
The Role of Astrocyte Neuronal Metabolic Coupling in the Anterior Cingulate 
Cortex in the Perception and Behavioural Response to Continuous 

Inflammatory Pain in Mice  

by 

Kaitlin Scherer 

A Thesis 

presented to  
The University of Guelph 

In partial fulfilment of requirements 
for the degree of 

Master of Science 
in 

Bio-Medical Science 
 (Collaborative Specialization in Neuroscience) 

Guelph, Ontario, Canada 

© Kaitlin Scherer, July, 2022 



ABSTRACT 
THE ROLE OF ASTROCYTE NEURONAL METABOLIC COUPLING IN THE ANTERIOR 

CINGULATE CORTEX IN THE PERCEPTION AND BEHAVIOURAL RESPONSE TO 
CONTINUOUS INFLAMMATORY PAIN IN MICE  

 
Kaitlin Scherer 
University of Guelph, 2022

Advisor(s): 

Dr. Giannina Descalzi  

Chronic pain is a complex, debilitating, and unfortunately common disease that has been 

shown to correspond with significant changes in neuronal structure and function in emotion-

related brain regions. While mounting evidence indicates that astrocyte-neuronal lactate shuttling 

(ANLS) is necessary for learning-induced neuroplasticity, the role of this mechanisms in pain-

induced neuroplasticity remained unknown. To determine the involvement of ANLS in pain this 

thesis investigated if astrocyte neuronal metabolic coupling in the anterior cingulate cortex 

(ACC) is necessary for the perception and behavioural response to continuous inflammatory 

pain. To study this, adult male C57BL/6 mice received hind paw injections of formalin or 

Complete Freund’s Adjuvant to induce continuous or chronic inflammatory pain, respectively. It 

was found that the expression of MCT4, a lactate transporter located on astrocytes, was 

significantly elevated in the ACC in both continuous and chronic inflammatory pain states. 

Accordingly, antisense-oligodeoxynucleotide mediated knockdown of MCT4 in the ACC was 

able to significantly reduce continuous inflammatory pain, without affecting acute pain or 

general motor abilities. Administration of lactate into the ACC following MCT4 knockdown was 

able to rescue continuous pain perception and behaviours. Together these results provide 

substantial evidence supporting the necessary role of lactate release from astrocytes in the ACC 

in the perception and behavioural response to continuous inflammatory pain, and identifies 

ANLS as a potential target for novel chronic pain treatments. 
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Chapter 1 Introduction, Background, and Literature Review 

1.1 Introduction  

Chronic pain is an extremely complex, yet commonly experienced health condition, which 

imposes significant negative impacts on both the individuals who suffer from it and the societies 

in which they live. The high prevalence of pain and pain-related disease makes it the leading 

cause of disability and disease burden globally [1]. It has been estimated that chronic pain affects 

at least 10% of the world’s population, with prevalence reaching upwards of 20 to 25% in some 

regions [1]. Unfortunately, Canada is one of these regions, with nearly 1 in 4 Canadians over the 

age of 15 experiencing chronic pain [2]. This places a notable burden on the Canadian economy, 

costing an estimated 38.3 to 40.4 billion dollars (CAD) a year in health care costs and lost 

productivity [3]. Chronic pain also has profound negative effects on the physical and mental 

wellbeing of those who suffer from it. In a survey done in 2019, 77% of Canadians with chronic 

pain reported that it impacts their ability to perform everyday activities, including working, 

having a social life, and taking care of themselves or others [4]. This same survey reported that 

57% of Canadians with chronic pain struggle with comorbid depression, and 66% experience 

stress and anxiety stemming from their pain [4]. Furthermore, 30% of Canadians with chronic 

pain have had the condition for over a decade, with little to no relief [4]. The high occurrence 

and low resolution of chronic pain highlights the inadequacies of current pain management. 

Pharmaceutical analgesics, ranging from nonsteroidal anti-inflammatory drugs (e.g., ibuprofen) 

to opioids, are the most used chronic pain treatments today. Despite being commonly used, they 

are not widely successful, with 64% of chronic pain patients reporting that their medications, at 

times, do not provide adequate pain relief [5]. This lack in therapeutic success is likely due to 

gaps in our understanding of the factors that initiate, maintain, and propagate chronic pain. By 
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increasing our knowledge on the molecular mechanisms underlying chronic pain we can develop 

better targeted, and more successful, preventative, and therapeutic treatments for pain. 

Pain is an unpleasant experience, combining both sensory and emotional factors. It 

typically plays a protective role by allowing one to detect and respond to potential harm in the 

environment. During acute pain, noxious stimuli can activate peripheral nociceptors which 

transmit sensory information through ascending spinal pathways to the brain, ultimately 

activating several emotion-related brain structures [6]. These pain signals can then induce 

neuroplasticity within the brain, causing neurons to change their function, genetic profile, and 

structure. This is often an advantageous, evolutionarily conserved phenomenon, allowing 

organisms to learn to avoid harm and express survival-promoting behaviours [7]. However, 

neuroplasticity can also result in maladaptive changes, causing disordered behaviours such as 

pain hypersensitivity, depression, and anxiety. It is these unfavourable, neuroplastic changes 

which are thought to drive the transition of pain from acute to chronic [8]. For example, 

maladaptive neuroplasticity within the anterior cingulate cortex (ACC) has been found to cause 

enhanced excitatory synaptic transmission, dendritic dysfunction, increased intrinsic cellular 

excitability, and decreased neuronal inhibition, all corresponding with the development of 

chronic pain in both humans and animals [9-14]. 

For a long time, neuroplasticity and chronic pain have been viewed with a neurocentric 

perspective, resulting in most research being focused on neurons. However, several other cell 

types also appear to be involved. Astrocytes, a type of glial cell, have traditionally been 

considered supportive cells within the central nervous system (CNS), but exciting recent 

evidence suggests that they are dynamic players in both pain and neuroplasticity [15-19]. Neural 

activity in response to stimulation, including nociceptive stimulation, increases the metabolic 
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demands within the brain [20-22]. Astrocytes respond to this increase by taking up glucose from 

the blood and using that glucose, along with stored glycogen, to produce the energy substrate 

lactate [20-22]. Astrocytes then export and shuttle this lactate to neurons, where it is processed 

through oxidative phosphorylation to produce adenosine triphosphate (ATP) and provide energy 

for the neuron [20-22]. This process is termed the astrocyte-neuronal lactate shuttle (ANLS). 

Prior work has shown that ANLS is necessary for pain-induced fear memory formation in the rat 

hippocampus [21]. Furthermore, the energy substrates β-hydroxybutyrate (B3HB) and pyruvate, 

are sufficient to functionally replace lactate during fear learning [23]. Together, these findings 

show that ANLS provides neurons with the energy substrates needed to undergo neuroplastic 

changes involved in memory formation during fear-associative learning [21, 23]. Recent findings 

have also indicated that this metabolic coupling between astrocytes and neurons is involved in 

sensitizing nociceptive transmission in the spinal cord [15]. While mounting evidence suggests 

that chronic pain and fear-memory formation involve numerous overlapping changes in neurons, 

including several neuroplastic changes within the ACC, whether astrocyte-neuronal metabolic 

coupling is involved in chronic pain induced neuroplasticity had yet to be studied. The research 

presented in this thesis addressed this gap in the literature, investigating the role of ANLS in the 

ACC in a mouse model of continuous inflammatory pain. 
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Background and Literature Review 

1.2 Pain 

Pain, by definition, is an unpleasant sensory and emotional experience, associated with, or 

resembling that associated with, actual or potential tissue damage [24]. Although unpleasant, 

acute pain plays a beneficial role by allowing one to detect and respond to potential harm in the 

environment. However, when pain becomes chronic, persisting for 3 months or longer, even after 

the initial injury or illness has healed, it no longer serves a functional purpose [25]. Rather, 

chronic pain is a debilitating and serious disease.  

An important distinction in the field of chronic pain research, and this thesis, is the 

difference between nociception and pain. Nociception refers to the neural encoding of noxious 

stimuli, whereas pain is the subjective experience of actual or impending harm [26]. Nociception 

begins with transduction, the cellular process where intense mechanical, thermal, or chemical 

stimuli are converted into an action potential. Nociceptors, a subpopulation of peripheral nerve 

fibres, express specific receptors for different types of intense noxious stimuli. For example, 

Piezo receptors respond to intense mechanical stimulation and transient receptor potential 

receptors respond to extreme temperatures, inflammatory agents, and changes in pH [27, 28]. 

Activation of these receptors stimulates the nociceptor to open voltage-gated ion channels, 

allowing calcium (Ca2+) and sodium (Na+) ions to enter the cell [29]. These positively charged 

ions raise the membrane potential of the nociceptor away from resting membrane potential 

(approx. -70mV) [30]. If threshold potential (-55mV) is achieved, an action potential will form  

[29]. In the second step of nociception, termed transmission, the action potential travels up the 

nociceptor axon to its cell body located in the dorsal root ganglia for the body, or the trigeminal 

ganglia for the face [6]. There are 2 types of nociceptive axon fibres, C-fibres, and A-𝛿 fibres. C-
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fibres are unmyelinated, small in diameter and slow-conducting [31]. They transmit poorly 

localized, dull, lingering, or achy pain [31]. In contrast, A-𝛿 fibres are myelinated, large in 

diameter, and fast, transmitting well-localized, sharp pain [31]. Primary afferent neuronal 

projections, from nociceptor cell bodies in the dorsal root ganglion, then synapse with secondary 

afferent neurons in the dorsal horn of the spinal cord [6]. Ascending spinal pathways project this 

information to supraspinal brain regions, most notably terminating in the brainstem and thalamus 

[32]. This sensory information then continues on to the cerebral cortex, where the perception of 

pain is generated [32]. Thalamic nuclei send projections to various brain regions including those 

associated with the sensory-discriminative properties of pain, such as the somatosensory cortices, 

and others associated with the emotional aspects of pain, such as the ACC and insular cortex [6]. 

Finally, modulation works alongside these steps to alter or inhibit transmission. Modulatory 

signals from the cerebral cortex and brainstem travel down to the dorsal horn of the spinal cord 

through the dorsolateral tract [33]. These signals then alter the excitability of neurons within the 

spinal cord. Using adrenergic, opioidergic, and cannabinergic signaling the brain can directly 

inhibit dorsal horn neurons, reduce neurotransmitter release from primary afferent nociceptors, 

and ultimately decrease pain perception and behaviors [33-36]. 

As outlined in the pain process described above, and highlighted in Figure 1, both 

nociception (transmission and transduction) and pain (perception) involve a network of 

peripheral, spinal, and brain areas. The chronification of pain can be induced by sensitization at 

any of these three levels. Alterations of pain pathways can lead to hypersensitivity, such that the 

feeling of pain outlives its use as an acute signal of danger and instead becomes chronic and 

debilitating. Hallmark features accompanying sensitization include alterations in neuronal 

activity, such that spinal and brain regions involved in nociception and pain display potentiated 



 
 

6 
 

excitation, and altered expression of several 

proteins involved in neuronal communication 

[37, 38]. Traditional theories of pain 

chronification have focused on changes in the 

encoding and representation of nociceptive 

signals. However, recent observations have 

led to the proposal of a new theory, where the 

state of the brain’s emotional and motivational 

circuitry, as well as its reorganization 

following a pain-inciting event, determines 

the transition of pain from acute to chronic 

[8].  

This shift in focus from nociception to 

pain in the field of chronic pain research first 

arose in studies of phantom limb pain (PLP), a 

condition where amputees report feeling pain in regions of the body that are no longer present [8, 

39]. Given that pain persists for PLP patients, within a nonexistent limb that lacks nociceptors, 

researchers realized that chronic pain cannot be attributed simply to increased nociception. 

Rather, the experience of pain is generated by neural activity in the brain, even in the absence of 

peripheral sensory stimuli. Since then, this theory has been supported by several human and 

animal studies on the underlying mechanisms of pain chronification. Clinicians treating chronic 

pain patients have commonly observed that emotional suffering persists even when the 

peripheral signs of injury, and thus the source of nociceptive activity, have disappeared [8]. 

Figure 1: Anatomical distribution of nociception 
and pain. Schematic figure showing the major 
neuroanatomical structures involved in nociception and 
pain. Nociception refers to the neural encoding of 
noxious stimuli and involves primary afferent 
nociceptors, ascending spinal pathways, the brainstem 
and thalamus. Pain, which is the subjective experience 
of actual or impending harm, is the result of activity in 
thalamocortical networks that process the sensory 
information conveyed by pathways of nociception. 
Figure retrieved from [32]. 
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Additionally, non-invasive human brain imaging studies have shown no evidence of increased 

nociceptive representation, but rather enhanced activity in the emotional and motivational 

circuitry of the brain in chronic pain patients [8]. Despite numerous studies identifying changes 

in the activity and functional connectivity of emotional related brain regions, resulting in the 

perception of pain without nociceptive input, the molecular mechanisms underlying these 

changes have yet to be fully elucidated. 

 

1.3 The Emotion-Pain Network  

Brain  imaging studies have identified 

key brain regions involved in the perception 

of pain [40]. Some brain regions play an 

important role in the sensory-discriminative 

component of pain, allowing one to 

determine features such as location and 

intensity, whereas other regions are involved 

in the affective-motivational component of 

pain, producing our perception of how 

unpleasant the pain is and our motivations 

towards taking protective action [41]. 

Together these brain regions generate our 

overall perception of pain and form an 

interconnected emotion-pain network 

represented in Figure 2.  

Figure 2: The emotion-pain network. Simplified, 
schematic representation of the emotion-pain network. 
Sensory, nociceptive information enters the brain from 
the spinal cord most notably terminating in the brainstem 
(parabrachial nuclei (PB)) and thalamus. Nociceptive 
information from the thalamus is then projected to the 
insula (insular cortex), anterior cingulate cortex (ACC) 
and primary and secondary somatosensory cortices (S1 
and S2). Information from the amygdala (AMY) is 
projected to the basal ganglia (BG). Projections are also 
made to the prefrontal cortex (PFC), periaqueductal gray 
(PAG) and cerebellum. Together this network of brain 
regions generates the perception of pain. Figure retrieved 
from [9]. 
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The emotion-pain network involves several brain areas commonly activated by noxious 

stimuli, including the thalamus, somatosensory cortices, ACC, insular cortex (IC), prefrontal 

cortex (PFC), cerebellum, periaqueductal gray (PAG), and amygdala [40]. Each of these brain 

regions are important for different aspects of the pain experience. The cerebellum, PAG, and 

thalamus receive direct nociceptive inputs from the spinal cord. The function of the cerebellum 

in pain is not well described, but it is proposed to be a modulator of the pain experience, 

impacting processing of pain aversion and sensorimotor adaptations to pain and injury [42]. The 

PAG plays a role in both ascending and descending pain modulation, impacting the transmission 

of nociceptive signals [43-45]. The thalamus functions as a relay station, processing nociceptive 

information and transmitting it to the somatosensory cortices, IC, and ACC [9, 46, 47]. The 

primary and secondary somatosensory cortices (S1 and S2, respectively) encode information on 

the sensory features of pain, creating our perception of pain location, duration, and intensity [48-

50]. Alternatively, the IC and ACC, which are components of the limbic system, play a role in 

encoding the affective-motivational component of pain. The IC is involved in forming memories 

of painful events and facilitating subsequent harm avoidance learning [51]. The ACC plays a key 

role in processing pain affect, creating the subjective experience of unpleasantness that we 

associate with pain [52].  From the somatosensory cortices, IC, and ACC further projections are 

made connecting these brains regions with one another, and to other cortical regions including 

the PFC and amygdala.  

The brain regions forming the emotion-pain network were originally identified because they 

are consistently activated in response to acute noxious stimulation. However, studies have shown 

that noxious stimuli are not necessary for the experience of pain, or activation of the emotion-

pain network.  For example, one study found that just imagining a painful hand movement in an 
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amputated arm activated the thalamus, S1, and IC [53]. Similarly, multiple studies have shown 

that when an individual is anticipating pain, the somatosensory cortices, ACC, IC, PFC, and 

PAG become activated [54-57]. Changes in the functional connectivity and activity of brain 

regions in the emotion-pain network have also been identified in human chronic pain patients 

and animal models of chronic pain. One study found that acute back pain primarily engaged 

nociceptive circuitry, and corresponded with activation of the thalamus, striatum, and lateral 

aspects of the orbitofrontal cortex [58]. Interestingly, in patients whose back pain was chronic, a 

shift in brain activity was observed away from nociceptive circuitry towards the emotion-pain 

network [58]. In these chronic pain patients, higher activity was observed in the ACC, medial 

PFC (mPFC), and amygdala [58]. Another study found that patients with persistent back pain 

had greater functional connectivity between the mPFC and nucleus accumbens (NAc), both brain 

regions involved in emotion, motivation, and reward-related behaviours [59]. These findings also 

expand beyond back pain, with one study observing that persistent pelvic pain caused increased 

functional connectivity between the ACC and hippocampus in both humans and rodents [60]. 

Furthermore, in a human osteoarthritis study it was found that chronic inflammatory joint pain 

corresponded with increased activity of the IC, S1, S2, and ACC [61]. This ability of the 

emotion-pain network to become activated in the absence of nociceptive inputs, combined with 

evidence that chronic pain corresponds with anatomical and functional alterations in this same 

circuitry, suggests that neuroplastic changes and enhanced activity in the emotion-pain network 

play a key role in the development and maintenance of chronic pain and should be further 

investigated. 
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1.4 The ACC in Pain: Anatomy, Function, and Neuroplasticity  

Of the several cortical structures involved in the emotion-pain network, the focus of this 

thesis is the ACC, which is critical for the affective component of pain [52]. Simply put, the 

ACC is responsible for the feelings of unpleasantness that one associates with pain. 

Anatomically, the ACC consists of 5 layers (I, II, III, V, and VI). Layers I and VI consist 

primarily of local interneurons, whereas layers II, III and V contain pyramidal neurons. Layers II 

and III are considered the input layers of the ACC, receiving nociceptive information from the 

thalamus and projecting this information to deeper layers of the ACC [62]. Layers V and VI are 

considered the output layers of the ACC, with pyramidal neurons, especially in deep layer V, 

sending projections to several other regions including the PFC, PAG, amygdala, brainstem, and 

spinal cord [62]. Projections to the PAG, PFC, brainstem, and spinal cord allow the ACC to 

contribute both directly and indirectly to descending modulation of nociceptive transmission [43, 

44, 62]. Projections to the amygdala suggest a critical role of the ACC in fear, anxiety, and 

depression, which are common comorbidities with chronic pain [4, 62-64].  

In vivo human and animal studies have shown that peripheral noxious stimuli induce 

electrical potentials and metabolic activation in ACC neurons, the degrees of which are 

correlated with the intensity of pain [65-68]. Several studies have also demonstrated that in 

chronic pain states, pyramidal neurons in layers II, III and V of the ACC undergo various 

neuroplastic changes resulting in enhanced excitatory synaptic transmission, dendritic 

dysfunction, increased intrinsic cellular excitability, and decreased inhibition [10-14]. All these 

changes contribute to central sensitization and the chronification of pain and require large 

amounts of energy to occur. One proposed mechanism of how neurons acquire this energy 
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needed to undergo neuroplasticity 

is astrocyte-neuronal metabolic 

coupling, depicted in Figure 3. At 

the molecular level, increased 

neuronal activity (for example, in 

response to noxious stimulation) 

results in the release of glutamate, 

the main excitatory 

neurotransmitter in the CNS [69]. 

This glutamate is then taken up by 

neighbouring astrocytes through 

glutamate transporters GLAST and 

GLT-1 in rodents, or EAAT1 and EAAT2 in humans, which are found almost exclusively on 

astrocytes [70]. Glutamate is co-transported with 3 sodium ions (Na+) resulting in a significant 

increase in intracellular Na+ concentration in the astrocyte [69, 71, 72]. Glutamate uptake 

stimulates the astrocytes to extract glucose from the blood and the increased intracellular 

concentration of Na+ activates the enzyme Na+-K+-ATPase [69]. Together, this triggers 

anaerobic glycolysis, resulting in the production and release of lactate into the extracellular space 

[69, 71, 73]. Additionally, astrocytes can store excess glucose as glycogen, which is rapidly 

metabolized via glycogenolysis to produce lactate [20]. Lactate is released from astrocytes 

through the monocarboxylate transporters (MCTs) MCT1 and MCT4, and enters neurons 

through MCT2 [74]. Once inside the neuron lactate can be converted to pyruvate and processed 

through oxidative phosphorylation to produce the energy-carrying molecule ATP [75]. 

Figure 3: The astrocyte-neuronal lactate shuttle. Simplified, 
schematic representation of the ANLS, a proposed mechanism 
of astrocyte neuronal metabolic coupling. Figure retrieved from 
[154]. 
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Pharmacological inhibition of glycogenolysis during learning has been shown to disrupt memory 

formation and learning-induced molecular changes [21, 76-78]. The mechanisms disrupted by 

these treatments include several that appear to be involved in pain hypersensitivity including 

phosphorylation of the transcription factor CREB, upregulation of glutamatergic AMPA 

receptors, and long-term potentiation [11, 79, 80]. Moreover, a recent study has shown that in the 

rat hippocampus, ANLS is necessary for learning-induced protein translation in both excitatory 

and inhibitory neurons [23]. These finding indicate that astrocyte-neuronal metabolic coupling 

can mediate circuit-wide changes in neuronal function associated with learning and memory and 

may play a similar role mediating neuroplastic changes in the ACC associated with chronic pain.  

 

1.5 The Role of Astrocytes in Chronic Pain 

Although the majority of research on chronic pain and neuroplasticity has focused on 

neurons, many other cell types, including astrocytes, contribute to these mechanisms. Astrocytes 

get their name from their star-like morphology, having numerous processes that enfold blood 

vessels and are closely associated with neuronal synapses [81]. Since astrocytes do not produce 

actional potentials, they were originally thought to be silent, supportive cells in the nervous 

system. However, a growing body of evidence now indicates that astrocytes are active cells, able 

to positively respond to and regulate neural activity [82]. They have also been shown to 

contribute to the formation and rearrangement of neural circuits [83].  

In pain and nociception, the role of astrocytes is just beginning to be identified. Studies using 

various animal models of chronic pain have shown that the astrocytic marker, glial fibrillary 

acidic protein (GFAP), is upregulated in the spinal cord and brain regions of the emotion pain 

network, including the thalamus, PAG, amygdala, and ACC [84-88].  At the level of the spinal 
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cord, it has been found that optogenetic stimulation of astrocytes induces nociceptive 

hypersensitivity [89, 90]. Additionally, injection of tumor necrosis factor (TNF)-a activated 

astrocytes into the spinal canal was found to be sufficient to induce mechanical allodynia in 

naïve mice, which is a hallmark feature of chronic pain where typically innocuous stimuli 

become painful [91]. Multiple studies have also shown that intrathecal injection of fluorocitrate 

or fluoroacetate, inhibitors of astrocyte metabolism, can alleviate pain behaviours in animal 

models of inflammatory pain, neuropathic pain, and post-operative pain [92-95]. Notably, 

fluorocitrate administration has no effect on muscle pain, which is a type of pain shown not to 

involve any obvious astrocytic reactions [96]. In relation to inflammatory pain, which is the 

focus of this thesis, numerous studies have shown that astrocytes can produce and release pro-

inflammatory cytokines, including, but not limited to, TNFa, interleukin (IL)-1b, and monocyte 

chemoattractant protein (MCP)-1, in response to injury and inflammation [97-102]. Several lines 

of evidence support an important role of these pro-inflammatory cytokines in central 

sensitization, pain hypersensitivity and the development of chronic pain, and preventing their 

release from astrocytes has been shown to reduce pain. For example, one study using a rodent 

model of chemotherapy-induced neuropathic pain found that inhibition of astrocytes with L-a-

aminoadipate reduced IL-1b expression in the spinal cord and significantly attenuated allodynia 

[103]. Another study looking at HIV related neuropathic pain found that an intraperitoneal 

injection of an agonist for CCR2, the major receptor of MCP-1, effectively reversed mechanical 

allodynia [104]. These studies are just a glimpse into the growing body of evidence supporting 

the role of astrocytes in chronic pain at the level of the spinal cord. However, much less is known 

about astrocytic contributions to chronic pain in the brain.  
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1.5.1 Astrocyte-Neuronal Metabolic Coupling in Chronic Pain  

We propose that astrocytes may play a role in pain chronification in the brain through 

astrocyte neuronal metabolic coupling (process described in section 1.4). 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. In a 

study employing a mouse model of neuropathic pain, caused by ligation of a peripheral nerve, 

mechanical hyperalgesia (increased perception and response to painful stimuli) was maintained 

by excessive astrocyte activation and lactate release in the spinal cord [15]. Furthermore, this 

study showed that inhibition of MCTs attenuates mechanical hyperalgesia [15]. It has also been 

demonstrated that neuropathic pain increases pyruvate kinase isozyme M2 (PKM2) expression in 

the spinal cord [105]. Under the control of PKM2, glucose entering glycolytic pathways is 

metabolized to lactate rather than being oxidized in the mitochondria [105]. It was found that 

increased expression of PKM2 after nerve injury, in both spinal neurons and astrocytes, was 

accompanied by increases in lactate levels and pain sensitivity [105]. These findings about the 

contributions of astrocyte-neuronal lactate shuttling in neuropathic pain have been further 

demonstrated in chronic inflammatory pain, which results from infection, inflammation, or 

peripheral tissue injury [106]. A recent study used mice lacking pyruvate dehydrogenase kinase 2 

and 4 (PDK2/4), which are key regulators of mitochondrial metabolism that inhibit the pyruvate 

dehydrogenase complex (PDC) and induce a metabolic shift towards glycolysis and lactate 

production [106]. It was found that PDK2/4 deficient mice have reduced localized inflammation 

and pain hypersensitivity following exposure to an inflammatory insult [106]. Furthermore, 

enhanced expression of PDK2/4 was shown to activate astrocytes and increase their production 

of pro-inflammatory mediators and lactate, contributing to peripheral inflammation and the 
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central sensitization of pain [106]. Together, these findings indicate that chronic pain is 

associated with a metabolic shift within nociceptive pathways of the spinal cord. Whether similar 

alterations exist within the brain, and whether these shifts play a causative role in the 

chronification of pain remains a gap in the literature that has been addressed by this thesis. To 

our knowledge, only one other study has investigated the role of ANLS in the brain in chronic 

pain. This study, published in 2021 by Wang, Y., et al., found that chronic inflammatory pain 

leads to increased extracellular lactate levels in the ACC [107]. Furthermore, inhibition of 

glycogenolysis and lactate release in the ACC was found to disrupt chronic, but not acute, 

inflammatory pain and the induction of p-ERK and p-CREB expression which are related to 

neuroplasticity [107]. To further investigate the role of ANLS in the ACC in pain, we tested the 

hypothesis that astrocyte neuronal-metabolic coupling in the ACC is necessary for the perception 

and behavioural response to continuous inflammatory pain in mice. By employing a model of 

formalin-induced continuous inflammatory pain, rather than the chronic pain model used by 

Wang, Y., et al, we have been able to investigate the role of ANLS in the early stages of central 

sensitization and the beginning of pain chronification.  
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1.6 Hypothesis and Objectives  

Hypothesis: Astrocyte-neuronal metabolic coupling in the ACC is necessary for the perception 

and behavioural response to continuous inflammatory pain in mice. 

  

This hypothesis was tested through 2 main objectives:    

  

Objective 1: To determine if astrocyte-neuronal lactate shuttling in the ACC is necessary for 

continuous inflammatory pain.   

Objective 2: To determine if formalin-induced neuronal activity in the ACC requires astrocyte-

neuronal lactate shuttling.   
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Chapter 2  Materials and Methods 

2.1 Animals  

All experiments used C57BL/6 mice that were purchased at 6-7 weeks of age from 

Charles River (QC, Canada). Mice were classified as male by Charles River staff through 

anogenital distance measures at postnatal day 21. Upon arrival to the Central Animal Facility, at 

the University of Guelph, mice were housed in sets of 3 and given at least 7 days to acclimatize 

to the facility before any handling or experimental procedures began. Each cage (sized 35 cm x 

16.5 cm x 18 cm) contained standard corn cob bedding as well as enrichment consisting of 

Crink-l’Nest bedding (Lab Supply, TX, USA), a Kimwipe, popsicle stick, polycarbonate igloo, 

and an elevated polycarbonate loft suspended from the cage roof. All mice were housed on a 12-

hour light/dark cycle (7:00 lights on, 19:00 lights off), at an ambient temperature of 21-24oC 

with ad libitum access to food and water. 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. 

 

2.2 Models of Inflammatory Pain  

2.2.1 Model of Continuous Inflammatory Pain  

Continuous inflammatory pain was modeled using the Formalin Test, a standard model of 

temporary, continuous nociception generated by injured tissue [108]. Mice were randomly 

assigned to receive a single subcutaneous injection of either 10 µL 5% formalin or 10 µL 1X 

phosphate buffered saline (PBS; pH 7.4, 11.9 mM phosphates, 137 mM NaCl, 2.7 mM KCl) as a 

control into the dorsal side of the left hind paw. Injections were delivered with a 10 µL Hamilton 
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700-series Luer lock syringe (Hamilton Company, NV, USA) fitted with a 27-gauge hypodermic 

needle (Air-Tite, VA, USA). On the day of injection 10% neutral buffered formalin (Sigma-

Aldrich, ON, Canada: 4% vol/vol formaldehyde, 96% vol/vol water) was diluted to 5% with 

PBS. Immediately prior to injection mice were restrained with a plastic sleeve, exposing only the 

left hind paw, to prevent movement and minimize injury. During injections mice were monitored 

for the development of a characteristic subcutaneous bubble on the dorsal aspect of their hind 

paw, indicating that the formalin or PBS had been properly delivered.  

2.2.2 Model of Chronic Inflammatory Pain  

 Chronic inflammatory pain was modeled by injection of Complete Freund’s Adjuvant 

(CFA), an emulsion of bacterial agents. Intraplanar injection of CFA has been shown to cause 

prolonged local inflammation beginning within hours of injection and lasting for up to 1 month 

[109]. This inflammation is accompanied by persistent elevation in pain sensitivity in the 

injected paw [109]. Mice were randomly assigned, by cage, to receive a single 10 µL 

subcutaneous injection of either CFA (Sigma-Aldrich, Oakville, ON, Canada) or PBS as a 

control. Injections were delivered with a 10 µL Hamilton 700-series Luer lock syringe (Hamilton 

Company, NV, USA) fitted with a 27-gauge hypodermic needle (Air-Tite, VA, USA). On the 

day on injection 100% CFA (1 mg/mL heat killed Mycobacterium Tuberculosis strain H37Ra, 

85% vol/vol paraffin oil, 15% vol/vol mannide monooleate) was diluted to 50% with PBS. 

Immediately prior to injection mice were restrained with a plastic sleeve, exposing only the left 

hind paw, to prevent movement and minimize injury. During injections 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 been properly delivered. 
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2.3 MCT4 Knockdown 

2.3.1 Antisense Oligodeoxynucleotides 

Antisense (AS) oligodeoxynucleotides (ODNs) were used to knockdown the expression 

of MCT4, which is primarily located on astrocytes [74]. AS-ODNs are synthetic, single stranded 

deoxyribonucleotides that bind to a messenger ribonucleic acid (mRNA) target and inhibit the 

translation of that mRNA into a functional protein through mechanisms such as RNase H-

mediated degradation. To develop the AS-ODN used in this study, the mouse MCT4 gene 

sequence was determined using the nucleotide basic local alignment search tool (BLAST). 

GenBank was then used to determine an MCT4 gene sequence for C57BL/6 mice specifically 

(accession numbers: NM_001038653). From this sequence a 21-base pair sequence containing 

an ATG start codon along with either guanine or cytosine on both ends was identified (Table 1). 

Nucleotide BLAST was used to confirm that this 21-base pair sequence fully aligned with only 

mouse MCT4 reference sequences. The AS-ODN was then developed by reversing the 21 base 

pair sequence (see Table 1). A 21-base pair scramble (SC) ODN, which does not fully match any 

mouse reference sequences and thus has no effect in the cell, was developed as a control 

treatment (Table 1). The SC-ODN nucleotide sequence was also BLASTed to confirm it did not 

code for anything. The AS-MCT4 and SC-ODN sequences were sent to Gene Link (Elmsford, 

NY, USA) where they were produced into functional ODNs. The 3 terminal bases of each ODN 

were modified by Gene Link to contain phosphonothioate linkages, where a non-bridging 

oxygen on the nucleotide phosphate backbone was replaced by sulphur. This modification 

inhibits exonuclease degradation, prolonging the effects of the ODN [110]. Purchased ODNs 

also underwent reverse phase cartridge purification by Gene Link to ensure purity of the 

treatment.   
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Table 1: Oligodeoxynucleotide sequences. 

 Base-pair Sequence 

Reference Sequence 5’- GGATGAGAGCACTTAAAGTCG -3’ 

Antisense ODN (AS-MCT4) 5’- CGACTTTAAGTGCTCTCATCC -3’ 

Scramble ODN (SC-ODN) 5’- ATCTAGGTTACTTCAGGCATGA -3’ 

 

2.3.2 Cannulation Surgery 

Guide cannulas bilaterally targeting the ACC were surgically implanted in all mice 

receiving ODNs. Anesthesia was induced with 5% isoflurane in an induction chamber (sized 

6.35 cm x 10.16 cm x 7.62 cm; Kent Scientific, CT, USA). Once anesthetized the scalp was 

shaved and mice were placed in a small animal stereotaxic frame adapted for mice (Kopf, CA, 

USA) where they continued to receive 1-3% isoflurane through an HSE anesthesia mask 

(Harvard Apparatus, MA, USA). A subcutaneous injection of the non-steroidal anti-

inflammatory carprofen (5 mg/kg) was given as a pre-operative analgesic and ophthalmic 

lubricant was placed over each eye. The scalp was prepared by thorough, alternate swabbing 

with 70% isopropyl alcohol and betadine. A 0.1 mL bolus of local anesthesia (Sensorcaine) was 

subcutaneously injected under the scalp. A 10-15 mm midline incision beginning 4 mm behind 

the eyes was made to expose the skull. Sterile cotton swabs were used to spread the skin away 

from the incision site and to dry the periosteum of the skull. A microdrill (Stoelting Co., IL, 

USA) fitted with a 0.8 mm burr (CellPoint Scientific, MD, USA) was used to create a dent on 

one of the parietal bones for a stainless-steel screw (1.6 mm length, 1.19 mm shaft diameter; P1 

Technologies, VA, USA) used to support the head cap. Two 0.6 mm diameter holes were then 

drilled through the skull + 0.7 mm anteriorly and ± 0.3 mm laterally from the location of bregma. 

The screw was screwed into the parietal bone. A bilateral stainless-steel 26-guage, 5 mm long 

guide cannula (P1 Technologies, VA, USA) was implanted into the drilled holes using the 
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stereotaxic equipment -1.0 mm dorsal-ventral from the surface of the skull. The cannulas and 

screw were sealed to the skull with cyanoacrylate and a head cap was formed with acrylic dental 

cement. A stainless-steel 26-guage, 0.203 mm diameter bilateral dummy (P1 Technologies, VA, 

USA) was placed in the cannula and a bilateral nylon dust cap (P1 Technologies, VA, USA) was 

screwed on to prevent entry of debris. Mice received a 1 mL intraperitoneal injection of saline to 

mitigate dehydration caused by anesthesia. Mice were then taken off anesthesia and moved to a 

heated (37°C) recovery box. Once mice were able to move on their own and maintain a stable 

body temperature they were moved to a clean home cage. Following cannulation surgeries mice 

were individually housed in the same environment and cages as detailed in section 2.1 without 

the elevated polycarbonate loft. Individual housing was used to ensure proper recovery post-

surgery and to prevent the removal or damage of cannulas by cage mates. Mice were allowed to 

recover for at least 2 weeks before further experimentation. During this period, mice were 

monitored daily for 10 days to ensure proper recovery. 

2.3.3 Microinjections 

ODNs (AS-MCT4 or SC; 0.2 nmol dose dissolved in PBS) were injected bilaterally into 

the ACC 24 hours prior to formalin injection. Mice were restrained in a plastic sleeve and the 

dust cap and dummies were removed from the guide cannulas. A 33-gauge, 5.75 mm, stainless-

steel microinjector (P1 Technologies, VA, USA) was then inserted into the guide cannulas, 

targeting the mouse’s Cg2 area [111]. The microinjector was attached to two 10 µL syringes 

(Hamilton Company, NV, USA), and a micro-infusion pump (Harvard Apparatus, MA, USA) 

was used to inject bilaterally inject 0.5 µL of ODNs (at a rate of 0.25 µL/min) into the ACC. The 

microinjector was slowly removed 2 minutes after completion of the microinjection and the dust 

cap was replaced. Mice were then returned to their home cage. 
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A subset of mice also received bilateral microinjections of lactate or PBS into the ACC 

15 minutes prior to formalin injection. Mice were randomly assigned to each treatment group 

and counterbalanced across ODN treatments. Microinjection steps are the same as detailed above 

but with mice receiving either 50 nmol of sodium L-lactate, or 100 nmol of sodium L-lactate (0.5 

uL bilaterally for 100 nmol or 200 nmol total; Sigma-Aldrich, ON, Canada) or 0.5 µL PBS 

bilaterally (at a rate of 0.25 µL/min).  

 

2.4 Behavioural Analysis 

2.4.1 Handling 

Mice were handled for at least 5 days prior to any behavioural analyses, allowing them to 

become habituated to the behaviour room and to handling. During handling the home cages of all 

mice involved in an experiment were transferred from the colony room to the behaviour room. 

Bringing all mice in at the same time ensured equal time spent in the behaviour room and 

allowed the mice to get used to the presence of other mice during testing scenarios. In 

experiments where mice were group-housed mice were handled one at a time. Mice were 

removed from their home cage by the base of their tail, or by a scoop hold, and allowed to freely 

explore the experimenter’s open hands for 3 minutes. Following handling, mice were placed in a 

temporary handling cage containing only corn cob bedding. Once handling of all mice in a cage 

was complete, the mice were returned to their home cage. In experiments where mice were 

single-housed mice were put immediately back into their home cage following handling. For any 

experiments involving injections and restrains with a plastic sleeve, mice were introduced to the 

plastic sleeve for at least 2 days prior to use. Mice were allowed to interact with the sleeve on 
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their own accord during their 3 minutes of handling. All handling and habituations took place 

during the light cycle (7:00 – 19:00). 

2.4.2 Formalin Test  

Mice were habituated to the testing boxes (12 cm x 12 cm x 12 cm, 0.635 cm thick clear 

acrylic) for 30 minutes a day, for 2 days prior to the Formalin Test. Mice were never habituated 

on days where microinjections occurred to prevent association and habituation was adjusted 

accordingly. 

 On testing days, mice were individually placed in a testing box and video recorded for 10 

minutes (from a face on and underneath view) to determine baseline licking levels. Mice were 

then removed one at a time, restrained in a plastic sleeve, and received a 10 µL injection of either 

5% formalin (Sigma-Aldrich, ON, Canada) or PBS into the dorsal side of the left hind paw with 

a 27-gauge hypodermic needle (Air-Tite, VA, USA) fitted on a 10 µL Hamilton 700-series Luer 

lock syringe (Hamilton Company, NV, USA). Following injection mice were returned to their 

testing box and recorded for 60 minutes. Behavioural measures were taken from the recorded 

videos. Nocifensive behaviour, characterized as licking and biting of the injected paw, was 

recorded in 5-minute blocks for 60 minutes following formalin injection. Evaluators were 

blinded to treatment while quantifying pain behaviours.  

2.4.3 Hot Plate Test  

Acute thermal pain was assessed using the Hot Plate Test (Bioseb, FL, USA). Mice were 

individually placed on a plate heated to 52°C (±0.2°C) with no method of escape and the latency 

to withdraw, flick, or lick the hind paw(s) was recorded after which the mice were immediately 

removed and returned to their home cage. A cut-off time of 30 seconds was followed to avoid 

any tissue damage. Mice underwent 3 testing trials, with a minimum rest period of 10 minutes in 
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between trails. Latency to express pain behaviours, including withdrawal, flicking, or licking of 

the hind paw(s), was calculated as the average of all 3 trial reaction times.  

2.4.4 Accelerating Rotarod Test  

General motor ability was assessed using the ROTA ROD apparatus (Panlab-Harvard 

Apparatus, MA, USA). Mice were placed on an accelerating, rotating rod (accelerating from 4-

40 rotations per minute (RPM) over 300 seconds) and the latency to fall off the rod, as well as 

the maximum tolerated RPM were recorded and averaged over 3 trials. After completion of a 

trial mice were returned to their home cage and allowed to rest for a minimum of 10 minutes 

before being retested.  

 

2.5 Western Blotting 

2.5.1 Tissue Dissection 

Mice were anesthetized in an induction box with 5% isoflurane then euthanized by 

decapitation. Brains were extracted, washed in ice-cold Dulbecco’s phosphate buffered saline 

(D-PBS: pH 7.4, 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, ON, Canada) then sliced into 1 mm thick coronal 

sections using an acrylic brain matrix (Braintree Scientific, MA, USA). Brain slices were then 

placed into ice-cold D-PBS and dissected. The ACC was removed from 1 to 2 coronal sections 

between 0.345mm to 1.15mm anterior-posterior to Bregma (see figure 4) and transferred to 1.5 

mL Eppendorf tubes. Any excess D-PBS in the Eppendorf tubes were removed using a 27-gauge 

needle attached to a 3 mL Luer lock syringe. Tissue samples were flash frozen on dry ice and 

stored at -80°C. 
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2.5.2 Tissue Preparation 

2X radioimmunoprecipitation assay (RIPA) buffer (300 mM NaCl, 100 mM Tris, pH 8.0, 

0.2% sodium dodecyl sulfate, 2% TritonX-100, 1% Na Deoxycholate, 10 mM  EDTA, 20% 

Glycerol) was mixed with 100X protease-inhibitor cocktail (Sigma-Aldrich, ON, Canada; 

catalog #P8340), 100X phosphatase-inhibitor cocktails 1 and 2 (Sigma-Aldrich, ON, Canada; 

catalog #P2850, #P5726) and double distilled water (ddH2O) to create a final concentration of 

1X RIPA and 1X inhibitors. 75 µL of this RIPA-inhibitor solution was added to each ACC tissue 

sample. Samples were then homogenized using a handheld motorized homogenizer (Fischer 

Scientific, MA, USA) for ~60 seconds on ice, or until all tissue was visibly homogenized. 

Homogenized samples were centrifuged at 4°C for 20 minutes at 13000 RPM. Following 

centrifugation, the supernatant was transferred to a clean, labelled 1.5 mL Eppendorf tube and 

the precipitate was discarded. The supernatants were stored at -80°C until further analyses were 

performed.   

Figure 4: Mouse coronal slice containing the ACC. This is a representative coronal brain section 
containing areas 24a and 24b, also referred to as Cg1 and Cg2 respectively, which correspond to the 
ACC in a mouse brain. 
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2.5.3 DC Assay 

A colorimetric detergent compatible (DC) protein assay (Bio-Rad, ON, Canada; catalog 

#5000111) was used to determine protein concentration in prepared tissue samples. All reagents 

were prepared according to manufacturer protocol. Standard curve dilutions and samples were 

loaded in triplicates. A standard curve was made by pipetting 0, 1, 2, 3, 4 or 5 µL of Bovine 

Serum Albumin (1.45 µg/µL, Bio-Rad, ON, Canada; catalog #5000007) into a Falcon clear non-

tissue culture treated 96-well microplate (Corning Inc., NY, USA). 1X RIPA buffer was then 

added to each standard curve well bringing the total volume per well to 5 µL. Samples were first 

diluted by 1/4, mixing 5 µL of sample with 15 µL 1X RIPA buffer. 5 µL of the diluted sample 

was then loaded into empty wells. 25 µL of DC Protein Assay Reagent A + S mixture (1:50 ratio 

of S:A; Bio-Rad, ON, Canada; catalog #500-0115, catalog #5000113) was loaded into each well 

and mixed with the sample by pipetting up and down. 200 µL of Protein Assay Reagent B (Bio-

Rad, ON, Canada; catalog #5000114) was then added to each well and mixed with the pipette. 

The microplate was gently agitated for 5 seconds then allowed to sit for 15 minutes. Any bubbles 

in the wells were popped using a sterile needle tip. Absorbance was read in an Epoch microplate 

spectrophotometer (BioTek, ON, Canada) at 750 nm. Data was obtained using Gen5 software 

and was extracted and analyzed in Excel. Standard curve and sample concentrations were 

determined as an average of the triplicate values.  

2.5.4 Western Blotting  

Western blotting was used to analyze MCT4 and MCT2 protein levels. Equal amounts of 

protein (15-20 µg) from each sample were loaded and separated by size using a 10% mini-

Protean TGX stain-free polyacrylamide gel (Bio-Rad, ON, Canada; catalog #1610183) and 

transferred to a low fluorescence polyvinylidene difluoride membrane (Bio-Rad, ON, Canada; 
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catalog # 1704274). The membrane was then imaged to obtain total protein measurements and to 

verify proper protein transfer. Membranes were blocked with 5% milk in Tris-Buffered Saline 

(TBS: 2.53 g/L Trizma Hydrochloride, 0.495 g/L Trizma Base, 8.0 g/L NaCl) with 1% Tween 

(TBST) for 2 hours at room temperature with gentle rocking. Membranes were then probed with 

one of the following primary antibodies diluted in blocking buffer overnight at 4°C with gentle 

rocking: anti-MCT4 (1:500, Rabbit, Millipore, CA, USA; catalog # AB331P), anti-MCT2 

(1:1000, Rabbit, Millipore, CA, USA; catalog #AB3542), or anti-β-Tubulin (1:1000, Rabbit, Cell 

Signaling Technology, MA, USA; catalog #2146). Following incubation with primary antibody 

membranes were washed with TBST 3 times for 10 minutes with gentle rocking then probed 

with secondary antibody diluted in blocking buffer for 2 hours at room temperature with gentle 

rocking: anti-rabbit IgG, HRP linked (1:2500, goat, Cell Signaling Technology, MA, USA; 

catalog #7074). Following incubation with secondary antibody membranes were washed with 

TBST 3 times for 10 minutes with gentle rocking then placed in TBS. Enhanced 

chemiluminescence (ECL) max (Bio-Rad, ON, Canada; catalog # 1705062) for MCT4 or ECL 

(Bio-Rad, ON, Canada; catalog #1705061) for all other proteins was applied and membranes 

were imaged using a ChemiDoc XRS+ Gel Imaging System (Bio-Rad, ON, Canada). Relative 

protein expression was quantified by optical density using Image Lab and was normalized to 

total protein loaded.  

 

2.6 Immunohistochemistry 

2.6.1 Cardiac Perfusions 

90 minutes following formalin or PBS injection mice were deeply anesthetized with 0.9 

mL tribromoethanol (12.5 mg/mL 2,2,2-tribromoethanol, 25 µL/mL 2-methyl-2-butanol, 
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pH>5.0) via intraperitoneal injection. Once mice were fully, and deeply anesthetized, they were 

intracardially perfused with PBS (pH 7.4) followed by ice cold 4% paraformaldehyde (in 0.1 M 

PBS, pH 7.4). Following perfusion, the brain was removed and postfixed in 4% 

paraformaldehyde at 4°C overnight. Brains were then immersed in a 30% sucrose/PBS solution 

and stored at 4°C. Sectioning was performed after brains sunk in the sucrose solution.  

2.6.2 Slide Preparation 

Fixed brains were sliced into 30 µm-thick coronal sections using a cryostat. Sections 

were immediately placed into PBS after being sliced. Following completion of slicing, brain 

sections were transferred to fresh PBS and washed for 20 minutes at room temperature with 

agitation. Brain slices were then transferred to cryoprotectant (2:1:1:4 ratio of 0.1M PB 

(pH7.4):ethylene glycol:glycerol:ddH2O) and stored at -20°C.  

To prepare slides, 3-4 non-serial brain slices containing the ACC were selected and 

blocked with 5% goat serum (Invitrogen, MA, USA; catalog #10000C), 1% Bovine Serum 

Albumin (Sigma-Aldrich, ON, Canada; catalog # A2058) and 0.4% triton-X-100 (Sigma-

Aldrich, ON, Canada; catalog #T8787) in PBS for 2 hours at room temperature with gentle 

rocking. Slices were then incubated with primary anti-c-fos antibody (1:5000 diluted in blocking 

buffer, Rabbit, abcam, ON, Canada; catalog # ab190289) for 48 hours at 4°C with gentle 

rocking. After incubation, slices were washed 3 times for 10 minutes in 0.25% tritonX-100 PBS 

at room temperature with agitation. Following the last wash slices were incubated with 

secondary Alexa-Fluor 488 goat anti-rabbit IgG (H+L) antibody (1:800 diluted in blocking 

buffer, Invitrogen, MA, USA; catalog #A11008) for 2 hours at room temperature with gentle 

rocking, covered from light. Slices were then washed twice for 10 minutes in PBS with 0.25% 

triton-X, then once for 10 minutes in PBS at room temperature with gentle rocking, covered from 
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light. Following the last wash, slices were put in PBS and mounted onto a Superfrost Plus 

microslide (25 mm x 75 mm x 1 mm, VWR, PA, USA; catalog #48311-703). Once the slides 

were dry, ProLong Diamond Antifade Moutant with DAPI was applied (Invitrogen, OR, USA; 

catalog #P36962) and a coverslip (22 mm x 50 mm x 0.16 mm, Fisherbrand, PA, USA; catalog 

#12544) was placed on top. Slides were left to dry at room temperature for 24 hours before being 

stored at 4°C until imaged. 

2.6.3 Confocal Microscopy 

All slides were imaged using a FV1200 BX61 Laser Scanning Microscope (Olympus, 

JP), at 20X magnification with equal gain and exposure. Samples were illuminated with 405nm 

and 488nm lasers, for DAPI and c-fos respectively. Z-stack images were acquired, with a total of 

14 slices at a 0.75 µm step size, a 1024 x 1024 pixel image area, and a speed of 12.5 µs/pixel. 

Images were analyzed using FIJI (National Institutes of Health, MD, USA). The number of 

DAPI and c-fos-positive cells, as well as the area, grey values, and integrated densities were 

automatically calculated under the same settings and threshold for each image.  

 

2.7 Statistical Analysis  

All data presented in this thesis is expressed as mean ± standard error of the mean. Sample 

sizes were determined using a power (1- β) of 0.80 and a significance level (α) of 0.05. Statistical 

analysis was performed using RStudio. Group differences were tested at a significance level of p 

≤ 0.05. Variance tests were performed on all data to determine which statistical analysis should 

be used. For data displaying equal variances, standard ANOVAs and two sample T-tests were 

used. In some instances, unequal variances were found, and for these a Welch T-test was used.  

A one-way ANOVA was used to determine the effects of AS-MCT4 on MCT4 expression in the 
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ACC. Two-way ANOVAs were used to compare measures of nocifensive behaviour between 

formalin mice and control PBS mice, AS-MCT4 mice and control SC-ODN mice, and between 

AS-MCT4 or SC-ODN mice that did or did not receive lactate. Three-way ANOVAs were used 

to compare the effects of MCT4 knockdown, lactate administration, and phase on nocifensive 

behaviour. For all ANOVA tests Tukey HSD post-hoc analysis was used to adjust for multiple 

comparisons. T-tests (standard or Welch depending on variance) were used for western blot, Hot 

Plate Test, Rotarod Test, and IHC comparisons.  
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Chapter 3 Results 
 
3.1 Formalin administration induces continuous inflammatory pain 

Throughout this thesis the Formalin Test was used as model of continuous inflammatory 

pain generated by injured tissue. This model was selected for its unique biphasic pain response. 

Behaviour during the initial phase, which starts immediately after formalin injection and lasts up 

to 10 minutes, represents direct activation of nociceptive pathways and acute pain [108]. In 

contrast, behaviour during the second phase, which starts 15 to 20 minutes after injection, is 

thought to be mediated by mechanisms involved in peripheral inflammatory processes and 

central sensitization of nociceptive transmission, and represent continuous pain [108]. Notably, 

the second phase of the Formalin Test has been shown to correspond with activation of brain 

regions in mice, including the ACC, and cause subsequent gene expression changes that are 

associated with neuroplasticity [112]. To confirm the efficacy of this model, mice were randomly 

separated into treatment and control groups (n=3/group), receiving a 10 uL subcutaneous 

injection of either formalin (5% dissolved in PBS) or PBS into the dorsal aspect of the left hind 

paw. Nocifensive behaviour, defined as licking or biting the injected paw, was quantified for 

every 5-minute interval for 1 hour post injection, then binned into the distinct phases of the 

Formalin Test (Figure 5). A two-way ANOVA was performed to analyze the effect of formalin 

injection and phase on licking behaviour. A significant interaction between the effects of 

formalin injection and phase was observed [F (1,8) = 27.774, p = 0.0007552]. Post-hoc analysis 

using Tukey’s HSD test showed that formalin mice expressed significantly more nocifensive 

behaviours in comparison to PBS mice during phase 2 of the Formalin Test, indicative of the 

development of continuous pain [Formalin mice; 710.2 ± 46.7 sec, PBS mice; 183.7 ± 51.3 sec, p 

= 0.0001006]. A non-significant upward trend was observed in nocifensive behaviours expressed 
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during phase 1, the acute pain phase of the Formalin Test, in formalin mice in comparison to 

control PBS mice [Formalin mice; 124.1 ± 43.1 sec, PBS mice; 43.1 ± 21.7 sec, p = 0.5577438].  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
3.2 MCT4 expression is elevated in the ACC of mice with formalin-induced 

continuous inflammatory pain 

Prior work has revealed that lactate is produced by glycogenolysis in astrocytes and 

released into the extracellular space through MCT4, allowing for its subsequent uptake and use 

in neurons [74, 113]. Whether or not continuous inflammatory pain influences the expression of 

MCT4 in the ACC had yet to be determined. Western blot analyses were performed on ACC 

samples collected from mice 90 minutes after receiving a subcutaneous injection into the dorsal 

aspect of the left hind paw of either PBS or formalin (n = 6/group). Mice who received formalin 

Figure 5: Comparison of nocifensive behaviours during the Formalin Test between control PBS and formalin 
mice. Mice received a subcutaneous hind paw injection of either formalin or PBS (n=3/group). Nocifensive 
behaviour, classified as licking and biting of the injected paw was quantified for every 5-minute interval post 
injection for the total of 1 hour, then averaged by experimental group. Formalin injection caused a 254.91% increase 
in total pain behaviours, expressed over the duration of the Formalin Test, in compassion to PBS controls, **p ≤ 
0.01. A non-significant upward trend was observed in nocifensive behaviours expressed during phase 1, with 
formalin mice licking 187.9% more than PBS mice. A significant 286.61% increase in nocifensive behaviours in 
formalin mice was observed in phase 2, *** p ≤ 0.001. 
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had increased expression of MCT4 in the ACC in comparison to control PBS mice 

[MCT4;154.5% ± 11.014, PBS;100.0% ± 2.987] (Figure 6).  A Welch two-sample t-test showed 

that this difference was statistically significant [t(5.7315) = -4.7796, p = 0.003465]. 

 

3.3 MCT4 expression is elevated in the ACC of mice with CFA-induced 

chronic inflammatory pain 

Subcutaneous injection of CFA into the dorsal aspect of the hind paw generates a state of 

persistent inflammation, commonly used to model chronic inflammatory pain [114]. The role of 

MCTs, and astrocyte-neuronal metabolic coupling, have not been well described in CFA-induced 

chronic pain. To determine if this model of chronic inflammatory pain has any effect on MCT4 

expression in the ACC western blot analyses were performed on ACC samples collected 7 days 

Figure 6: MCT4 expression in the ACC of mice with and without formalin-induced continuous inflammatory 
pain. (A) Protein bands and total protein. (B) Comparison of average MCT4 expression in the ACC. Normalized 
protein band volume was averaged for each experimental group (n=6/group) and expressed as a percent of control. 
Formalin mice had a 54.5% increase in MCT4 expression in the ACC in comparison to control PBS mice 90 
minutes after injection, **p ≤ 0.01.  
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after CFA or control PBS injection. On the same day of ACC sample collection the von Frey 

Test was used to confirm the presence of allodynia in CFA mice, a hallmark feature of chronic 

pain where typically innocuous stimuli evoke a pain response [115]. Western blot analyses 

revealed that mice with CFA-induced chronic inflammatory pain had increased expression of 

MCT4 in the ACC in comparison to control PBS mice [CFA;123.09% ± 6.840, PBS;100.00% ± 

8.003] (Figure 7). A two-sample t-test showed that this difference was statistically significant 

[t(12) = -2.1942, p = 0.04864]. 

 

3.4 AS-ODN mediated knockdown of MCT4 is specific  

Once it was confirmed that MCT4 expression was upregulated in the ACC in both 

continuous and chronic mouse models of inflammatory pain (see results 3.2 and 3.3) we wanted 

to see what effect knocking down this protein would have on the development of continuous 

Figure 7: MCT4 expression in the ACC of mice with and without CFA-induced chronic inflammatory pain. 
(A) Protein bands and total protein. (B) Comparison of average MCT4 expression in the ACC. Normalized protein 
band volume was averaged for each experimental group (n=7/group) and expressed as a percent of control. CFA 
mice had a 23.09% increase in MCT4 expression in the ACC in comparison to control PBS mice 7 days after 
injection, *p ≤ 0.05.  
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inflammatory pain. AS-ODNs against MCT4 (AS-MCT4) were used to knockdown this protein. 

A pilot study was conducted to confirm the efficacy of the AS-MCT4 treatment and to determine 

when peak protein knockdown occurs. For this pilot study mice received surgical implantation of 

guide cannulas targeting the ACC. They were allowed to recover for 1 week post-surgery, after 

which they were handled for 5 days. The ACC was then collected from cannulated mice at 

baseline, as well as 3 hours, 24 hours, and 72 hours post bilateral microinjection of AS-MCT4 

into the ACC (n= 3 for baseline and 2/timepoint). Western blot analyses ran on these samples 

revealed a downward trend in MCT4 expression at all time points following AS-MCT4 

administration (Figure 8 A and B). A one-way ANOVA was performed to compare the effect of 

time from AS-MCT4 administration on MCT4 knockdown. The ANOVA revealed that there was 

not a statistically significant difference in MCT4 levels between the different timepoints tested 

[F(1,7) = 2.2121, p = 0.1805]. Tukey’s HSD Test for multiple comparisons revealed a 44.6% 

downward trend in MCT4 expression 3 hours post-injection [Baseline; 100.0% ± 19.505, 3-

Hour; 55.45% ± 2.493, p = 0.3080369]. A peak downward trend of 53.5% was observed 24 

hours post-injection [Baseline; 100.0% ± 19.505, 24-Hour; 46.47% ± 9.857, p = 0.19822]. 

Lastly, a downward trend of 52.3% was observed 72 hours post-injection [Baseline; 100.0% 

± 19.505, 72-Hour; 47.67% ± 16.715, p = 0.2119699]. The decreases in MCT4 expression found 

in this pilot study were not statistically significant, however all timepoints were found to be 

underpowered using a power analysis due to the small sample size (n = 2/timepoint) enrolled in 

this pilot study [3 hours; power= 0.6865643, 24 hours; power = 0.5597055, 72 hours; power = 

0.551048]. Further assessments were not performed as the data above clearly revealed that 

administration of AS-MCT4 in the ACC resulted in a knockdown of the expression of MCT4 

protein, and we did not feel that any additional mice were needed to determine this effect.  
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Western blot analyses were also used to confirm the specificity of AS-MCT4 treatment. 

For this study mice received a microinjection of AS-MCT4 or control SC-ODN into the ACC 24 

hours prior to receiving a subcutaneous injection of formalin into the dorsal aspect of the left 

hind paw (n = 3/group). 90 minutes after formalin injection the ACC was dissected out. Western 

blotting analyses of these ACC samples revealed that AS-MCT4 administration caused a 

significant decrease in MCT4 expression in the ACC in comparison to control SC-ODN mice 

[Figure 8C, SC-ODN; 100.0% ± 5.893, AS-MCT; 80.684% ± 4.580, t(4) = 2.8968, p = 0.04426].  

Importantly, AS-MCT4 administration had no effect on the expression of MCT2 in the ACC, a 

very similar protein found on neurons rather than astrocytes [Figure 8D, SC-ODN; 100.0% ± 

2.083, AS-MCT4; 99.154% ± 1.467, t(4) = 0.33191, p = 0.7566]. Together these results confirm 

that AS-MCT4 can selectively, and specifically knockdown the expression of MCT4 in the ACC.  
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Figure 8: AS-ODN mediated knockdown of MCT4 in the ACC. (A) Protein bands and total protein. (B) Pilot 
study used to determine peak protein knockdown following AS-MCT4 microinjection into the ACC. Western 
blotting analyses of MCT4 expression in the ACC revealed a 44.5% downward trend 3 hours post-injection, a 53.5% 
downward trend 24 hours post-injection, and a 52.3% downward trend 72-hours post injection (n=3 for baseline and 
2/timepoint). (C) Western blotting analyses of MCT4 expression in the ACC revealed that AS-MCT4 administration 
caused a 20% decrease in MCT4 expression in the ACC 90 minutes after formalin injection in comparison to SC-
ODN controls, *p ≤ 0.05. (D) Western blotting analyses of MCT2 expression in the ACC revealed that AS-MCT4 
administration had no effect on MCT2 expression in the ACC in comparison to SC-ODN controls.  
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3.5 Knockdown of MCT4 expression in the ACC disrupts formalin-induced 

continuous inflammatory pain  

To determine if MCT4-mediated lactate release from astrocytes plays an essential role in 

the perception and response to continuous inflammatory pain we combined AS-ODN mediated 

knockdown of MCT4 in the ACC with the Formalin Test. For this experiment mice received a 

microinjection of AS-MCT4 or control SC-ODN into the ACC 24 hours prior to receiving a 

subcutaneous formalin injection into the dorsal aspect of the left hind paw (Figure 9A, 

n=9/group). Nocifensive behaviours, defined as licking and biting of the injected paw, were then 

quantified for every 5-minute interval for the duration of 1 hour. These quantified behaviours 

were summated giving the total pain behaviour expressed, as well as binned into the distinct 

phases (1 and 2) of formalin-induced pain (Figure 9B). A Welch two-sample t-test revealed that 

mice with MCT4 knockdown in the ACC licked significantly less over the total duration of the 

Formalin Test, in comparison to SC-ODN control mice [SC-ODN Mice; 693.17 ± 25.24 sec, AS-

MCT4 Mice; 474.32 ± 29.72 sec, t(13.82) = 4.0433, p = 0.001003]. A two-way ANOVA was 

performed to analyze the effects of MCT4 knockdown and phase on pain behaviours. A 

significant interaction between the effects of MCT4 knockdown and phase on nocifensive 

behaviour was observed [F (1,24) = 31.173, p = 9.573e-06]. Post-hoc analysis using Tukey’s 

HSD test revealed that mice with AS-ODN mediated knockdown of MCT4 in the ACC 

expressed significantly less nocifensive behaviours in comparison to SC-ODN control mice 

during phase 2 of the Formalin Test [SC-ODN Mice; 499.2 ± 25.12 sec, PBS mice; 289.3 ± 

22.51 sec, p = 0.0000018]. There was no observed difference in pain behaviours between AS-
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MCT4 and SC-ODN mice during phase 1, the acute pain phase, of the Formalin Test [SC-ODN 

Mice; 104.8 ± 13.81 sec, AS-MCT4 mice; 115.2 ± 12.95 sec, p = 0.8082591]. 

3.6 Administration of exogenous lactate rescues continuous inflammatory 

pain in mice with MCT4 knockdown in the ACC 

To confirm that it was the prevention of lactate release from astrocytes (due to knockdown 

of MCT4 transporters) causing the reduction of continuous pain perception and behaviours 

detailed in section 3.5, exogenous sodium L-lactate (lactate, Lac) was administered as a rescue 

treatment. For this experiment mice received bilateral microinjections of SC-ODN or AS-ODN 

Figure 9: Comparison of nocifensive behaviour during the Formalin Test in mice with and without AS-ODN 
mediated knockdown of MCT4. (A) Experimental timeline. (B) Mice received bilateral microinjections of either 
SC-ODN or AS-MCT4 into the ACC 24 hours prior to receiving a subcutaneous hind paw formalin injection. 
Nocifensive behaviour, classified as licking and biting of the injected paw, was quantified for every 5-minute 
interval post injection for a total of 1 hour then averaged by experimental group (n=9/group). AS-ODN mediated 
knockdown of MCT4 in the ACC caused a 34.02% reduction in total nocifensive behaviour expressed over the 
entire duration of the Formalin Test, *** p ≤ 0.001. When nocifensive behaviours were binned by phase it was 
revealed that MCT4 knockdown in the ACC has no effect on the first phase of the Formalin Test, representing acute 
pain, but caused a 53.24% reduction in nocifensive behaviour during the second phase of the Formalin Test, which 
represents continuous pain, **** p ≤ 0.0001. 
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into the ACC 24 hours prior to receiving bilateral microinjections of 100 nmol lactate (for a total 

of 200 nmol) or control PBS into the ACC (n=3 for SC+Lac, n=4 for AS-MCT4+Lac, n=9 for 

SC+PBS and AS-MCT4+PBS, please see note at end of section 3.6 for explanation of n values). 

15 minutes following PBS or lactate administration mice received a subcutaneous injection of 

formalin into the dorsal aspect of the left hind paw, this experimental timeline is shown in Figure 

10A. Pain behaviours, defined as licking and biting of the injected paw, were then quantified for 

every 5-minute interval for the duration of 1 hour. These quantified behaviours were summated 

to give a measure of total pain behaviour over the duration of the Formalin Test (Figure 10B). A 

two-way ANOVA revealed a significant interaction between the effects of MCT4 knockdown 

and lactate administration on total pain behaviour expressed in the Formalin Test [F(1,26) = 

22.2811, p = 7.033e-05]. A post-hoc Tukey’s HSD analysis showed that lactate administration 

increased pain behaviours in AS-MCT4 mice over the entire duration of the Formalin Test, in 

comparison to PBS control [AS-MCT4+Lac; 655.1 ± 85.49 sec, AS-MCT4+PBS; 474.3 ± 29.72 

sec, p = 0.026298]. Interestingly, lactate administration caused the opposite effect in SC-ODN 

mice, with SC+Lac mice expressing significantly less pain behaviours over the duration of the 

Formalin Test than SC+PBS mice [SC+Lac; 349.2 ± 16.14 sec, SC+PBS; 668.7 ± 45.24 sec, 

p=0.00254]. This reduction in pain behaviour was so robust that there was no observed 

difference in pain behaviours between SC+Lac and AS-MCT4+PBS mice [SC+Lac; 349.2 ± 

16.14 sec, AS-MCT4+PBS; 474.3 ± 29.72 sec, p = 0.6134110]. Furthermore, AS-MCT4+Lac 

mice expressed significantly more pain behaviour during the Formalin Test than SC+Lac mice 

[AS-MCT4+Lac; 655.1 ± 16.14 sec, SC+Lac; 349.2 ± 85.49 sec, p = 0.0201138].  

 Nocifensive behaviours were then binned into the distinct phases (1 and 2) of the 

Formalin Test (Figure 10B). A three-way ANOVA reveled a significant interaction between the 
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effects of MCT4 knockdown, lactate administration, and phase of the Formalin Test on pain 

behaviour [F(1,54) = 29.6909, p = 1.282e-06]. Post-hoc analysis using Tukey’s HSD test 

revealed that there were no significant differences in pain behaviours between any experimental 

groups during phase 1 of the Formalin Test [SC+PBS; 104.8 ± 13.81 sec, SC+Lac; 102.8 ± 4.14 

sec, AS-MCT4+PBS; 115.2 ± 12.95 sec, AS-MCT4+Lac; 126.8 ± 16.244]. Lactate 

administration, in comparison to PBS administration, increased pain behaviours during phase 2 

of the Formalin Test in mice with MCT4 knockdown in the ACC [AS-MCT4+Lac; 497.0 ± 

59.85 sec, AS-MCT4+PBS; 289.3 ± 22.51 sec, p = 0.000053]. This increase showed that 

exogenous lactate administration could rescue nocifensive behaviours, bringing AS-MCT4+Lac 

mice back to SC+PBS control levels [AS-MCT4+Lac; 497.0 ± 59.85 sec, SC+PBS; 499.2 ± 

25.12 sec, p = 1.0000000]. Opposite effects were observed when exogenous lactate was 

administered to SC-ODN mice. SC+Lac mice licked significantly less during the second phase of 

the Formalin Test than both SC+PBS and AS-MCT4+Lac groups [SC+Lac; 229.5 ± 17.75 sec, 

SC+PBS; 499.2 ± 25.12 sec, AS-MCT4+Lac; 497.0 ± 59.85 sec, SC+Lac:SC+PBS p = 

0.0000013, SC+Lac:AS-MCT4+Lac p = 0.0000411]. This decrease in licking behaviour was so 

robust that there was no observed difference in pain behaviours during phase 2 of the Formalin 

Test between SC+Lac and AS-MCT4+PBS mice [SC+Lac; 229.5 ± 17.75 sec, AS-MCT4+PBS; 

289.3 ± 22.51 sec, p = 0.9457670].  

 

Note: For this experiment data was pooled resulting in an n of 9 per group for SC+PBS and AS-

MCT4+PBS groups. There was a true n of 5 for each SC+PBS and AS-MCT4+PBS groups. 

However, statistical analyses showed that PBS microinjection into the ACC had no significant 

effect on pain behaviours during either phase of the Formalin Test, allowing SC+PBS data to be 
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combined with data from SC mice who did not receive a microinjection of PBS (SC+nothing, 

n=4) and AS-MCT4+PBS data to be combined with data from AS-MCT4 mice who did not 

receive a microinjection of PBS (AS-MCT4+nothing, n=4) for a total n of 9/group (ex. 5 

SC+PBS and 4 SC+nothing = 9 SC+PBS). Doing so allowed us to minimize the number of 

research animals used. A two-way ANOVA tests was performed to analyze the effect of PBS 

microinjection in the ACC and phase of the Formalin Test on licking behaviour in both SC and 

AS-MCT4 mice (n=4 for SC+nothing and AS-MCT4+nothing, n=5 for SC+PBS and AS-

MCT4+PBS). For SC mice it was found that PBS administration did not have a significant effect 

on nocifensive behaviour [F (1,16) = 1.4464, p = 0.2466], but phase did [F (1,16) = 184.2619, p 

= 3.383e-10]. There was no interaction between phase and PBS administration [F(1,16) = 

0.0695, p = 0.7954]. For AS-MCT4 mice it was also found that PBS administration had no effect 

on nocifensive behaviours [F(1,14) = 0.2535, p = 0.6233], but phase did [F(1,14), 40.2272, p = 

1.821e-05]. There was no interaction between phase and PBS administration [F(1,14) = 0.0657, 

p = 0.8014].  
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Figure 10: Comparison of nocifensive behaviour during the Formalin Test following exogenous lactate or 
PBS administration in mice with and without AS-ODN mediated knockdown of MCT4. (A) Experimental 
timeline. (B) Mice received bilateral microinjections of SC-ODN or AS-ODN into the ACC 24 hours prior to 
receiving bilateral microinjections of 100 nmol lactate (200 nmol total) or control PBS into the ACC. 15 minutes 
following lactate or PBS administration mice received a subcutaneous injection of formalin into the dorsal aspect of 
the left hind paw. Nocifensive behaviour, classified as licking and biting of the injected paw, was quantified for 
every 5-minute interval post injection for a total of 1 hour then averaged by experimental group (n=3 for SC+Lac, 
n=4 for AS-MCT4+Lac, n=9 for SC+PBS and AS-MCT4+PBS). When looking at pain behaviours expressed over 
the total duration of the Formalin Test it was found that lactate administration caused a 47.8% decrease in total pain 
behaviours in SC mice, in comparison to control PBS administration, ** p ≤ 0.01. Conversely, in AS-MCT4 mice 
lactate administration caused a 38.1% increase in total pain behaviours, versus control PBS administration, * p ≤ 
0.05. These differing effects of lactate administration, based on the presence or absence of MCT4 knockdown in the 
ACC, caused SC+Lac mice to express 46.7% less pain behaviours in total than AS-MCT4+Lac mice, * p ≤ 0.05. 
Nocifensive behaviours were then divided into the distinct phases of the Formalin Test. No difference in pain 
behaviours were found between any experimental groups in phase 1, the acute pain phase of the Formalin Test. In 
phase 2 it was found that lactate administration reduced pain behaviours in SC mice by 54.0% in comparison to PBS 
administration, **** p ≤ 0.0001. Lactate administration rescued pain behaviours in MCT4 mice during phase 2 of 
the Formalin Test, causing a 71.8% increase in nocifensive behaviours in comparison to PBS administration, **** p 
≤ 0.0001. In phase 2 lactate administration had differing effects in SC and AS-MCT4 mice, with SC+Lac mice 
licking 53.8% less than AS-MCT4 +Lac mice, *** p ≤ 0.001.  
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3.7 The effects of exogenous lactate administration into the ACC on the 

perception and behavioural response to continuous inflammatory pain 

are dose dependent 

The effects of bilateral microinjections of sodium L-lactate (lactate, Lac) into the ACC 

were tested at both 50 nmol (for a total of 100 nmol), and 100 nmol (for a total of 200 nmol) 

doses. Differing effects were observed based on the dose of lactate administered, and if mice had 

AS-ODN mediated knockdown of MCT4 in the ACC or not.  

The first part of this experiment looked as mice with MCT4 knockdown in the ACC. 24 

hours after receiving a bilateral microinjection of AS-MCT4 into the ACC mice received 

bilateral microinjections of PBS, 50 nmol lactate or 100 nmol lactate into the ACC (n = 9 for 

AS-MCT4+PBS, n = 3 for AS-MCT4+50nmol, n= 4 for AS-MCT4+100nmol). 15 minutes after 

administration of PBS or lactate the mice received a subcutaneous injection of formalin into the 

dorsal side of the left hind paw. This experimental timeline is shown in Figure 11A. Pain 

behaviours, defined as licking and biting of the injected paw, were then quantified for every 5-

minute interval for the duration of 1 hour. A two-way ANOVA was performed to analyze the 

effects of lactate dose and phase of the Formalin Test on pain behaviours. A significant 

interaction between the effects of lactate dose and phase on pain behaviours was observed 

[F(1,26), 22.114, p = 7.370e-05]. Post-hoc analysis using Tukey’s HSD test revealed that neither 

dose of lactate had any effect on phase 1 of the Formalin Test (Figure 11B) [AS-

MCT4+PBS;115.2 ± 12.95 sec, AS-MCT4+50nmol;116.0 ± 18.18 sec, AS-MCT4+100nmol; 

126.8 ± 16.24 sec, PBS:50nmol p = 1.0, PBS:100nmol p = 1.0, 50nMol:100nmol p = 1.0]. 

However, bilateral microinjections of 100 nmol, but not 50 nmol, of lactate into the ACC was 

able to rescue pain behaviours during phase 2 of the Formalin Test in AS-MCT4 mice (Figure 
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11B) [AS-MCT4+PBS; 289.3 ± 22.51 sec, AS-MCT4+50nmol; 280.3 ± 46.66 sec, AS-

MCT4+100nmol; 497.0 ±59.85 sec, PBS:50nmol p = 1.0, PBS:100nmol p = 0.0000533, 

50nmol:100nmol p = 0.0015747]. 

The effects of bilateral microinjections of 50 nmol (100 nmol total) and 100 nmol (200 

nmol total) lactate were also tested in control SC-ODN mice. For this experiment all mice 

received bilateral microinjections of SC-ODN into the ACC 24 hours before receiving bilateral 

microinjection of either control PBS, 50 nmol lactate or 100 nmol lactate (n= 9 for SC+PBS, n=2 

for SC+50nmol, n=3 for SC+100nmol). 15 minutes after administration of PBS or lactate the 

mice received a subcutaneous injection of formalin into the dorsal side of the left hind paw. This 

experimental timeline is shown in Figure 12A. A two-way ANOVA was performed to analyze 

the effects of lactate dose and phase of the Formalin Test on pain behaviours. A significant 

interaction between the effects of lactate dose and phase on pain behaviours was observed 

[F(1,26), 22.114, p = 7.370e-05]. Post-hoc analysis using Tukey’s HSD test revealed that neither 

dose of lactate had any effect on phase 1 of the Formalin Test (Figure 12B) [SC+PBS; 104.8 ± 

13.81 sec, SC+50nmol; 80.73 ± 8.28 sec, SC+100nmol; 102.8 ± 4.14 sec, PBS:50nmol p = 

0.9999961, PBS:100nmol p = 1.0, 50nMol:100nmol p = 0.9999997]. Bilateral administration of 

both 50nmol and 100nmol lactate caused a significant decrease in pain behaviours during phase 

2 of the Formalin Test in SC mice in comparison to control PBS administration (Figure 12B) 

[SC+PBS; 499.2 ± 25.12 sec, SC+50nmol; 192.87 ± 10.31 sec, SC+100nmol; 229.5 ± 17.75 sec, 

PBS:50nmol p = 0.0000031, PBS:100nmol p = 0.0000013]. There was no significant difference 

in the effect of 50 nmol and 100 nmol doses on SC mice during phase 2 [50nmol:100nmol p = 

0.9999472].  
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Figure 11: Comparison of nocifensive behaviour during the Formalin Test following administration of 50 
nmol of 100 nmol exogenous lactate or PBS into the ACC in mice with AS-ODN mediated knockdown of 
MCT4. (A) Experimental timeline. (B) Mice received bilateral microinjections of AS-MCT4 into the ACC. 24 
hours later the mice received a second microinjection into the ACC of either 50 nmol lactate (100 nmol total), 
100 nmol lactate (200 nmol total), or control PBS (n=9 for AS-MCT4+PBS, n=3 for AS-MCT4+50nmol, n=4 
for AS-MCT4+100nmol). 15 minutes after administration of lactate or PBS the mice received an injection of 
formalin into the left hind paw. Nocifensive behaviours, defined as licking or biting of the injection paw, were 
the quantified for every 5-minute interval post injection for the duration of 1 hour. It was found that lactate 
administration had no effect on pain behaviours during phase 1, the acute pain phase, of the Formalin Test. 
Bilateral administration of 50 nmol lactate had no effect on pain behaviours during the second phase of the 
Formalin Test. Bilateral administration of 100 nmol lactate was able to rescue pain behaviours in the second 
phase of the Formalin Test, causing a 71% increase in pain behaviour in comparison to PBS controls and a 
77.3% increase in pain behaviours in comparison to mice receiving 50 nmol lactate. * p ≤ 0.05, *** p ≤ 0.001, 
**** p ≤ 0.0001 
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Figure 12: Comparison of nocifensive behaviour during the Formalin Test following administration of 
50 nmol or 100 nmol exogenous lactate or PBS into the ACC of SC control mice. (A) Experimental 
timeline. (B) Mice received bilateral microinjections of SC-ODN into the ACC. 24 hours later mice received 
another bilateral microinjection into the ACC of either 50 nmol lactate (100 nmol total), 100nmol lactate 
(200nmol total), or control PBS (n=9 for SC+PBS, n=2 for SC+50nmol, n=3 for SC+100nmol). 15 minutes 
after administration of lactate or PBS the mice received an injection of formalin into the left hind paw. 
Nocifensive behaviours, defined as licking or biting of the injection paw, were the quantified for every 5-
minute interval post injection for the duration of 1 hour. It was found that lactate administration had no effect 
on pain behaviours during phase 1, the acute pain phase, of the Formalin Test. Administration of both 50 
nmol and 100 nmol lactate caused a reduction in pain behaviours during phase 2 of the Formalin Test. SC 
mice who received 50 nmol lactate licked 61.4% less during phase 2 than PBS controls, **** p ≤ 0.0001. SC 
mice who received 100 nmol lactate licked 54.0% less during phase 2 than PBS controls, **** p ≤ 0.0001. 
There was no significant difference found between the effects of bilateral 50 nmol and 100 nmol lactate 
administration in SC mice. * p ≤ 0.05, ** p ≤ 0.01. 
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3.8 Knockdown of MCT4 expression in the ACC does not affect acute pain 

Formalin Test experiments (section 3.6) showed the AS-ODN mediated knockdown of 

MCT4 in the ACC had no effect on phase 1 of the Formalin Test, which represents acute pain. 

To confirm that knocking down this protein has no effect on acute pain mice received bilateral 

microinjections of AS-MCT4 or SC-ODN, then 24 hours later underwent the Hot Plate Test, a 

test of acute thermal pain perception and response (n=5/group). A two Sample t-test revealed no 

difference in latency to express acute thermal pain behaviours between SC-ODN and AS-MCT4 

mice (Figure 13) [SC-ODN; 16.86 ± 0.99 sec, AS-MCT4; 16.4798 ± 0.54 sec, t(8) = 0.33991, p 

= 0.7427]. 

 

 
 

  

Figure 13: Comparison of acute thermal pain perception and responses in mice with and without AS-
ODN mediated knockdown of MCT4. Mice received bilateral microinjections of either SC-ODN or AS-
MCT4 into the ACC 24 hours prior to performing the Hot Plate Test (n= 5/group). Comparison of average 
latencies to lick or shake the hind paw in the Hot Plate Test shows no difference in acute pain perception and 
behaviour between mice with and without AS-ODN mediated knockdown of MCT4. 
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3.9 Knockdown of MCT4 expression in the ACC does not affect general 

motor abilities 

To confirm that AS-MCT4 mice are expressing less pain behaviours during the Formalin 

Test because they are in less pain, and not because AS-MCT4 affects their motor ability, and 

thus are physically incapable of expressing pain behaviours, the Accelerating Rotarod Test was 

used to measure general motor abilities. Mice received bilateral microinjections of AS-MCT4 or 

SC-ODN into the ACC 24 hours before undergoing the Rotarod Test (n=5/group). A Welch Two 

Sample t-test showed that there was no difference in latency to fall (Figure 14A) [SC; 64.00 ± 

9.22sec, AS-MCT4; 62.87 ± 5.25 sec, t(4.5297) = 0.053704, p = 0.9595] or maximum tolerated 

RPM (Figure 14B) [SC;11.26 ± 1.10 RPM, AS-MCT4; 11.14 ± 0.61 RPM, t(4.4909) = 

0.0483367, p = 0.9635] between SC and AS-MCT4 mice.  

Figure 14: Comparison of general motor ability in mice with and without AS-ODN mediated 
knockdown of MCT4. Mice received bilateral microinjections of either SC-ODN or AS-MCT4 into the ACC 
24 hours prior to performing the Rotarod Test (n=5/group). (A) No difference in latency to fall off the 
Rotarod was observed between SC and AS-MCT4 mice. (B) No difference in maximum tolerated rotations 
per minute on the Rotarod was observed between SC and AS-MCT4 mice. 
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3.10 Formalin-induced inflammatory pain enhances expression of the 

immediate early gene c-Fos in layers 2 and 3 of the ACC 

The immediate early gene, c-Fos, is expressed within neurons following depolarization, 

and is commonly used as a marker of recent neuronal activity [116]. The protein product of this 

gene, c-fos, was analyzed in mice with and without formalin-induced continuous inflammatory 

pain, as an indicator of recent neuronal activity. For this experiment mice received a 

subcutaneous injection of formalin or control PBS into the dorsal side of the left hind paw. 90 

minutes after injection, mice were euthanized via transcardial perfusion of PBS followed by 4% 

PFA, and the brains were extracted for immunohistochemistry (IHC). Formalin Test behavioural 

analyses were performed to confirm the presence of continuous inflammatory pain in the 

formalin mice and the absence of continuous pain in PBS mice prior to being using for IHC 

(n=3/group). IHC analyses revealed that mice with formalin-induced continuous inflammatory 

pain had an upward trend in the number of neurons expressing c-fos in the input layers, 2 and 3, 

of the ACC in comparison to control PBS mice [PBS;44.4% ± 5.26, Formalin;54.6% ± 2.97, 

t(16), 1.697, p = 0.108978] (Figure 15A). A significant increase in the integrated density of c-fos 

expression was also observed in formalin mice, versus PBS controls, in layers 2 and 3 of the 

ACC [PBS; 1384.62 ± 24.42, Formalin; 1887.24 ± 69.69, t(16), 3.187, p = 0.005737] (Figure 

15B). 
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Figure 15: Comparison of c-fos expression and integrated density in layers 2/3 of the ACC between mice with 
and without formalin-induced continuous inflammatory pain. (A) IHC analysis showing the percent of DAPI 
cells expressing c-fos. Mice with formalin-induced continuous inflammatory pain had a 20.4% upward trend in the 
number of neurons expressing c-fos in layers 2/3 of the ACC, in comparison to PBS control mice (B) IHC analysis 
showing integrated density of c-fos. Mice with formalin-induced continuous inflammatory pain had a 36.3% 
increase in c-fos integrated density in layers 2/3 of the ACC, in comparison to PBS control mice, ** p ≤ 0.01. 

Figure 16: Confocal images of DAPI and c-fos expression in layers 2/3 of the ACC. Images captured with a 
confocal microscope showing DAPI (left) and c-fos (middle) expression in layers 2 and 3 of the ACC in mice with 
(bottom) and without (top) formalin-induced continuous inflammatory pain. Merged channels are presented on the 
right. White scale bar in top left image corresponds with 100 𝛍m.  
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3.11 Formalin-induced inflammatory pain causes an upward trend in the 

expression of immediate early gene c-Fos in layers 5 and 6 of the ACC 

IHC analysis of c-fos expression was also conducted in the output layers, 5 and 6, of the 

ACC between formalin and PBS mice (n=3/group). An upward trend in the number of c-fos 

positive neurons was observed in layers 5 and 6 of the ACC of mice with formalin-induce 

continuous inflammatory pain, in comparison to PBS control [PBS;43.40% ± 5.75, Formalin; 

54.23% ± 2.89, t(16), 1.131, p = 0.274927] (Figure 17A). Similarly, an upward trend in the 

integrated density of c-fos expression was observed in formalin mice, versus PBS controls, in 

layers 5 and 6 of the ACC [PBS;1126.76 ± 58.76, Formalin; 1379.83 ± 75.82, t(16), 1.677, p 

=0.112963] (Figure 17B). 

Figure 17: Comparison of c-fos expression and integrated density in layers 5 and 6 of the ACC between mice 
with and without formalin-induced continuous inflammatory pain. (A) IHC analysis showing the percent of 
DAPI cells expressing c-fos. Mice with formalin-induced continuous inflammatory pain had a 10.8% upward trend 
in number of c-fos positive neurons in layers 5/6 of the ACC, in comparison to PBS control mice. (B) IHC analysis 
showing integrated density of c-fos. Mice with formalin-induced continuous inflammatory pain had a 22.5% upward 
trend in c-fos integrated density in layers 5/6 of the ACC, in comparison to PBS control mice.  
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Figure 18: Confocal images of DAPI and c-fos expression in layers 5/6 of the ACC. Images captured with a 
confocal microscope showing DAPI (left) and c-fos (middle) expression in layers 5 and 6 of the ACC in mice with 
(bottom) and without (top) formalin-induced continuous inflammatory pain. Merged channels are presented on the 
right. White scale bar in top left image corresponds with 100	𝛍m. 
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Chapter 4 Discussion 
 

The work presented in this thesis aimed to answer the question: does astrocyte neuronal 

metabolic coupling in the ACC play a role in the perception and behavioural response to 

continuous inflammatory pain in mice? This question was studied through 2 main objectives: 

I. To determine if astrocyte-neuronal lactate shuttling in the ACC is necessary for 

continuous inflammatory pain. 

II. To determine if formalin-induced neuronal activity in the ACC requires astrocyte-

neuronal lactate shuttling.  

The major findings in this thesis support objective 1, providing significant evidence that 

lactate release from astrocytes is necessary for the perception and behavioral response to 

formalin-induced continuous inflammatory pain, and have built critical groundwork to further 

investigate objective 2.  

 Regarding objective 1, it was found that the expression of MCT4, a bi-directional lactate 

transporter located exclusively on astrocytes, was upregulated in both continuous and chronic 

inflammatory pain states in the ACC of mice. Furthermore, the knockdown of MCT4 in the ACC 

was able to significantly reduce continuous inflammatory pain perception and behaviours. 

Importantly, this knockdown had no effect on acute pain perception or behaviours, which play an 

essential role in our lives by allowing one to detect and respond to harm in the environment. 

Exogenous lactate administration into the ACC following MCT4 knockdown was able to rescue 

continuous pain perception and behaviours, providing further evidence for the necessary role of 

lactate release from astrocytes in the development and maintenance of continuous inflammatory 

pain.  
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 With regard to objective 2, the IHC analyses presented in this thesis confirm the findings 

of prior studies, that formalin-induced continuous inflammatory pain induces expression of the 

immediate early gene, c-Fos in the ACC. This enhancement in c-Fos expression is indicative of 

increased neuronal activity in the ACC during continuous pain states. Further IHC analyses will 

be performed on brain tissue samples collected from mice used in the experiments to investigate 

aim 1 (see section 3.5, 3.6, 3.7) to determine if knocking down MCT4, and preventing astrocyte 

neuronal metabolic coupling, influences formalin-induced neuronal activity in the ACC.  

 

4.1 Expression of the astrocytic lactate transporter MCT4 is upregulated in 

the ACC in continuous and chronic inflammatory pain states 

Recent work has begun to identify the important roles of non-neuronal cells in the CNS in 

the development and maintenance of chronic pain. One cell type of particular interest is 

astrocytes, the most abundant glial cell in the CNS. Astrocytes were traditionally thought of as 

supportive cells, providing structural and nutritional support to neurons. However, it is now 

appreciated that they can directly influence neural processes. In the context of pain, it has been 

found that astrocytes undergo substantial changes when exposed to persistent nociceptive 

stimulation. In a study of partial peripheral nerve injury, it was found that chronic neuropathic 

pain significantly promotes astrocyte proliferation and the upregulation GFAP, an astrocyte 

marker, in the spinal cord [117]. Notably, these increases correlated with the development of 

allodynia, which is a hallmark feature of chronic pain [117]. Astrocytes in the spinal cord have 

also been shown to release several pro-inflammatory mediators, that can induce central 

sensitization at the level of the spinal cord by increasing excitation and decreasing inhibition of 

neurons [118, 119]. However, little is known about the role of astrocytes in the brain during 
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persistent pain. We addressed this gap in the literature by investigating the role of astrocyte 

neuronal metabolic coupling in the ACC of mice in both continuous and chronic inflammatory 

pain models. We found that ACC samples from mice exposed to either continuous or chronic 

inflammatory pain states express significantly larger levels of MCT4 than ACC samples of mice 

without pain.  

 Within the CNS, MCT4 is exclusively expressed on astrocytes. It is a constituent of the 

ANLS and plays a crucial role in regulating changes in neuronal activity and metabolism through 

the transport of L-lactate [73, 120, 121]. MCT4 as part of the ANLS has also been implicated in 

neuroplasticity and fear-induced learning [21, 122]. Our western blot analyses, run on ACC 

samples, found that MCT4 expression was significantly elevated in mice 90 minutes after 

receiving a subcutaneous formalin injection in the hind paw, in comparisons to mice who 

received a control PBS injection. Formalin injection induces continuous inflammatory pain 

generated by injured tissue [108]. Although the painful effects of a subcutaneous formalin 

injection only last approximately 90 minutes, it has been proven to induce peripheral 

inflammatory processes and central sensitization which are both key mechanisms involved in the 

chronification of pain. Thus, this test can allow us to study the initial molecular mechanisms that 

are involved in the transition of pain from acute to chronic.  The significant upregulation of 

MCT4 in the ACC of mice following formalin administration suggests that astrocytes, and 

specifically MCT4 on astrocytes, play a role in the initial development of continuous 

inflammatory pain.  

Similar results were found in mice with chronic inflammatory pain. Subcutaneous 

injection of CFA into the dorsal aspect of the hind paw generates a state of persistent 

inflammation and was used to model chronic inflammatory pain [114]. We found that MCT4 in 
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the ACC was significantly elevated in mice 7 days after receiving a subcutaneous CFA injection 

into the hind paw, in comparison to control PBS injection. This elevation in MCT4 also 

corresponds with previous work done in the Descalzi Lab, which found a significant increase in 

ACC lactate concentration 7 days post CFA injection [115]. Given that MCT4 was elevated a 

full week after the initiation of inflammatory pain (via CFA injection), it is possible that MCT4 

also plays a role in the maintenance of chronic pain. However, further experiments are needed to 

support this statement. Potential future directions could include observing the effects of MCT4 

knockdown prior to CFA injection on chronic inflammatory pain development. Additionally, 

MCT4 knockdown could be induced after CFA injection to determine this transporter’s role in 

the maintenance of the chronic inflammatory pain state.  

Outside of the lens of chronic pain, work in this thesis also provides new insights into 

protein dynamics. The basic function of the MCT4 protein in astrocytes is well described in the 

literature, however when designing my experiments, I could find little information on the 

turnover rate of this protein (needed to develop the AS-ODN mediated knockdown timepoint). 

Under steady-state conditions, proteins are continuously turned over, allowing for the removal of 

damaged proteins and their replacement by new proteins [123-125]. Turnover rates, which refer 

to the rate at which proteins are synthesized and degraded, vary greatly by protein. Some 

proteins such as ornithine decarboxylase have rapid turnover rates occurring in just a matter of 

minutes, whereas other proteins such as collagen have slower turnover rates taking days to years 

[126, 127]. In our AS-MCT4 knockdown pilot study (section 3.4) we found a 44.6% downward 

trend in MCT4 expression in the ACC just 3 hours after AS-ODN administration, highlighting 

the quick dynamics of this protein. Although these results do not define an explicit turnover rate 
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for MCT4 they do provide novel insights suggesting that the MCT4 protein turnover rate is 

relatively quick.  

 
4.2 Lactate release from astrocytes through MCT4 in the ACC is necessary 

for the perception and behavioural response to continuous inflammatory 

pain 

Following nociceptive stimulation peripheral nociceptors transmit signals through 

ascending spinal pathways to the brain, ultimately activating the emotion-pain network [6]. 

These pain signals can then induce neuroplasticity within the brain, causing neurons to change 

their function, genetic profile, and structure. Typically, this is an advantageous, and 

evolutionarily conserved phenomenon, allowing one to learn to avoid harm and express survival 

promoting behaviours [7]. However, neuroplasticity can also result in maladaptive changes, 

where brain regions in the emotion-pain network are altered in ways that cause disordered 

behaviours such as pain hypersensitivity, depression, and anxiety. Numerous studies have 

associated chronic pain with maladaptive neuroplasticity in the ACC, creating a continuous state 

of negative affect, or the feeling of unpleasantness that we associate with painful stimuli. For 

example, it has been demonstrated that pyramidal neurons in layers II, III and V of the ACC 

undergo various alterations including enhanced excitatory synaptic transmission, dendritic 

dysfunction, increased intrinsic cellular excitability, and decreased inhibition [22-26]. All these 

changes contribute to central sensitization and the chronification of pain. Importantly, these 

neuroplastic changes require energy to occur.  

 The high energy demand of neurons undergoing neuroplasticity leads to glycogenolysis 

in surrounding astrocytes, resulting in an increase of lactate. Lactate is then shuttled out of 
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astrocytes through MCT4, taken up by neurons through MCT2, and processed through oxidative 

phosphorylation to produce the energy substrate ATP needed to fuel neuroplastic changes. This 

process is termed astrocyte-neuronal metabolic coupling. Prior work in the Descalzi Lab has 

demonstrated that lactate concentrations are elevated in the ACC of mice with CFA-induced 

chronic inflammatory pain [115]. The work presented in this thesis also showed that the 

expression of MCT4, a lactate transporter on astrocytes, is elevated in the ACC of mice with 

continuous and chronic inflammatory pain. This observed increase in transporter expression is 

likely compensatory to an increase in lactate production but does not define the role of astrocyte-

neuronal metabolic coupling in continuous and chronic inflammatory pain. Thus, to further 

investigate the role of MCT4 and ANLS we knocked down MCT4 in the ACC using AS-ODNs 

and observed the effects on formalin-induced continuous inflammatory pain perception and 

behaviours. 

 We found that AS-ODN mediated knockdown of MCT4 in the ACC, and the subsequent 

reduction of lactate release from astrocytes, significantly reduced nocifensive behaviours in 

phase 2 of the Formalin Test which represents continuous pain and the beginning of pain 

chronification. Notably, knockdown of MCT4 in the ACC had no effect on the first phase of the 

Formalin Test, which corresponds with acute pain. To confirm that AS-MCT4 mice were 

expressing less pain behaviours during the second phase of the Formalin Test because they are in 

less pain, and not because AS-MCT4 affects their motor ability, making them physically 

incapable of expressing pain behaviours, the Accelerating Rotarod Test was used as a measure of 

general motor ability. It was found that AS-MCT4 mice performed equally well in the Rotarod 

Test as SC-ODN mice, providing justification that knocking down MCT4 in the ACC reduces 

continuous inflammatory pain perception and behaviours without affecting motor ability.   
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These findings contradict a recent study done by Wang, Y. et al. that found inhibiting 

glycogenolysis in astrocytes, and thus the production and release of lactate, through 

administration of the glycogen phosphorylation inhibitor 1,4-dideoxy-1,4-imino-D-arabinitol 

(DAB) had no effect on nocifensive behaviours in either phase of the Formalin Test [107]. In this 

study a 300 pmol dose of DAB was administered into the ACC 30 minutes prior to mice 

receiving a formalin injection [107]. This is a much shorter-term method of disrupting lactate 

formation and astrocyte neuronal metabolic coupling than the AS-ODNs used in this thesis work. 

Pharmacokinetic studies in rats have found that DAB has an oral half-life of 60 minutes and an 

intravenous (IV) half-life of 56 minutes [128]. Furthermore, when rats are pretreated with 

glucagon, enhancing glycogenolysis, the half-life of DAB is significantly decreased to 49 

minutes with oral administration and 25 minutes with IV administration [128]. In a review of the 

role of glycogenolysis in memory and learning in the avian equivalent to the mammalian cortex 

(the intermediate medial mesopallium (IMM)) it was found that DAB is only active in the brain 

for a short period of time [129]. When DAB was injected into the IMM 10 minutes prior to 

training it had no effect on memory, suggesting that DAB does not remain active in the brain for 

long and only acts on learning-induced neuroplasticity very close to the time of injection [129]. 

Thus, it is possible that in the Wang, Y. et al study DAB was no longer effectively reducing 

glycogenolysis and lactate production at the time of phase 2 of the Formalin Test. Following 

their methodological timeline, by the time phase 2 of the Formalin Test began, it would have 

been 50 minutes since DAB administration into the ACC occurred [107]. This falls very closely 

to the half-life of DAB observed in rats. Additionally, the work in this thesis has shown that 

MCT4 in the ACC is elevated following formalin injection. This increase is likely compensatory 

to increased glycogenolysis and lactate production in astrocytes, and as found in the glucagon 
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study mentioned previously, when glycogenolysis is stimulated the half-life of DAB decreases 

[128].   

 To investigate if the effects of MCT4 knockdown in the ACC on continuous 

inflammatory pain perception and behaviours were due to a deficit in lactate transport a lactate 

rescue experiment was performed. Mice with AS-ODN mediated MCT4 knockdown in the ACC 

received a bilateral injection of 100 nmol (200 nmol total dose) sodium L-lactate into the ACC 

15 minutes prior to receiving a subcutaneous formalin injection into the hind paw. It was found 

that lactate administration completely rescued nocifensive behaviours in phase 2 of the Formalin 

Test, which corresponds to central sensitization and the beginning of pain chronification but had 

no effect on acute pain behaviours in phase 1. Recently, the ANLS theory has come under 

scrutiny with researchers questioning the true source of lactate. Some studies support the idea 

that neurons themselves are the producers of lactate [130, 131]. Whereas other studies indicate 

that astrocytes are the major lactate producers [69, 132, 133]. The findings in this thesis support 

the later, that astrocytes generate and supply lactate to neurons. In the experiments described 

above we were able to show that preventing lactate release from astrocytes, via the knockdown 

of MCT4, significantly inhibited pain behaviours, and lactate administration rescued these 

behaviours. If neurons were the main source of lactate knocking down MCT4, which is 

exclusively expressed on astrocytes, should have had no effect.  

Overall, these findings suggest that lactate release from MCT4 on astrocytes in the ACC 

is necessary for the perception and behavioural response to continuous inflammatory pain in 

mice. This data provides new insights on the role of astrocyte neuronal metabolic coupling in the 

ACC in the development of continuous inflammatory pain states and has identified ANLS as a 

potential novel target for preventative and therapeutic chronic pain treatments.  



 
 

62 
 

4.3 Functional levels of lactate in the ACC 

As described in the previous section, it was found that bilateral administration of 100 

nmol sodium L-lactate into the ACC of mice with an MCT4 knockdown was able to completely 

rescue formalin-induced continuous pain perception and behavioural response. Additional 

experiments were run using an alternate dose of 50 nmol sodium L-lactate. Rescue effects were 

not observed at this smaller dose in mice with an MCT4 knockdown in the ACC. Interestingly, 

both 50 nmol and 100 nmol doses of sodium L-lactate reduced continuous inflammatory pain 

behaviours in control SC-ODN mice. These results suggest that there may be an optimal range of 

lactate concentration needed in the ACC for continuous inflammatory pain perception and 

behavioural response. It appears that at too low of a concentration lactate is not able to facilitate 

continuous pain perception and behaviours, but at too high of a concentration lactate may also 

have inhibitory effects. However, further investigation is needed to support this theory.  

This idea of an optimal range of lactate concentration is supported by a cell-culture study 

done by Bozzo, L., et al [134]. In this study different concentrations of sodium L-lactate were 

applied to primary cortical neuron cell cultures obtained from C57B6 mice [134]. They found 

that L-lactate application decreased the network activity of GABAergic and principal neurons in 

a concentration dependent manner [134]. L-lactate in the concentration range of 0-1 mM 

promoted neuronal firing, whereas in the range of 1-10 mM the firing rate was progressively 

supressed [134]. It is possible that our administration of exogenous L-lactate into the ACC of 

control SC-ODN mice, who are already producing their own endogenous lactate, pushed their 

total lactate concentrations into this upper range of 1-10mM, reducing neuronal activity. To 

further investigate this explanation, the concentration of L-lactate in the ACC should be 

determined in mice with formalin-induced continuous inflammatory pain that have no other 
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experimental modulations. ACC samples should be obtained 90 minutes after formalin injection 

and colorimetric L-lactate assay kits could be used to determine total lactate concentrations in the 

ACC. If natural levels of lactate in the ACC following formalin administration are close to 1mM 

it is possible that our administration of exogenous lactate into the ACC is supressing neuronal 

firing, as was found in the Bozzo, L., et al study [134].  

Another possible explanation is that the injection of lactate caused a change in pH in the 

ACC affecting neuronal function. It is well documented that extracellular fluid pH is maintained 

between 7.35 and 7.45 in the body. Lactate is an acidic molecule, and thus having increased 

levels of lactate can decrease extracellular pH. It has been found that acidification of the 

extracellular fluid (~pH 6.5) reduces both spontaneous and evoked excitatory synaptic 

transmission in pyramidal hippocampal neurons [135]. It is possible that the bolus of excess 

lactate, in combination with naturally produced lactate in SC-ODN mice, is causing a significant 

decrease in pH affecting neuronal firing in the ACC and the subsequent perception and 

behavioural response to formalin-induced inflammatory pain. Further studies should be done to 

investigate this explanation of our observed results. Possible methods could include in vivo 

hyperpolarized 13C bicarbonate magnetic resonance spectroscopic imaging or the use of pH 

sensitive probes such as SNARF-pHILP, which uses a pH low insertion peptide (pHLIP) to 

locate the pH sensitive fluorescent dye seminaphtharhodafluor (SNARF) [136, 137]. These 

methods could be used to determine extracellular pH in the ACC before and after lactate 

administration.  
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4.4 Lactate release from astrocytes through MCT4 in the ACC is not 

involved in the perception and behavioural response to acute pain 

Acute pain, albeit uncomfortable, is necessary for survival. It allows us to detect and 

respond to potential harm in the environment. Inhibiting this process can have serious 

detrimental effects. One example of this is congenital insensitivity to pain and anhidrosis 

(CIPA), a rare hereditary disease that makes people unable to feel pain [138]. In this condition a 

mutation on the TRKA gene prevents nociceptors from fully developing, in turn completely 

preventing the transmission of nociceptive signals from the periphery to the brain [138]. The 

absence of nociception and subsequent pain perception often leads to repeated severe injuries 

and unintentional self-mutilation, making CIPA extremely dangerous [138]. In most cases, CIPA 

patients do not live past the age of 25 [138]. This disorder highlights the importance, and 

protective nature, of acute pain perception. When developing preventative and therapeutic 

treatments for chronic pain, the ability to detect and respond to harm in the environment, through 

acute pain perception, should ideally be maintained. Our experiments show that lactate release 

through MCT4 is not necessary for the perception and behavioural response to acute pain, 

making it an optimal target for novel chronic pain treatments.  

 Results from our experiments investigating the effects of MCT4 knockdown and lactate 

administration in the ACC on formalin-induced inflammatory pain showed that nocifensive 

behaviour during phase 1 of the Formalin Test, which represents acute pain and direct activation 

of nociceptive pathways, was not altered in any experimental group. This finding highlights that 

lactate release from astrocytes is not involved in acute pain perception or behavioural response. 

The Hot Plate Test, a test of acute thermal pain perception and response, was used to further 

confirm these findings. We found no difference in acute thermal pain behaviours between AS-
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MCT4 and control SC-ODN mice. Together these findings provide substantial evidence that 

lactate release from astrocytes through MCT4 in the ACC is not involved in the perception and 

behavioural response to acute pain.  

 

4.5 Formalin-induced neuronal activity in the ACC 
 

The ACC has been identified as a key brain region in the affective-motivational component 

of pain [52]. In vivo human and animal studies have shown that peripheral noxious stimuli 

induce electrical potentials and metabolic activation in ACC neurons, the degrees of which are 

correlated with the intensity of pain [65-68]. Prior immunohistochemistry work in ICR mice has 

shown that a subcutaneous injection of 5% formalin into the plantar surface of the hind paw 

corresponds with c-fos expression in the ACC [139]. Our findings support the current literature, 

that formalin-induced inflammatory pain corresponds with increased c-fos expression, indicative 

of increased neuronal activity, in the ACC. Our experiments looked at the percent of DAPI-

expressing cells that also expressed c-fos, which is the c-Fos gene protein product, as well as c-

fos integrated density. DAPI is a nucleic acid or DNA stain, which was used to determine the 

total number of cells present in an imaged section of the ACC. Integrated density is the product 

of cell area and mean gray value, allowing us to compare how much c-fos and to what intensity 

that c-fos is being expressed in each cell. We observed a significant increase in the integrated 

density of c-fos in the input layers, 2 and 3, of the ACC in mice that had formalin-induced 

continuous inflammatory pain, in comparison to control PBS mice. An upward trend in the 

percent of DAPI cells expressing c-fos was also observed in layers 2 and 3 of the ACC in 

formalin mice, versus control PBS mice. Neurons in these layers receive sensory inputs from the 

thalamus and send projections to deeper layers, thus these results suggest that formalin-induced 
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continuous inflammatory pain corresponds with an increase in sensory information being sent to 

the ACC. We also observed an upward trend in the percent of DAPI cells expressing c-fos, and 

c-fos integrated density, in the layers 5 and 6 of the ACC in formalin mice, versus control PBS 

mice. These layers are considered the output layers of the ACC, containing pyramidal neurons 

that send projections to many cortical and subcortical structures. Thus, these results suggest that 

formalin-induced continuous inflammatory pain corresponds with increased outputs from the 

ACC.  

These experiments have built the groundwork to investigate if formalin-induced neuronal 

activity in the ACC requires astrocyte-neuronal lactate shuttling. Currently planned experiments 

in the Descalzi Lab will examine c-fos expression in the ACC of mice with AS-ODN mediated 

knockdown of MCT4, in comparison to control SC-ODN mice, as well as in mice that have 

received exogenous lactate microinjections into the ACC. The brain samples that will be used in 

these experiments were collected from the same mice used to investigate objective 1 of this 

thesis (see experiments in sections 3.5, 3.6, 3.7). Based on our Formalin Test behavioural data, 

we expect to see that knockdown of MCT4 in the ACC, which significantly reduced the 

perception and behavioural response to continuous inflammatory pain, will correspond will 

reduced c-fos expression and neuronal activity in the ACC. Bilateral administration of 100 nmol 

lactate into the ACC of MCT4 knockdown mice rescued the perception and behavioural response 

to continuous inflammatory pain, and thus we expect to see an increase in c-fos expression in the 

ACC following lactate administration in AS-MCT4 mice. We expect these levels of c-fos 

expression in the ACC of AS-MCT4+Lac mice to be similar to our control formalin mice and 

control SC-ODN mice. These results would provide evidence that formalin induced neuronal 

activity in the ACC requires astrocyte-neuronal lactate shuttling. Future experiments will also 
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look at c-fos activity in other brain regions involved in the emotion-pain network, such as the 

PAG, NAc and PFC, to see if disrupting the ANLS in the ACC influences formalin induced 

neuronal activity in other brain regions.  

4.6 Limitations 
 
4.6.1 Sex Differences  
 

A major limitation of the work presented in this thesis is the lack of data collected from 

female mice. Chronic pain is one of the most prevalent human health problems affecting 

individuals of all ages, ethnic backgrounds, and sexes. However, epidemiological, clinical, and 

experimental studies have all consistently found that women are at greater risk than men for 

developing chronic pain [2, 140, 141]. It has been estimated that females disproportionally make 

up 67% of all chronic pain patients [2, 140, 141]. Nevertheless, most pain research has been 

conducted on male subjects. The inclusion of both sexes in pain research has become 

increasingly important, not just because of the high prevalence of chronic pain in women, but 

because studies have begun to identify sex difference in pain mechanisms. For example, it has 

been well appreciated in the field of pain research that spinal microglia-to-neuron signalling is 

essential for the development of chronic pain hypersensitivity. However, the evidence to support 

this theory all came from studies using male rodents. When these experiments were expanded to 

include females, as done in the study by Sorge, R., et al. it was found that microglia are not 

required for the development of mechanical pain hypersensitivity in female mice [142]. In a 

study of migraine pain conducted in rats and mice it was found that calcitonin gene-related 

peptide, which has long been implicated in the pathophysiology of migraines, is a female-

specific mechanism [143]. A study of inflammatory pain found that CFA injection resulted in 

increased presynaptic GABA release, and decreased GABAA receptor mediated currents in the 
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PAG of female, but not male, rats [144]. This growing body of evidence not only highlights that 

the mechanisms underlying chronic pain development are often different in females and males, 

but also suggests that the response to pain treatment could dramatically be affected by sex. 

 In relation to the findings presented in this thesis, distinct time courses of astrocytic 

activation in chronic pain have been observed between the sexes [145]. It was found that GFAP, 

an astrocytic marker, was significantly upregulated in the spinal cord 7 days after chronic 

constriction injury in male, but not female, mice [145]. However, at 121 days after injury female 

mice showed a significant upregulation in GFAP, whereas GFAP expression had returned to 

baseline levels in male mice [145]. It has also been found that astrocytes express both androgen 

and estrogen receptors, and their function can be influenced by sex hormones [146]. For 

example, exposure to 17b-estradiol was found to increase the expression of glutamate 

transporters GLAST and GLT-1 on midbrain astrocytes in cell culture [147]. This estrogen 

exposure also increased glutamate uptake by astrocytes [147]. Notably, it is the uptake of 

glutamate into astrocytes that stimulates astrocyte neuronal metabolic coupling [69]. A different 

study found that hypothalamic astrocytes from female rats are more sensitive to 17b-estradiol 

stimulation than male astrocytes [148]. Furthermore, 17b-estradiol was found to enhance 

glycogen phosphorylase expression to a higher extent in female astrocytes versus males, which is 

an enzyme involved in glycogenolysis for lactate production [148].  

 Due to the sexually dimorphic nature of pain, which has been increasingly described in 

the literature, the results presented in this thesis should not be generalized to female mice. 

Current and future work in the Descalzi Lab will investigate the role of astrocyte neuronal 

metabolic coupling in the ACC in both female and male subjects.  
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4.6.2 Mouse Strain 
 

It is generally acknowledged that people feel pain differently. Humans have high 

variability in their sensitivity to pain and their response to identical injuries or procedures. In a 

similar manner, it has been found that different strains of mice respond to pain differently [149]. 

For example, C57BL/6 mice which were used in our experiments respond robustly to formalin 

injection, whereas A (albino) mice tend to display minimal nocifensive behaviours in the acute 

pain phase (phase 1) and none in the continuous pain phase (phase 2) of the Formalin Test [149]. 

In contrast, A mice are sensitive to the 2% Carrageenan Thermal Hypersensitivity test, but 

C57BL/6 mice are resistant [149]. Strain-specific differences have also been observed in the 

response to analgesics [150, 151]. Variations have been noted in the antinociceptive effects of 

pharmaceuticals including those commonly prescribe in humans, such as acetaminophen, 

depending on mouse strain [150, 151]. Interestingly, it has been found that mouse strains who are 

more reactive to nociceptive assays are less responsive to the analgesic effects of morphine, 

whereas strains that are less responsive to nociceptive assays are more responsive to morphine 

[152, 153].  Given the wide variation in nociception and analgesia between mouse strains the 

results presented in this thesis cannot be extrapolated to mice other than C57BL/6. Further 

experiments should be conducted, replicating the experiments described in this thesis in other 

strains of mice to determine if the role of astrocyte-neuronal metabolic coupling in the ACC in 

continuous pain perception and behavioural response is strain specific or a conserved biological 

process. 
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Chapter 5 Conclusion 
 

Chronic pain is the leading cause of disability and disease burden globally, affecting at 

least 10% of the world’s population [1]. The high prevalence of this complex, and debilitating 

disorder highlights the inadequacies of currently available chronic pain treatments. To address 

this issue and improve the prevention and therapeutic management of chronic pain, we must first 

gain a better understanding of the molecular mechanisms involved in its development.  

In recent years it has come to light that astrocytes are not just the supportive cells they 

were traditionally thought to be. Rather, they can directly influence neural processes, and are 

dynamic players in both pain and neuroplasticity. Although a growing body of evidence has 

begun to identify the contributions of astrocytes in mediating pain at the level of the spinal cord, 

few studies have examined the function of astrocytes within the brain in chronic pain. This thesis 

aimed to fill that gap in the literature by investigating the role of astrocyte-neuronal metabolic 

coupling in the ACC in the perception and behavioural response to continuous inflammatory 

pain. It was found that the expression of MCT4, a lactate transporter located exclusively on 

astrocytes in the CNS, was significantly elevated in the ACC of mice in both continuous and 

chronic inflammatory pain states. Knocking down MCT4 in the ACC was able to significantly 

reduce continuous inflammatory pain perception and behaviours, without affecting acute pain or 

general motor abilities. Notably, administration of lactate into the ACC following MCT4 

knockdown was able to rescue continuous pain perception and behaviours. Together these results 

provide substantial evidence to support the necessary role of lactate release from astrocytes in the 

ACC in the perception and behavioural response to continuous inflammatory pain. This research 

increases current knowledge of the function of astrocytes in continuous inflammatory pain and 

identifies the astrocyte neuronal lactate shuttle as a novel target for preventative and therapeutic 
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chronic pain treatments. Furthermore, this research can be translated to experience-induced 

neuroplasticity and identifies critical contributions of astrocyte-neuronal metabolic coupling in 

long term changes in neuronal function. 
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