a state where it can be 

modified or disrupted469. This process, like memory consolidation, is protein synthesis-

dependent469. For example, following the pairing of a tone with a foot shock, rats display 

increased freezing behavior in response to the tone when tested 24 hours after conditioning469. 

Administering the protein synthesis inhibitor anisomycin immediately after re-exposure to the 

tone results in significantly less freezing behavior when rats were tested again 24 hours later, 

indicating that memory of the tone-foot shock association has been disrupted469. More recently, 

studies indicate that lactate is also required for reconsolidation of reward-based memories in the 
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basolateral amygdala. In a cocaine CPP paradigm, infusion of DAB 15 minutes before or 

immediately following memory retrieval abolishes preference for a cocaine-paired context up to 

2 days, but not at 1 week after treatment404,405. A DAB infusion 5 hours after in addition to the 

infusion prior to memory retrieval prolonged the memory deficit to 2 weeks405. Given the findings 

implicating lactate in memory reconsolidation, it is interesting to note evidence from one study 

suggesting that chronic pain may also be subject to reconsolidation-like processes in the spinal 

cord470. After the onset of mechanical allodynia in a CFA model of chronic inflammatory pain, 

hind paw capsaicin injection was used to reactivate nociceptive pathways, serving as an analog 

to memory retrieval470. Intrathecal injection of anisomycin alongside capsaicin injection 

significantly reduced mechanical allodynia 3 hours after treatment470. Mechanical paw 

withdrawal thresholds returned to baseline within 2 days of the treatment470. Importantly, 

anisomycin alone did not affect paw withdrawal thresholds470. Further in vitro experiments 

suggested that this reconsolidation-like process may involve the reversal of synaptic plasticity in 

the SDH470. Synaptic potentiation of SDH neurons induced by low frequency dorsal root 

stimulation could be reversed by a second delivery of the same stimulus in the presence of 

anisomycin470. It is possible that synaptic plasticity in the ACC could be subject to modification 

through similar mechanisms, and that persistently elevated lactate may facilitate 

reconsolidation-like processes such that persistent changes in ACC activity are maintained 

whenever pain-associated circuits are activated.  

Lactate Signaling on Neuronal Excitability 

Beyond its classically viewed role as a metabolic substrate for ATP production, evidence 

for a signaling role of lactate complicates its effects in the CNS. For example, NADH produced 

by the conversion of lactate to pyruvate in neurons has been associated with potentiating NMDA 

receptor signaling and inducing the expression of the plasticity-related immediate early genes 

such as Arc, c-Fos and Zif268471. Lactate can also bind to extracellular hydroxycarboxylic acid 
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receptor 1 (HCAR1), also known as GPR81, which is a Gi-protein coupled receptor that inhibits 

adenylyl cyclase and reduces intracellular cAMP472. In adipose tissue, activating HCAR1 

modulates adipocyte metabolism, inhibiting lipolysis472,473. Neurons in the brain also express 

HCAR1474,475. L-lactate has been found to decrease the firing frequency of CA1 pyramidal cells 

in hippocampal slices, as well as in primary cortical neuron cultures via activation of 

HCAR1475,476. Conversely, L-lactate can potentiate EPSCs, firing frequency, and spike 

probability of pyramidal cells in the CA3 region of hippocampal slices477, and similarly increase 

firing frequency and neurotransmitter release in locus coeruleus slices478 via a lactate receptor 

that has yet to be characterized477–479. These effects are suggested to be independent of 

metabolising lactate and mediated by extracellular signaling due to insensitivity to 4-CIN476–478. 

Our findings that lactate is elevated in the ACC in a chronic inflammatory pain model raise the 

possibility that persistent lactate signaling through extracellular receptors may contribute to 

altered synaptic activity. The regulation of synaptic activity could vary between different 

neuronal populations in the ACC depending on the expression pattern of different lactate-

responsive receptors.  

Lactate Signaling Implicated in Altering Astrocyte Function 

Astrocytes may also respond to lactate, as they similarly express HCAR1474,480, which 

was recently associated with reducing glutamate-induced calcium influx via β-arrestin2-MAPK 

signaling481. Kappa-opioid receptor activation of the β-arrestin2-ERK1/2 pathway induces 

astrocyte proliferation in vitro482, and kappa-opioid receptor activation of p38-MAPK, which is 

also regulated by β-arrestin2483, has been implicated in SDH astrocyte proliferation following 

sciatic nerve ligation in mice484. Thus, lactate may promote astrocyte proliferation via a common 

intracellular signaling pathway, contributing to reactive astrogliosis. Recent findings have also 

identified that lactate can induce rises in intracellular cAMP and lactate via activation of adenylyl 

cyclase, suggesting the presence of another uncharacterized lactate receptor485. cAMP is 
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involved in a variety of signaling pathways and can modulate inducible nitric-oxide synthase 

activity486,487, cytokine release488,489, and astrocyte morphology490.  

Astrocytes in primary astroglial cultures incubated with 25 mM lactate show a significant 

increase in release of TNFα and IL-6491. Recent research in diabetic mice found that pyruvate 

dehydrogenase 2 (PDK2) expression was enhanced in hypothalamic astrocytes and contributed 

to inflammation492. PDK2 phosphorylates and deactivates pyruvate dehydrogenase493, shifting 

pyruvate metabolism to form lactate rather than enter the citric acid cycle. Genetically knocking 

out PDK2 reduced diabetes-induced elevation of lactate and induction of TNFα, IL-1β and IL-6, 

providing additional albeit indirect evidence for lactate-induced cytokine release492.  

Furthermore, lactate uptake through MCT1 in oxygen and glucose deprived astrocyte cultures 

can upregulate expression of GFAP and phosphorylation of Akt and STAT3494; STAT3 is 

involved in reactive astrogliosis495. Thus, in addition to neuronal signaling, aberrant lactate 

dynamics may alter astrocytic functions through facilitating reactive astrogliosis, resulting in 

increased cytokine release amongst other possible functional changes. However, given the 

expression of potentially two lactate receptors with opposing effects on adenylyl cyclase-cAMP 

signaling, the net effect of lactate on astrocytes in chronic pain is unclear.   

Diurnal Fluctuations in Pain and Lactate 

 In the present set of experiments, all behavioral data was collected between 1:30 – 6:30 

pm due to the length of time required for testing, and all ACC tissue samples for lactate analysis 

were collected between 2:00 – 4:00 pm. Studies indicate that pain perception can vary 

throughout the day, and often exhibits diurnal rhythmicity. One study has found that in healthy 

human subjects, sensitivity to pain in response to experimentally induced headaches oscillates 

throughout the day, peaking late at night and declining during the morning and early 

afternoon496. Similarly, a more recent study in healthy male participants found that ratings of 

pain intensity to thermal stimulation were generally lowest in the morning and higher in the 
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evening497. Diurnal rhythmicity of pain perception is also observed in many patients with chronic 

pain, although there appears to be significant variability in the time of day at which pain is 

maximal between conditions, as well between individual patients. For example, pain intensity 

ratings appear to be highest in the morning and decrease as the day progresses in patients with 

fibromyalgia498 or rheumatoid arthritis499. On the other hand, a study of patients with neuropathic 

pain observed the opposite trend, where pain intensity ratings were lowest in the morning and 

increased throughout the day500.  Additionally, this study noted that pain ratings did not change 

with time or decreased during the day for some patients500. Despite the variability, the evidence 

points to an effect of the time of day on pain perception.  

Interestingly, extracellular lactate concentrations in the brain also appear to display 

diurnal patterns439,501. In rats housed on a 12-hour light/dark cycle, average lactate levels in the 

hippocampus and prefrontal cortex have been found to be lower during light periods and higher 

during dark periods439,501. Glucocorticoids have been implicated in diurnal variations of 

mechanical allodynia in a mouse model of neuropathic pain502, and have also been found to 

significantly enhance glucose utilization and lactate release in cortical astrocyte cultures441. 

Given the emerging signaling role of lactate in the CNS, it is possible that fluctuations in lactate 

levels may contribute to diurnal changes in pain by modulating neuronal excitability throughout 

the day. However, to our knowledge, whether lactate levels exhibit similar daily patterns in the 

ACC is unknown. As a potential future experiment, it may be interesting to investigate ACC 

lactate levels at different time points throughout the day and whether possible patterns in lactate 

levels may correspond to diurnal changes in pain-like behavior.  

Sex Differences in Chronic Pain 

 A major limitation of the current set of experiments is the lack of data collected from 

female mice. In human clinical populations, sex differences are apparent in many pain 

conditions. For example, women often report experiencing greater pain severity compared to 
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men with conditions such as diabetic neuropathy503 and osteoarthritis504. Additionally, there is 

evidence for a higher incidence of depression in women than men with migraines505 or low back 

pain506. Experimental models of chronic pain have also observed differences in behavior 

between sexes. Female rodents have been found to respond more frequently to mechanical and 

cold stimulation compared to males in some models of neuropathic pain507,508. A study in a 

chronic constriction model of neuropathic pain showed that mechanical allodynia recovered in 

significantly less time in male mice compared to female mice509. It has been noted though, that 

the manifestation of sex differences in pain-like behavior is affected by animal strain508. In 

addition to behavioral findings, distinct time courses of astrocytic and microglial activation have 

been observed between sexes509. GFAP and the microglial marker CD11b were found to be 

significantly upregulated in the spinal cord 7 days after chronic constriction injury in male but not 

female mice509. However, female mice showed significant upregulation of GFAP and CD11b 121 

days after injury, while the expression of both markers had returned to baseline in males509. This 

finding corresponded with behavioral results, where males had significantly lower paw 

withdrawal thresholds compared to females for the first 15 days after injury, but fully recovered 

by 121 days in contrast to females that had not509. Work from a different group in the same 

model of neuropathic pain further showed that intrathecal injection of the microglia inhibitor 

minocycline transiently reversed mechanical allodynia in male mice, but only partially reduced 

mechanical allodynia in female mice510. The astrocyte toxin L-α-aminoadipate also reduced 

mechanical allodynia, although no sex-dependent effect was observed in this study at 12 days 

following injury510. 

 In vitro work has shown that astrocytes express both androgen and estrogen 

receptors511, and astrocyte function can be markedly influenced by sex hormones. Testosterone 

signaling through astrocytic androgen receptors has been implicated in recruiting astrocytes to 

sites of experimentally induced CNS demyelination, facilitating remyelination by 



 
 

96 
 

oligodendrocytes512, and has also been associated with reducing astrocyte reactivity following 

physical injury to the brain513. Estrogen receptor signaling in astrocytes has also been 

associated with neuroprotective functions. For example, in vitro work in astrocyte cultures has 

shown that 17β-estradiol can induce the release of TGF-β, which reduced the magnitude of cell 

death induced by the apoptotic agent camptothecin in neuronal-glial cocultures514,515. Activation 

of astrocytic estrogen receptor alpha can also prevent axonal loss and reduce reactive 

astrogliosis in mice with experimental autoimmune encephalitis516. In addition to the above, 

there is evidence suggesting that estrogen receptor signaling may influence astrocyte-neuronal 

metabolic coupling. 17β-estradiol can significantly increase gene transcription and protein 

expression of GLT-1 and GLAST, as well as glutamate uptake in astrocyte cultures517. 

Furthermore, a recent study has shown that 17β-estradiol increased astrocytic expression of 

both glycogen phosphorylase and glycogen synthase. However, cultured astrocytes from female 

rats responded at lower doses of 17β-estradiol compared to astrocytes from male rats518. 

Female but not male cultured astrocytes also accumulated glycogen in response to 17β-

estradiol518. Since chronic pain manifests differently between sexes both clinically and in 

experimental animal models, and astrocyte function is modulated by sex hormones, the results 

from this thesis work should not be generalized to female mice. Future experiments planned in 

the Descalzi lab will assess lactate levels in female mice in response to CFA application.  
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Conclusion 

 Although a substantial amount of research has investigated the various contributions of 

astrocytes in mediating chronic pain, very few studies have examined astrocyte-neuron lactate 

shuttling in the context of pain. In the present work, we observed that ACC lactate levels were 

elevated shortly after CFA hind paw injection corresponding with onset of mechanical allodynia, 

as well as during the maintenance phase of this model of chronic inflammatory pain. The time 

course of ACC lactate levels showed a similar pattern to what has previously been observed in 

the hippocampus following learning and LTP340,439. Additionally, our preliminary results using 

AS-ODN genetic knockdown of MCT2 indicate that inhibiting neuronal lactate uptake prior to 

formalin injection can reduce the expression of pain-like behavior, although this experiment 

requires a larger sample size to determine whether the effect is statistically significant. Other 

studies have shown that lactate contributes to LTP maintenance, memory formation, and 

memory reconsolidation340,402,405, thus it is possible that lactate in the ACC may be similarly 

involved in synaptic plasticity, resulting on long-lasting changes in ACC activity that contribute to 

the development and maintenance of chronic pain. Previous work has shown that corticosterone 

levels spike shortly after CFA injection440, and that glucocorticoids can modulate astrocyte 

activity and enhance lactate release441. Our findings show a lack of difference in serum 

corticosterone levels at the time points when lactate was elevated, suggesting that lactate 

elevations here were a result of some other process, of which plasticity is a possibility. However, 

the cellular source and destination of lactate in the ACC, alongside the functional role of lactate 

in chronic pain requires further investigation and cannot be concluded from our current results. 

In addition to our lactate-related findings, we additionally observed a lack of CFA-induced 

anxiety like behavior, which may have been due in part to the enrichment in our housing 

cages443, but may also relate to the relatively similar corticosterone levels observed between our 

CFA and PBS mice460. The results presented in this thesis provide initial evidence indicating the 
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possible involvement of lactate shuttling in the ACC in a mouse model of chronic inflammatory 

pain. 
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