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ABSTRACT

Peripheral neuropathy, commonly associated with diabetes, chemotherapy, and HIV- induced
nerve damage, leads to progressive sensory deficits and nerve dysfunction. While muscarinic
acetylcholine type 1 receptor (M1R) antagonism promotes sensory axon repair, the mechanisms
underlying its neuroprotective effects remained unclear. Transient receptor potential melastatin-3
(TRPM3), a heat-sensitive cation channel, plays a crucial role in calcium signaling, mitochondrial
function and neuronal metabolism, positioning it as a potential mediator of M1R antagonist-driven
neuroprotection. This thesis investigated the mechanistic link between M:R antagonism and
TRPM3 activation and explored the therapeutic potential of TRPM3 modulation in sensory axon
regeneration.

M:R antagonists pirenzepine (PZ) and muscarinic toxin 7 (MT7) enhanced TRPM3-
mediated Ca** influx in dorsal root ganglion (DRG) neurons, an effect that was abolished by
TRPMS3 inhibitors or extracellular Ca?* removal. TRPM3 activation using CIM0216 and
pregnenolone sulfate (PS) elevated intracellular Ca?*, promoted AMP-activated protein kinase
(AMPK) phosphorylation via the Ca**/calmodulin-dependent protein kinase kinase 3 (CaMKK}p)
pathway, leading to enhanced mitochondrial function, glycolysis, and tricarboxylic acid (TCA)
cycle activity. Further analysis established that M1R antagonism stimulated TRPM3 by inhibiting
phosphatidylinositol 4,5-bisphosphate (PIP2) hydrolysis, facilitating sustained calcium signaling
and metabolic enhancement. TRPM3 knockdown via adeno-associated virus (AAV)-mediated
shRNA suppressed the neurite-promoting effects of M1R antagonists, confirming its essential role

in axonal plasticity.



To assess whether these findings translated to an in vivo setting, the streptozotocin (STZ)-
induced diabetic neuropathy model was utilized, which recapitulated key sensory impairments
such as mechanical allodynia, slowed motor nerve conduction velocity (MNCV), and thermal
hypoalgesia. PZ treatment restored sensory function in diabetic mice, but co-administration of
TRPM3 inhibitors (isosakuranetin and primidone) abolished these improvements, confirming that
M:R-mediated neuroprotection was TRPM3-dependent. Despite the emergence of sensory
impairments at 16 weeks post-STZ induction, corneal nerve loss was less pronounced than
expected, suggesting a gradual progression of neuropathy, where functional impairments preceded
structural degeneration. However, TRPM3 inhibition significantly reduced corneal nerve density,
further highlighting its potential role in sensory fiber maintenance. This thesis established TRPM3
as a key modulator of sensory axon regeneration via Ca?*-dependent AMPK signaling,
demonstrating its potential as a therapeutic target for peripheral neuropathy and neurodegenerative

disorders.
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Chapter 1

Background and literature review

1.1 Diabetes mellitus

Diabetes mellitus (DM) is a significant metabolic disorder with profound global health
implications. Central to its pathophysiology are hyperglycemia and insulin resistance, which play
crucial roles in disease progression and its complications (Nathan et al., 2006). Chronic
hyperglycemia, a hallmark of DM, leads to long-term damage, dysfunction, and failure of various
organs, including the retina, kidneys, peripheral nerves, cardiovascular system, and blood vessels
(Brownlee, 2001; Nathan et al., 2006). There are two primary forms of diabetes: Type 1 diabetes
mellitus (T1DM) and Type 2 diabetes mellitus (T2DM). T1DM, also known as insulin-dependent
DM, constitutes 5-10% of DM cases, resulting from autoimmune destruction of pancreatic 3-cells,
leading to absolute insulin deficiency. This autoimmune process is mediated by T cells and
involves multiple autoantigens, including insulin, glutamic acid decarboxylase (Agarwal et al.,
2018), and islet antigen-2 (1A-2) (Atkinson et al., 2014; Bluestone et al., 2015). TIDM primarily
results from environmental triggers, such as viral infections and dietary factors, which initiate the
autoimmune response. Although genetic predisposition plays a relatively minor role, certain
polymorphisms, including those in the major histocompatibility complex (MHC) and human
leukocyte antigen (HLA), influence the risk for TLDM. In contrast, T2DM, or insulin-independent
DM, which accounts for 90-95% of DM cases, involves a more complex interplay between
genetics and lifestyle factors (DeFronzo, 2004). T2DM is primarily characterized by peripheral
insulin resistance combined with inadequate compensatory insulin secretion. Metabolic factors,

particularly obesity, play a significant role in T2DM by contributing to insulin resistance. The



accumulation of ectopic fat in liver and muscle tissues interferes with insulin signaling pathways,
resulting in decreased glucose uptake and increased hepatic glucose production. Initially,
compensatory hyperinsulinemia maintains normoglycemic conditions, but over time, [B-cell
dysfunction ensues, leading to overt hyperglycemia (Gerich, 2003). The coexistence of impaired
insulin secretion and insulin action defects in patients often complicates the identification of the
primary cause of hyperglycemia in individual cases (Rossi, 2010). This hyperglycemic state is
frequently associated with clinical symptoms such as polyuria, polydipsia, weight loss, and blurred

vision (Kitabchi et al., 2009).

1.2 Diabetic sensorimotor polyneuropathy

Diabetic sensorimotor polyneuropathy (DSPN) is a significant and prevalent complication of DM,
characterized by a complex interplay of metabolic and vascular factors that result in widespread
peripheral nerve damage (Callaghan et al., 2012). Affecting up to 50% of individuals with
diabetes, DSPN is initiated by chronic hyperglycemia, which sets off a cascade of biochemical
disturbances and profoundly impacts quality of life (Feldman et al., 2019). Sustained elevated
blood glucose levels promote the accumulation of advanced glycation end products (AGEs) and
reactive oxygen species (ROS), culminating in oxidative stress and chronic inflammation
(Pedreanez et al., 2024). These processes collectively disrupt neuronal integrity and function,
manifesting through pain, sensory loss, and motor dysfunction (Smith et al., 2022). The condition
typically presents with a "stocking-glove™ distribution of sensory deficits, where the hands and
feet are most commonly affected, and the sensory loss often follows a length-dependent pattern,
progressing proximally over time (Callaghan et al., 2012; Palumbo et al., 1978). This loss of

protective sensation is particularly concerning as it severely compromises balance and the ability



to detect injuries, increasing the risk of foot ulcers (Armstrong and Lavery, 1998). These ulcers, if

not properly managed, can lead to infections and, in severe cases, limb amputations.

Despite the widespread prevalence of DSPN, it is often underdiagnosed or inconsistently
diagnosed, largely due to variable endpoint measurement methods, differing DSPN definitions,
and the diverse types of patients studied (Steinmetz, 2024). Neurological signs and
electrophysiological measurements are critical tools in diagnosing DSPN (Kambiz et al., 2015;
Mulder et al., 1961; Pirart, 1977; Tuncer et al., 2011), yet the lack of standardized criteria
complicates the identification of the condition. The current treatment strategies focus primarily on
glycemic control and pain management (Feldman et al., 2019). However, these approaches are not
effective in halting the progression of DSPN, underscoring the urgent need for early diagnosis,
prevention, and more comprehensive treatment options. At this time, there is no disease-modifying

therapy available to patients.

The risk and severity of DSPN are closely correlated with the duration of diabetes and the degree
of glycemic control, highlighting the importance of stringent blood glucose management to
mitigate the condition's progression (Staehelin Jensen, 2023). Furthermore, DSPN often coexists
with autonomic neuropathy, another underdiagnosed condition that affects the autonomic nervous
system, leading to abnormalities in cardiovascular, gastrointestinal, and genitourinary function
(Vinik et al., 2003). This autonomic involvement augments the complexity of neuropathic damage,
as it impacts blood flow and homeostatic balance, thereby aggravating nerve degeneration. In
addition to sensory nerve impairment, DSPN also affects motor nerves, leading to symptoms such
as foot drop and distal muscle weakness (Callaghan et al., 2012). This further exacerbates the

patient’s risk of falls and injuries, emphasizing the necessity for early intervention and



comprehensive management strategies to prevent severe complications and improve patient

outcomes (Chong and Hester, 2007).

1.3 Epidemiology - Economic and social burden of DSPN

DSPN represents a critical and expanding global health challenge, intricately linked to the
escalating prevalence of diabetes mellitus, affecting nearly 50% of all diabetic patients globally
(Steinmetz, 2024). The International Diabetes Federation (IDF) reports that as of 2021,
approximately 537 million adults aged 20-79 years were living with diabetes, equating to 1 in 10
adults globally (Magliano et al., 2021). This number is expected to rise to 643 million by 2030 and
783 million by 2045, with over three-quarters of these individuals residing in low and middle-
income countries, where healthcare infrastructure may be less capable of effectively managing
chronic complications, such as DSPN. The epidemiology of DSPN is fraught with challenges,
particularly in terms of population selection and the definition of neuropathy. Despite these
challenges, DSPN remains a widespread condition with a considerable impact on public health,
particularly due to its association with a compromised quality of life and the substantial economic
burden it imposes (Sloan et al., 2021). The annual global expenditure on treating diabetic
neuropathy and its complications is substantial, amounting to billions of dollars. For example, in
2003, the cost in the United States alone was estimated at US$11 billion, highlighting the

significant financial burden associated with this condition (Gordois et al., 2003).

Several epidemiological studies have attempted to evaluate the incidence and prevalence
of diabetic neuropathy across different populations, with a focus on both TIDM and T2DM. The
prevalence of DSPN is notably higher in individuals with T2DM, with an incidence of

approximately 6,100 per 100,000 person-years, compared to 2,800 per 100,000 person-years in



those with TIDM (Ang et al., 2014; Martin et al., 2014; Pop-Busui et al., 2013). This higher
prevalence in T2DM is attributed to several factors, including differences in the age of onset of
diabetes and variations in the underlying pathophysiology. Moreover, as the duration of diabetes
increases, so does the likelihood of developing neuropathy. For instance, in a longitudinal study,
the prevalence of diabetic neuropathy in patients with T2DM increased from 8% to 42% over a
10-year monitoring period (Partanen et al., 1995). Regional studies highlight significant variations
in prevalence, underscoring the disproportionate impact of DSPN in certain populations. For
instance, a study in eastern Libya reported a prevalence of 42.2% among diabetic individuals,
underscoring the heightened burden in North Africa (Garoushi et al., 2019). Similarly, in Europe,
North America, and Caribbean regions, where the diabetic population was estimated at 40-50
million in 2021, projections suggest this number will rise to approximately 70 million by 2045
(IDF report, 2021). With approximately half of these patients likely to suffer from peripheral
neuropathy, the burden of DSPN in these regions is expected to grow exponentially (Newlin Lew

et al., 2022).

The clinical management of DSPN is further complicated by the fact that less than one-
third of physicians accurately recognize its signs, leading to high rates of undiagnosed cases
(Ziegler et al., 2018). This lack of early detection contributes significantly to the morbidity and
mortality associated with diabetes. Up to 50% of patients with DSPN are asymptomatic, which
means they often remain undiagnosed and are consequently at greater risk of insensate injuries,
which can lead to severe complications such as foot ulcers and amputations (Karthiksaravanan and
Meriton, 2024). The global economic burden of diabetes is immense, with diabetes-related health
expenditures reaching at least USD 966 billion in 2021, a 316% increase over the past 15 years

(Magliano et al., 2021). DSPN contributes significantly to this financial strain due to the costs



associated with managing its complications, particularly foot ulcers and amputations. Diabetic foot
ulcers are estimated to affect 9.1 to 26.1 million people annually, often leading to amputations
(Stancu et al., 2022). Amputations due to DSPN are associated with a high mortality rate, with up
to 30.5% of patients dying within five years post-amputation (Armstrong et al., 2020). The impact
of DSPN on quality of life is profound. Chronic painful DSPN, which affects up to 25% of diabetic
individuals, significantly reduces patient’s quality of life due to persistent pain and disability

(Sharma and Rayman, 2023).

The prevalence of DSPN is also notable in populations with impaired glucose tolerance
(IGT), which includes 541 million adults worldwide (Magliano et al., 2021). These individuals are
at a high risk of developing type 2 diabetes, and subsequently, DSPN, if preventive measures are
not effectively implemented. In countries with large diabetic populations, such as China, India,
and the United States—where 115 million, 73 million, and 30 million people, respectively, have
diabetes, the management and prevention of DSPN are of critical importance (Feldman et al.,
2019). Given the significant global burden, it is crucial to deploy effective treatment strategies for

DSPN in order to minimize the impact on quality of life as well as reduce the healthcare burden.

1.4 Dorsal root ganglion and nerve abnormalities in DSPN: Bridging human studies and

animal insights

In DSPN, the dorsal root ganglia (DRG) serve as critical sensory relay centers within the peripheral
nervous system (Berta et al., 2017). These ganglia are integral to the modulation and transmission
of sensory signals, and in DSPN, they undergo significant pathological changes due to metabolic
disturbances, such as hyperglycemia (Miyashita et al., 2023). These alterations in DRG function

are key contributors to the sensory deficits and complex neurodegenerative processes observed in



DSPN, underscoring their importance in the disease's pathophysiology (Bhandari et al., 2021;
Krames, 2014). Located along the spinal column, these ganglia house the cell bodies of sensory
neurons that extend their axons into both peripheral tissues and the spinal cord or brainstem (Berta
etal., 2017). The sensory neurons within the DRG are responsible for detecting a variety of stimuli,
including mechanical pressure, temperature, pain, and proprioceptive information, and for
converting these stimuli into electrical signals that can be interpreted by the CNS (Krames, 2014).
DRG neurons are diverse, comprising several subpopulations that differ in their size, myelination,
and function. These subpopulations can be broadly categorized based on their fiber types:
unmyelinated small diameter C fibers, thinly myelinated A9 fibers, myelinated A fibers, and large
myelinated proprioceptors known as Aa fibers (Haberberger et al., 2023). Each of these fiber types
is specialized to respond to specific types of stimuli, for instance C fibers, which are the most
numerous, are primarily involved in transmitting nociceptive and thermal information, while A

fibers are involved in detecting touch and vibration (Figure 1.1).
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Figure 1.1. Sensory signal flow and reflexive motor Output. This figure depicts the pathways involved
in detecting and responding to noxious and non-noxious stimuli. Specific receptors in the skin and muscles
sense various stimuli: Ad fibers transmit sharp pain from hot stimuli, while C fibers carry dull, slow pain
signals. Touch stimuli, including light touch and pressure, are transmitted via AP fibers, and proprioception-
sensing body position and movement, is detected by Aa and AP fibers. Sensory (afferent) neurons relay
these signals to the dorsal root ganglion (DRG) and into the spinal cord, where interneurons in the
integration center process the input. Motor (efferent) signals are then sent via alpha motor neurons to
effectors, such as hand or arm muscles, which execute responses like withdrawing from a harmful stimulus.
This reflex arc highlights the body's rapid processing of sensory input to produce protective motor

responses. Created with BioRender.

Anatomically, DRG neurons are surrounded by satellite glial cells and are exposed to a high blood
flow, but they lack a robust neurovascular barrier, making them particularly prone to injury from
circulating toxins and metabolic imbalances seen in diabetes (Abram et al., 2006; Jimenez-
Andrade et al., 2008; Sapunar et al., 2012; Zochodne and Ho, 1991). Hyperglycemia is believed
to directly target these neurons, initiating a cascade of degenerative changes. DSPN typically
presents with sensory deficits that follow a “stocking and glove” distribution, progressing from the
distal extremities toward more proximal regions (Brown and Asbury, 1984; Sharma and Rayman,
2023) . This pattern suggests a dying-back mechanism, where longer axons are affected first,
leading to a retrograde degeneration that may ultimately compromise the neuronal cell bodies
within the DRG. To better understand these processes, rodent models of TIDM and T2DM have
been extensively used to replicate many of the early functional and structural abnormalities
observed in human DSPN (Feldman et al., 2019). These models, including the
BioBreeding/Worcester (BB/Wor) rat and the Ins2Akita mouse, demonstrate early functional and

structural abnormalities such as the slowing of motor and sensory nerve conduction velocities



(MNCYV and SNCV), sensory disturbances such as allodynia and hyperalgesia, and the eventual
progression to sensory loss; mirroring the early stages of human DSPN (Kamiya et al., 2009;

Stevens et al., 2004).

In streptozotocin (STZ) induced T1DM rats, for example, there is a progressive decline in
the synthesis and export of neurofilament polymers, resulting from aberrant phosphorylation at
specific sites within the neurofilament protein structure (Fernyhough et al., 1999). This improper
phosphorylation disrupts neurofilament assembly and compromises the structural integrity of
sensory axons. This mirrors the neurofilament depletion observed in human DSPN (Maalmi et al.,
2023). Structurally, rodent models also replicate several features of early nerve pathology observed
in humans, including reduced density of epidermal and corneal small sensory nerve fibers, myelin
thinning, and a reduction in the size of large, myelinated axons (Dhage et al., 2021; Misra et al.,
2015; Wang et al., 2015; Ziegler et al., 2014). However, despite these parallels, rodent models
often fall short in replicating the late-stage structural pathology of human DSPN, particularly the
extensive loss of fibers, Schwann cell pathology and segmental demyelination that are prominent
in advanced human cases (Dunnigan et al., 2013; Gumy et al., 2008; Mizisin et al., 1998; Willows
et al., 2023). While mild myelin thinning and occasional segmental demyelination (only observed
in the BB rat model of type 1 diabetes) have been observed in rodents, they generally do not exhibit
the severe Schwann cell damage seen in humans (Jin et al., 2021). The reported variability in
neuropathy measures among different models highlight the intricate and varied nature of DSPN
progression, which can be influenced by factors such as background strain, diet composition,
insulin/C-peptide deficiency, and coexisting conditions such as hyperglycemia and hypertension
(Singh et al., 2024). Despite these limitations, rodent models provide a controlled environment to

explore early molecular events that may not be as easily studied in humans. For example, the



downregulation of growth-associated proteins such as growth-associated protein 43 (GAP43) and
the upregulation of inhibitory factors such as phosphatase and tensin homolog (PTEN) in rodent
models highlight the degenerative phenotype specific to diabetes, underscoring the role of
metabolic and neurotrophic dysfunctions in driving DSPN (Maeda et al., 1996; Singh et al., 2014).
Additionally, advancements in diagnostic technigues, such as corneal confocal microscopy (CCM)
and intraepidermal nerve fiber (IENF) density measurements, have enhanced our ability to monitor
small fiber neuropathy and DRG neuronal health in these models (Chen et al., 2015; Dhage et al.,
2021). This, in turn, provides a more comprehensive understanding of DSPN’s progression,

ultimately aiding in bridging the gap between early and late-stage disease observed in humans.

1.5 Painful diabetic peripheral neuropathy (PDN)

Painful diabetic peripheral neuropathy (PDN) represents a significant complication found in
persons with DSPN, affecting approximately 20-30% of individuals with neuropathy (Preston et
al., 2023). It is characterized by chronic neuropathic pain, which can severely impact quality of
life, sleep, and mental health. While DSPN typically involves progressive axonal loss and sensory
deficits, the painful phenotype is characterized by paradoxical sensory abnormalities, including
spontaneous pain, mechanical allodynia, and thermal hypoalgesia (Pacifico et al., 2023). The
underlying pathophysiology of neuropathic pain in PDN extends beyond peripheral nerve
degeneration, involving anatomical and functional alterations at multiple levels of the pain
pathway, including the DRG, dorsal horn of the spinal cord, and brain. Chronic hyperglycemia
leads to oxidative stress, mitochondrial dysfunction, and impaired protein homeostasis within the
DRG, triggering upregulation of voltage-gated sodium channels such as Navl.7 and Navl.8
(Jayaraj et al., 2018). Studies indicate that Nav1.8 is expressed in approximately 75% of DRG

sensory neurons, including over 90% of C-fiber nociceptors, as well as certain Ad-nociceptors and
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AP afferents (Shields et al., 2012). The hyperexcitability of sensory neurons in PDN is largely
driven by dysregulated Nav1.8, which plays a crucial role in pain signaling (Jayaraj et al., 2018).
This dysregulation leads to increased spontaneous firing of nociceptive neurons, causing persistent

pain even in the absence of external stimuli.

In experimental models of PDN, tactile allodynia has been extensively studied using high-
fat diet (HFD) mouse models, where mechanical allodynia develops as a hypersensitivity to
mechanical stimuli such as light touch. This phenomenon is linked to the hyperexcitability of
Navl.8-positive DRG neurons, driven by C-X-C motif chemokine 12 (CXCL12)/ C-X-C
chemokine receptor type 4 (CXCR4) signaling (Jayaraj et al., 2018). By targeting the CXCR4
signaling pathway, researchers have been able to both prevent and reverse mechanical allodynia,
suggesting a potential therapeutic avenue for managing pain in PDN. A critical factor contributing
to PDN is the complex interplay between keratinocytes and sensory neurons. Recent research on
keratinocyte-derived exosomes (KDES) has revealed their involvement in axon degeneration and
neuropathic pain development (Coy-Dibley et al., 2024). Using a HFD mouse model of PDN,
KDEs were successfully characterized and isolated, revealing significant alterations in their
proteomic and microRNA composition. Notably, pathways associated with axon guidance and
synaptic transmission were found to be dysregulated in KDEs from HFD-fed mice, implicating
their role in neuropathic pain. In vivo tracking of KDEs demonstrated that these exosomes are
retrogradely trafficked into DRG neurons, indicating bi-directional communication between
keratinocytes and sensory neurons. This suggests that KDEs contribute to axon degeneration and
maladaptive pain signaling, opening new possibilities for targeting KDE-mediated mechanisms in
the development of topical interventions for PDN. Additionally, some ion channels, including

transient receptor potential (TRP) channels such as TRPV1 and TRPAL, are implicated in pain
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hypersensitivity by amplifying nociceptive signaling (Gao et al., 2024). Despite the complexity of
the underlying mechanisms in PDN, ongoing research continues to explore new strategies to
alleviate pain and identify novel molecular targets for effective therapeutic interventions in

diabetic neuropathy.

1.6 Pathogenesis of DSPN: Crosstalk between metabolic pathways

1.6.1 Hyperglycemia & lipid abnormalities

Peripheral neurons that innervate the feet, are among the longest cells in the human body. These
sensory neurons are heavily reliant on a robust vascular supply, functional mitochondria, and
tightly regulated glucose and lipid metabolism to meet their substantial energy requirements
(Galiero et al., 2023; Rawat and Morrison, 2021). Neurons, even in a quiescent state, demand
constant energy to sustain membrane potential, propagate action potentials, and recycle
neurotransmitters (Li and Sheng, 2022). This high metabolic demand underscores the importance
of efficient bioenergetic processes, which involve the uptake and regulated catabolism of glucose
and fatty acids (Petersen et al., 2022) to generate ATP. Neurons primarily absorb glucose via the
insulin-independent glucose transporter 3 (GLUT3), which is metabolized through glycolysis into
pyruvate (Peng et al., 2021). Under aerobic conditions, pyruvate enters the tricarboxylic acid
(TCA) cycle and oxidative phosphorylation (OXPHQOS), generating up to 32 ATP molecules per
glucose molecule. This pathway is critical for sustaining neuronal activity and energy homeostasis
(Wilson, 2017). However, in DSPN, these tightly regulated metabolic pathways become
overwhelmed, leading to the activation of auxiliary metabolic routes such as the polyol and
hexosamine pathways (Mizukami and Osonoi, 2020). These metabolic shifts, while initially

adaptive in managing excess glucose, contribute to long-term bioenergetic dysfunction by
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promoting the generation of ROS, increasing inflammatory responses, and driving mitochondrial

dysfunction (Roman-Pintos et al., 2016) .

Hyperglycemia triggers the activation of multiple metabolic pathways, beginning with the
polyol pathway, which is highly active in cells such as neurons that do not effectively regulate
glucose uptake (Chung et al., 2003). In this pathway, the enzyme aldose reductase catalyzes the
first step and reduces excess glucose to sorbitol. This reaction utilizes nicotinamide adenine
dinucleotide (NADPH) as a cofactor, which is essential for maintaining cellular redox balance and
regenerating reduced glutathione, a major antioxidant. However, the accumulation of sorbitol
within cells, due to its limited ability to diffuse across membranes, results in osmotic stress,
drawing water into the cells and causing swelling. This osmotic imbalance can lead to cellular
damage, particularly affecting Schwann cells, which are critical for nerve conduction. The
disruption of Schwann cells impairs nerve signal transmission, contributing to sensory deficits
observed in DSPN. Additionally, the conversion of sorbitol to fructose by sorbitol dehydrogenase
consumes NAD+, disrupting the NADH/NAD+ ratio and contributing to oxidative stress (Pang et
al., 2020). The depletion of NADPH further reduces the capacity to regenerate glutathione,
exacerbating oxidative damage to nerve cells, including those in the DRG. Simultaneously,
hyperglycemia promotes the diversion of glucose into the hexosamine pathway, where fructose-6-
phosphate (F-6-P) is converted to glucosamine-6-phosphate via the enzyme glutamine
aminotransferase (GFAT). This pathway ultimately generates uridine diphosphate N-
acetylglucosamine (UDP-GIcNAC), which typically functions in proteoglycan synthesis and the
O-linked glycosylation of proteins (Paneque et al., 2023). However, in the context of DSPN, a
portion of UDP-GIcNAC is aberrantly directed toward transcription factors such as Sp-1 (Zhu et

al., 2023). Sp-1 regulates crucial metabolic and inflammatory pathways, including insulin and lipid
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homeostasis, and influences the expression of tumor necrosis factor-B (TNF-B) and plasminogen
activator inhibitor-1 (PAI-1) (Figure 1.2). These molecular alterations drive persistent
inflammation, elevated oxidative stress, and activation of neurodegenerative pathways, leading to

targeted degeneration of sensory neurons and Schwann cells within the peripheral nervous system.
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Figure 1.2. Hyperglycemia-driven pathways contributing to DSPN. Under hyperglycemic conditions,
elevated glucose levels enter cells through glucose transporters and are shunted into multiple metabolic
pathways. Excess glucose is converted into sorbitol and fructose via the polyol pathway, generating reactive

oxygen species (ROS). Increased glucose also promotes the formation of advanced glycation end-products
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(AGEs), activating their receptor (Burglen et al.) and stimulating NADPH oxidase, NF-xB, and pro-
inflammatory cytokines. The hexosamine pathway modifies transcription factors (e.g., Spl), altering gene
expression of factors like TNF-p. Elevated diacylglycerol (DAG) activates protein kinase C (PKC),
influencing cellular responses. Collectively, these intertwined mechanisms lead to oxidative stress,
inflammation, and disrupted cellular function. Adapted from Zhu, Jinxi et al. 2024 and added explanation

to the figure legend (Zhu et al., 2023), Frontiers in Endocrinology under the terms of the CC BY 4.0 license.

Hyperglycemia continues to drive this detrimental cycle, as elevated glucose levels result in the
non-enzymatic binding of glucose to amino residues of various structural and functional proteins,
leading to the formation of advanced glycation end-products (AGEs) (Wada and Yagihashi, 2005)
(Figure 1.2). These products, which are toxic to neural tissues (Kikuchi et al., 1999), have been
linked to pain and hyperalgesia in individuals with diabetes (Bierhaus et al., 2012). One major
mediator of this hyperalgesia is methylglyoxal (MGO), a highly reactive dicarbonyl metabolite
that accumulates in diabetes due to impaired glyoxalase-1 activity in the PNS. Elevated MGO
levels have been observed in patients with painful diabetic neuropathy (Bierhaus et al., 2012),
although conflicting results exist (Hansen et al., 2015). MGO contributes to pain through post-
translational modification of voltage-gated sodium channels (VGSCs), particularly Nav1.8. By
modifying arginine residues within Nav1.8’s inactivation domain, MGO induces a depolarizing
shift in the voltage dependence of fast inactivation, causing hyperexcitability of nociceptors. In
addition to the role of MGO, another major consequence of hyperglycemia is the deposition of
AGEs within neural tissues. The deposition of AGEs has been observed in the nerves of diabetic
patients and animal models of diabetes. When AGEs bind to their specific receptors (Burglen et

al., 2023) they trigger modifications in gene expression and intracellular signaling pathways,
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resulting in the secretion of pro-inflammatory molecules and free radicals (Koerich et al., 2023).
This AGE-RAGE interaction not only amplifies inflammatory responses but also stimulates
oxidative stress, which perpetuates neural damage. The other major contributor to the development
of DSPN is protein kinase C (PKC), which is linked to normal nerve function (Way et al., 2001).
Aberrant regulation of PKC activity under hyperglycemia contributes to DSPN pathogenesis
(Figure 1.2). Glucose is converted to diacylglycerol (DAG), a substrate for PKC-B, increasing
vascular permeability and dysfunction (Geraldes and King, 2010). The pathological consequences

of hyperglycemia are diverse and extensive, leading to pronounced nerve damage and dysfunction.

Lipids play a significant role in this progression, where both hyperlipidemia and dyslipidemia
exacerbate DSPN in conjunction with hyperglycemia. Under normal physiological conditions,
long-chain fatty acids enter the f-oxidation pathway, with each cycle producing one molecule of
acetyl-CoA. However, in diabetes, the increased substrate load saturates the transport system,
leading to the conversion of excess acetyl-CoA into acylcarnitines (Mu et al., 2022). The buildup
of these acylcarnitines is toxic to both DRG neurons and Schwann cells. Dyslipidemia, marked by
elevated triglycerides and LDL cholesterol levels and reduced HDL cholesterol, further promotes
vascular inflammation and oxidative stress, impairing blood flow and activating inflammatory
pathways in the peripheral nervous system (Rumora et al., 2018). The synergistic interaction
between hyperlipidemia, dyslipidemia, and hyperglycemia amplifies metabolic instability, driving
oxidative stress, inflammatory molecule secretion, and nerve degeneration, underscoring the
importance of managing both glucose and lipid levels in diabetic patients to mitigate DSPN

progression and improve neural health.

1.6.2 Vascular complications in DSPN
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In DSPN, vascular dysfunction has emerged as a central element in the progression of the disease.
While there is some variability in studies regarding the role of blood flow in the early stages of
DSPN, mounting evidence supports the critical involvement of both microvascular and
macrovascular complications in accelerating nerve damage (Li et al., 2022). These vascular
disturbances are intricately linked to chronic hyperglycemia, which drives a cascade of metabolic
dysfunction, oxidative stress, and inflammation, leading to both impaired nerve perfusion and
progressive nerve degeneration. Chronic hyperglycemia serves as the primary trigger for vascular
dysfunction in DSPN, initiating metabolic dysregulation that impacts both the small blood vessels
(microvasculature) and larger arteries (macrovasculature) (Cade, 2008). One of the key
mechanisms through which hyperglycemia contributes to vascular damage is by disrupting
endothelial nitric oxide (NO) production (Meza et al., 2019). NO, a critical vasodilator responsible
for maintaining vascular tone and regulating blood flow, is diminished in DSPN due to oxidative
stress and inflammation triggered by persistent high glucose levels. The resulting endothelial
dysfunction leads to reduced bioavailability of NO, which contributes to vasoconstriction and
impaired blood flow to peripheral nerves (Kolluru et al., 2012). This reduction in nerve perfusion
results in chronic ischemia, depriving the nerves of essential oxygen and nutrients (Cameron et al.,
2001). The combination of reduced blood flow and metabolic stress accelerates axonal
degeneration and impairs Schwann cells, which play a key role in myelination and nerve repair.
Animal studies reinforce the role of vascular dysfunction in DSPN. For example, STZ-diabetic
mice and db/db mice exhibit impaired blood flow and vascularization in their sciatic nerves
(Himeno et al., 2011), providing direct evidence of how vascular disturbances manifest in
peripheral nerve tissues. However, it remains debated whether vascular pathology is the main

driver of nerve degeneration in DSPN.
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Microvascular complications are particularly prominent in DSPN, marked by structural
abnormalities in the capillaries that supply the peripheral nerves (Khawaja et al., 2000; Powell et
al., 1985). The thickening of the capillary basement membrane, a hallmark of diabetic
microangiopathy, results in impaired oxygen and nutrient delivery to the nerves. Studies have
shown that capillary density is significantly reduced in DSPN patients, contributing to chronic
ischemic injury (Tesfaye et al., 2005). This hypoxia not only exacerbates nerve dysfunction but
also impairs the nerve's ability to regenerate. In addition, the loss of autonomic regulation in the
microvasculature, often seen in DSPN, further impairs the ability of blood vessels to adjust blood
flow in response to changing metabolic demands (Beggs et al., 1992). This inability of the
neuropathic nerve to increase its blood flow, as demonstrated by studies showing a lack of
increased sural nerve conduction velocity following exercise, underscores the critical role of
vascular factors in DSPN (Cameron and Cotter, 2001). Macrovascular complications such as
atherosclerosis and peripheral artery disease (PAD) also play a significant role in worsening
vascular dysfunction in DSPN (Soyoye et al., 2021). Hyperglycemia-induced activation of PKC
via the accumulation of DAG is a key pathway through which vascular inflammation and
endothelial dysfunction are amplified (Himeno et al., 2011). The overactivation of PKC leads to
increased vascular permeability, endothelial cell dysfunction, and the formation of atherosclerotic
plaques (Qin et al., 2023). These plaques obstruct blood flow, worsening the ischemic environment
and accelerating nerve degeneration. PAD, which frequently coexists with DSPN, creates a vicious
cycle of nerve hypoxia and ischemic injury. The presence of atherosclerotic plaques not only
impairs the delivery of oxygen and nutrients to the nerves but also triggers further inflammatory
processes that leads to both vascular and neural damage (Esper et al., 2006). The overall impact

of these vascular disturbances is profound, leading to a detrimental cycle of chronic ischemia,
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reduced nerve repair capacity, and worsening neuropathy symptoms, including pain, sensory loss,
and motor dysfunction. The inability of the ischemic nerves to regenerate in this environment

significantly contributes to the progressive nature of DSPN.

1.6.3 Molecular and Cellular Mechanisms Driving DSPN

1.6.3.1 Mitochondrial dysfunction in DSPN pathology

Mitochondrial dysfunction is a well-established feature in DSPN, with structural abnormalities
consistently documented across multiple animal models and human studies (Fernyhough and
McGavock, 2014). Mitochondria, as dynamic organelles, are vital for several cellular processes,
most notably ATP generation through oxidative phosphorylation, but also calcium (Ca?")
homeostasis and the regulation of apoptotic pathways (Wang et al., 2023). Their structural
integrity, defined by a double membrane system comprising the outer and inner membranes, is
critical for maintaining cellular energy homeostasis. The outer membrane contains voltage-
dependent anion channels (VDACS), which allow for the exchange of ions and small molecules,
while also playing roles in lipid synthesis and the import of mitochondrial precursors (Varughese
et al., 2021) (Figure 1.3). In contrast, the inner membrane is more specialized and impermeable,
embedding transport proteins crucial for metabolite exchange, and houses the electron transport
chain (ETC), which is integral to ATP production (Mannella, 2020). The extensive folding of the
inner membrane into cristae optimizes ATP production by increasing the surface area available for
ETC and ATP synthase complexes. Within the matrix, the TCA cycle generates NADH and
FADH2, which donate electrons to the ETC, driving oxidative phosphorylation. The matrix also

contains mitochondrial DNA (mtDNA), ribosomes, and enzymes that support mtDNA replication
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and transcription, indicating the organelle’s endosymbiotic origins and intricate communication

with nuclear processes (Matsushima and Kaguni, 2012).

In DSPN, mitochondria exhibit a complex and heterogeneous response, varying by cell type and
affected regions. In diabetic feline models, particularly in the sural nerve, dystrophic axons contain
both abnormally enlarged and normal mitochondria, suggesting a selective vulnerability,
especially in distal axonal segments where the pathological enlargement of mitochondria is more
pronounced (Mizisin et al., 2007). Similarly, in rodent models of type 1 diabetes, such as STZ-
treated and BioBreeding (Kalichman et al., 1998) rats, Schwann cells, essential for axonal support,
display significant mitochondrial ultrastructural abnormalities, while axons and neuronal perikarya
show relatively normal mitochondrial profiles (Kalichman et al., 1998; Kamiya et al., 2006). This
selective vulnerability of Schwann cells to mitochondrial dysfunction likely contributes to the
progression of DSPN, as these cells play a critical role in maintaining axonal health and function.
Interestingly, in type 2 diabetic models such as the db/db mouse, which mimics obesity-induced
diabetes, an increased density of mitochondria in DRG sensory axons has been observed, yet these
mitochondria appear to have a normal ultrastructure (Kamiya et al., 2006). This suggests that
mitochondrial proliferation may occur as a compensatory mechanism in response to metabolic
stress, without overt structural damage (Galloway and Yoon, 2013). In contrast, type 1 diabetic
models, such as the non-obese diabetic (NOD) mouse and STZ-treated mice, as well as the Akita
mouse, consistently exhibit an accumulation of small, hyperdense mitochondria (Schmidt et al.,
2009; Schmidt et al., 2008; Schroer et al., 1992). These smaller mitochondria often aggregate in
post-synaptic dendrites, forming tightly packed clusters without intervening cytoplasm, indicative
of increased mitochondrial fission in response to the diabetic environment (Seager et al., 2020).

The aggregation of dysfunctional mitochondria in synaptic regions may impair synaptic
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transmission and energy metabolism, further escalating the neurodegenerative processes observed

in DSPN.

At a functional level, respiratory chain activity is markedly reduced in DSPN (Chowdhury
et al., 2010; Roy Chowdhury et al., 2012). Depolarization of the mitochondrial inner membrane
has been observed in acutely isolated adult DRG sensory neurons from STZ-diabetic rats (Huang
et al., 2003; Srinivasan et al., 2000). This depolarization impairs ATP production, disrupts Ca?*
homeostasis, and increases ROS generation, all of which contribute to mitochondrial dysfunction
and cellular stress. Research, including our work and studies conducted by the Dobrowsky
laboratory, has employed various methodologies to demonstrate that mitochondrial respiratory
chain activity is diminished in DRG neurons in both type 1 and type 2 diabetic rodent models
(Akude et al., 2011; Chowdhury et al., 2010; Ma et al., 2014). A decline in oxidative
phosphorylation (OXPHOS) efficiency directly compromises ATP production, limiting neuronal
energy reserves required for maintaining membrane potential, synaptic transmission, and ion
homeostasis. Proteomic analyses using stable isotope labeling with amino acids in cell culture
(SILAC) have identified a significant downregulation of proteins involved in oxidative
phosphorylation and the tricarboxylic acid (TCA) cycle in DRG mitochondria of STZ-diabetic rats
(Akude et al., 2011; Chowdhury et al., 2011). These proteomic alterations align with findings from
cardiac and skeletal muscle tissues in diabetic models, where key transcriptional regulators of
mitochondrial function, such as nuclear respiratory factor 1 (NRF-1) and peroxisome proliferator-
activated receptor gamma coactivator 1-alpha (PGC-1a), are downregulated (Bugger et al., 2009;
Mootha et al., 2003). The convergence of mitochondrial impairments across multiple tissues

highlights the systemic impact of diabetes on energy metabolism and cellular resilience.
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Further investigation into mitochondrial physiology has revealed that ATP synthase
inhibition via oligomycin administration results in significant hyperpolarization of the
mitochondrial inner membrane in neurons from diabetic rats compared to controls (Akude et al.,
2011). In healthy neurons, ATP synthase inhibition typically induces a transient hyperpolarization,
followed by a compensatory response facilitated by uncoupling proteins (UCPs). However,
diabetic neurons exhibit a prolonged hyperpolarization with an impaired recovery phase,
suggesting an inability to regulate mitochondrial membrane potential effectively (Chowdhury et
al., 2013). This maladaptive response may stem from insufficient expression or functional
impairment of UCPs, leading to suboptimal ROS modulation and increased susceptibility to
oxidative damage (Vincent et al., 2004). The disruption of lipid peroxidation pathways further

exacerbates mitochondrial membrane instability, compounding neuronal dysfunction in DSPN.

While Schwann cells (SCs) are selectively vulnerable to mitochondrial dysfunction,
evidence shows that such dysfunction is not limited to neurons alone. SCs play a critical role in
maintaining neuronal integrity and function, making their mitochondrial health essential for
overall nervous system stability. SILAC and pathway analysis of cultured primary Schwann cells
under hyperglycemic conditions indicated that proteins associated with mitochondrial dysfunction,
oxidative phosphorylation, TCA cycle, and detoxification were significantly increased in
expression (Zhang et al., 2010). Mitochondrial respiration assays in intact SCs have demonstrated
that hyperglycemia increases overall oxygen consumption while decreasing the efficiency of
coupled respiration, indicative of a metabolic shift toward uncoupled mitochondrial activity and
reduced ATP synthesis efficiency. These findings underscore the systemic nature of mitochondrial

dysfunction in diabetes and its critical role in the development of DSPN.
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Mitochondrial dysfunction in DSPN has also been investigated in human studies.
Confocal microscopy analysis of skin biopsies from patients with diabetes and sensory neuropathy
revealed a significant reduction in the expression of Complex IV components in intraepidermal
nerve fibers (IENFs) and subpapillary dermal fibers, compared to non-diabetic controls
(Casanova-Molla et al., 2012). This reduction in Complex IV expression occurred before
significant fiber loss, suggesting that mitochondrial dysfunction may precede overt
neurodegeneration. However, contradictory findings have emerged from a novel 3D imaging
study, which demonstrated enhanced mitochondrial volumes within IENFs of patients with
diabetic neuropathy (Hamid et al., 2014). This discrepancy may reflect different stages of DSPN
progression, where early-stage disease is characterized by reduced mitochondrial function,
followed by a compensatory increase in mitochondrial volume in response to elevated energy
demands during later stages of disease. These observations suggest a dynamic adaptation of
mitochondria in response to metabolic stress in DSPN, highlighting the need for further

investigation into the temporal progression of mitochondrial abnormalities in diabetes.

1.6.3.2 Calcium imbalance in DSPN progression

Ca?* dyshomeostasis in DSPN is a hallmark of the pathophysiological mechanisms underpinning
neuronal dysfunction in diabetes, where the finely tuned regulation of intracellular Ca?* is
profoundly disrupted (Fernyhough and Calcutt, 2010). Ca2* serve as critical intracellular second
messengers, regulating a range of neuronal processes including neurotransmission, excitability,
and cell survival (Klocke et al., 2023). Under normal conditions, cellular Ca** homeostasis is
tightly regulated by a coordinated system of Ca?* channels, transporters, and buffers across various
intracellular compartments, notably the cytosol, endoplasmic reticulum (ER), and mitochondria

(Ureshino et al., 2019). However, chronic hyperglycemia associated with diabetes severely alters
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this intricate regulatory network, leading to Ca?" mishandling and subsequent neuronal
degeneration in DSPN.

The ER plays a central role in maintaining Ca?" balance (Clapham, 2007). It acts as the
primary intracellular Ca* store, where Ca?* is sequestered via the action of sarco/endoplasmic
reticulum Ca?" ATPase (SERCA) pumps. These pumps are responsible for transporting Ca?* from
the cytosol into the ER lumen, where the concentration of free Ca?* reaches millimolar levels (0.5
—1.0 mM). This Ca?* reserve is released in response to various physiological stimuli, with inositol
1,4,5-trisphosphate receptors (IP3Rs) and ryanodine receptors (RyRs) mediating its release to the
cytosol, thereby activating a cascade of Ca*"-dependent processes critical for neuronal activity,
such as neurotransmitter release and long-term potentiation. In DSPN, however, oxidative stress
induced by sustained hyperglycemia results in structural and functional damage to the SERCA
pumps, reducing their efficacy (Zherebitskaya et al., 2012). This leads to a diminished ER Ca?*
load, which not only impairs Ca?" release but also compromises the signaling capacity of ER-
resident chaperones involved in protein folding and stress responses. Notably, chaperone-targeting
therapies have shown promise in mitigating DPN (diabetic peripheral neuropathy) related damage.
In particular, modulation of heat shock proteins (Hsp) has been proposed as a potential therapeutic
approach, with inhibitors such as KU-32 demonstrating protective effects. KU-32 and KU-596, C-
terminal Hsp90 inhibitors, enhanced mitochondrial bioenergetics in sensory neurons, improved
intra-epidermal nerve fiber density, deceased the inflammatory transcriptome, and reversed
physiological deficits associated with diabetic neuropathy (Ma et al., 2015; Urban et al., 2012).

Moreover, the reduction in ER Ca?* stores has far-reaching effects on intracellular signaling
dynamics. In sensory neurons affected by DSPN, the ability of the ER to release Ca?* via IP3Rs

and RyRs is significantly compromised, leading to a reduction in Ca?* transients essential for rapid
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neuronal responses (Hernandez-Beltran et al., 2013). This impairment in Ca?" signaling is
exacerbated by the decrease in SERCA activity, which slows the reuptake of Ca?* into the ER
following its release. As a result, there is a sustained elevation in cytosolic Ca?* concentration
([Ca?*]1), which triggers maladaptive cellular responses. Prolonged elevations in [Ca**]i lead to the
activation of Ca?*-dependent enzymes, such as calpains and caspases, which degrade cytoskeletal
proteins and initiate apoptotic signaling cascades (Klocke et al., 2023). While these processes can
cause structural and functional impairments, evidence for DRG neuronal loss in diabetic
neuropathy remains limited (Schmidt et al., 1997). Mitochondria, which are also key players in
cellular Ca?* regulation, become compromised in the context of diabetic neuropathy. Mitochondria
are responsible for buffering cytosolic Ca?*, particularly during periods of high neuronal activity,
by taking up Ca2?" through the mitochondrial Ca?" uniporter (MCU) (Ryan et al., 2020) (Figure
1.3). This Ca?* influx into mitochondria is crucial for the regulation of metabolic enzymes within
the Krebs cycle, which in turn enhances ATP production to meet the heightened energy demands
of neurons (Boyman et al., 2020). In DSPN, mitochondrial Ca?* handling is severely impaired,
leading to Ca?* overload within the organelle (George et al., 2022). This overload disrupts
mitochondrial function, leading to a reduction in ATP synthesis and the accumulation of ROS,

which further damages cellular structures.
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Mitochondrion

Figure 1.3. Mitochondrial Ca? homeostasis. mCa?* homeostasis is tightly regulated by influx and efflux
mechanisms. Ca?" enters into the mitochondrial matrix via MCU and through a high electronegative
potential (—180 mV) while its extrusion depends on NCLX and HCX exchangers. Within the matrix, Ca®*
stimulates the activity of three dehydrogenases of the Krebs cycle and ATP production. Ca?* ions are
depicted as yellow dots. Abbreviations: ER, endoplasmic reticulum; MAMs, mitochondria associated
membranes; ETC, electron transport chain; MCU, mitochondrial Ca?>" uniporter; VDACI, voltage-
dependent anion channel 1; ATP, adenosine triphosphate; MICU1, mitochondrial Ca?" uptake 1; IP3Rs,
inositol-1,4,5-trisphosphate receptors; ROS, reactive oxygen species; mPTP, mitochondrial permeability
transition pore; NCLX, Na+/Ca?* exchanger; HCX, H+/Ca?" exchanger. Adapted from Modesti, L. et al.

2021, (Modesti et al., 2021), Cells, MDPI under the terms of the CC BY 4.0 license.

26



The dysfunction of mitochondria in DSPN is closely linked to the disruption of Ca?*
signaling at mitochondria-associated membranes (MAMS), the specialized contact sites between
the ER and mitochondria (Giorgi et al., 2015). MAMs facilitate the efficient transfer of Ca?* from
the ER to mitochondria (Figure 1.3). In diabetic conditions, however, the function of MAMS is
diminished, leading to impaired Ca?* transfer and a further reduction in mitochondrial ATP
production (Dia et al., 2020). This disruption exacerbates the energy crisis within sensory neurons,
which are highly dependent on mitochondrial ATP for maintaining membrane potential and
supporting active transport processes. While mitochondrial dysfunction compromises energy
balance in sensory neurons, there is currently no evidence of apoptotic signaling in DRG neurons
(Verkhratsky and Fernyhough, 2008).

The disturbances in Ca?* homeostasis within sensory neurons also extend to the plasma
membrane, where voltage-gated Ca?* channels mediate Ca?" entry in response to neuronal
depolarization. In DSPN, alterations in the expression and function of these channels have been
observed, with increased density of both low- and high-threshold Ca?* currents reported in diabetic
sensory neurons (Nilius et al., 2006). However, despite this increase in channel density,
depolarization-induced Ca?* transients are often depressed, particularly in neurons with long
axons, such as those from the lumbar DRG (Huang et al., 2002; Kostyuk et al., 1995). This
paradoxical reduction in Ca2* transients may be attributed to enhanced Ca?*-dependent inactivation
of Ca?' channels, a process likely exacerbated by elevated resting [Ca*]i levels in diabetic neurons.
Ca?" dyshomeostasis in DSPN reflects a multifaceted breakdown of the systems responsible for
maintaining intracellular Ca** balance. The interconnected failures of the ER, mitochondria, and
plasma membrane Ca?** channels highlight the complexity of Ca?" regulation in neurons and

underscore the critical role of Ca?* signaling in neuronal survival and function.
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1.7 AMP-activated protein kinase (AMPK)
1.7.1 AMPK structure and function

The Ca?* sensitive AMP-activated protein kinase (AMPK) functions as a central metabolic sensor,
orchestrating cellular responses to energy stress by modulating a variety of biochemical processes.
Structurally, AMPK is a heterotrimer composed of a catalytic a subunit (al or a2) and regulatory
B (B1 or B2) and y subunits (y1, y2, or y3), with the y subunit containing four cystathione B-synthase
(CBS) repeats that bind AMP, ADP, and ATP (Ross et al., 2016) (Figure 1.4). This structural
arrangement allows AMPK to detect shifts in cellular energy status, particularly changes in the
ATP/AMP ratio, and subsequently adjust its activity (Chen et al., 2012; Xiao et al., 2011). Under
conditions of diminished ATP, AMP binds competitively to the CBS domains, enhancing AMPK’s
basal activity and facilitating the phosphorylation of the a subunit at Thr172 by upstream kinases,
such as liver kinase B1 (LKB1) (Woods et al., 2003) and Ca?"calmodulin-dependent protein
kinase kinase p (CaMKKJp) (Hawley et al., 2005). Phosphorylation at this site increases AMPK
activity by approximately 100-fold, setting off a cascade of downstream effects that collectively
promote catabolic pathways to restore ATP levels while suppressing anabolic processes that

consume energy (Woods et al., 2003).

Once activated, AMPK initiates metabolic shifts by phosphorylating key enzymes across multiple
pathways. In glucose metabolism, AMPK modulates enzymes that facilitate glucose uptake and
glycolysis, such as TBC1 domain family member 1 (TBC1D1) and thioredoxin-interacting protein
(TXNIP), which control glucose transporter type 4 (GLUT4) and glucose transporter type 1
(GLUT1) activity (Hardie, 2013). AMPK also enhances glycolytic flux by phosphorylating 6-

phosphofructo-2-kinase (PFKFB3) and inhibits glycogen synthesis via modulation of glycogen
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synthase. In lipid metabolism, AMPK activation results in the phosphorylation and inhibition of

of acetyl-CoA carboxylases (ACC1 and ACC2), the enzymes responsible for producing malonyl

CoA. This results in decreased intracellular malonyl CoA levels. Since malonyl CoA is a potent

inhibitor of carnitine palmitoyltransferase 1 (CPT1), its reduction removes this inhibition, allowing

CPT1 to facilitate the transport of long-chain fatty acids into the mitochondria for B-oxidation.

Thus, AMPK activation indirectly promotes fatty acid oxidation by decreasing malonyl CoA and

enabling mitochondrial fatty acid uptake (Kim et al., 2016). Furthermore, AMPK restricts protein

synthesis by phosphorylating the mammalian target of rapamycin complex 1 (mMTORC1) and

eukaryotic elongation factor 2 kinase (eEF2K), thus inhibiting pathways dependent on S6 kinase

(S6K1) (Inoki et al., 2003; Leprivier et al., 2013). Collectively, these effects shift cellular

metabolism to an energy-conserving mode that supports ATP regeneration.
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Figure 1.4. AMPK domains and structure. (a) Domain organization of AMPK subunits. Residue
numbering refers to human al, 1 and y1 isoforms. The a subunit consists of an N-terminal kinase domain,
an autoinhibitory sequence (Ang et al.) and a B-subunit interacting domain (B-SID). The B subunit is N-
terminally myristoylated (myr) and contains a mid-molecule carbohydrate-binding module (CBM) and C-
terminal ay subunit-binding sequence (SBS). The y subunit contains four cystathione 3-synthase (CBS)
domains, paired (1+2 and 3+4) to form two Bateman modules. (b) Tetrad organization of CBS domains in
the y-subunit, colored as in (a), showing locations of nucleotide binding sites (black arrows). (c) Structure
of the mammalian AMPK regulatory core and kinase domain [PDB 2Y94: rat al (7-299)/(331-469)/(524—
548), human B1 (198-272) (green), rat y1 (23-326) (red)]; a-subunit regions are colored as in (a). AMP
bound at vy site 3 is evident. Reprinted from “AMPK functions as an adenylate charge-regulated protein

kinase”, Vol 23, Jonathan S. et.al. 2012, with permission from Elsevier (Oakhill et al., 2012).

A key role of AMPK is in mitochondrial biogenesis, achieved primarily through its interaction
with peroxisome proliferator-activated receptor gamma coactivator-laa (PGC-la), a
transcriptional coactivator that stimulates the transcription of mitochondrial genes (Rodgers et al.,
2008). PGC-1a enhances mitochondrial DNA replication and activates nuclear respiratory factors
(NRF1 and NRF2), which in turn stimulate mitochondrial transcription factor A (mtTFA) to drive
mitochondrial DNA transcription (Feige and Auwerx, 2007; Rodgers et al., 2008).
Phosphorylation of PGC-1a by AMPK enhances this pathway, leading to increased mitochondrial
biogenesis and oxidative phosphorylation capacity. This AMPK-PGC-1a regulatory axis is
particularly critical in cells with high energy demands, such as neurons, where it supports ATP
production and counters oxidative stress by upregulating antioxidant genes (Feige and Auwerx,

2007; Jager et al., 2007; Roy Chowdhury et al., 2012).

1.7.2 AMPK abnormalities in DSPN
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In DSPN, AMPK signaling is profoundly impaired, which has been linked to mitochondrial
dysfunction and neuropathic deficits (Roy Chowdhury et al., 2012). In diabetic models, such as
STZ-induced diabetic rats, reduced AMPK phosphorylation correlates with mitochondrial
depolarization, diminished mitochondrial biogenesis, and increased vulnerability to neuronal
injury (Aghanoori et al., 2019; Chowdhury et al., 2013; Roy Chowdhury et al., 2012). Therapeutic
strategies to restore AMPK activity, such as the administration of resveratrol, reverse these defects
by enhancing AMPK signaling, thereby promoting mitochondrial polarization and stimulating
axonal outgrowth (Dasgupta and Milbrandt, 2007; Roy Chowdhury et al., 2012). Resveratrol, a
potent antioxidant, has also demonstrated efficacy in mitigating oxidative stress, which is a central
pathological feature in diabetic neuropathy (Kumar and Sharma, 2010). In STZ-induced diabetic
rats, resveratrol treatment significantly ameliorated neuropathic symptoms, including reductions
in motor nerve conduction velocity (MNCV) deficits, nerve blood flow impairments, and thermal
hyperalgesia. These protective effects were associated with decreased levels of oxidative stress
markers, such as malondialdehyde (MDA) and peroxynitrite, alongside increased catalase activity.
Resveratrol also reduced DNA fragmentation in sciatic nerve, as demonstrated by fewer TUNEL-
positive cells, highlighting its neuroprotective potential through DNA preservation (Kumar et al.,
2007). Additionally, resveratrol targets inflammatory pathways by inhibiting the nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-kB) signaling cascade, which is often
upregulated in diabetic neuropathy due to oxidative stress and AGE formation. This inhibition
reduces pro-inflammatory mediators such as cyclooxygenase-2 (COX-2), TNF-a, and interleukin-
6 (IL-6), while also decreasing oxidative damage markers such as MDA, highlighting its

neuroprotective potential in diabetic neuropathy.
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The activation of AMPK by CaMKKS is of particular interest due to its Ca?" dependency.
Unlike LKBI1, which is primarily activated by changes in the AMP ratio, CaMKKJ responds to
increases in intracellular Ca?" levels, allowing AMPK to be activated independently of cellular
energy status (Amato and Man, 2011). This mechanism is especially pertinent in neurons, where
Ca?" fluctuations are frequent and critical for various signaling cascades. CaMKKf-mediated
AMPK activation enables cells to respond rapidly to changes in intracellular Ca?', thereby
supporting essential functions such as mitochondrial biogenesis and the maintenance of
mitochondrial function. In this capacity, AMPK aids neuronal survival and promotes axonal
growth, providing a neuroprotective effect in environments where energy homeostasis is
compromised, such as in DSPN (Roy Chowdhury et al., 2012; Saleh et al., 2020). AMPK also
contributes to neuronal health through its role in autophagy and mitophagy. Specifically, AMPK
activation of Unc-51-like autophagy-activating kinases 1(ULK1) initiates autophagy, facilitating
the removal of damaged organelles and thus mitigating oxidative stress (Egan et al., 2011; Greer

et al., 2007).

AMPK s significance extends beyond neurons to systemic metabolic health, where it has
beneficial effects in various tissues. Pharmacological activators of AMPK, such as metformin and
AICAR, have demonstrated improved nerve conduction velocity, reduced inflammation, and
normalized mitochondrial function in diabetic models, suggesting potential applications for
AMPK activation in DSPN (Li et al., 2007; Owen et al., 2000; Russell et al., 2004). These effects
are likely mediated through the AMPK-PGC-1a axis, which supports mitochondrial biogenesis,
enhances ATP production, and decreases oxidative stress (Choi et al., 2014). By restoring cellular
energy homeostasis and reducing oxidative damage, the AMPK-PGC-1a axis offer a therapeutic

strategy to protect from neurodegeneration and improve outcomes in DSPN. Recent studies have
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identified the muscarinic acetylcholine type 1 receptor (M1R) as a key regulator of AMPK activity
in animal models of diabetic neuropathy (Calcutt et al., 2017). Inhibition of M1R leads to robust
activation of AMPK, which in turn confers protection against neuropathy in both type 1 and type

2 diabetes models.

1.8 Role of M1R in nerve repair

1.8.1 GPCR pharmacology and M1R structure

G protein-coupled receptors (GPCRs) form one of the most extensive and varied families of
membrane proteins, acting as vital mediators of cellular communication (Weis and Kobilka, 2018).
GPCRs are activated by a broad range of ligands, including neurotransmitters, hormones, and other
signaling molecules, making them indispensable for maintaining cellular homeostasis (Latorraca
et al., 2017; Zhang et al., 2024). Among GPCRs, the muscarinic acetylcholine receptors
(mAChRs) stand out as a highly conserved class of GPCR that are pivotal for their critical
involvement in the central and peripheral nervous systems (Kruse et al., 2014). These receptors
are divided into five subtypes: M1, M2, M3, M4, and M5. Each subtype is distinguished by its
unique G protein-coupling preferences. The M1, M3, and M5 subtypes are primarily associated
with Gqg/11 proteins, leading to the activation of phospholipase C (PLC), which subsequently
increases intracellular Ca?* signaling. In contrast, M2 and M4 receptors couple with Gi/o proteins,
which inhibit adenylyl cyclase and reduce cyclic AMP levels, creating distinct physiological
effects across various tissues (Hulme et al., 1990). Among the five subtypes, the M1R exhibits a
key role in shaping cognitive and sensory processes (Zhao et al., 2018). Insights from M:R
knockout (MiR—/—) mice further underscore its importance. These mice exhibit deficits in
mitogen-activated protein kinase (MAPK) pathway activation, a critical signaling cascade for

synaptic plasticity and cognition, particularly in hippocampal and cortical neurons (Wess et al.,
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2007). Behaviorally, MiR—/— mice perform similarly to wild-type controls in certain cognitive
tasks, such as the Morris water maze, indicating that M:R is dispensable for basic memory
formation or stability. However, under specific experimental conditions, such as non-matching-to-
sample working memory tasks or fear-conditioning paradigms, these mice demonstrate significant
impairments, suggesting that M:R is essential for higher-order cognitive processes requiring
cortical-hippocampal interactions (Gould et al., 2015). M1R is a Gg-coupled receptor that, when
activated by acetylcholine (ACh) leads to the breakdown of phosphatidylinositol 4,5-bisphosphate
(PIP2) through the action of PLCpB (Falkenburger et al., 2010) (Figure 1.5). This breakdown
generates two important secondary messengers: inositol trisphosphate (IP3) and diacylglycerol
(DAG). IPs binds to its receptors (IP:Rs) on the ER, stimulating the release of Ca*" from the ER
into the cytosol (Berridge and Irvine, 1989). Concurrently, DAG activates PKC. Together, these
signaling mechanisms orchestrate a variety of neuronal processes that are essential for neural
development and functional maintenance, particularly axonal plasticity, which is indispensable for

proper neuronal circuitry and synapse formation (Callender and Newton, 2017; Nishizuka, 1995).
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Figure 1.5. Schematic of M1 muscarinic receptor (M:R) signaling via the Gq protein pathway. When
acetylcholine (ACh) binds to MiR, the Gq heterotrimeric protein (o, 3, ) becomes activated, exchanging
GDP for GTP on the a-subunit. The activated Gqa then stimulates phospholipase C-B (PLC-B), which
cleaves the membrane lipid phosphatidylinositol 4,5-bisphosphate (PIP:) into two second messengers:
inositol 1,4,5-trisphosphate (IPs) and diacylglycerol (DAG). IPs diffuses through the cytosol and binds to
IP; receptors on the endoplasmic reticulum (ER), triggering Ca*" ion (Ca?") release into the cytosol.
Increased cytosolic Ca**, along with DAG, mediate downstream signaling events that lead to various

cellular responses. Created with BioRender.

1.8.2 M1R signaling: protection against dying-back neuropathy
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ACh is an essential neurotransmitter that modulates multiple aspects of neuronal function,
including the fine-tuning of synaptic transmission and neuronal development (Picciotto et al.,
2012). A key role of ACh during development is its impact on axonal sprouting, especially in
neurons, where it influences growth cone motility and cytoskeletal rearrangement (Ridiger and
Bolz, 2008). Growth cones, found at the tips of extending axons and dendrites, are dynamic
structures that respond to extracellular signals to guide neurons toward their target destinations
(Erskine and McCaig, 1995). This motility is fundamental for the proper formation of neural
circuits, as it allows for the precise wiring of neuronal connections during development. M1R,
through its modulation of Ca2* signaling within the growth cone, plays a vital role in controlling
the dynamics of the cytoskeleton, particularly the actin filaments (Bernstein and Bamburg, 2003;
Erskine and McCaig, 1995; Sabbir et al., 2018; Young and Poo, 1983). Upon ACh activation, M{R
initiates a cascade that triggers the release of Ca?*, which then interacts with proteins regulating
actin polymerization. This regulation is essential for the movement, extension, or retraction of the
growth cone, ensuring that neurons establish appropriate synaptic connections in response to

environmental cues.

These mechanisms, while critical during early development, are re-engaged in the adult
nervous system following injury, forming the foundation of neuronal regeneration (O'Donovan,
2016). Neuronal regeneration broadly encompasses several cellular processes - including neurite
outgrowth, axonal regeneration, dendritic remodeling, and synaptogenesis. Neurite outgrowth is
often the first step, referring to the extension of projections from the neuronal soma, which later
specialize into axons or dendrites. Axonal regeneration follows in damaged neurons, involving the
re-formation of growth cones at the injury site and directed regrowth toward original or new targets

(Mahar and Cavalli, 2018). Dendritic regeneration, in parallel, restores the ability of neurons to

36



receive synaptic input. Collateral sprouting, a process in which axons branch and extend toward
new targets in response to injury or external cues, is a cornerstone of neural plasticity and controls
fields of innervation (Hagg, 2006). Unlike axonal regeneration, which involves injured neurons
regrowing their axons, collateral sprouting is driven by uninjured neighboring neurons attempting
to compensate for the loss of axonal activity or synaptic input in denervated regions (Lemaitre et
al., 2020). This distinction is crucial: while both processes involve neurite extension, their origin

and triggers differ.

A growing body of research has revealed that endogenous cholinergic signaling can
impose a tonic suppression on neurite outgrowth in mature neurons, a finding that has critical
implications for therapeutic strategies targeting neuro-regenerative pathways (Calcutt et al., 2017).
Research conducted across diverse models, including Aplysia, Xenopus, and mammalian
embryonic neurons, has revealed that ACh released from growth cones modulates Ca**-dependent
motility through nicotinic and muscarinic receptors (Erskine and McCaig, 1995; Young and Poo,
1983). Activation of nicotinic receptors promotes neurite outgrowth, whereas muscarinic receptor
signaling, especially mediated by MR, exerts an inhibitory effect. This suppression is largely
attributed to Ca*" mobilization from internal stores as well as MiR-mediated activation of Ga
signaling, which inhibits actin filament dynamics, imposing constraints on growth cone motility
(Sabbir et al., 2018). In mammals, sensory neurons synthesize and secrete ACh and express key
components of cholinergic signaling, including the peripheral form of choline acetyltransferase
(pChAT) (Bellier and Kimura, 2007). Immunohistochemical staining of IENFs in the skin
confirms the presence of pChAT in nerve endings (Hanada et al., 2013). These neurons also exhibit
multiple muscarinic receptors, with notably low acetylcholinesterase activity (Bellier and Kimura,

2007; Bernardini et al., 2004). Together, these features establish a functional endogenous
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cholinergic system within sensory neurons, which tonically suppresses neurite outgrowth in adult
neurons. Our in vitro assays using DRG neurons replicate this sprouting behavior, providing a
robust model for studying axonal plasticity under conditions mimicking in vivo environments
(Smith and Skene, 1997). This model further serves as a predictive tool for assessing the
therapeutic potential of drugs aimed at enhancing IENF density and corneal sensory nerve fiber

restoration.

Muscarinic receptor antagonists, such as pirenzepine (PZ) and muscarinic toxin 7 (MT7),
have demonstrated significant promise in overcoming ACh-induced suppression of neurite
outgrowth (Calcutt et al., 2017; Jolivalt et al., 2020; Sabbir et al., 2018; Saleh et al., 2020). PZ is
a competitive orthosteric antagonist that binds to the active site of MR, blocking the interaction
of ACh and preventing downstream signaling (el-Fakahany et al., 1986). In contrast, MT7, derived
from Green Mamba snake toxin, acts as a negative allosteric modulator and exhibits remarkable
specificity for MR (Kukkonen et al., 2004). Previous studies have highlighted the potential of
MR antagonism in promoting neurite outgrowth and mitigating neuropathic conditions. Inhibition
of M1R, particularly with antagonists such as MT7, counteracted ACh-induced constraints on
neurite extension, facilitating enhanced growth (Calcutt et al., 2017). M1R knockout (KO) mice
exhibit notable resilience to diabetic neuropathy, highlighting MiR’s pivotal role in
neuroprotective pathways (Calcutt et al., 2017). However, investigations reveal no evidence of
diabetes-induced alterations in muscarinic receptor signaling. Specifically, ChAT activity and
M:R mRNA levels in diabetic models remain unchanged, suggesting that the susceptibility
conferred by M:R is independent of changes in ACh synthesis or receptor expression, thereby

adding complexity to its involvement in neuronal maintenance and injury response.
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A critical mechanistic insight into M1R’s function relates to its modulation of M-currents
- a class of voltage-gated potassium currents (mediated by KCNQ/Kv7 channels) that are active
near the resting membrane potential and serve to limit neuronal excitability (Galvin et al., 2020).
Activation of MR inhibits M-current activity, leading to membrane depolarization and enhanced
excitability, which may exacerbate pain signaling and neuronal stress. Conversely, MiR
antagonism relieves this suppression, resulting in increased M-current amplitude, membrane
hyperpolarization, and reduced likelihood of action potential generation (Naznin et al., 2022). This
neurophysiological modulation represents a key pathway through which M1R antagonists mitigate
hyperexcitability in neuropathic conditions. Beyond their electrophysiological effects, recent
studies have illuminated the importance of the AMPK/PGC-1a signaling axis in M1R-mediated
regulation of neuronal energy homeostasis and growth (Saleh et al., 2020). Blocking M1R with
MT?7 activates the CaMKKB-AMPK pathway in sensory neurons, which enhances mitochondrial
bioenergetics. These processes are critical for meeting the high energy demands associated with
neurite extension and cytoskeletal reorganization. Intriguingly, this mechanism appears spatially
localized as topical application of MT7 reversed the loss of sensory nerves in the cornea in animal
models of neuropathy (Calcutt et al., 2017; Saleh et al., 2020). In a model of chemotherapy-
induced peripheral neuropathy (CIPN) when applied topically to one eye, MT7 resulted in
enhanced AMPK activation only in the ipsilateral trigeminal ganglion, underscoring the localized

effect of M1R antagonism on sensory nerve regeneration (Saleh et al., 2020).

1.8.3 Therapeutic implications of MiR antagonism in diverse neuropathies

Beyond diabetic neuropathy, studies have extended these findings to other neuropathic conditions
such as CIPN, and human immunodeficiency virus-associated distal sensory polyneuropathy

(HIV-DSP), despite differing etiologies. The potential for M1R antagonists to address CIPN is
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particularly compelling given the widespread and debilitating nature of CIPN, which affects more
than 80% of patients receiving standard-dose anticancer therapies (Lee et al., 2024). CIPN,
characterized by distal axonal degeneration and reduced IENF density, shares significant
pathological similarities with diabetic neuropathy, including mitochondrial dysfunction, axonal
swelling, and impaired axonal transport. Schwann cell dedifferentiation and altered axonal
transport exacerbate these effects, causing debilitating sensory symptoms, including pain,
hyperalgesia, and allodynia. As MR inhibition exerts a neuroprotective role in diabetic
neuropathy, given that CIPN also causes nerve defects, daily intraperitoneal injections of
benztropine, which targets both MiR and MsR, prevents sensory deficits, prevented tactile
allodynia and preserved nerve conduction velocity (Cerles et al., 2019; Saleh et al., 2020). In HIV-
associated neuropathy, the HIV-TAT (trans-activator of transcription) protein exacerbates
mitochondrial dysfunction and axonal damage, resulting in distal sensory deficits, including pain,
tactile allodynia, and thermal hypoalgesia (Han et al., 2021). These neuropathies converge on
common mechanisms such as distal dying-back of axons, reduced IENF density, impaired
mitochondrial function, and axonal transport deficits as of DSPN. In the doxycycline-inducible
HIV-TAT transgenic mouse model, systemic administration of PZ preserved corneal nerve density
and prevented tactile and thermal deficits by mitigating mitochondrial dysfunction caused by TAT

expression (Han et al., 2021).

The efficacy of these drugs has been demonstrated across various in vitro and in vivo
models. In vitro studies using DRG neurons have shown that M:R antagonists enhance
mitochondrial respiration and promote neurite outgrowth, highlighting their role in reversing
neuropathy at the cellular level (Calcutt et al., 2017; Saleh et al., 2020). In vivo, STZ-induced type

1 diabetes and db/db mouse models for type 2 diabetes have been used to evaluate systemic and
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topical delivery of these agents (Jolivalt et al., 2020; Jolivalt et al., 2022). Subcutaneous
administration of oxybutynin reversed tactile and thermal deficits, while topical application of

MT?7 and oxybutynin restored corneal nerve density and prevented IENF loss (Calcutt et al., 2017;

Casselini et al., 2024).
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Figure 1.6. Morphological assessment of key small fiber parameters on skin biopsy and CCM. Upper
panel: skin biopsy and CCM analysis in a diabetic patient. Left: examples of axonal swellings on IENFs
(green). Arrows: axonal swellings, defined as enlargement on an IENF exceeding 1.5 mm. Scale bar 5 30
mm. Middle: IENFs stained with PGP 9.5 (green), Collagen 1V, and ULEX (blood vessels). Arrows:
IENFDs, defined as nerve fibers visible both in the dermis and the epidermis. Scale bar 100 mm. Right:
example of a CCM image. Red-traced nerve fibers: CNFD (main nerve fibers); blue-traced fibers: CNFL

(branched nerve fibers); green dots: branch points. Corneal confocal microscopy image is 400 3 400 mm.
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Lower panel: schematic representations of the main structures in the upper skin and of a typical CCM
image. Left: visualization of how IENFs are quantified. The nerve fibers (green) must be visible at both the
upper dermis and epidermis and therefore intersect the basement membrane. Axonal swellings are
represented on some of the IENFs (definition of axonal swellings varies among studies, eg, enlargements
exceeding 1.5 mm in diameter or enlargements at least 3 times the diameter of the afferent nerve fiber).
Middle: visualization of how epidermal NFLD (red boxes) and dermal NFLD (blue boxes) is quantified
using stereology. Briefly, stereological software (newCAST; Visiopharm, Hoersholm, Denmark)
superimposes 3D counting boxes on the computer screen together with “counting lines” inside the box,
representing the place where the focal plane and a virtual plane intersect. The counting is performed under
live microscopy, and the counting lines move inside the box as the investigator moves along the z-axis.
Every time a nerve fiber in focus intersects with a counting line, the nerve is marked, and the software
estimates their length. Right: schematic representation of a CCM image, showing main nerve fibers (red),
branched nerve fibers (Bluestone et al.), and branch points (white dots). CCM, corneal confocal
microscopy; CNFD, corneal nerve fiber density; CNFL, corneal nerve fiber length; IENFD, intraepidermal
nerve fiber density; NFLD, nerve fiber length density. Reprinted from “Structural, functional, and symptom
relations in painful distal symmetric polyneuropathies: a systematic review”, Pall Karlsson et.al. 2019,

with permission from Wolters Kluwer Health, Inc.- Pain (Karlsson et al., 2019).

The efficacy of M:R antagonists is measured through key endpoints that reflect structural,
functional, and metabolic recovery. Structural endpoints include IENF density in skin biopsies and
corneal nerve density measured via corneal confocal microscopy (Figure 1.6), both of which are
critical indicators of sensory nerve integrity (Calcutt et al., 2017; Jolivalt et al., 2022). Functional
endpoints, such as tactile allodynia and thermal hypoalgesia assessed using von Frey filaments and

hot plate tests, respectively, provide direct measures of sensory recovery. Metabolic endpoints,
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including enhanced mitochondrial respiration, ATP production, and activation of the AMPK-PGC-
la axis, highlight the bioenergetic improvements conferred by these treatments (Saleh et al.,
2020). Human studies have further validated the translational potential of M1R antagonists. A
randomized, double-blind, placebo-controlled trial of topical oxybutynin in patients with type 2
diabetes and confirmed peripheral neuropathy demonstrated significant increases in IENF density,
reduced neuropathic pain, and improved quality-of-life scores (Casselini et al., 2024). This study
underscores the clinical relevance of muscarinic receptor antagonists in reversing neuropathy
symptoms. Moreover, the ability of these drugs to target shared mechanisms across DSPN, CIPN,
and HIV-DSP suggests their potential for broad therapeutic applications. The evidence from
preclinical and clinical studies supports the central role of mitochondrial bioenergetics and
cytoskeletal organization in neuropathy treatment. By addressing these fundamental processes,
M:R antagonists not only restore sensory function and structural integrity but also pave the way
for targeted therapies that minimize systemic side effects. The success of both systemic and topical
delivery underscores their versatility and adaptability to different clinical scenarios, making them

a pivotal component of the therapeutic landscape for peripheral neuropathies.

1.9 TRPMS3: A key player in sensory perception

1.9.1 Structure and function

Transient Receptor Potential (TRP) channels are a large family of ion channels that play a vital
role in sensory perception and a variety of physiological processes in the human body. Discovered
in the late 20th century, these channels were initially identified in the fruit fly (Drosophila
melanogaster) as essential components for light perception (Nilius et al., 2007). Since then,

numerous TRP channels have been identified in mammals, including humans, where they are
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involved in a broad spectrum of biological processes. These channels are present in the cell
membranes of numerous cell types, where they act as sensors for external stimuli such as changes
in temperature, chemical signals, mechanical pressure, and osmotic pressure (Cao, 2020).
Functionally, TRP channels are permeable to cations such as Ca?* and Na*, which allows regulation
of electrical and biochemical signals in cells (Wang et al., 2020). This permeability is crucial for
the transmission of signals that enable cells to adapt to changes in their environment. TRP channels
can be classified into several subfamilies based on their structural features and functional
properties. These include the TRPC (canonical), TRPV (vanilloid), TRPM (melastatin), TRPA
(ankyrin), TRPP (polycystin), TRPML (mucolipin), and TRPN (Drosophila NOMPC, found
mostly in non-mammalian species) (Venkatachalam and Montell, 2007). Each subfamily has
distinct characteristics, however, they share the common functionality of being non-selective
cation channels. Among these subfamilies, the TRPM (melastatin) group is particularly significant
due to its involvement in multiple physiological and pathological processes. The TRPM family is
comprised of eight members (TRPM1 to TRPMS8), each of which has specialized functions. These
channels are involved in various processes such as thermosensation, pain perception, insulin

secretion, and ion homeostasis (Fleig and Penner, 2004).
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Figure 1.7. Modular structure, membrane topology, and expression of TRPM3. TRPM3 has six
transmembrane domains with a pore-forming domain between transmembrane regions 5 and 6. Both the N-
and C-termini are located in the cytosol. The N-terminus contains two calmodulin binding sites
encompassing amino acids 35-124 and 291-382. The C-terminus contains the TRP domain on the C-
terminal side of the sixth transmembrane domain. Reprinted from “Transient receptor potential TRPM3
channels: Pharmacology, signaling, and biological functions”, Gerald Thiel et.al. 2017, with permission

from Elsevier (Thiel et al., 2017).

The general structure of TRPM channels includes six transmembrane domains with a pore-forming
region between the fifth and sixth segments. Additionally, they have large intracellular domains at
both the N- and C-termini, which play important roles in regulating channel activity and interacting
with other cellular proteins (Himmel and Cox, 2020). As non-selective cation channels, TRPM
members allow the passage of various ions, including Ca?", Na*, and Mg?", in response to diverse
stimuli. Different TRPM channels are activated by distinct triggers; for instance, TRPM1 is crucial

for retinal function and vision, while TRPM2 functions as a sensor for oxidative stress and has
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roles in the immune response (Chubanov et al., 2024). TRPM4 and TRPM5 are essential for Ca?*-
activated cation currents, which influence electrical signaling in the heart and pancreas. TRPM6
and TRPM7 are necessary for magnesium balance and are critical for cellular growth and survival.

TRPMB8 is well-known as a cold receptor, sensitive to cool temperatures and menthol.

Within this family, TRPM3 has garnered attention for its distinctive functions in thermal
sensation, pain detection and modulation (Aloi et al., 2023; Vriens et al., 2011). TRPM3 is a non-
selective cation channel that exhibits the typical structural features of TRP channels. It possesses
six transmembrane domains and has a pore region that is vital for ion permeation (Figure 1.7). The
channel can exist in multiple isoforms due to alternative splicing, which enables the performance
of diverse functions in different tissues. TRPM3 is highly permeable to Ca**, which is critical for
its involvement in cellular signaling pathways. This channel is broadly expressed across the body,
including in the brain, sensory DRG neurons, retina, pancreatic 3 cells, as well as in smooth muscle
and kidney cells. The functions of TRPM3 are varied, with its role as a thermosensitive channel
being one of the most prominent (Uchida, 2024). In DRG neurons, TRPM3 channels are highly
involved in nociception, particularly responding to noxious heat and chemical stimuli (Vriens et
al., 2011). Studies have demonstrated that TRPM3 activation plays a significant role in
inflammatory pain. In mouse models, TRPM3-deficient mice exhibit a marked reduction in
inflammatory heat hyperalgesia, indicating that TRPM3 is essential for the sensitization of pain
under inflammatory conditions (Vriens et al., 2011). TRPM3 is expressed in a large subset of
TRPV1-expressing sensory neurons, and Trpm3 —/— mice show reduced heat sensitivity at both
cellular and behavioral levels. Interestingly, double knockout (DKO) mice lacking both TRPM3
and TRPV1 exhibit only mild heat sensitivity deficits, suggesting compensatory mechanisms

involving other heat-sensitive channels (Vandewauw et al., 2018). However, triple knockout
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(TKO) mice lacking TRPM3, TRPV1, and TRPAL display profound deficits in heat sensing,
confirming the complementary roles of these channels in acute noxious heat detection and their
interplay in maintaining thermosensitivity. When exposed to inflammatory stimuli, TRPM3
channels become sensitized, leading to enhanced pain perception. This makes TRPM3 a potential
therapeutic target for treating inflammatory pain disorders. For instance, antagonists that inhibit
TRPM3 activation alleviate thermal and mechanical hyperalgesia in animal models, suggesting
that TRPMS inhibitors could provide relief in conditions such as neuropathic and inflammatory

pain (Krigel et al., 2017).

Beyond its role in nociception, TRPM3 is also involved in metabolic processes, particularly
in pancreatic beta cells (Thiel et al., 2013). In these cells, TRPM3 activation by pregnenolone
sulphate (PS) enhances glucose-induced insulin secretion, linking this ion channel to glucose
metabolism and insulin regulation. This suggests that TRPM3 could play a role in metabolic
disorders such as diabetes, where impaired insulin secretion is a hallmark. The channel’s presence
in various tissues, including the kidney, retina, and brain, indicates that its physiological functions
are not limited to pain perception but extend to other critical cellular processes. Emerging evidence
connects TRPM3 to neurodevelopmental disorders as well, particularly developmental and
epileptic encephalopathies (DEE), which are characterized by epilepsy, intellectual disabilities,
and musculoskeletal abnormalities (Burglen et al., 2023; Zhao et al., 2020). Rare de novo
mutations in the TRPMS3 gene have been identified in individuals with DEE, revealing gain-of-
function effects that result in increased basal activity of the channel. Functional studies in
mammalian cells and frog oocytes demonstrate that these mutations make TRPM3 more sensitive
to heat and chemical activators, such as PS, while also elevating baseline calcium permeability

even in the absence of stimuli. This aberrant calcium influx leads to intracellular calcium overload,
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which is a known driver of neuronal damage and dysfunction. Patients with DEE-associated
TRPM3 mutations exhibit a spectrum of neurological and developmental symptoms, including
global developmental delay, epilepsy, altered pain perception, and cerebellar abnormalities such
as ataxia and hypotonia. These findings suggest that TRPM3-mediated calcium dysregulation
contributes to both developmental impairments and neuronal excitability. Notably, the antiseizure
medication primidone, a TRPM3 antagonist, reduced the basal hyperactivity of mutant channels,

providing a potential therapeutic avenue for managing DEE-related symptoms (Zhao et al., 2020).

Although the role of TRPM3 in the human brain remains incompletely understood, its gain-
of-function mutations in DEE highlight its critical involvement in neuronal calcium signaling and
developmental processes. These findings emphasize TRPM3’s broader physiological significance
and reinforce its potential as a therapeutic target in diverse conditions ranging from sensory and

metabolic disorders to severe neurodevelopmental diseases.

1.9.2 TRPM3 pharmacology

The pharmacological modulation of the TRPM3 channel offers a compelling avenue to explore its
multifaceted roles in sensory, metabolic, and neurological systems. TRPM3 channels respond to
diverse endogenous and synthetic modulators that influence its gating mechanisms, specificity,
and physiological outcomes (Held et al., 2015a). TRPM3 activation involves conformational
changes in the channel’s structure through two distinct permeation pathways - a canonical central
pore and a non-canonical alternative pathway, each with unique biophysical and pharmacological
characteristics. The canonical pathway refers to the conventional ion-conducting pore located at
the center of the TRPM3 tetrameric channel structure. Activation of this pore is typically induced

by classical agonists such as the endogenous neurosteroid pregnenolone sulfate (PS) and synthetic
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ligands like nifedipine (Grimm et al., 2003; Held et al., 2015a; Vriens et al., 2011; Wagner et al.,
2008). Ion conduction via this pore primarily facilitates the influx of divalent cations, notably Ca?*,
along with Na" and Mg?*". Electrophysiological recordings show this pathway exhibits an
outwardly rectifying current-voltage (I-V) relationship, characterized by increase in current
significantly at positive membrane potentials. In contrast, the non-canonical permeation pathway
represents a functionally and structurally distinct ion route within TRPM3 (Vriens et al., 2014).
This pathway becomes active only under specific conditions — most notably, co-stimulation with
PS and the antifungal agent clotrimazole (Clt) (Held et al., 2015a; Vriens et al., 2014). Unlike the
central pore, the non-canonical pathway shows preference for monovalent cations such as Na* and
is characterized by an inwardly rectifying 1-V profile, indicating a larger inward current at negative

potentials.

CIMO0216, a synthetic agonist with exceptional potency, provides an invaluable tool for
dissecting TRPM3’s dual pore functionality (Held et al., 2015a). Unlike PS, which requires Clt for
full activation of the non-canonical pathway, CIM0216 independently activates both permeation
pathways, inducing robust inward and outward rectifying currents. Interestingly, CIM0216 lacks
the acidic substituents critical for PS-mediated activation, suggesting a distinct binding
mechanism. Its structure, consisting of three aromatic rings around a central linking moiety, shares
basic similarities with Clt, potentially enabling its interaction with specific domains of TRPM3
that regulate the non-canonical pore. The dual activation by CIMO0216 significantly augments
intracellular Ca?* signals, particularly in excitable cells such as sensory neurons and pancreatic f3
cells. This mechanism facilitates Na*-driven membrane depolarization, which in turn activates
voltage-gated calcium channels, amplifying Ca?" influx and enhancing downstream signaling,

including vesicular release.
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In contrast, TRPM3 antagonists, including isosakuranetin and primidone, counteract the
channel’s activation by blocking ion influx or altering its conformation (Krugel et al., 2017; Straub
et al., 2013). Isosakuranetin, a flavonoid with high specificity for TRPM3, effectively blocks both
the canonical and non-canonical pathways by inhibiting ion flux induced by endogenous and
synthetic agonists (Straub et al., 2013). Its specificity for TRPM3 over other TRP channels makes
it a valuable tool for studying TRPM3’s role in sensory and inflammatory processes. Similarly,
primidone, an anticonvulsant drug, has shown efficacy in inhibiting TRPM3-mediated calcium
influx, reducing neurogenic inflammation and pain (Krigel et al., 2017). These antagonists
demonstrate significant potential in treating neuropathic pain and inflammatory conditions,

providing critical tools for investigating TRPM3’s roles in disease.

1.9.3 GPCR regulation of TRPM3 channels

One of the unique features of TRPM3 is its ability to be modulated by GPCRs through intricate
mechanisms that influence function in pain, inflammation, and other sensory processes. The
interaction between TRPM3 and GPCR pathways is a key mechanism through which opioid
analgesics exert their peripheral effects. The binding of Gy to TRPM3 effectively gates the
channel and prevents its activation, providing a molecular basis for how opioids can modulate pain
at the sensory neuron level (Badheka et al., 2017; Quallo et al., 2017). Similarly, Gg- and Gs-
coupled receptors, including prostaglandin EP2 and bradykinin B2 receptors, inhibit TRPM3,
highlighting the channel's central role in nociceptive signaling. These findings underscore TRPM3
as a promising therapeutic target for managing pain and inflammation. TRPM3 regulation extends
beyond GBy-mediated inhibition. The channel is dynamically modulated by phosphoinositides,
particularly PIP, (Badheka et al., 2015; T6th et al., 2015). PIP2 not only enhances TRPMS3 activity

but also plays a pivotal role in promoting recovery from channel desensitization. This recovery is
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facilitated by phosphatidylinositol kinases (PI-Ks), which resynthesize PIPs in the plasma
membrane, thus reactivating TRPM3 functionality. Among the phosphoinositides,
phosphatidylinositol (3,4,5)-trisphosphate (PIP3) and PIP2 exhibit the highest efficacy in
potentiating TRPM3 activity, while phosphatases that deplete these lipids act as inhibitory factors.
This lipid-mediated regulation underscores the critical importance of maintaining appropriate PIP

levels to ensure TRPMS functionality.

1.9.4 Effect of TRPM3 activation

Activation of TRPM3 by physiological stimuli or pharmacological agents initiates a robust influx
of Ca?*, surpassing that observed through depolarization-induced pathways such as voltage-gated
Ca?" channels (Held et al., 2015a). This Ca?* influx has profound implications for mitochondrial
function, intracellular signaling and neuronal adaptation, positioning TRPM3 as a central player
in linking Ca?* dynamics with metabolic and transcriptional regulation. Ca?* entry through TRPM3
channels triggers the binding of Ca?* to calmodulin, a key Ca?* sensor that modulates TRPM3
activity (Thiel and Rdossler, 2023). Calmodulin directly interacts with TRPM3 channels,
facilitating their activation and subsequent intracellular signaling (Holakovska et al., 2012).
Through its EF-hand motifs, calmodulin binds Ca?* ions, and the Ca*"-bound form is essential for
modulating TRPM3 activity and downstream signaling pathways. Importantly, this interaction
serves as a feedback mechanism: Ca?* influx through TRPM3 activates calmodulin, which in turn
activates calcineurin, a Ca?*/calmodulin-dependent phosphatase that acts as a negative regulator
of TRPM3 signaling. This dual role of calmodulin ensures precise control of TRPM3-induced

signaling cascades.
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Following TRPM3 activation, mitochondria rapidly buffer approximately 40% of the
incoming Ca?>* (Wang et al., 2022). This buffering leads to a steady-state elevation of
mitochondrial Ca* levels, a phenomenon that is further amplified by the neurotrophic factor -
nerve growth factor (NGF), which enhances TRPMS3 activity and slows the clearance of
intracellular Ca?". The delayed recovery of cytosolic Ca?" extends the duration of Ca?*-dependent
signaling cascades, underscoring the unique role of TRPM3 in modulating intracellular Ca?*
homeostasis. This sustained Ca2* signaling and buffering of Ca?* within the mitochondrial matrix
could play a role in activating enzymes in the TCA cycle, including pyruvate dehydrogenase
(PDH) and isocitrate dehydrogenase (IDH), which in turn accelerate ATP production to meet the
high metabolic demands of neurons. These findings indicate a potential role for TRPM3 in
modulating mitochondrial respiration and neuronal metabolism. In DSPN, where chronic
hyperglycemia and oxidative stress are known to impair mitochondrial function, TRPM3-mediated
Ca?* buffering emerges as a promising mechanism to maintain Ca?* homeostasis and enhance
mitochondrial energy production. By supporting these processes, TRPM3 may aid in neuronal
recovery, particularly in contexts of injury or degeneration. However, its precise role in DSPN,
including whether it mitigates or exacerbates Ca?* dysregulation, mitochondrial dysfunction, or
neuronal degeneration, remains unclear. This highlights the need for further investigation into the

mechanistic contribution of TRPM3 in diabetic neuropathy.

1.10 Rationale, hypothesis and aims

DSPN is characterized by a progressive "dying-back" axonal degeneration, leading to sensory
deficits and debilitating neuropathic pain. M:R antagonism was first demonstrated experimentally
by our lab to promote neurite outgrowth and enhance mitochondrial function via activation of the

AMPK pathway in DRG sensory neurons. The antimuscarinic drugs effectively prevented or
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reversed key indices of peripheral neuropathy, such as depletion of sensory nerve terminals,
thermal hypoalgesia, and nerve conduction slowing across diverse rodent models of diabetes. M1R
is linked to numerous processes including axonal sprouting and mitochondrial function.
Conversely, aberrant M:R activation disrupts these processes by inhibiting microtubule
polymerization and impairing mitochondrial trafficking in DRG neurons. Genetic ablation of MR
increases the sensitivity of DRG neurons to neurotrophic stimuli, enhancing neurite outgrowth.
Neurons from MiR knockout mice display significantly improved mitochondrial function,
evidenced by elevated maximal oxygen consumption rate and spare respiratory capacity, both
mediated through AMPK activation. Enhanced spare respiratory capacity allows mitochondria to
meet acute ATP demands, crucial for energy-dependent processes such as axonal growth and
repair. M{R antagonists such as pirenzepine and oxybutynin exhibit robust neuroprotective effects
in both in vitro and in vivo models of CIPN and HIV-associated neuropathy. Clinical trials further
validate these findings, with topical oxybutynin demonstrating increased IENF density and
improved scores on clinical neuropathy, pain and quality of life scales in type 2 diabetes patients.
Mechanistically, MiR antagonism activates AMPK via its upstream regulator CaMKKSf. This
process is initiated by a slow but sustained rise in intracellular Ca**, which is dependent on
extracellular Ca?* influx rather than release from intracellular stores such as the ER. A potential
source of this extracellular Ca?" is the TRPM3 channel, a non-selective cation channel that remains
closed under low levels of PIP.. Based on these findings, | hypothesized that M1R antagonism-
induced blockade of G protein signaling increases PIP: levels, activating TRPM3 channels and
leading to enhanced mitochondrial function and axonal regeneration. This hypothesis is divided

into two specific aims (I & I1) and presented in chapters 3 & 4 respectively.
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Figure 1.8: Hypothetical model of M:R-mediated regulation of TRPM3 signaling via calcium influx
and downstream pathways. This schematic represents a proposed mechanism in which MiR signaling
negatively regulates TRPM3 channel activity. Upon activation, MiR couples to G proteins (o, B, Y subunits)
and stimulates phospholipase C (PLC), leading to hydrolysis of PIP: into IPs and DAG. This reduces
membrane PIP: levels, a critical factor for TRPM3 activation. TRPM3, activated by the agonist CIM, allows
calcium (Ca?") influx, which binds to calmodulin (CaM), subsequently activating CaMKKf and initiating
downstream signaling. Antagonism of MiR by PZ is hypothesized to prevent PLC activation, preserve PIP:

levels, and enhance TRPM3-mediated Ca?" signaling.
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Specific Aims:

Aim |: To determine whether direct activation of TRPM3 channels promotes axonal repair and

recapitulates the neuroprotective effects of M:R antagonism in DRG sensory neurons.

TRPM3 channels regulate Ca?* influx and mitochondrial dynamics; however, their precise impact
on neuronal metabolism and repair processes remains poorly understood. This aim tested whether
TRPM3 activation via specific agonists, pregnenolone sulfate (PS) and CIM0216, promoted Ca?*
influx, activated AMPK, and enhanced mitochondrial respiration in DRG sensory neurons. Using
a combination of live-cell Ca?* imaging, mitochondrial functional assays (e.g., OCR and ATP
production), and metabolomic profiling (via mass spectrometry), we demonstrated that TRPM3
activation improves mitochondrial function, supports neuronal metabolism, and promotes neurite
outgrowth. To validate the findings, we employed TRPM3-specific knockdown models and
cultures derived from MR knockout mice, confirming that TRPM3 activation is required for the
antimuscarinic-mediated enrichment of mitochondrial function and axonal regeneration. This
work provides mechanistic insights into the role of TRPM3 channels in mediating the beneficial
effects of M:R antagonism on mitochondrial function and axonal repair. This work provides
critical mechanistic insights into the interplay between TRPM3 channels and the CaMKKp-AMPK
signaling pathway, identifying a potential therapeutic strategy for treating peripheral neuropathies
such as DSPN, CIPN, and HIV-associated neuropathy. The data supporting Aim | comprise a
published research article in Molecular Metabolism titled: "Muscarinic acetylcholine type 1
receptor antagonism activates TRPM3 to augment mitochondrial function and drive axonal repair
in adult sensory neurons.” This publication forms Chapter 3 of this thesis and addresses the

following key questions:
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1) Does TRPM3 activation using specific agonists induce Ca?' influx and activate
downstream signaling pathways?

2) How does TRPM3 activation modulate mitochondrial metabolism and promote axonal
regeneration?

3) What is the mechanistic link between M:R antagonism and TRPM3 activation?

This aim establishes a novel pathway linking Ca?" signaling via TRPM3 activation to
mitochondrial function and axonal repair, providing a foundation for future therapeutic approaches

for peripheral neuropathies.

Aim 1I: To determine the in vivo role of TRPM3 activation in mediating the neuroprotective and

axonal repair effects of MR antagonism in a mouse model of diabetic neuropathy.

Pirenzepine (PZ), a selective M:R antagonist, promoted axonal repair and reversed nerve
degeneration in diabetic neuropathy. Topical PZ effectively treats peripheral neuropathy in
diabetic mice by promoting axonal repair. Furthermore, PZ is currently in clinical trials for the
treatment of diabetic neuropathy (phase 11l to be performed in 2025), as well as neuropathies
induced by HIV or chemotherapeutics, highlighting its therapeutic potential across diverse
neuropathic conditions. Following the findings in Aim I where PZ mediated its effects through
TRPM3 activation, we sought to investigate the role of TRPM3 in mediating these neuroprotective
effects in vivo. This aim utilized a diabetic neuropathy mouse model of type 1 diabetes induced by
STZ to examine whether TRPM3 activation is essential for PZ-mediated nerve repair and
functional recovery. In this aim, female Swiss webster mice were divided into seven experimental
groups, including control and STZ-induced diabetic groups with and without PZ treatment, as well

as combinations with TRPM3 inhibitors primidone and isosakuranetin. PZ including other drugs
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were administered either topically (to the cornea) or subcutaneously. To determine the effects of
these treatments, we assessed nerve conduction velocity (NCV), corneal nerve density, tactile and
thermal sensitivity over time at 4, 8 and 16 weeks post-treatment. This aim addresses critical
questions related to the in vivo role of TRPMS3 in mediating the neuroprotective effects of M1R
antagonism and provides mechanistic insights into peripheral nerve repair in diabetic neuropathy.

Data supporting this aim forms Chapter 4 of this thesis and addresses the following questions:

1) Does PZ treatment promote nerve repair and functional recovery in a diabetic mouse
model?

2) Is TRPM3 activation required for the neuroprotective effects of PZ in vivo?

3) How do corneal and systemic routes of PZ administration differ in their impact on nerve

repair?

This aim provides insights into the translational relevance of findings from in vitro studies to more
complex in vivo systems. While in vitro studies have demonstrated that PZ promotes axonal repair
via TRPM3 activation, in vivo models offer a more realistic perspective on the challenges of
translating these mechanisms to whole-organism physiology. Factors such as systemic drug
distribution, localized effects, immune responses, and the involvement of other cellular pathways
can influence outcomes in ways not well explained in in-vitro system. By utilizing a diabetic
neuropathy mouse model, this aim bridges the gap between cellular mechanisms and their
application in living systems, emphasizing the interplay of multiple biological factors that may
modulate the therapeutic efficacy of PZ and TRPMS3 activation in the context of peripheral
neuropathy. This approach highlights the complexity and variability of in vivo models, providing
a more comprehensive understanding of the therapeutic potential and limitations of targeting the

M1R-TRPM3 axis.
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Chapter 2

Experimental methods and materials

Chapter 2 includes all the methods to maintain a concise and easy-to-read thesis. The content has
been compiled from chapters 3 (published in Molecular metabolism, Dec 2024) and 4 (manuscript
in progress). The described experimental procedures were carried out either independently by me
or in collaboration with the co-authors. Contributions from other authors are detailed at the end of

chapter 3 and 4.

2.1 Adult rodent DRG sensory neuron culture

The Canadian Committee on Animal Care (CCAC) guidelines were carefully followed for all
animal protocols. As described previously, intact DRG were isolated and dissociated from adult
age matched male control and 3-4-month streptozotocin (STZ)-induced diabetic Sprague—Dawley
rats, wild type (Callender and Newton) C57BL/6 mice and M1R knockout (KO) mice (the latter a
kind gift from Dr. Jirgen Wess at NIDDK, USA) (Fernyhough et al., 1993; Mulderry and Lindsay,
1990; Urban et al., 2012). Type 1 diabetes was induced by injection of STZ (Millipore Sigma
Canada Ltd, Oakville, Ontario, Canada) in 0.9% saline after overnight fast at a single dose of 90
mg/kg for rats. Blood glucose levels were confirmed 4—7 days later in samples obtained by tail
prick and measured using a strip-operated reflectance meter (Alpha TRAK2, Zoetis Canada inc.,
Kirkland, Quebec, Canada). Our previous studies reveal that neurons isolated from type 1 diabetic
rats exhibit key components of the diabetic phenotype and mimicking some aspects of the
neurodegenerative process associated with diabetic neuropathy (Schartner et al., 2018;

Zherebitskaya et al., 2009). Neurons were cultured in defined Hams F-12 media in the presence of
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N2 supplement (0.1 mg/mL transferrin, 20 nM progesterone, 100 uM putrescine, 30 nM sodium
selenite, 0.1 mg/mL BSA; MilliporeSigma Canada Ltd, Oakville, Ontario, Canada supplied the
additives; Wisent Inc, Saint-Jean-Baptiste, Quebec, Canada provided the culture medium), insulin
(MilliporeSigma Canada Ltd, Oakville, Ontario, Canada) and low-dose cocktail of neurotrophic
factors (0.1 ng/mL NGF, 1.0 ng/mL GDNF, and 0.1 ng/mL NT-3; all from Peprotech, Cranbury,
NJ, USA) (Calcutt et al., 2017). By delivering growth factors, the goal was to mimic the level of
neurotrophic support that sensory neurons receive in vivo. The enrichment of neurons was
accomplished by centrifuging in a 15% BSA (Thermo Fisher Scientific, Carlsbad, California,
USA) column (Gavazzi et al., 1999). Most of the fibroblasts and Schwann cells were removed
during this process, but a minimal number of satellite cells accounted for approximately 5%-10%
of total cells in the final culture (mostly directly associated with sensory neurons). Cells were
plated onto poly-d-lI-ornithine hydrobromide (MilliporeSigma Canada, Oakville, Ontario,
Canada), and laminin-coated 12 mm glass cover slips for neurite outgrowth and microscopy
studies, black-96 well clear bottom plates for Ca?* imaging using confocal microscopy, NUNC
plastic tissue culture multi-well dishes for immunoblot analysis and custom 24-well plastic dishes
for assessing mitochondrial bioenergetics using a Seahorse Biosciences XFe24 Analyser (laminin,
cover slips, and plates from Thermo Fisher Scientific, Carlsbad, California, USA, Seahorse
products from Agilent Technologies Inc, Santa Clara, California, USA). In all studies neurons
from age matched control mice and rats were cultured in the presence of 10 mM d-glucose
(MilliporeSigma Canada Ltd, Oakville, Ontario, Canada) and 0.1 nM insulin and neurons from

diabetic rats were maintained in medium containing no insulin and 25 mM d-glucose.

2.2 Neuroblastoma SH-SY5Y cell line culture
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The human neuroblastoma SH-SY5Y cell line (ATCC CRL-2266, Virginia, USA) was a kind gift
from Dr. Jun-Feng Wang, University of Manitoba. The cells were cultured in DMEM/F12 (1:1)
media supplemented with heat inactivated 10% FBS (DMEM/F12 and FBS from Thermo Fisher
Scientific, Carlsbad, California, USA) and 1x antibiotic antimycotic solution (MilliporeSigma

Canada Ltd, Oakville, Ontario, Canada).

2.3 AAV-PHP.S mediated knockdown of TRPM3

The DRG neurons were seeded in culture plates and incubated at 37 °C with 5% CO2 for 18-20
h. Custom AAV.PHP.s (Chan et al., 2017) vectors encoding a scrambled sequence or carrying
ShRNA to TRPM3 (CGAGACATGGGCCCTCAAATA) under the U6 promoter were generated
by Vector Builder (Chicago, IL, USA), with a final titer exceeding 1 < 10”12 genome copies per
milliliter (GC/ml). The culture medium was removed from the DRG neurons, and neurons were
infected with the AAV vector at a multiplicity of infection (MOI) corresponding to 1 x 1075 viral
particles per neuron. After 8 h of viral exposure, the medium was replaced with fresh complete
culture medium, and cells were again incubated at 37 °C in a 5% CO2 incubator overnight.
Analysis was performed 24-48 h post-transduction and levels of transduction were verified based

upon GFP and RFP expression.

2.4 Real-time intracellular Ca?* imaging

For acute measurements, as shown in Figure 3.1, Figure 3.2 (Chapter-3"), neurons were cultured
in 96-well plates (black clear-bottomed; Thermo Fisher Scientific, Carlsbad, California, United
States) overnight. The following day or after 48 h, the cells were washed with HBSS with Ca?* or
HBSS without Ca?* and then loaded with 3 pM of Ca®*sensitive dye fluo-4 AM (all from Thermo

Fisher Scientific, Carlsbad, California, United States). After 1 h of incubation, the cells were
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washed with HBSS again. The temperature of the stage was maintained at 37 °C using a heating
block. The 96-well plate was then placed in a Zeiss LSM 510 META Confocal microscope with
on-stage incubator. Baseline signals were collected (excitation at 494 nm and emission 516 nm;
20 x and 100 x objectives) followed by addition of drugs such as CIM0216 (Bio-Techne Canada,
Toronto, ON, Canada; and referred to as CIM), pregnenolone sulphate (PS), primidone,
isosakuranetin, pirenzepine (PZ), muscarine (Millipore Sigma Canada, Oakville, Ontario, Canada)
and MT7 (Alomone labs, Jerusalem, lIsrael). Regions of interest (ROIs) containing individual
neuron cell bodies or axons were selected and fluorescence intensities were quantified using Zen
2009 software. For calcium measurements at x20 magnification 10-15 ROIs from perikarya/axons
per field or well of a 96-well plate were selected. The graphed data is the average of individual
perikaryal or axon ROI signals from 7 to 10 replicate wells. For x100 imaging, multiple ROIls
within the perikaryal or axons were derived from 1 to 2 neurons. This process was performed in
3-5 wells of a 96 well plate. The data is presented as change in intensity of fluo-4 fluorescence
(AF/F) and the area under the curve (Maalmi et al.). The AF/F was calculated as AF/F = (F-F0)/FO,
where F is the fluorescence at a given time and FO is the baseline fluorescence signal averaged
over a 10s period corresponding to the lowest fluorescence signal over the recording period. The
data was plotted as the average intensity of perikaryal or axon signal from 3 to 5 replicate wells.
AUC was calculated individually as (S1+S2)/2 x (t2—t1) where (S1+S2)/2 gives the average
calcium signal between the two time points t1 and t2. Once the individual areas were computed

for all time intervals, the average of these areas was taken to represent the total AUC.

2.5 Assessment of total neurite outgrowth

Adult rat or mouse neurons grown on glass coverslips were fixed with 2% paraformaldehyde in

PBS (pH 7.4) for 15 min at room temperature and permeabilized with 0.3% Triton X-100 in PBS
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for 5 min (products from Thermo Fisher Scientific, Carlsbad, California, USA). Neurons were then
incubated in blocking buffer (Roche, Basel, Switzerland) diluted with FBS and 1.0 mM PBS
(2:2:7) for 1 h, then rinsed 3 times with PBS. The primary antibody used was against B-tubulin
isotype 11 (MilliporeSigma Canada, Oakville, Ontario, Canada; 1:1000), which is neuron specific.
Plates were incubated at 4 °C overnight. The following day, the coverslips were incubated with
Cy3-conjugated secondary antibodies (Jackson ImmunoResearch Laboratories, West Grove,
Pennsylvania, USA) for 1 h at room temperature and then mounted and imaged using a Carl Zeiss
Axioscope-2 fluorescence microscope equipped with an AxioCam camera. Random images were
captured using Axio-Vision4.8 software. Quantification of total neurite outgrowth was performed
by measuring the mean pixel area of captured images using ImageJ software and adjusted for the
cell body signal. All values were adjusted for neuronal number. The level of total neurite outgrowth
in this culture system has been validated to be similar to collateral sprouting in vivo and directly

related to arborizing axonal plasticity (Smith and Skene, 1997).

2.6 Quantitative Western blotting

Cultured sensory neurons derived from rat DRG and SH-SY5Y cells were harvested after
treatments in ice-cold RIPA buffer, 1 mM PMSF and protease inhibitor cocktail and were stored
at — 80 °C (Fernyhough et al., 1999) (products from Thermo Fisher Scientific, Carlshad,
California, USA). Protein concentration was measured using the DC protein assay (Bio-Rad,
Hercules, CA, USA), and the lysates from the culture were resolved on a 10% sodium dodecyl
sulphate—polyacrylamide gel electrophoresis [SDS-PAGE; 8% for TRPM3 and 15% for
mitochondrial OXPHOS proteins] and electroblotted onto nitrocellulose membrane. The blots
were blocked with 2% (for p-AMPK and T-AMPK) and 5% (for TRPM3, TRPM2 and

mitochondrial OXPHQOS proteins) non-fat dry milk, rinsed in TBS-T and incubated with antibodies
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to the following proteins: TRPM3 (anti-TRPM3 antibody, ab56171; 1:200, Abcam, Waltham,
Massachusetts, USA and anti-TRPM3 extracellular, PA5-77327; 1:200, Thermo Fisher Scientific,
Carlsbad, California, USA), anti-TRPM2 antibody (NB110-81601SS; 1:500, Bio-Techne,
Toronto, Ontario, Canada), p-AMPK (Thr172; 9101s; 1:1000, New England Biolabs, Whitby, ON,
Canada), total-AMPK (T-AMPK; SC25792; 1:1000, Santa Cruz Biotechnology Inc., Dallas,
Texas, USA), and mitochondrial OXPHOS cocktail (Oxphos WB-antibody cocktail; 45-8099;
1:1000, Thermo Fisher Scientific, Carlsbad, California, USA). After overnight incubation, the
blots were washed 3 times with TBS-T for 10 min each, followed by addition of secondary
antibodies at a dilution of 1:2000 for 1 h at room temperature. The blots were rinsed, incubated in
Western Blotting ClarityTM Western ECL substrate (Bio-rad, Hercules, California, USA), or
SignalFire™ Elite ECL reagent (Cell Signaling, Danvers, Massachusetts, USA) for a few minutes

and imaged using a Chemi Doc (Bio-Rad, Hercules, California, USA).

2.7 Measurement of mitochondrial respiration

The neuronal bioenergetic function was measured using an XFe24 Seahorse Analyzer (Agilent
Technologies Inc, Santa Clara, California, USA). The XFe24 creates a transient 7-ul chamber in
specialized 24-well microplates that allows for oxygen consumption rate (OCR) to be monitored
in real time (Hill et al., 2009). A change of culture medium to unbuffered DMEM (pH 7.4)
supplemented with 1 mM pyruvate and 10 mM d-glucose (for control) or 25 mM d-glucose (for
diabetic rat-derived cultures) was performed 1 h before the assay. OCR was linear in the range of
2,500-5,000 neurons per well. We sequentially injected oligomycin (1 uM), carbonyl cyanidep-
trifluorocarbonyl-cyanide methoxyphenyl hydrazone (FCCP) (1 uM), and rotenone (1 uM) plus
antimycin A (1 uM) through ports in the Seahorse Flux Pak cartridges (Roy Chowdhury et al.,

2012) (chemicals from MilliporeSigma, Canada, Oakville, Ontario, Canada). Each loop began
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with mixing for 3 min, was delayed for 2 min, and had OCR measured for 3 min. This allowed
determination of the basal level of OCR, the amount of oxygen consumption linked to ATP
production, the maximal respiration capacity, and the non-mitochondrial oxygen consumption
(Brand and Nicholls, 2011; Hill et al., 2009). Afterwards, the cells were suspended in RIPA buffer,
PMSF and a cocktail of protease inhibitor. After centrifugation at 140009 for 10 min, the lysate
was collected, and the DC protein assay was run followed by data analysis normalizing OCR to

mg total protein.

2.8 Immunofluorescence

Cultured DRG neurons and SH-SY5Y cells were fixed on coverslips with paraformaldehyde (2%).
The slides and coverslips were then washed with phosphate buffer saline (PBS) 3 times followed
by treatment with 0.03% Tween-20 for 5 min to permeabilize the cells. The slides and cover slips
were washed again and blocked with blocking buffer diluted with FBS and 1.0 mM PBS (1:2:7).
The primary antibody against TRPM3 (rabbit anti-TRPM3 antibody, ab56171; 1:200), p-AMPK
(Thrl72, p-AMPK; SC3352; 1:1000) and phosphatidylinositol 4,5-bisphosphate monoclonal
antibody (2C11 clone anti-PIP2 antibody; MA3-500, 1:200 dilution, Thermo Fisher Scientific,
Carlsbad, California, USA) were added for overnight incubation. On the following day, the
secondary antibody-goat anti-Mouse, Alexa Fluor™ 488 (A-11029, 1:500 dilution; Thermofisher
Scientific, Waltham, Massachusetts, United States) was added and then the slides were mounted
using PermaFlour mountant (Thermo Fisher Scientific, Carlsbad, California, USA). For double
staining, after the addition of secondary antibody, the cover slips were blocked again followed by
addition of the second primary antibody (mouse anti-f tubulin III). After overnight incubation, the

second secondary antibody (anti-mouse) was added, and the coverslips were mounted on slides
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using PermaFlour mountant. For each case, one slide was incubated with blocking buffer instead

of the primary antibody or secondary antibody as a negative control.

2.9 Assessment of mitochondrial membrane potential (MMP) in cultured neurons

To quantify the effect of PS or CIM on MMP, double emission imaging of the JC-1 ratio (590/530
nm) was utilized to determine changes in mitochondrial membrane potential (A¥m) induced by
drugs and in response to acute +/— 200 uM FCCP treatment (to completely depolarize the inner
mitochondrial membrane). Sensory neurons were loaded with 5 uM JC-1 for 20 min and then
washed with Ham's F12 media in response to pre-treatment for 3 h of PS and CIM. The excitation
wavelength was set at 485 + 11 nm (for simultaneous aggregate and monomer excitation). The
emission wavelength was set at 590 + 15 nm (aggregate emission) and 530 £ 15 nm (monomer
emission) on the Biotek Synergy Neo2 multimode plate reader (Agilent Technologies Inc, Santa

Clara, California, USA) and the baseline fluorescence followed by addition of FCCP was recorded.

2.10 Untargeted metabolomics

Cultured DRG neurons were prepared in 6-well plates and allocated into two experimental groups:
control and CIM-treated. Neurons were incubated for 24 h before sample collection. For untargeted
metabolomics, cell pellets were resuspended in 1 mL of ice-cold 80% methanol, followed by
vigorous vortexing for 1 min. The samples were then subjected to sonication in an Ultrasonic Bath
(Branson Ultrasonics, Danbury, Connecticut, USA) filled with ice-cold water for 15 min to ensure
complete cell lysis and efficient metabolite extraction. Post-sonication, the samples were
centrifuged at 12,000 rpm for 15 min at 4 °C to separate the supernatant from the cell debris. The
clear supernatant was transferred to clean tubes and dried under a gentle nitrogen flow to evaporate

the solvent. The dried residues were reconstituted in 100 pL of methanol: water (4:1, v/v), vortexed
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for 2 min, and centrifuged to remove any insoluble material. The final clear supernatant was
transferred into 200 puL micro vial inserts for subsequent analysis. The metabolomic analysis was
performed using a Rapid Resolution LC system (1260 Infinity, Agilent Technologies, Santa Clara,
California, USA) coupled to a 6538 UHD Accurate QTOF mass spectrometer (Agilent
Technologies, Santa Clara, California, USA) with dual electrospray ionization (Hall et al.) in both
positive (+) and negative (—) modes. Chromatographic separation was achieved using a ZORBAX
SB-Ag column (4.6 x 100 mm, 1.8 pm, Agilent) maintained at 55 °C. The mobile phases consisted
of water (A) and acetonitrile (B), both containing 0.1% formic acid (all from Thermo Fisher
Scientific, Carlsbad, California, USA). The flow rate was set at 0.45 mL/min with the following
gradient: 2% B from 0 to 1 min, increased linearly to 98% B over 11 min, maintained at 98% B
for 2 min, decreased back to 2% B over 4 min, maintained at 2% B for 1 min, followed by a 1-
minute post-run. To minimize carryover, the needle was washed for 15 s with water: acetonitrile
(1:1, v/v). 4 pL of each extract were injected for analysis. Mass spectrometry was conducted with
the following parameters: capillary voltage at 4000V, fragmentor voltage at 175V, skimmer
voltage at 50V, and Oct 1 RF Vpp at 750V. Nitrogen was used as the drying gas at a flow rate of
11 L/min and a gas temperature of 300 °C, while the nebulizer was set to 45 psig (pressure unit).
A full-range mass scan from 50 to 3000 m/z was performed. Data acquisition and analysis were
executed using MassHunter Workstation version 10 (Agilent Technologies, Santa Clara,
California, USA). Metabolite identification was performed utilizing the integrated Metlin
database, encompassing over 200,000 known endogenous compounds. This methodological
approach ensured comprehensive extraction, identification, and analysis of metabolites from DRG

neurons, facilitating a detailed untargeted metabolomic profile.
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2.11 Targeted metabolomics

Standard solution preparation for GC-MS/MS analysis involved preparing stock solutions of
fumarate, malate, lactate, and a-ketoglutarate in methanol, while all other compounds were
prepared in water at 1 mg/mL. A cocktail solution was made by combining all the stock solutions.
Working standard solutions were obtained by serial dilutions of the cocktail solution with methanol
(Supplementary Table 3.S1, chapter-3). Subsequently, 30 pL of BSTFA with 1% TMCS was
added at 37 °C for 30 min. Then 60 uL was transferred into a micro-vial insert and kept at —80 °C
until analysis. The SH-SY5Y cells were treated upon reaching 90% confluency with 1 uM CIM
for I h and 3 h and CIM (1 puM), primidone (10 uM) or isosakuranetin (10 uM) for 3 h post 4 h
starvation. Cell culture media was removed, and cells were washed with 2 mL of PBS.
Subsequently, 500 uL of 75% methanol-MTBE (9:1, v/v) was added containing 1,2 13C2 myristic
acid at 5 pg/mL. Then cells were detached from plates and transferred to 1.5 mL centrifuge tubes.
Cell lysis was performed using a X3 freeze and thaw cycle and centrifuged at 12000rpm for 10
min at 4 °C. The supernatant was dried under a gentle flow of nitrogen and stored at =80 °C. The
GC-MS analysis was performed using a 7890B gas chromatograph (Agilent Technologies, Santa
Clara, California, USA) with 7000D Triple-quadrupole mass spectrometer (Agilent Technologies),
equipped with 7693 Autosampler (Agilent Technologies, Santa Clara, California, USA). The
column used was an HP-5MS (0.25 mm, 30m, 0.25 pum, Agilent Technologies, Santa Clara,
California, USA), with a split ratio of 18:1 and injection volume of 1 uL. The GC oven temperature
initially was set at 60 °C, maintained for 1 min, ramped up to 100 °C at 30 °C/min, and ramped up
to 300 °C at 20 °C/min and maintained for 2 min. Carrier gas was helium (99.999% purity), with
a flow rate of 1.2mL/min and nitrogen (99.999% purity) was used as the collision cell gas. A period

of 3.8 min for solvent delay was employed for each sample run and for mass range of 50—750 m/z.
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Source temperature was set at 300 °C. For a targeted study with CIM, primidone and
isosakuranetin, 4 pg of each analyte was spiked into the cell matrix as a reference, and metabolite
concentrations were quantified directly from these standardized readings. Calibration curves were
generated to evaluate the metabolite concentrations. A full scan mode was used for determination
of retention time for each analyte (Supplementary Table 3.52, chapter-3). The software used for

data analysis was Mass Professional Profiler (MPP, 15.1).

2.12 Animal model and treatments

Adult female Swiss Webster mice (21-25 g; Envigo, CA, USA) were housed in groups of five per
cage with fresh bedding in a controlled vivarium environment (12-hour light/dark cycle) and
provided with unrestricted access to food and water. To induce diabetes, a randomly selected
cohort received intraperitoneal injections of streptozotocin (STZ) (Sigma-Aldrich, United States)
at 105 mg/kg in 0.9% saline for two consecutive days following an overnight fast. Mice with non-
fasting blood glucose levels exceeding 15 mmol/L, confirmed via tail-prick blood sampling and
measurement with a one touch ultra-glucometer (LifeScan Inc., United States), were classified as
diabetic (Casselini et al., 2024). Treatments commenced following the confirmation of diabetic
status, typically 3-5 days post-injection. A total of 70 mice were divided into seven groups (n =
10 per group). Five groups received daily topical eye drop treatments (25 pL) containing either a
vehicle control (0.9% sterile saline/ hydrogel) or drug solutions diluted in the vehicle. The
remaining two groups were administered daily subcutaneous injections of either the vehicle or
drug formulations. Drug treatments consisted of topical pirenzepine (20 mg/mL), primidone (1
ug/day), or isosakuranetin (1 pg/day), and subcutaneous injections of pirenzepine (10 mg/kg/day)
or primidone (1 mg/kg/day) (all drugs from Sigma-Aldrich, United States). Daily treatments (5

days/week) were administered between 8:00 and 11:00 AM to conscious, manually restrained mice
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in their home cages for a period of 16 weeks. On behavioral testing days, treatments were
administered after the completion of all behavioral measurements to prevent acute drug effects
from influencing test outcomes. Animal identification codes ensured blinding during all behavioral
and physiological assessments. Diabetic status was reconfirmed at the conclusion of the study
through non-fasting blood glucose measurements and body weight monitoring. All procedures
were performed in Dr. Nigel A. Calcutt’s lab at University of California, San Diego (UCSD) under
his supervision and adhered to protocols approved by the institutional animal care and use

committee at UCSD.

2.13 Thermal sensitivity assessment

Hind paw thermal nociception was evaluated using the Hargreaves apparatus with floor
temperature started at 30 °C (Jolivalt et al., 2016). Mice were placed individually in plexiglass
chambers on a glass surface, and an infrared heat source (temperature increasing at 1 °C/second)
was directed toward the plantar surface of the right hind paw. Withdrawal latencies were
automatically recorded. Each paw was tested three times at five-minute intervals, and the average
was calculated. Testing was conducted at 4, 8 and 16 weeks after diabetes confirmation and

treatment initiation, between 9:00 AM and 3:00 PM.

2.14 Tactile sensitivity testing

Mechanical sensitivity was evaluated using von Frey filaments to measure the 50% paw
withdrawal threshold. Mice were placed in individual restraint chambers on a testing stand and
allowed to acclimatize for 15 minutes. A series of calibrated von Frey filaments (3.22, 3.61, 3.84,
4.08, 4.31, 4.56 and 4.74 g) were used, starting with the 3.84 g filament (Jolivalt et al., 2016). Each

filament was applied perpendicularly to the plantar surface of the right hind paw with enough
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pressure to cause buckling for 1 second. This application was repeated five times, ensuring
continuous contact with the paw unless a withdrawal response occurred. A paw lift was recorded
as a positive response, prompting the use of the next lighter filament. If no response was observed
after 5 seconds, the next heavier filament was applied. This sequence continued until four
measurements were recorded following a change in behavior or until five consecutive negative
responses (scored as 15 g) or four consecutive positive responses (scored as 0.25 g) were obtained.
The 50% paw withdrawal threshold was interpolated from the pattern of positive and negative

responses.

2.15 Electrophysiological measurements

Peripheral nerve conduction was assessed using standard electrophysiological techniques. Under
isoflurane anesthesia, stimulating electrodes were placed at the sciatic notch and Achilles tendon
of the left hind limb, while recording electrodes were positioned in the ipsilateral foot's
interosseous muscles (Jolivalt et al., 2016). Nerve temperature was maintained at 37°C. Single
square-wave pulses were delivered sequentially to the sciatic notch and Achilles tendon. The peak-
to-peak latencies of the resulting M waves were used to calculate motor nerve conduction velocity
(MNCV) based on the distance between stimulation sites. Each measurement was performed in

triplicate, and the median value was used for analysis.

2.16 Quantification of corneal nerve fiber density

Corneal nerve imaging was performed to assess sub-basal nerve plexus integrity. Isoflurane-
anesthetized mice underwent corneal nerve imaging at baseline (pre-diabetes) and at 4, 8 and 16
weeks post-diabetes induction and drug treatments using a corneal confocal microscope (HRT3

with Rostock corneal module; Heidelberg Engineering, Germany) (Casselini et al., 2024). Images
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were acquired coded to prevent bias. Five consecutive corneal images (2 pum intervals) spanning
from the superficial corneal epithelium to the stroma were analyzed using an 8 x 8 grid overlay to

quantify nerve fiber occupancy (Jolivalt et al., 2016).

2.17 Motor coordination testing (rotarod)

To rule out motor impairments that could confound sensory testing results, motor coordination
was evaluated using a rotarod apparatus (Stoelting Co.). Mice were placed on a rotating rod (1.25-
inch diameter) that accelerated from 4 to 40 revolutions per minute (RPM) over 120 seconds,
followed by a consistent 40 RPM rotation for 180 seconds. Each mouse underwent an acclimation

trial before the test session.

2.18 Statistical analysis

We used one rat or mouse (age-matched normal or diabetic) for each neuronal culture experiment,
and 300,000 SH-SY5Y cells per well in 6 well plate and such experiments were independently
repeated at least 2-3 times. In dose—response experiments and in comparisons of treatment groups
to a single control group (including behavioral studies), data are expressed as mean + SEM and
analyzed by one-way ANOVA with Dunnett’s test for post hoc comparisons. For comparisons
between multiple treatment groups, Tukey's post hoc test was used. The statistical analysis was
performed using GraphPad Prism software. For the untargeted metabolomics study in DRG
neurons, Bonferroni FWER analysis was used using t-test for statistical analysis (Supplementary
Figure 3.S9, chapter-3'). For the targeted metabolomics study, Benjamini-Hochberg statistical
analysis was performed using one-way ANOVA with p < 0.05 (Figure 3.8, chapter-3) and one-
way ANOVA, p < 0.05, Bonferroni FWER for statistical analysis in Supplementary Figure 3.S510

(Chapter-3").
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3.1 Abstract

Objective. Antagonism of the muscarinic acetylcholine type 1 receptor (M1R) promotes sensory
axon repair and is protective in peripheral neuropathy, however, the mechanism remains elusive.
We investigated the role of the heat-sensing transient receptor potential melastatin-3 (TRPM3)
cation channel in MR antagonism-mediated nerve regeneration and explored the potential of
TRPM3 activation to facilitate axonal plasticity.

Methods. Dorsal root ganglion (DRG) neurons from adult control or diabetic rats were cultured
and treated with TRPM3 agonists (CIM0216, pregnenolone sulfate) and MR antagonists
pirenzepine (PZ) or muscarinic toxin 7 (MT7). Ca?* transients, mitochondrial respiration, AMP-
activated protein kinase (AMPK) expression, and mitochondrial inner membrane potential were
analyzed. The effect of M:R activation or blockade on TRPM3 activity mediated by
phosphatidylinositol 4,5-bisphosphate (PIP2) was studied. Metabolic profiling of DRG neurons
and human neuroblastoma SY-SY5Y cells was conducted.

Results. M:R antagonism induced by PZ or MT7 increased Ca?* influx in DRG neurons and was
inhibited by TRPM3 antagonists or in the absence of extracellular Ca>*. TRPM3 agonists elevated
Ca?" levels, augmented mitochondrial respiration, AMPK activation and neurite outgrowth. MiR
antagonism stimulated TRPM3 channel activity through inhibition of PIP, hydrolysis to activate
Ca?*/calmodulin-dependent protein kinase kinase p (CaMKKP)/AMPK, leading to augmented
mitochondrial function and neuronal metabolism. DRG neurons with AAV-mediated shRNA
knockdown of TRPM3 exhibited suppressed antimuscarinic drug-induced neurite outgrowth.
TRPM3 agonists increased glycolysis and TCA cycle metabolites, indicating enhanced

metabolism in DRG neurons and SH-SY5Y cells.
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Conclusion. Activation of the TRPM3/CaMKK/AMPK pathway promoted collateral sprouting

of sensory axons, positioning TRPM3 as a promising therapeutic target for peripheral neuropathy.

Keywords: axonal regeneration; bioenergetics; diabetic neuropathy; GPCR; metabolomics;

mitochondria; neuronal metabolism
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3.2 Introduction

Axonal plasticity is dependent upon modulation of intracellular Ca?* concentration [Ca?*]i within
the growth cone and is a well-characterized controller of motility [1]. Early work in Aplysia and
Xenopus showed growth cones release quantal packets of acetylcholine (ACh; both spontaneous
and evoked) and modulate Ca?*-dependent motility via cholinergic nicotinic (+ve) and muscarinic
(-ve) receptors [2-6]. Studies in embryonic sensory neurons further demonstrated that ACh
signaling via muscarinic receptors (MR’s), and associated mobilization of Ca®" from internal
stores, regulates growth cone motility during development [7-10]. It is notable that both adult
sensory ganglia and epidermal keratinocytes, synthesize and secrete ACh [11-15]. Indeed,
keratinocytes exhibit a rich cholinergic phenotype with expression of choline acetyltransferase
(ChAT), acetylcholinesterase (AChE) and a range of muscarinic receptor (MR) subtypes [12; 14;
16]. Adult sensory neurons express a peripheral form of ChAT (pChAT), exhibit ChAT activity,
have low AChE activity and express multiple MR sub-types including the muscarinic
acetylcholine type 1 receptor (M1R) [9; 11; 17].

The five subtypes of muscarinic receptor (M1-M5) have been divided into two classes
according to their G protein coupling preference [18]. The M1, M3 and M5 subtypes couple to the
Gg/G11 G proteins, whereas the M2 and M4 subtypes link to Gi/Go G proteins [19]. Mi1R
activation of Gg G protein induces phospholipase-Cp and hydrolysis of phosphoinositides, such
as phosphatidylinositol 4,5-bisphosphate (PIP2), which triggers endoplasmic reticulum (ER)-
dependent Ca®* release via D-myo-inositol-1,4,5-triphosphate (IPs)-mediated opening of IP3
receptors [19; 20]. A variety of drugs block M1R activation, including pirenzepine (a selective
orthosteric antagonist) and muscarinic toxin 7 (MT7; a specific negative allosteric modulator) [21;

22].
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A report from our laboratory demonstrated that selective or specific antagonists of the MR
enhanced neurite outgrowth in cultured adult dorsal root ganglia (DRG) neurons [23]. In addition,
M:R antagonists improved mitochondrial function, normalized thermal sensitivity, and reversed
intraepidermal fiber (IENF) density loss in various rodent models of peripheral neuropathy [23].
Interestingly, antagonizing M1R resulted in a slow rise in [Ca?*]i [23] which was associated with
the activation of Ca?*/calmodulin-dependent protein kinase kinase p (CaMKKp) and mobilization
of AMP-activated protein kinase (AMPK), which augmented mitochondrial function and
enhanced neuroprotection in animal models of diabetic neuropathy and chemotherapy-induced
peripheral neuropathy [24; 25]. This work has progressed to human clinical trials where topical
antimuscarinic treatment reversed loss of IENF density in the skin and improved clinical signs of
neuropathy in persons with type 2 diabetes [26].

Among the ion channels that allow influx of extracellular Ca?* into neurons, the transient
receptor potential (TRP) channel family is of particular interest as their activity is triggered both
as a direct response to extracellular stimuli and also indirectly via signals from muscarinic
receptors [27-29]. The majority of TRP channels open under conditions of low local PIP2, as
happens during canonical G protein-mediated signaling where Gq protein-mediated signaling
activates phospholipase Cp (PLCP) to trigger hydrolysis of phosphoinositides and suppress PIP
levels. A TRP member is the transient receptor potential melastatin 3 (TRPM3), which is
functionally expressed in a large subpopulation of sensory neurons and contributes to transduction
of thermal stimuli [27; 30; 31]. This Ca?* channel is unusual as it opens when local PIP; is high
[32; 33] and release of activated G protein subunit By is suppressed [34]; as occurs when M:R

activation is blocked by an antagonist. Finally, another interesting feature of TRPM3 biology is
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the presence of intracellular binding sites for Ca?* and calmodulin that could combine to act as a
scaffold for CaMKKJ activation [35].

In the current study we hypothesized that opening TRPM3 could trigger neurite outgrowth
by activating the CaMKKB/AMPK pathway and mimic the effects of antimuscarinic drugs. To
investigate if MR antagonist-mediated effects are channeled through TRPM3 activation, our study
first focused on observing the Ca?* influx induced by MiR antagonists. Following this, we
examined the Ca?* response specifically attributed to TRPM3 agonists (pregnenolone sulphate
(PS) and CIM0216 (CIM) which are selective and specific TRPM3 agonists, respectively [36],
aiming to establish a connection between M:R receptor antagonism and subsequent TRPM3
channel activation. Further to these studies, we assessed whether activation of TRPM3 channels
could mobilize signal transduction pathways associated with control of mitochondrial function.
Finally, by blocking TRPM3 channels, the pathways downstream of M1R signaling pathways were
analyzed, leading to the conclusion that TRPM3 channels are actively involved in augmenting

axonal outgrowth mediated by M{R antagonists.
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3.3 Materials and methods

3.3.1 Adult rodent DRG sensory neuron culture

The Canadian Committee on Animal Care (CCAC) guidelines were carefully followed for all
animal protocols. As described previously, intact DRG were isolated and dissociated from adult
age matched male control and 3-4-month STZ-induced diabetic Sprague-Dawley rats, wild type
C57BL/6 mice and M1R knock-out (KO) mice (the latter a kind gift from Dr. Jurgen Wess at
NIDDK, USA) [37-39]. Type 1 diabetes was induced by injection of STZ (MilliporeSigma Canada
Ltd, Oakville, Ontario, Canada) in 0.9% saline after overnight fast at a single dose of 90 mg/kg for
rats. Blood glucose levels were confirmed 4 to 7 days later in samples obtained by tail prick and
measured using a strip-operated reflectance meter (Alpha TRAK2, Zoetis Canada inc., Kirkland,
Quebec, Canada). Our previous studies reveal that neurons isolated from type 1 diabetic rats
exhibit key components of the diabetic phenotype and mimicking some aspects of the
neurodegenerative process associated with diabetic neuropathy [40; 41]. Neurons were cultured in
defined Hams F-12 media in the presence of N2 supplement (0.1 mg/ml transferrin, 20 nM
progesterone, 100 uM putrescine, 30 nM sodium selenite, 0.1 mg/ml BSA; MilliporeSigma
Canada Ltd, Oakville, Ontario, Canada supplied the additives; Wisent Inc, Saint-Jean-Baptiste,
Quebec, Canada provided the culture medium), insulin (MilliporeSigma Canada Ltd, Oakville,
Ontario, Canada) and low-dose cocktail of neurotrophic factors (0.1 ng/ml NGF, 1.0 ng/ml GDNF,
and 0.1 ng/ml NT-3; all from Peprotech, Cranbury, NJ, USA) [23]. By delivering growth factors,
the goal was to mimic the level of neurotrophic support that sensory neurons receive in vivo. The
enrichment of neurons was accomplished by centrifuging ina 15% BSA (Thermo Fisher Scientific,
Carlsbad, California, USA) column [42]. Most of the fibroblasts and Schwann cells were removed

during this process, but a minimal number of satellite cells accounted for approximately 5% to
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10% of total cells in the final culture (mostly directly associated with sensory neurons). Cells were
plated onto poly-D-L-ornithine hydrobromide (MilliporeSigma Canada, Oakville, Ontario,
Canada), and laminin-coated 12 mm glass cover slips for neurite outgrowth and microscopy
studies, black-96 well clear bottom plates for Ca?* imaging using confocal microscopy, NUNC
plastic tissue culture multi-well dishes for immunoblot analysis and custom 24-well plastic dishes
for assessing mitochondrial bioenergetics using a Seahorse Biosciences XFe24 Analyser
(Laminin, cover slips, and plates from Thermo Fisher Scientific, Carlsbad, California, USA,
Seahorse products from Agilent Technologies Inc, Santa Clara, California, USA). In all studies
neurons from age matched control rats were cultured in the presence of 10 mM D-glucose
(MilliporeSigma Canada Ltd, Oakville, Ontario, Canada) and 0.1 nM insulin and neurons from

diabetic rats were maintained in medium containing no insulin and 25 mM D-glucose.

3.3.2 Neuroblastoma SH-SY5Y cell line culture

The human neuroblastoma SH-SY5Y cell line (ATCC CRL-2266, Virginia, USA) was a kind gift
from Dr. Jun-Feng Wang, University of Manitoba. The cells were cultured in DMEM/F12 (1:1)
media supplemented with heat inactivated 10% FBS (DMEM/F12 and FBS from Thermo Fisher
Scientific, Carlsbad, California, USA) and 1X antibiotic antimycotic solution (MilliporeSigma

Canada Ltd, Oakville, Ontario, Canada).

3.3.3 AAV-PHP.S mediated knockdown of TRPM3
The DRG neurons were seeded in culture plates and incubated at 37°C with 5% CO2 for 18-20
hours. Custom AAV.PHP.s [43] vectors encoding a scrambled sequence or carrying sShRNA to

TRPM3 (CGAGACATGGGCCCTCAAATA) under the U6 promoter were generated by Vector
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Builder (Chicago, IL, USA), with a final titer exceeding 1x10712 genome copies per milliliter
(GC/ml). The culture medium was removed from the DRG neurons, and neurons were infected
with the AAV vector at a multiplicity of infection (MOI) corresponding to 1x1075 viral particles
per neuron. After 8 hours of viral exposure, the medium was replaced with fresh complete culture
medium, and cells were again incubated at 37°C in a 5% CO2 incubator overnight. Analysis was
performed 24-48 hours post-transduction and levels of transduction were verified based upon GFP

expression.

3.3.4 Real-time intracellular Ca?* imaging

For acute measurements, as shown in Figures 3.1 and 3.2, neurons were cultured in 96-well plates
(black clear-bottomed; Thermo Fisher Scientific, Carlsbad, California, United States) overnight.
The following day or after 48 hours, the cells were washed with HBSS with Ca?* or HBSS without
Ca?* and then loaded with 3uM of Ca?'-sensitive dye fluo-4 AM (All from Thermo Fisher
Scientific, Carlsbad, California, United States). After 1 hour of incubation, the cells were washed
with HBSS again. The temperature of the stage was maintained at 37°C using a heating block. The
96-well plate was then placed in a Zeiss LSM 510 META Confocal microscope with on-stage
incubator. Baseline signals were collected (excitation at 494 nm and emission 516 nm; 20x and
100x objective) followed by addition of drugs such as CIM 0216 (Bio-Techne Canada, Toronto,
ON, Canada), pregnenolone sulphate (PS), primidone, isosakuranetin, pirenzepine (PZ),
muscarine (Millipore Sigma Canada, Oakville, Ontario, Canada) and MT7 (Alomone labs,
Jerusalem, Israel). Regions of interest (ROIs) containing individual neuron cell bodies or axons
were selected and fluorescence intensities quantified using Zen 2009 software. For calcium

measurements at x20 magnification 10-15 ROIs from perikarya/axons per field or well of a 96 well
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plate were selected. The graphed data is the average of individual perikaryal or axon ROI signals
from 7-10 replicate wells. For x100 imaging, multiple ROIs within the perikaryal or axons were
derived from 1-2 neurons. This process was performed in 3-5 wells of a 96 well plate. The data is
presented as change in intensity of fluo-4 fluorescence (AF/F) and the area under the curve (AUC).
The AF/F was calculated as AF/F= (F-FO0)/FO, where F is the fluorescence at a given time and FO
is the baseline fluorescence signal averaged over a 10s period corresponding to the lowest
fluorescence signal over the recording period. The data was plotted as the average intensity of
perikaryal or axon signal from 3-5 replicate wells. AUC was calculated individually as (S1+S2)/2
x(t2—t1) where (S1+S2)/2 gives you the average calcium signal between the two time points t1
and t2. Once the individual areas were computed for all time intervals, the average of these areas

was taken to represent the total AUC.

3.3.5 Assessment of total neurite outgrowth

Adult rat or mouse neurons grown on glass coverslips were fixed with 2% paraformaldehyde in
PBS (pH 7.4) for 15 minutes at room temperature and permeabilized with 0.3% Triton X-100 in
PBS for 5 minutes (Products from Thermo Fisher Scientific, Carlsbad, California, USA). Neurons
were then incubated in blocking buffer (Roche, Basel, Switzerland) diluted with FBS and 1.0 mM
PBS (1:1:3) for 1 hour, then rinsed 3 times with PBS. The primary antibody used was against 3-
tubulin isotype 111 (MilliporeSigma Canada, Oakville, Ontario, Canada; 1:1000), which is neuron
specific. Plates were incubated at 4°C overnight. The following day, the coverslips were incubated
with Cy3-conjugated secondary antibodies (Jackson ImmunoResearch Laboratories, West Grove,
Pennsylvania, USA) for 1 hour at room temperature and then mounted and imaged using a Carl

Zeiss Axioscope-2 fluorescence microscope equipped with an AxioCam camera. Random images
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were captured using AXxio-Vision4.8 software. Quantification of total neurite outgrowth was
performed by measuring the mean pixel area of captured images using ImageJ software and
adjusted for the cell body signal. All values were adjusted for neuronal number. The level of total
neurite outgrowth in this culture system has been validated to be similar to collateral sprouting in

vivo and directly related to arborizing axonal plasticity [44].

3.3.6 Quantitative Western blotting

Cultured sensory neurons derived from rat DRG and SH-SY5Y cells were harvested after
treatments in ice-cold RIPA buffer, 1mM PMSF and protease inhibitor cocktail and were stored at
— 80 °C [45] (Products from Thermo Fisher Scientific, Carlsbad, California, USA). Protein
concentration was measured using the DC protein assay (Bio-Rad, Hercules, CA, USA), and the
lysates from the culture were resolved on a 10% sodium dodecyl sulphate—polyacrylamide gel
electrophoresis gel [SDS-PAGE; 8% for TRPM3 and 15% for mitochondrial OXPHQOS proteins]
and electroblotted onto nitrocellulose membrane. The blots were blocked with 2% (for P-AMPK
and T-AMPK) and 5% (for TRPM3, TRPM2 and mitochondrial OXPHQOS proteins) non-fat dry
milk, rinsed in TBS-T and incubated with antibodies to the following proteins: TRPM3 (anti-
TRPM3 antibody, ab56171; 1:200, Abcam, Waltham, Massachusetts, USA and anti-TRPM3
extracellular (PA5-77327; 1:200, Thermo Fisher Scientific, Carlsbad, California, USA), anti-
TRPM2 antibody (NB110-81601SS; 1:500, Bio-Techne, Toronto, Ontario, Canada), p-AMPK
(Thrl72; SC3352; 1:1000, Santa Cruz Biotechnology Inc. Dallas, Texas, USA), total-AMPK (T-
AMPK; SC25792; 1:1000, Santa Cruz Biotechnology Inc., Dallas, Texas, USA), and
mitochondrial OXPHOS cocktail (Oxphos WB-antibody cocktail; 45-8099; 1:1000, Thermo

Fisher Scientific, Carlsbad, California, USA). After overnight incubation, the blots were washed
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3 times with TBS-T for 10 mins each, followed by addition of secondary antibodies at a dilution
of 1:2000 for 1 hour at room temperature. The blots were rinsed, incubated in Western Blotting
ClarityTM Western ECL substrate (Bio-rad, Hercules, California, USA), or SignalFire ™ Elite
ECL reagent (Cell Signaling, Danvers, Massachusetts, USA) for a few minutes and imaged using

a Chemi Doc (Bio-Rad, Hercules, California, USA).

3.3.7 Measurement of mitochondrial respiration

The neuronal bioenergetic function was measured using an XFe24 Analyzer (Agilent Technologies
Inc, Santa Clara, California, USA). The XFe24 creates a transient 7-ul chamber in specialized 24-
well microplates that allows for oxygen consumption rate (OCR) to be monitored in real time [46].
A change of culture medium to unbuffered DMEM (pH 7.4) supplemented with 1 mM pyruvate
and 10 mM D-glucose (for control) 25 mM D-glucose (for diabetic rat-derived cultures) and was
made one hour before the assay. OCR was linear in the range of 2,500-5,000 neurons per well. We
sequentially injected oligomycin (1 uM), carbonyl cyanidep-trifluorocarbonyl-cyanide
methoxyphenyl hydrazone (FCCP) (1 uM), and rotenone (1 uM) plus antimycin A (1 uM) through
ports in the Seahorse Flux Pak cartridges [24] (Chemicals from MilliporeSigma, Canada, Oakuville,
Ontario, Canada). Each loop began with mixing for 3 minutes, was delayed for 2 minutes, and had
OCR measured for 3 minutes. This allowed determination of the basal level of oxygen
consumption rate (OCR), the amount of oxygen consumption linked to ATP production, the
maximal respiration capacity, and the nonmitochondrial oxygen consumption [46; 47].
Afterwards, the cells were suspended in RIPA buffer, PMSF and a cocktail of protease inhibitor.
After centrifugation at 14000g for 10 minutes, the lysate was collected, and the DC protein assay

was run followed by data analysis normalizing OCR to mg total protein.
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3.3.8 Immunofluorescence

Cultured DRG neurons and SH-SY5Y cells were fixed on cover slips with paraformaldehyde (2%).
The slides and cover slips were then washed with phosphate buffer saline (PBS) 3 times followed
by treatment with 0.03% Tween-20 for 5 minutes to permeabilize the cells. The slides and cover
slips were washed again and blocked with blocking buffer diluted with FBS and 1.0 mM PBS
(1:1:3). The primary antibody against TRPM3 (rabbit anti-TRPM3 antibody, ab56171; 1:200), p-
AMPK (Thrl72, p-AMPK; SC3352; 1:1000) and phosphatidylinositol 4,5-bisphosphate
monoclonal antibody (2C11 clone anti-PIP2 antibody; MA3-500, 1:200 dilution, Thermo Fisher
Scientific, Carlsbad, California, USA) was added for overnight incubation. On the following day,
the secondary antibody- goat anti-Mouse, Alexa Fluor™ 488 (A-11029, 1:500 dilution;
Thermofisher Scientific, Waltham, Massachusetts, United States) was added and then the slides
were mounted using PermaFlour mountant (Thermo Fisher Scientific, Carlsbad, California, USA).
For double staining, after the addition of secondary antibody, the cover slips were blocked again
followed by addition of the second primary antibody (mouse anti- B tubulin I11). After overnight
incubation, the second secondary antibody (anti-mouse) was added and the cover slips were
mounted on slides using PermaFlour mountant. For each case, one slide was incubated with

blocking buffer instead of the primary antibody or secondary antibody as a negative control.

3.3.9 Assessment of mitochondrial membrane potential (MMP) in cultured neurons
To quantify the effect of PS or CIM on MMP, double emission imaging of the JC-1 ratio (590/530
nm) was utilized to determine changes in mitochondrial membrane potential (A¥m) induced by

drugs and in response to acute +/- 200 uM FCCP treatment (to completely depolarize the inner
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mitochondrial membrane). Sensory neurons were loaded with 5 uM JC-1 for 20 minutes and then
washed with Ham’s F12 media in response to pre-treatment for 3 hours of PS and CIM. The
excitation wavelength was set at 485 + 11 nm (for simultaneous aggregate and monomer
excitation). The emission wavelength was set at 590 + 15 nm (aggregate emission) and 530 + 15
nm (monomer emission). On the Biotek Synergy Neo2 multimode plate reader (Agilent
Technologies Inc, Santa Clara, California, USA), the baseline fluorescence followed by addition

of FCCP was recorded.

3.3.10 Untargeted metabolomics

Cultured DRG neurons were prepared in 6-well plates and allocated into two experimental groups:
control and CIM-treated. Neurons were incubated for 24 hours before sample collection. For
untargeted metabolomics, cell pellets were resuspended in 1 mL of ice-cold 80% methanol,
followed by vigorous vortexing for one minute. The samples were then subjected to sonication in
an Ultrasonic Bath (Branson Ultrasonics, Danbury, Connecticut, USA) filled with ice-cold water
for 15 minutes to ensure complete cell lysis and efficient metabolite extraction. Post-sonication,
the samples were centrifuged at 12,000 RPM for 15 minutes at 4°C to separate the supernatant
from the cell debris. The clear supernatant was transferred to clean tubes and dried under a gentle
nitrogen flow to evaporate the solvent. The dried residues were reconstituted in 100 pL of
methanol: water (4:1, v/v), vortexed for 2 minutes, and centrifuged to remove any insoluble
material. The final clear supernatant was transferred into 200 pL micro vial inserts for subsequent
analysis. The metabolomic analysis was performed using a Rapid Resolution LC system (1260
Infinity, Agilent Technologies, Santa Clara, California, USA) coupled to a 6538 UHD Accurate

QTOF mass spectrometer (Agilent Technologies, Santa Clara, California, USA) with dual
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electrospray ionization (ESI) in both positive (+) and negative (—) modes. Chromatographic
separation was achieved using a ZORBAX SB-Aq column (4.6 x 100 mm, 1.8 um, Agilent)
maintained at 55°C. The mobile phases consisted of water (A) and acetonitrile (B), both containing
0.1% formic acid (All from Thermo Fisher Scientific, Carlsbad, California, USA). The flow rate
was set at 0.45 mL/min with the following gradient: 2% B from 0-1 min, increased linearly to 98%
B over 11 minutes, maintained at 98% B for 2 minutes, decreased back to 2% B over 4 minutes,
maintained at 2% B for 1 minute, followed by a 1-minute post-run. To minimize carryover, the
needle was washed for 15 seconds with water: acetonitrile (1:1, v/v). 4ul of each extract were
injected for analysis. Mass spectrometry was conducted with the following parameters: capillary
voltage at 4000V, fragmentor voltage at 175V, skimmer voltage at 50V, and Oct 1 RF Vpp at
750V. Nitrogen was used as the drying gas at a flow rate of 11 L/min and a gas temperature of
300°C, while the nebulizer was set to 45 psig (pressure unit). A full-range mass scan from 50—
3000 m/z was performed. Data acquisition and analysis were executed using MassHunter
Workstation version 10 (Agilent Technologies, Santa Clara, California, USA). Metabolite
identification was performed utilizing the integrated Metlin database, encompassing over 200,000
known endogenous compounds. This methodological approach ensured comprehensive extraction,
identification, and analysis of metabolites from DRG neurons, facilitating a detailed untargeted

metabolomic profile.

3.3.11 Targeted metabolomics
Standard solution preparation for GC-MS/MS analysis involved preparing stock solutions of
fumarate, malate, lactate, and a-ketoglutarate in methanol, while all other compounds were

prepared in water at 1 mg/ml. A cocktail solution was made by combining all the stock solutions.
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Working standard solutions were obtained by serial dilutions of the cocktail solution with methanol
(Supplementary Table 3.S1). Subsequently, 30 uL of BSTFA with 1% TMCS was added at 37°C
for 30 minutes. Then 60uL was transferred into a micro-vial insert and kept at -80°C until analysis.
The SH-SY5Y cells were treated upon reaching 90% confluency with 1um CIM for 1 hour and 3
hours and CIM (1 pm), primidone (10 pm) or isosakuranetin (10um) for 3 hours post 4 hours
starvation. Cell culture media was removed, and cells were washed with 2mL of PBS.
Subsequently, 500 pL of 75% methanol-MTBE (9:1, v/v) was added containing 1,2 **C, myristic
acid at 5pug/mL. Then cells were detached from plates and transferred to 1.5mL centrifuge tubes.
Cell lysis was performed using a X3 freeze and thaw cycle and centrifuged at 12000rpm for 10
minutes at 4°C. The supernatant was dried under gentle flow of nitrogen and stored at -80°C. The
GC-MS analysis was performed using a 7890B gas chromatograph (Agilent Technologies, Santa
Clara, California, USA) with 7000D Triple-quadrupole mass spectrometer (Agilent Technologies),
equipped with 7693 Autosampler (Agilent Technologies, Santa Clara, California, USA). The
column used was an HP-5MS (0.25mm, 30m, 0.25um, Agilent Technologies, Santa Clara,
California, USA), with a split ratio of 18:1 and injection volume of 1uL. The GC oven temperature
initially was set at 60°C, maintained for 1 minute, ramped up to 100°C at 30°C/ min, and ramped
up to 300°C at 20°C/min and maintained for 2 minutes. Carrier gas was helium (99.999% purity),
with a flow rate of 1.2mL/ min and nitrogen (99.999% purity) were used as the collision cell gas.
A period of 3.8 min for solvent delay was employed for each sample run and for mass range of 50-
750 m/z. Source temperature was set at 300°C. For a targeted study with CIM, primidone and
isosakuranetin, 4 pg of each analyte was spiked into the cell matrix as a reference, and metabolite
concentrations were quantified directly from these standardized readings. Whereas study analysing

the effect of CIM on SH-SY5Y metabolism time dependently, calibration curve was generated to
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evaluate the metabolite concentrations. A full scan mode was used for determination of retention
time for each analyte (Supplementary Table 3.S2). The software used for data analysis was Mass

Professional Profiler (MPP, 15.1).

3.3.12 Statistical analysis

We used one rat or mouse (age-matched normal or diabetic) for each neuronal culture experiment,
and 300,000 SH-SY5Y cells per well in 6 well plate and such experiments were independently
repeated at least 2—3 times. In dose-response experiments and in comparisons of treatment groups
to a single control group, data are expressed as mean = SEM and analyzed by one-way ANOVA
with Dunnett's test for post hoc comparisons. For comparisons between multiple treatment groups,
Tukey's post hoc test was used. The statistical analysis was performed using GraphPad Prism
software. For the untargeted metabolomics study in DRG neurons, Bonferroni FWER analysis was
used using t-Test for statistical analysis (Supplementary Figure 3.S9). For the targeted
metabolomics study, Benjamini-Hochberg statistical analysis was performed using one-way
ANOVA with p< 0.05 (Figure 3.8) and one-way ANOVA, p< 0.05, Bonferroni FWER for

statistical analysis in Supplementary Figure 3.510.
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3.4 Results

3.4.1 TRPM3 agonists induce Ca?* influx in adult rat DRG sensory neurons

Confirming previous studies [31; 36] TRPM3 agonists induced a significant increase in
intracellular Ca?" levels in cultured adult rat DRG sensory neurons (Figure 3.1 and Supplementary
Figure 3.51). Both TRPM3 agonists CIM (25 uM) and PS (50 uM) elevated intracellular Ca®* in
the presence of Ca?*-containing media, but not in Ca?*-free media, indicating that the source of
Ca?* influx was extracellular. At this concentration of CIM there is limited interaction with other
TRPM type channels, although some blocking effect may be expected at TRPM2 and TRPM5
[36]. PS at concentrations up to 50 uM was quite selective for TRPM3 with no current generation
observed in TRPM3 KO DRG neuron cultures [31]. These relatively high concentrations were
used to enable effective mixing of drug for acute Ca?* measurements. In all subsequent longer-
term treatment studies, these agonists are used at 1 uM concentration. Approximately 50-60% of
the DRG sensory neurons responded to the TRPM3 agonists with increased intracellular Ca?*
levels and suggesting differential TRPM3 expression in the cultured neurons in support of previous
studies [31; 48]. The specificity of the TRPM3-induced Ca?* influx was further confirmed using
TRPM3 inhibitors, primidone and isosakuranetin (both at 100 uM) [49; 50] (Figure 3.1H-L and
Supplementary Figure 3.S2). These relatively high concentrations of antagonists were required for
rapid mixing and for induction of acute blockade of Ca?* transients. Generally, the optimal
concentrations are in the range of 1-10 uM where both drugs show good selectivity for TRPM3
[49-51]. At 100 uM isosakuranetin would be expected to activate TRPAL [51]. For the consequent
longer-term treatment studies, we use 10 uM primidone which has no effect on TRPV1, TRPMS8

or TRPAL [49-51].
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3.4.2 TRPM3 activation leads to Ca?* influx in cell body and axons of sensory neurons

A significant increase in [Ca?*]i in both the axonal and cell body regions of DRG sensory neurons
was observed in response to TRPM3 agonist CIM (25 uM) (Figure 3.2A-C). This increase was
only evident in the presence of extracellular Ca®*. The elevation in Ca?* levels was comparable

between the axons and cell bodies.

3.4.3 M1R blockade induced a slow rise in intracellular Ca?* in the axons of DRG sensory
neurons

MR agonists, such as ACh, typically induce a rapid increase in intracellular Ca?* levels. However,
in the presence of extracellular Ca®*, MiR antagonists, surprisingly induced a slow, time-
dependent increase in Ca?* in DRG neurons (Figure 3.2D-L). Pirenzepine (PZ; at 30 pM) and MT7
(100 nM), selective and specific antagonists at M1R, respectively, led to a significant rise in
intracellular Ca2*. PZ is only selective for M:R and at 30 uM it would be expected to also bind to
the M2-M5 muscarinic receptors [52], however, Ca?* transients in response to PZ were absent in
DRG neuron cultures from MR KO mice (Supplementary Figure 3.S3). This high concentration
of PZ was chosen to ensure rapid mixing for these acute studies. In all future studies we use 1 uM
PZ where there is more restricted binding to M2-M5 muscarinic receptors [52]. We can also
confirm that sensory neurons derived from wild-type vs Mi:R KO mice exhibited similar densities

and viabilities as previously demonstrated [23].

3.4.4 M1R-mediated increase in intracellular Ca?* is TRPM3 dependent

The selective TRPM3 channel inhibitors, primidone and isosakuranetin (both at 100 uM),

completely blocked the MR antagonist-mediated Ca?* influx (Figure 3.2J-R). To further validate
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the interaction between M1R and TRPM3, we again compared DRG cultures derived from wild-
type vs M1R KO mice [53]. In DRG sensory neurons from wild-type mice, a significant increase
in Ca?" influx was observed upon CIM treatment, whereas this response was markedly attenuated
in cultures derived from M:R KO mice (Figure 3.3A-C). It should be noted that we are studying
relative changes in intracellular Ca* through use of the fluo-4 dye, this approach is not ratiometric
and does not permit the basal/resting levels or absolute concentrations of Ca?* to be compared
between cultures derived from wild-type and MiR KO mice. Thus, it is quite feasible that basal
levels of Ca" are higher in the M1R KO cultures due to suppression of PLC activation and raised
PIP2 levels. MiR agonism lowers PIP> levels [32; 33], and thus a build-up in PIP2 would be
expected to activate TRPM3 channels. Thus, we treated with the broad-spectrum muscarinic
agonist muscarine (at 1 uM) and observed a decrease in PIP2 level in DRG neurons (Figure 3.3D-

G), while the M1R antagonist PZ caused an increase in PIP2 levels in DRG neurons.

3.4.5 TRPM3 opening activates AMPK, elevates mitochondrial function, and enhances
neurite outgrowth

We hypothesized that Ca®* entry via TRPM3 could activate the AMPK pathway and enhance
neuronal bioenergetics, a key target of antimuscarinic drug action at M{R [23; 25]. Activation of
TRPM3 channels using specific agonists CIM and PS (both at 1 uM) in DRG neurons resulted in
a two-fold increase in phosphorylation of AMPK at Thr172 (primary activation site) (Figure 3.4).
Our previous work has demonstrated that cultured DRG neurons derived from 3-4 month
streptozotocin (STZ)-induced type 1 diabetic rats exhibit neurodegenerative features with evidence
of oxidative stress, impaired AMPK activation and suppressed axonal outgrowth [40; 41].

Therefore, we studied role of TRPM3 activation in AMPK signaling in DRG cultures derived from
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aged-matched control or diabetic rats. PS and CIM were able to activate AMPK in control and
diabetic cultures (Figure 3.4). We used AAV delivery of shRNA to knockdown TRPM3. The
successful  knockdown of TRPM3 was validated through Western blotting and
immunocytochemistry, both of which showed a significant reduction in TRPM3 protein levels
(Supplementary Figure 3.S4). Importantly, the expression of TRPM2 remained unchanged,
indicating the specificity of the sShRNA for TRPM3. The neurotropic AAV.PHP.s [43] delivered
shRNA to TRPM3 and blocked the CIM-induced elevation in p-AMPK (Figure 3.4J-K). Both
TRPM3 agonists at 1 uM also increased mitochondrial function, as measured by the oxygen
consumption rate (OCR) (Figure 3.5 and Supplementary Figure 3.S5). Application of CIM led to
increased maximal respiration and spare respiratory capacity in DRG cultures derived from both
control and diabetic animals, indicating enhanced mitochondrial capacity to meet energy demands,
particularly under stress conditions (Figure 3.5C, E, | and K). Similar results were observed with
PS (Supplementary Figure 3.S5). This observation is consistent with the role of AMPK as a key
regulator of mitochondrial biogenesis and function [54]. CIM and PS also elevated the inner
mitochondrial membrane potential in cultured neurons as detected using JC-1 dye (Figure 3.5M-
Q). Further investigation into mitochondrial activity revealed that the expression of components
of the respiratory chain, including oxidative phosphorylation (OXPHOS) proteins, significantly
increased in the presence of agonists CIM and PS (Figure 3.5R-W). We also performed studies in
human neuroblastoma SH-SY5Y cells in order to prepare for metabolomic studies (see later). SH-
SY5Y cells exhibited relatively high expression of TRPM3 and responded to CIM with Ca?*
transients (Supplementary Figure 3.S6). Finally, we also confirmed in human neuroblastoma SH-
SY5Y cells that CIM and PS could activate AMPK, elevate mitochondrial function, and enhance

respiratory chain protein expression (Supplementary Figures 3.57-8).
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3.4.6 Pirenzepine elevates neurite outgrowth through activation of TRPM3 channels

The activation of TRPM3 channels by 1 uM CIM or PS also stimulated neurite outgrowth in DRG
neurons derived from both control and diabetic animals (Figure 3.6A-C and F). As discussed
above, M1R antagonism mediated elevation of [Ca?']; is transmitted through opening of TRPM3
channels. To prove the mechanistic role of TRPM3 in mediating M1R antagonism, we used AAV-
PHP.s to deliver shRNA to knockdown TRPM3 in DRG neuron cultures derived from diabetic
rats. PZ (1 uM) treatment led to a significant increase in neurite outgrowth and TRPM3 channel
knockdown completely blocked this effect (Figure 3.6D-E). To support this study, we used the
selective inhibitor of TRPM3 channel, primidone (10 uM), which also resulted in a complete
blockage of PZ-mediated neurite outgrowth in DRG neurons (Figure 3.6H). In Figure 3.6G we
show that TRPM3 knockdown also inhibited CIM-induced neurite outgrowth. This demonstrates
that TRPM3 channel activation can replicate the effects of MR antagonism to drive axonal

regeneration in cultured adult rat sensory neurons.

347 TRPM3 channels activate AMPK via the CaMKKp pathway
To investigate whether the observed effects of TRPM3 activation are mediated through the
CaMKKJp pathway, we used the CaMKKp selective inhibitor STO-609 and assessed the
downstream effects on AMPK activation and neurite outgrowth in the presence of CIM and PS.
No increase in AMPK activation or neurite outgrowth was observed when STO-609 (1 uM) was
applied, indicating that TRPM3 activation involves the CaMKKp pathway to augment

mitochondrial function and neurite outgrowth (Figure 3.7).
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3.4.8 Untargeted and targeted metabolomics reveals TRPM3 activation leads to enhanced
neuronal metabolism

To comprehensively understand the effects of TRPM3 activation on neuronal metabolism, we
conducted untargeted metabolomics on DRG cultured neurons treated with CIM. Among the 497
detected metabolites, 97 were significantly enriched, as determined by t-test analysis (p < 0.05).
Principal component analysis (PCA) revealed a clear separation between the control and CIM-
treated groups, indicating distinct metabolic profiles. Several metabolic pathways exhibited
significant alterations following CIM treatment. Specifically, the arachidonic acid and galactose
pathways demonstrated reduced activity. Similarly, the phospholipid pathway and lactose
metabolism showed decreased activity, whereas ubiquinone levels increased. These findings
suggest an overall impact on mitochondrial function and glycolysis. These pathway alterations are
visualized in the heat map provided in Supplementary Figure 3.S9. To further investigate the
specific effects on the tricarboxylic acid (TCA) cycle and glycolysis, we performed targeted
metabolomics using the SH-SY5Y cell line due to limitations in DRG cell numbers. We analyzed
three experimental groups: control, 1-hour CIM treatment, and 3-hour CIM treatment. Partial least
square (PLS) indicated distinct metabolic profiles among these groups, as further illustrated by the
heat map (Supplementary Figure 3.S10A). Metabolites involved in the TCA cycle and glycolysis,
such as glucose, pyruvate, and citrate, showed increased levels after 1 hour of treatment, with a
more pronounced increase observed after 3 hours (Supplementary Figure 3.S10C). To verify that
TRPM3 activation drives this metabolic enhancement, SH-SY5Y cells were co-treated with CIM
(2 uM) and the TRPM3 inhibitors primidone and isosakuranetin (both at 10 uM) (Figure 3.8).

These inhibitors completely blocked the CIM-induced increases in glycolysis and TCA cycle
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metabolites (Figure 3.8C). These results demonstrate that TRPM3 activation significantly

upregulates neuronal metabolism, particularly affecting the TCA cycle and glycolysis pathways.
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3.5 Discussion

3.5.1 Ca?* response of DRG neurons to direct activation of TRPM3

We investigated the intracellular Ca?* response of DRG neurons upon direct activation of TRPM3
channels using PS and CIM (Figure 3.1 and Supplementary Figure 3.51). Employing live Ca?*
confocal imaging with fluo-4 AM dye, we observed a significant Ca* influx in approximately 50-
60% of the neurons, in line with previous work [36]. Our time-course analysis revealed that the
peak Ca?" influx occurred within 10-15 seconds post-application of either PS or CIM. This rapid
activation of TRPM3 channels corroborates previous findings [31; 36], including studies in freshly
isolated human DRG neurons and human stem cell-derived sensory neurons [55]. CIM is
particularly noteworthy as it uniquely opens distinct cation permeation pathways and represents
one of the most potent TRPM3 activators identified to date [36]. Our observations indicated a
rapid, transient influx of Ca?* triggered by PS, characterized by an initial sharp increase, followed
by a brief period at its peak, and subsequently stabilizing at a slightly reduced but elevated level
(Supplementary Figure 3.S1B). In contrast, the Ca?* influx induced by CIM was sustained,
maintaining elevated levels over 3-4 min (Figure 3.1B). This differential response underscores
distinct kinetics of TRPM3 activation by PS and CIM. To verify that TRPM3 mediates Ca?* influx,
we utilized isosakuranetin and primidone, which are well characterized selective inhibitors of
TRPM3. Previous studies demonstrate isosakuranetin (10 pM) and primidone (10 pM) inhibit
TRPM3-evoked Ca?* responses [49-51]. In our study, pre-treatment with isosakuranetin (100 pM)
or primidone (100 uM) completely abolished the Ca?* influx induced by CIM and PS (Figure 3.1
and Supplementary Figure 3.S2). The use of higher concentrations was selected since prior studies

indicated that pharmacological inhibition was reversible.
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3.5.2 PZ and MT7 induce a relatively slow rise in intracellular Ca?*

Our study demonstrates that PZ and MT7 induce a relatively slow rise in intracellular Ca?* levels
in the axons of DRG neurons. Activation of M1R by agonists, such as ACh, typically results in a
marked increase in intracellular Ca?* levels [56]. However, while M1R antagonists, such as PZ,
acutely block muscarine-induced ER Ca?* responses over a 10-20 second period, longer-term
undefined mechanisms contribute to a delayed increase in Ca* levels [23]. Treatment with PZ (30
HUM) or MT7 (100 nM) increased axonal intracellular Ca?* levels after 5-10 minutes (Figure 3.2).
Muscarinic receptor activation regulates PIP> levels, with muscarinic activation decreasing PIP2
levels in HEK?293 cells and oocytes over-expressing TRPM3 [32; 33]. Our observations support
these findings, noting a significant increase in PIP> levels after 1-2 min of MR antagonism
mediated by PZ or MT7 (Figure 3.3D-G). This increase in PIP; is crucial for the regulation of
TRPM3 channel activity and subsequent Ca?* dynamics, consistent with demonstration that PIP;
can directly activate TRPM3 channels [32; 33]. To understand the mechanism behind the M1R-
mediated slow Ca?* uptake via TRPM3, we employed a TRPM3-selective inhibitor followed by
PZ/MT7 treatment. This approach resulted in no time-dependent Ca?* uptake (Figure 3.2M-R).

It should be noted that treatment with PZ or MT7 should lead to a complete blockade of G
protein activation at Mi1R and thereby eliminating the potential inhibitory effect of By G protein
signaling on TRPM3 channel opening in this culture system [34; 57]. This suppression of By G
protein signaling could combine with raised PIP levels to maximally activate TRPM3. Future
studies could test this hypothesis by directly blocking PLC activation using pharmacological
agents or down-regulation of PLC 3 expression. However, a notable limitation is that U73122, the

most commonly used PLC inhibitor, directly modulates TRPM channels [58].
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M:R signaling and subsequent interaction with downstream signaling proteins is critical
for prolonged cellular responses [59; 60]. This complex signaling process may explain, in part,
why the axonal Ca?* response peaked around 16-18 min and then decreased to baseline by 26-28
min (Figure 3.2D-I). Following TRPM3 activation, the Ca?/calmodulin complex activates the
Ca?*-dependent phosphorylase calcineurin, which dephosphorylates Elk-1, and reduces c-Fos
expression to down-regulate TRPM3 expression [61]. This negative feedback mechanism that
regulates TRPM3-induced gene transcription may be responsible for the bell-shaped Ca?* response

curve and presumably maintains cellular Ca?* homeostasis [61].

3.5.3 Novel activation of AMPK via TRPM3

We have demonstrated for the first time that the activation of TRPM3 channels can lead to the
activation of AMPK in DRG neurons. A previous study in clear cell renal carcinoma cells did
uncover a link between TRPM3 activation and stimulation of the CaMKKB/AMPK pathway and
control of autophagy [62]. CIM and PS induced phosphorylation of AMPK at 3 and 6 hour post-
treatment in DRG neurons (Figure 3.4), lagging behind the observed Ca?* influx following TRPM3
activation at 10-20 minutes. Treatment with STO-609, a selective inhibitor of CaMKK, prior to
CIM and PS in DRG neurons, reduced P-AMPK activation, indicating that the calmodulin-
dependent process is crucial for sustained AMPK activity (Figure 3.7). The slow kinetics of AMPK
activation suggests the involvement of a complex mechanism, likely mediated by Ca?*-dependent
binding of calmodulin to TRPM3 and subsequent mobilization of CaMKKJp, which activates
AMPK [63; 64]. Calmodulin interacts with at least 5 binding sites with varying affinities within
the intracellular domain of the N-terminus of TRPM3, co-operativity between these sites may lead

to a complex multilevel modulation of TRPM3 downstream signaling [65]. To further confirm
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the effect of TRPM3 activation on AMPK, we employed SH-SY5Y cells. Our findings are
consistent with those of Naznin et al [66], who reported an elevation of P-AMPK within 1 hour of
PZ and MT7 treatment in SH-SY5Y cells (Supplementary Figure 3.S7).

PS induced an increase in P-AMPK at 6 hours in control DRG neurons whereas in diabetic
DRG neurons, this effect was seen at 3 hours (Figure 3.4). Similarly, CIM induced P-AMPK
activation within 3 hours in diabetic DRG neurons. Both PS and CIM also result in increased total
AMPK (T-AMPK) levels at 24 hours in DRG neurons from both control and diabetic models. In
diabetes, chronic hyperglycemia and oxidative stress typically downregulate AMPK activity,
impairing energy metabolism and exacerbating metabolic dysfunctions [24]. Additionally, the
overall increase in T-AMPK appears be a compensatory mechanism to meet higher metabolic

demands in diabetic neurons [67].

3.5.4 TRPM3 activation augmented mitochondrial function

In our study, we demonstrated that both PS and CIM significantly enhance mitochondrial function
in DRG neurons, primarily through mechanisms involving Ca?* dynamics and metabolic
regulation. This finding aligns with existing literature that underscores the pivotal role of
mitochondrial Ca?* in regulating cellular metabolism. Mitochondria in DRG neurons are
strategically positioned near the plasma membrane, facilitating efficient buffering of Ca?* entering
through channels such as TRPM3. Notably, TRPM3 activation induces a more pronounced Ca?*
influx compared to depolarization-induced pathways, including voltage-gated Ca?* channels
(VGCC’s) [68]. Mitochondria can buffer up to 40% of this Ca?" load, which is crucial for
maintaining cytosolic Ca?* homeostasis and supporting the high energy demands of neurons.

Mitochondrial Ca?* uptake plays a key role in modulating intracellular Ca?* signaling, contributing
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to delayed cytosolic Ca?* recovery. This delay results from the gradual release of sequestered Ca?*
back into the cytosol, prolonging Ca®* dependent signaling and influencing various cellular
functions. Prolonged Ca?* signaling enhances ATP production by stimulating key enzymes within
the TCA cycle, such as pyruvate dehydrogenase (PDH), isocitrate dehydrogenase (IDH), and a-
ketoglutarate dehydrogenase (a-KGDH). These enzymes enhance the throughput of the TCA
cycle, boosting ATP production, which is essential for meeting the high metabolic demands of
neurons, particularly in maintaining elevated metabolic activity [69]. Similarly, our study also
highlights that TRPM3 activation significantly increased OXPHOS protein expression in DRG
neurons and the SH-SY5Y cell line (Figure 3.5 and Supplementary Figure 3.S8), driving
heightened metabolic activity, likely due to the delayed Ca?* release following TRPM3 activation.
Although PS had a subtle effect on P-AMPK activation, it exhibited increased mitochondrial
activity through enhanced basal respiration (Supplementary Figure 3.S5). CIM markedly enhanced
basal respiration in both control and diabetic DRG neurons, suggesting its potential to improve
mitochondrial function under varying physiological conditions (Figure 3.5).

Additionally, the study demonstrated that PS and CIM elevated mitochondrial membrane
potential (MMP), which is crucial for maintaining mitochondrial energy homeostasis (Figure 3.5).
MMP is essential for driving ATP production through oxidative phosphorylation, and an elevated
MMP indicates highly energized mitochondrial membranes. Enhanced MMP, coupled with
improved basal respiration, signifies greater mitochondrial efficiency, which is vital for supporting

the metabolic demands of neurons.

3.5.5 Metabolomics data support TRPMS3 as a major stimulator of neuronal metabolism
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The impact of TRPM3 activation by CIM on the kinetics of glycolytic and TCA pathways in
neurons has not been previously described. Therefore, we performed a joint untargeted and
targeted LC/MS-MS-based metabolomics screen to investigate these pathways. Our findings
revealed a significant increase in ubiquinone levels following CIM treatment in DRG neurons. The
specific increase in ubiquinone (coenzyme Q10) levels is significant, given its crucial role in
mitochondrial electron transport and ATP synthesis [70]. Additionally, we observed a decrease in
galactose metabolism and lactic acid levels, along with a reduction in arachidonic acid metabolism
(Supplementary Figure 3.S9). Galactose metabolism is essential for providing energy and
structural components for neuronal cells. A decrease in galactose metabolism, as observed in our
study, suggests a metabolic shift away from glycolytic pathways towards more efficient energy
production mechanisms [71]. The reduction in lactic acid levels supports this shift, indicating a
decrease in anaerobic glycolysis. Anaerobic glycolysis is often upregulated in hypoxic or
dysfunctional neuronal environments [72]. This shift from lactic acid production to other pathways
suggests a more efficient use of glucose, thereby reducing the lactate burden on cells and lowering
the risk of lactic acidosis, a condition detrimental to neuronal health [73]. Furthermore, the
decrease in arachidonic acid metabolism suggests reduced pro-inflammatory signaling.
Arachidonic acid is a precursor for inflammatory mediators, and its reduction could mitigate
neuroinflammatory responses, promoting neuronal survival and function [74].

CIM treatment led to an upregulation of key TCA cycle metabolites such as citrate,
isocitrate, and pyruvate in SH-SY5Y cells (Supplementary Figure 3.S10). The TCA cycle is
fundamental for generating reducing equivalents (NADH, FADH2) used in oxidative
phosphorylation to produce ATP [75]. Citrate and isocitrate are not only critical for energy

production but also for the synthesis of fatty acids and cholesterol, which are vital components of
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neuronal membranes [76]. Our findings suggest that TRPM3 activation could potentially
overcome metabolic deficits observed in diabetic neuropathy by enhancing mitochondrial function
and metabolic efficiency. In diabetes, metabolism is impaired due to a combination of insulin
resistance, hyperglycemia, and mitochondrial dysfunction. This results in reduced TCA cycle
activity and a decrease in ATP production, leading to impaired neuronal function and survival
[77]. TRPMS activation appears to promote a feedback loop between the mitochondria and the
TCA cycle, providing substrates to the mitochondria, thereby permitting high energization of the
mitochondrial membrane and ATP synthesis. Interestingly, when the effects of CIM treatment
were abolished by co-treatment with primidone or isosakuranetin, TRPM3 antagonists, the
upregulation of TCA cycle metabolites and mitochondrial function was completely mitigated. This
indicates that the observed metabolic enhancements are directly mediated through TRPM3
activation and its downstream effects. These findings reinforce the hypothesis that TRPM3 plays
a central role in regulating neuronal metabolic resilience by restoring TCA cycle activity and

mitochondrial efficiency.

3.5.6 Elevated axonal outgrowth follows activation of TRPM3 and mobilization of the
CaMKKpB/AMPK pathway

The present findings demonstrate for the first time that the activation of the TRPM3 channel
significantly impacts the structure of DRG neurons. This effect of TRPM3 activation is mediated
primarily via neuronal TRPM3 channels since there is no evidence of TRPM3 expression or
function in Schwann cells or satellite cells [31; 48; 78]. Activation of TRPM3 enhances
mitochondrial function and metabolism within these neurons, as previously discussed. This

enhancement is particularly important due to the critical role of ATP in supporting growth cone
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motility and axonal construction via requirement for actin treadmilling [79]. ATP serves as a vital
energy source for various cellular processes, including the polymerization of cytoskeletal
components necessary for axonal elongation and the trafficking of growth-promoting molecules
[80]. Our prior research has demonstrated that muscarinic antagonist-induced neurite outgrowth
occurs, in part, through the blockade of ACh-dependent constraint of extracellular signal-regulated
kinase 1/2 (ERK1/2), resulting in the phosphorylation of the nuclear effector cyclic AMP response
element-binding protein (CREB) [81]. The interplay between TRPM3 activation and the
ERK/ATF3 pathway could provide a synergistic mechanism promoting axonal outgrowth and
regeneration. The significance of TRPM3 in sensory neuron function is further emphasized by
Vriens et al [31] who demonstrated that TRPM3 knockout (KO) mice exhibited a pronounced loss
of thermal sensation. However, in this instance the sensory deficit observed in TRPM3 KO mice
could not be attributed to loss of sensory innervation given a previous study in TRPM3, TRPV1,
TRPAL triple KO mice where histological analysis did not reveal any significant difference vs
wild type in the nerve bundles innervating the hindpaw skin [82].

At present our in vitro and in vivo data are limited to demonstrating repair and/or
enhancement of collatoral sprouting of sensory fibers in the skin. It remains unknown if this
muscarinic signaling pathway via TRPM3 could also contribute to nerve fiber regeneration.
Pathways such as the phosphatase and tensin homolog deleted on chromosome 10 (PTEN)
pathway that inhibit nerve regeneration via, in part, suppression of PI3-K/Akt signaling [83] would
appear to operate in isolation from the M:R/TRPM3/AMPK axis described herein. Interestingly,
the Rho/Rock pathway, a known negative regulator of axon regeneration [84], is activated by
agonist action at MR leading to augmentation of tubulin depolymerization. In our previous work

we revealed that antagonism of M1R could enhance tubulin polymerization, possibly via inhibition
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of Rho/Rock signaling [81]. Thus, it is feasible that M1R blockade and suppression of G protein
signaling could enhance axonal regeneration while the activation of TRPM3 and subsequent
AMPK mobilization could elevate collateral sprouting via augmentation of mitochondrial

function.

3.5.7 Limitations of this study

Despite the promising findings, several limitations need to be addressed in this study. First, while
the in vitro model provided useful insights, the complexity of in vivo environments and their
potential effects on TRPM3 activity and axon sprouting and nerve regeneration remain unexplored.
Animal models would be crucial to confirm the translational value of TRPM3 activation under
actual neuropathic conditions. Additionally, studies in diabetic neuropathy animal models would
establish if TRPM3 activation did exacerbate any pain phenotype (as discussed below).
Furthermore, while our study has established the role of the TRPM3/CaMKKB/AMPK signaling
pathway in axonal sprouting, other pathways or interacting proteins could also play significant
roles in this process (see discussion above relating to Rho/Rock and PTEN signaling). Finally,
while Ca?* influx can activate AMPK and then augment mitochondrial function it is feasible the
rise of intracellular Ca?* could also be buffered by mitochondria and effect bioenergetics directly
(via modulation of Ca?*-dependent enzymes in the mitochondrial matrix) [85]. Wang et al show
that approximately 40% of the Ca?* entering via TRPM3 can be localized to the mitochondria with
PS inducing a significant mitochondrial Ca?* transient in cultured DRG neurons [68]. Thus, our
future studies should include direct imaging of Ca?* transients in mitochondria in response to M;R
antagonism and TRPM3 agonism and whether it differs in control vs diabetic neurons. In addition,

future intracellular Ca?* studies would benefit from the use of a ratiometric approach, e.g. using
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fura-2AM, in order to clearly delineate the impact of M1R loss or blockade on steady state and
transient changes in Ca?* regulated by TRPM3 function. Such an approach would also permit a
more accurate comparison between Ca?* transients in control vs diabetic cultures. It remains
unknown in the current study if TRPM3 activation and subsequent Ca* influx is altered in diabetic
neurons. Previous work in cultured neurons derived from type 1 and type 2 diabetic rodents
revealed raised resting intracellular Ca* levels, in part, due to impaired loading into the ER [86;
87]. Thus, one might expect a reduced ability of TRPM3 opening to further augment AMPK
activity, however, our data in Figure 3.4 did not show any significant differences for this endpoint

in control vs diabetic neurons treated with PS or CIM.

3.6 Conclusions

Our findings suggest that TRPM3 activation could be a strategic intervention for reversing distal
nerve fiber loss observed in diabetic neuropathy, potentially driving nerve repair and regeneration.
The clinical success of muscarinic receptor antagonists, such as oxybutynin, for treatment of
diabetic neuropathy highlights the advantages of topical delivery methods [26]. Oxybutynin's shift
from oral to topical formulations for overactive bladder demonstrated significant benefits by
bypassing first-pass metabolism, reducing side effect-related metabolites, and maintaining
therapeutic levels of the parent compound [26]. Similarly, topical pirenzepine effectively treated
peripheral neuropathy in diabetic mice [23]. These examples suggest that TRPM3 agonists could
be similarly applied topically for diabetic neuropathy. One concern, of course, would be that
activation of TRPM3 while enhancing sensory fiber outgrowth could also elevate responses to
thermal stimuli. Since approximately 15-20% of persons with diabetic neuropathy exhibit a variety

of pain phenotypes [88] this could become a major factor limiting any therapy. However, studies
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in animal models [23] and now in humans [26] demonstrate that long term blockade of M1R does
reduce pain and so repairing the peripheral projections of the nervous system could suppress any
aberrant sensory responses leading to pain. Although further research is necessary, topical
application of TRPM3 agonists, informed by successful precedents, could offer a novel approach

to treating diabetic neuropathy and improving patient outcomes.
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Figure 3.1. CIM-induced Ca?" influx is inhibited by primidone treatment in DRG neurons.
Intracellular Ca?* was detected using fluo-4AM in DRG neurons cultured in the presence of low dose
neurotrophic factors for 1 day. (A) Time course of images taken in the presence of Ca?* media and non-
Ca?* media after the addition of 25 uM CIM and 20 mM KClI, (B) and (C) shows fluorescence intensity
relative to the resting fluorescence intensity. In (D) the average signal of neurons responding to CIM vs the
neurons which did not respond to CIM in the presence of Ca?* in the media is shown. (E-G) bar charts of
the area under the curve and quantification of the Ca?" influx relative to baseline in response to 25 uM CIM
and 20 mM KClI in the presence and absence of Ca?" In (H) time course images with effect of pre-treatment
with primidone in presence of CIM or PS (50 uM) followed by KCI. (1) fluorescence intensity relative to
the resting fluorescence intensity in DRG neurons treated with primidone (100 uM), followed by 50 uM
PS and lastly 20 mM KCI. In (J) bar charts of the area under the curve for Ca?* influx presented relative to
baseline. In (K) neurons were treated with primidone (100 pM), followed by 25 pM CIM and lastly 20 mM
KCI. In (L) bar charts of the area under the curve for Ca* influx. Red circles indicate regions of increased
fluo-4 Ca?* signal. Values are means + S.E.M., ****p < 0.0001 by one-way ANOVA with Tukey’s or

Dunnett’s post hoc test; n =10(E), 7(F), 8(G, J and L) replicate cultures. Bar = 100 um.
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Figure 3.2. PZ- and MT7-induced Ca?" influx is suppressed by blockade of TRPM3. Intracellular Ca?
was detected using fluo-4AM in DRG neurons cultured in the presence of low dose neurotrophic factors
for 2 days. (A) shows the time course of images taken in the presence of Ca?* media after the addition of
25 uM CIM. (B) shows the Ca?* uptake by axons after the addition of CIM, (C) Ca?* influx in the cell body
after the addition of CIM; (D and G) time course of images taken in the presence of Ca?* media after the
addition of PZ and MT7. (E) Ca?" uptake by the axons after the addition of PZ (30 uM), (F) bar chart of
the area under the curve and quantification of the Ca?* influx relative to baseline in response to PZ in the
presence of Ca?*; In (H) Ca?" uptake by the axons after the addition of MT7 (100 nM), (1) quantification of
the Ca?* influx relative to baseline in response to MT7 in the presence of Ca?* ; (J) time course of images
taken in the presence of Ca?* media after the addition of PZ, (K and L) shows Ca?* uptake by the axons
after the addition of PZ (30 uM) and bar chart of the area under the curve and quantification of the Ca?*
influx relative to baseline in response to PZ in the presence of Ca?*, (M and P) images taken in the presence
of Ca?* media with primidone (100uM) and isosakuranetin (100 uM) pre-treatment followed by addition of
PZ and MT7. (K and N) Ca?" influx induced by PZ and MT7 was abolished with primidone and
isosakuranetin pre-treatment. (L and O) Ca?" influx relative to baseline in response to PZ and MT7 with
primidone and isosakuranetin pre-treatment. Values are means £ S.E.M., *p < 0.05 by one-way ANOVA
with Dunnett’s post hoc test n =3 replicate cultures (J-L; one replicate culture was conducted to validate
the PZ-induced Ca?* signal in an independent experiment, incorporating inhibitors primidone and

isosakuranetin). Bar = 20um.
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Control wild type (WT) and M1R knockout (KO) mice
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Figure 3.3 MiR knockout suppresses Ca?" response to CIM and acute PZ treatment elevates PIP,
levels. (A) time course of images taken after the addition of CIM (25 uM) and then 20 mM KCl for DRG
neurons derived from M:iR KO or WT mice. (B) average signals of neurons responding to CIM in WT or
M:R KO cultures in the presence of Ca?*, (C) quantification of the Ca?* influx in MiR KO cultures

compared to WT cultures. (D-G) Intracellular phosphatidylinositol 4,5-bisphosphate (P1P2) was detected
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using a monoclonal antibody in cultured DRG neurons derived from control rat. (D, F) are images of PIP
staining in the presence of muscarine and PZ at different time points. (E) shows the bar chart of mean
fluorescence intensity for PIP levels following muscarine treatment (1 uM). (G) PIP; levels in the presence
of PZ (1 uM) at different time points. Values are means = S.E.M., *p<0.05, **p< 0.01, ***p< 0.001, by
one-way ANOVA with Dunnett’s post hoc test; n =4 replicate cultures (A-C) and n = 36 ROIs among 4-5

replicate cultures. Bar = 50um, 100pm.
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Figure 3.4. TRPM3 agonists enhance AMPK phosphorylation cultures derived from control or
diabetic rats. In (A-C) cultured DRG neurons derived from adult age matched control animals were treated
with 1uM PS for 3 hours and 6 hours. In (B, E, H) P-AMPK signal is presented normalized to T-AMPK.
In (C, F, I) T-AMPK is presented relative to total protein on the blot. In (D-F) diabetic DRG culture treated
with PS. In (G-1) DRG neurons isolated from a diabetic animal were exposed to 1 uM CIM. (J-K) 1 uM
CIM induced AMPK activation in response to AAV shRNA-mediated knockdown of TRPM3 in-vitro. (J)
DRG neurons treated with AAV scrambled and shRNA TRPM3 were exposed to CIM and P-AMPK levels
were quantified. (K) shows P-AMPK levels in the presence of CIM but in ShRNA treated group. n=3 (A-1)
and 60-80 ROIs from 4-5 (J-K) replicate cultures. Data were analyzed by one-way ANOVA with Dunnett’s

or Tukey’s post hoc test, mean+/-SEM, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Bar = 50um.
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Figure 3.5. CIM augments mitochondrial function in DRG neurons derived from control or diabetic
rats. DRG cultures were grown under defined conditions in the presence of a low dose cocktail of
neurotrophic factors and bioenergetics analysis performed using a XF24 Seahorse machine and oxygen
consumption rate (OCR) was assessed. In (A) and (G) arrows indicate addition of electron transport chain
inhibitors and uncoupler. OCR data was normalized to total protein concentration in mg. Cultures were

treated sequentially with oligomycin (1 um), followed by FCCP (1 uM) and rotenone/antimycin A (each 1
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uM). In (A-F) control rat DRG culture and (G-L) diabetic rat DRG culture were treated with 1 uM CIM at
different time points; (M) Shows the JC-1 dye mechanism for measuring MMP. To quantify the effect of
PS or CIM on MMP, double emission imaging of JC-1 ratios (590/530 nm) was studied and changes in
mitochondrial membrane potential (A¥m) in response to acute +/- 200 uM FCCP was observed in response
to pre-treatment for 3 hours of (N-O) CIM (1 uM) and (Newlin Lew et al.) PS (1 uM) in diabetic DRG.
(R-W) Effect of PS (1 uM) and CIM (1 uM) treatment on the expression of mitochondrial respiratory chain
proteins. The expression levels of mitochondrial respiratory chain proteins including NADH ubiquinone
reductase (Complex 1), succinate dehydrogenase (Complex I1), quinol-cytochrome ¢ reductase (Complex
I11), cytochrome C oxidase (Complex IV) and ATP synthase (Complex V) were gquantified using Western
blotting. The protein bands were normalized to total protein blots. In (R-W) DRG neurons derived from an
age matched adult control rat were treated with PS and CIM at 1uM dose for 8 hours; n=4-7 replicate
cultures (A-L; R-W) and 7-12 replicate cultures (M-Q). Data were analyzed by one-way ANOVA with

Dunnett’s or Tukey’s post hoc test, mean+/-SEM, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

129



(A) Control rat | ®) ©) o

100pm

Total neurite outgrowth
Total neurite outgrowth

100pm

Diabetic rat
B-Tubulin 1l Scrambled B-Tubulin 11 shRNA TRPM3 (E)

< 2 *Fkk

8000 Hdkk

Neurite Cutgrowth

BTubulinill  Scfambled + PZ | B-Tubulin Il ShRNA TRPM3 + PZ

kKoK

F

) \ () (H)
- 8000 °
s 2
2 0000
L 6000 = £
g: o g % 15000
o o e )
2 4000+ = E
£ g | H 3 10000
] * . @ P
c 0 1 £ 5
— 20007 © . 5000
3 o 68 [ [ A 5 2
= o] 0

Figure 3.6. Neurite outgrowth significantly increased in response to TRPM3 agonists, with PZ driving
this growth via TRPM3 channel activation. Adult DRG neurons derived from adult age matched control
or STZ-induced diabetic rats were cultured in the presence of a low dose cocktail of neurotrophic factors
and exposed to TRPM3 agonists or PZ for 1 day. Cultures were fixed and immunostained using antibody

to neuron-specific B-tubulin I11. Total neurite outgrowth data is presented relative to neuron number. In (A,
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B) treated with PS (1 uM). In (C) control cultures were treated with CIM (1 uM). (D) Neurite outgrowth
images taken after 48 hours of viral transduction and treatment with PZ (1 uM), (E) shows that PZ-mediated
upregulation of neurite outgrowth was blocked with TRPM3 downregulation in diabetic rat-derived DRG
cultures. In (F) diabetic rat DRG culture treated with CIM showed significant upregulation of neurite
outgrowth. (G) shRNA TRPM3 completely abolished CIM (1 uM) mediated upregulation of neurite
outgrowth. (H) Primidone (10 uM) completely abolished PZ-mediated upregulation of neurite outgrowth.
Values are means + S.E.M., *p<0.05, **p< 0.01, ***p< 0.001, ****p< 0.0001 by one-way ANOVA with

Tukey’s or Dunnett’s post hoc tests; n =4-6 replicate cultures. Bar = 100um.
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Figure 3.7. TRPM3 activates AMPK through a CaMKKJp dependent pathway. (A) shows the blots for
P-AMPK and T-AMPK, (B) P-AMPK signal is presented normalized to T-AMPK, (C) T-AMPK is
presented relative to total protein, (D) P-AMPK signal is presented normalized to total protein. (E-F)
Cultures were fixed and immunostained using antibody to neuron-specific B-tubulin Ill. Total neurite
outgrowth data is presented relative to neuron number. Data shows the effect of STO609 on neurite

outgrowth in the presence of 1 uM CIM. n=3 replicate cultures in all charts except (F) where n=6 replicate
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cultures. Data were analyzed by one-way ANOVA with Dunnett’s or Tukey’s post hoc test, mean+/-SEM,

*p<0.05, **p<0.01, ****p<0.0001. Bar = 100um.
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Figure 3.8. Targeted metabolomics in human neuroblastoma SH-SY5Y cells treated with 1 pM CIM
in the presence/absence of TRPM3 antagonists. (A) Heatmap showing effect of 3 hr treatment with 1
uM CIM on metabolic activity in the presence/absence of co-treatment with primidone (10 uM) or
isosakuranetin (10 uM). The metabolites from the TCA cycle and glycolysis were targeted; each row
represents a metabolite after statistical analysis; one-way ANOVA; p< 0.05; Benjamini-Hochberg, (B)
partial least square (PLS) of detected metabolites (C) enrichment analysis for the significantly affected
metabolites, and (D) shows metabolites that were significantly increased with CIM treatment and decreased
with co-treatment with primidone and isosakuranetin within the pathways for glycolysis and TCA cycle;

n= 3-4 replicate cultures.
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3.9 Supplementary figures
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Figure 3.S1. Effect of PS on Ca?" influx in cultured adult rat DRG neurons. Intracellular Ca?* was
detected using fluo-4AM in DRG neurons cultured in the presence of low dose neurotrophic factors for 1
day. (A) shows the time course of images taken in the presence of Ca?* media and non-Ca?* media after the
addition of 50 uM PS and 20 mM KCI. In (B) fluorescence intensity relative to the resting fluorescence
intensity in the presence of media containing Ca?*. (C) in the presence of non-Ca?* media. In (D) the average
signal of neurons responding to PS vs the neurons which did not respond to PS in the presence of Ca?* in
the media is shown. (E-G) bar charts of the area under the curve and quantification of the Ca?* influx
relative to baseline in response to 50 uM PS and 20 mM KCl in the presence and absence of Ca®'. Red
circles indicate regions of increased fluo-4 Ca?* signal. Values are means + S.E.M., *p < 0.05, ***p < 0.001,
****p < 0.0001 by one-way ANOVA with Dunnett’s post hoc test; n= 4(E), 7(F) and 3(G) replicate

cultures. Bar = 100pm.

135



Control rat
(A)

Isosakuranetin +CIM 0 Jisosakuranetin +CIM 30 secs || 1sosakufanetin +CIM 200 secs Isosawneth+ PS 0 Isosa*anet--v- PS  30secs

Fluo-4AM Fluc-4AM

(B) (C) CIM AUC (2) (E)
Isosakuranetin+ CIM Isosakuranetin+ PS PSAUC
EEeT 50 TS
2.0 o 3 °
CIMm KCl g KCl z o
15 \sosakuranetin; 3 2 Isosakuranetin¢ 3 40 o0
@
1.0 22 s £
wo T L = 20
i o [l | 2
4 45 E 10 < c
. £ g
@ 0~ st e WL g 0
0.0 g 0 o8 - )
S5 TrTTT T T T T T T T T -10 T T \!" l B b o o e S s s e B e e | - ; (I\ G_" (:\I
O DADAD B ¢ 4D DD DO D P P & (9 DB PR D D D P22 D P T LS
o2 52AVAD G2 ¢F 7202 N2 a0 o2 032 o o & & + D02 SATAD 25 22 a0 K g7 o & @
................ & e B o b oo g B N N S
RO L CAS AT AR AN g & *(»“ R R SR A AR &
Time {seconds) & Time (seconds) &

Figure 3.52. PS and CIM induced Ca?* influx was abolished by pre-treatment with TRPM3 inhibitor
isosakuranetin. In (A) time course images are shown with the treatment of inhibitor and CIM/ PS followed
by KCI. (B) Fluorescence intensity relative to the resting fluorescence intensity of DRG neurons treated
with isosakuranetin (100 uM), followed by 25 uM CIM and lastly 20 mM KCI. In (C) bar charts of the area
under the curve for Ca?* influx presented relative to baseline. In (D) neurons were treated with primidone
(100 uM), followed by 50 uM PS and lastly 20 mM KCI. In (E) bar charts of the area under the curve for
Ca?" influx. Values are means + S.E.M., ****p < 0.0001 by one-way ANOVA with Dunnett’s post hoc test;

n =6-8 replicate cultures. Bar = 100um.
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Figure 3.53: PZ- and MT7-induced Ca?" influx in M;R KO and WT mice. Intracellular Ca?*" was
detected using fluo-4AM in cultured DRG neurons derived from M:R KO or WT mice in the presence of
low dose neurotrophic factors for 2 days. (A) time course of images showing Ca?* uptake by axons and cell
bodies after the addition of PZ (30uM), (F) time course of images showing Ca?* uptake by axons and cell
bodies after the addition of MT7 (100nM), (B) average signals of neuronal axons responding to PZ in WT
or M;R KO cultures in the presence of Ca?*, (C) quantification of the Ca?* influx specific to axons in M;R
KO cultures compared to WT cultures in response to PZ. (D) average signals of neuronal cell bodies
responding to PZ in WT or M;R KO cultures in the presence of Ca?', (E) quantification of the Ca?" influx

specific to neuronal cell bodies in M1R KO cultures compared to WT cultures in response to PZ. (G) average
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signals of neuronal axons responding to MT7 in WT or M;R KO cultures in the presence of Ca?*, (H)
quantification of the Ca?* influx specific to axons in MR KO cultures compared to WT cultures in response
to MT7. (1) average signals of neuronal cell bodies responding to MT7 in WT or M:R KO cultures in the
presence of Ca?*, (J) quantification of the Ca?* influx specific to neuronal cell bodies in M;R KO cultures
compared to WT cultures in response to MT7. Values are means = S.E.M., *p<0.05, **p< 0.01, by one-

way ANOVA with Dunnett’s post hoc test; n =3 replicate cultures. Bar = 20pm.
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Figure 3.54. AAV.shRNA-mediated knockdown of TRPM3 in vitro. (A) shows the transfected cells with
scrambled and shRNA TRPM3 (labelling of primary DRGs transduced with AAV.PHP.s-shRNA-
scrambled (green) or AAV.PHP.s-shRNA-TRPM3 (red)). (B) TRPM3 immunostaining (Cy7) of cells
transduced with AAV.PHP.s-shRNA-TRPM3. (F) Quantitative analysis was performed to evaluate the
TRPM3 expression. (C-E) DRG neurons were treated with AAVs and then TRPM3 expression was
guantified. (D and E) show the downregulated expression of TRPM3 in AAV-shRNA-TRPM3 treated
group. Values are means + S.E.M., *p<0.05, ****p< 0.0001 by one-way ANOVA with Dunnett’s post hoc

test; n =80 (B, F) and 6 (C-E) replicate cultures, Bar = 100um.
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Figure 3.S5. PS enhanced mitochondrial function in cultured DRG neurons derived from age
matched control or STZ-induced diabetic rats. DRG cultures were grown under defined conditions in
the presence of a low dose cocktail of neurotrophic factors and bioenergetics analysis performed using a
XF24 Seahorse machine and oxygen consumption rate (OCR) was assessed. In (A) and (G) arrows indicate
addition of electron transport chain inhibitors and uncoupler. OCR data was normalized to total protein
concentration in mg. Cultures were treated sequentially with oligomycin (1 pM), followed by FCCP (1 uM)
and rotenone/antimycin A (each 1 uM). In (A-F) a control rat DRG culture and (G-L) diabetic rat DRG
culture were treated with 1 uM PS at different time points. Values are means + S.E.M., *p<0.05 **p<0.01,

by one-way ANOVA with Dunnett’s post hoc test; n=5-7 replicate cultures.
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Figure 3.56. TRPM3 expression and effect of CIM on Ca?* influx in SH-SY5Y cells. (A) blot showing
TRPM3 expression in DRG neurons and SH-SY5Y cells. Intracellular Ca?* was detected using fluo-4AM
in SH-SY5Y cells. (B) shows the time course of images taken in the presence of Ca?* media and non-Ca**
media after the addition of 25 uM CIM and 20 mM KCI. In (C) the average fluorescence intensity of the
cells responding to CIM in the presence of media containing Ca?*, (D) in the presence of non-Ca?* media.
Red circles indicate regions of increased fluo-4 Ca?* signal. Data in (C) and (D) is presented as change in

average intensity of Ca?* signal in multiple ROIs from 4 replicate wells. Bar = 100pm.
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Figure 3.57. Effect of TRPMS3 agonists on AMPK phosphorylation in SH-SY5Y cells. In (A and D)

total protein blots are shown. (B) represents the effect of 1 uM PS on P-AMPK normalized to T-AMPK,

(C) shows the T-AMPK levels normalized to total protein in the presence of PS. (E) P-AMPK signal is

presented normalized to T-AMPK, (F) T-AMPK is presented relative to total protein on the blot in the

presence to 1 uM CIM. (G-K) Effect of CIM on mitochondrial function in SH-SY5Y cell line. Cells were

plated and after 4 hours of serum starvation, bioenergetics analysis was performed using a XF24 Seahorse

machine and OCR was assessed. In (G) arrows indicate addition of electron transport chain inhibitors and

uncoupler. In (H-K) OCR measurements are presented as basal respiration, maximal respiration, spare

respiratory capacity, and ATP production where cells were treated with 1 uM CIM at different time points.

Values are means = S.E.M., *p<0.05, **p<0.01, by one-way ANOVA with Dunnett’s post hoc test; n=4-6

replicate cultures.
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Figure 3.S8. Effect of PS and CIM treatment on the expression of mitochondrial respiratory chain
proteins in SH-SY5Y cells. The expression levels of mitochondrial respiratory chain proteins including
NADH ubiquinone reductase (Complex I), succinate dehydrogenase (Complex IlI), quinol-cytochrome ¢
reductase (Complex IIl), cytochrome C oxidase (Complex IV) and ATP synthase (Complex V) were
guantified using Western blotting. The protein bands were normalized to total protein blots. In (A-E) SH-
SYS5Y cells were treated with PS (1 uM) for 8 hours. In (F-J) SH-SYS5Y cells were exposed to 1 uM CIM.
Values are means + S.E.M., *p<0.05 **p<0.01, by one-way ANOVA with Dunnett’s post hoc test; n=6

replicate cultures.
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Figure 3.S9. Untargeted metabolomics in DRG neurons derived from control rat. DRG neurons were
isolated from control rats and treated with 1 uM CIM for 3 hours. (A) Heatmap representing the significant
effect of CIM. Each row represents a metabolite (total of 97 significant metabolites after statistical analysis;
t-test; p< 0.05; Bonferroni FWER). (B) Enrichment analysis for the significantly affected metabolites, (C)
principal component analysis (PCA) of detected metabolites. Each circle represents an individual sample
and (D) pathway analysis of the enriched metabolites showing significantly affected metabolites. n= 6

replicate cultures.
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significantly increased with CIM treatment within the pathways for glycolysis and TCA cycle; n= 4

replicate cultures.

3.10 Supplementary tables

Table 3.S1. The concentrations of the calibration standards were measured in pg/mL. Stock
solutions of fumarate, malate, lactate, and a-ketoglutarate were individually prepared in methanol,
whereas stock solutions of all other compounds were prepared in water at a concentration of 1
mg/mL. A cocktail solution was created by combining all the stock solutions. Working standard
solutions were then obtained through serial dilutions of the cocktail solution using methanol.
Calibration standards were prepared by spiking the treated matrix with appropriate amounts of the
working standard solutions at eight different concentration levels, as detailed in Xu, Jiaetal. “An
optimized analytical method for cellular targeted quantification of primary metabolites in
tricarboxylic acid cycle and glycolysis using gas chromatography-tandem mass spectrometry and

its application in three kinds of hepatic cell lines.” Journal of pharmaceutical and biomedical

analysis vol. 171 (2019): 171-179. doi:10.1016/j.jpba.2019.04.022.

Analyte A B C D E F G H
Pyruvate 5 25 1.25 0.625 0.312 0.156 0.0781 |0.0391
Lactate 40 20 10 5 25 1.25 0.625 0.312
Succinate 20 10 5 25 1.25 0.625 0.312 0.156
Fumarate 3 15 0.75 0.375 0.188 0.0938 |0.0469 |0.0234
Malic acid 5 25 1.25 0.625 0.312 0.156 0.0781 |0.0391
o-Ketoglutarate 10 5 25 1.25 0.625 0.312 0.156 0.0781
PhosphoenolPyruvate 3 15 0.75 0.375 0.188 0.0938 |0.0469 |0.0234
Cis-Aconitase 3 15 0.75 0.375 0.188 0.0938 |0.0469 |0.0234
3-Phosphoglycerate 5 2.5 1.25 0.625 0.312 0.156 0.0781 |0.0391
Citrate 10 5 25 1.25 0.625 0.312 0.156 0.0781
Iso-Citrate 5 25 1.25 0.625 0.312 0.156 0.0781 |0.0391
Glucose 80 40 20 10 5 25 1.25 0.625
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Table 3.S2. Experimental conditions of the optimized GC-MS/MS method for the selected
targeted compounds. The optimized parameters and retention time of each compound were
summarized (T) using the quantifying ion (Q1- precursor ion and Q2- daughter ion) and collision
energy (CE) parameters taken from the reference: Xu, Jia et al. “An optimized analytical method
for cellular targeted quantification of primary metabolites in tricarboxylic acid cycle and
glycolysis using gas chromatography-tandem mass spectrometry and its application in three kinds
of hepatic cell lines.” Journal of Pharmaceutical and Biomedical Analysis (2019) 171: 171-179.
doi:10.1016/j.jpba.2019.04.022. The selection of Q1 and Q2 ensures high sensitivity and
specificity in multiple reaction monitoring (MRM) mode, enhancing the method's performance.
Retention times were optimized for precise compound identification, minimizing peak overlap and

improving quantification accuracy.

Compounds T (min) Ql Q3 CE
Pyruvate 4.14 174.1 74.1 14
Lactate 4.23 151.2 147.1 g
Succinate 5.98 147.1 73.1 14
Fumarate 6.19 245.1 73.1 18
Malate 7.15 233.1 73.1 10
a-Ketoglutarate 7.68 198.1 73.1 12
PEP 7.86 363.1 147.1 16
Cis-aconitate B.66 22391 147.1 10
3-phosphoglycerate 9.05 227.1 211.1 8
Citrate 9.1 273.1 73.1 18
Iso-citrate 9.11 245.1 73.1 16
Glucose 9.68 313.2 73.1 18
15 9.16 115.1 75 10
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4.1 Introduction

Diabetic sensorimotor polyneuropathy (DSPN) is a prevalent and debilitating complication of
diabetes mellitus, characterized by a progressive "dying-back™ degeneration of distal axons in the
peripheral nervous system (Feldman et al., 2019). This axonopathy primarily affects the distal
extremities, leading to significant sensory loss and chronic neuropathic pain. A similar pattern of
axonal degeneration is observed in other peripheral neuropathies, such as chemotherapy-induced
peripheral neuropathy (CIPN) and HIV-associated distal symmetric polyneuropathy, underscoring
a shared vulnerability of peripheral neurons to metabolic and toxic insults (Bennett et al., 2014;
Cashman and Hoke, 2015). Despite advances in glycemic management, the incidence and
progression of DSPN remain challenging to mitigate due to the multifactorial pathophysiology and
the absence of reliable, early-stage biomarkers to detect and track disease progression.
Mitochondrial dysfunction in sensory neurons has been identified as a key driver of axonal
degeneration, contributing to metabolic energy deficits, oxidative stress, and impaired axonal
transport (Chowdhury et al., 2013). Therefore, therapeutic strategies aimed at ameliorating
mitochondrial impairments hold significant promise in addressing both neurodegenerative and
neuropathic pain components of DSPN. Previous studies from our group have demonstrated that
adult sensory neurons experience metabolic constraints mediated by activation of the muscarinic
acetylcholine type 1 receptor (M1R) (Sabbir et al., 2018). However, M:R signaling itself does not
directly contribute to the underlying pathology of neuropathies such as DSPN, CIPN, or HIV-
associated neuropathy. Interestingly, pharmacological inhibition of M:R has demonstrated

remarkable neuroprotective and regenerative properties.

Earlier findings from our research group revealed that MR antagonists such as pirenzepine (PZ)

and muscarinic toxin 7 (MT7) trigger the activation of the AMP-activated protein
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kinase/peroxisome proliferator-activated receptor gamma coactivator 1-alpha (AMPK/PGC-1a)
signaling axis (Calcutt et al., 2017; Saleh et al., 2020). This cascade enhanced mitochondrial
bioenergetics and promoted neurite outgrowth, offering a pathway to neuronal resilience. In rodent
models of diabetic neuropathy PZ treatment effectively prevented and even reversed key
pathological features of neuropathy by promoting axonal repair (Calcutt et al., 2017).
Subcutaneous administration of the M1R antagonist oxybutynin significantly improved tactile and
thermal sensory deficits in the STZ-induced type 1 diabetic mouse model, while topical
applications of MT7 and oxybutynin restored corneal nerve fiber density and mitigated
intraepidermal nerve fiber (IENF) loss in human diabetic subjects (Casselini et al., 2024). The
diabetic patients after 5 months of topical oxybutynin treatment demonstrated significant increases
in IENF density, reduced neuropathic pain, and improved quality-of-life scores, reinforcing the
therapeutic potential of M:R antagonism in diabetic neuropathy. In a murine model of oxaliplatin-
induced chemotherapy-induced peripheral neuropathy (CIPN), topical MT7 treatment effectively
reversed corneal nerve fiber loss, suggesting its broader application in preserving small fiber
integrity (Saleh et al., 2020). Similarly, in the doxycycline-inducible HIV-TAT transgenic mouse
model, systemic administration of PZ preserved corneal nerve density and prevented both tactile
and thermal deficits by counteracting mitochondrial dysfunction induced by TAT expression (Han
et al., 2021). These restorative effects prompted further investigation into the underlying
mechanisms driving this neuroprotection. Recent in vitro findings from our lab identified the
transient receptor potential melastatin-3 (TRPM3) channel as a critical mediator of MiR
antagonist-induced neuroprotection (Chauhan et al., 2025). TRPM3 channels, expressed on dorsal
root ganglion (DRG) sensory neurons, are key regulators of nociceptive signaling, responding to

noxious heat and chemical stimuli (Vriens et al., 2011). Activation of TRPM3 channels facilitated
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calcium influx, enhanced mitochondrial respiration, stimulated AMPK signaling, and promoted
neurite outgrowth in DRG sensory neurons (Chauhan et al., 2025). Crucially, pharmacological
inhibition or genetic silencing of TRPM3 completely nullified the neuroprotective effects of MR
antagonists. This finding highlights TRPM3 as an essential driver of the regenerative response
elicited by M1R blockade. Building upon these mechanistic insights, the present study sought to
evaluate the in vivo dependency of M1R antagonist-mediated neuroprotection on TRPM3 channel
activity in a murine model of diabetic neuropathy. Utilizing a streptozotocin (STZ)-induced type
1 diabetes mouse model, we administered daily topical (to the cornea) or subcutaneous treatments
of the M(R antagonist PZ alongside TRPM3 antagonists- primidone and isosakuranetin over a 16-
week period. Sensory and functional outcomes were assessed through tactile and thermal
nociception tests, motor nerve conduction velocity (MNCV) measurements, and quantification of
corneal nerve fiber density. Our results demonstrated that inhibition of TRPM3 channels negates
the neuroprotective efficacy of M:R antagonism in diabetic neuropathy, as evidenced by
exacerbated sensory impairments. These findings suggest that TRPM3 channel activity plays a
crucial role in mediating the protective effects of M1R antagonism, and its inhibition disrupts key

mechanisms underlying sensory and functional preservation in diabetic neuropathy.

4.2 Results

4.2.1 Effect of PZ treatment combined with TRPM3 inhibition on tactile sensitivity

At 4 weeks post-STZ induction, diabetic mice treated with vehicle control exhibited early signs of
mechanical allodynia, as evidenced by a mild reduction in paw withdrawal threshold (PWT)
compared to non-diabetic controls (Figure 4.1B). This observation aligns with previous studies

demonstrating early-onset tactile hypersensitivity in diabetic neuropathy due to peripheral nerve

151



dysfunction (Calcutt et al., 1996; Jolivalt et al., 2016; Lee-Kubli et al., 2014) . Given that PZ has
been reported to require approximately 8 weeks of treatment to exert its therapeutic effects, no
significant improvements in PWT (Figure 4.1B) were observed with topical administration at this
early time point (Jolivalt et al., 2022). However, co-treatment with the TRPM3 inhibitors
primidone and isosakuranetin resulted in an increase in PWT, suggesting an early modulatory
effect on mechanical hypersensitivity in STZ-induced neuropathy (Figure 4.1B). Additionally,
subcutaneous administration of PZ (Figure 4.1E) introduced greater variability, suggesting
inconsistencies in systemic absorption or distribution, which rendered it an unsuitable approach
for preventive therapy during the early stages of diabetic neuropathy. At 8 weeks, vehicle-treated
diabetic mice (STZ group) exhibited a transient increase in 50% PWT, indicating reduced tactile
sensitivity (hypoalgesia) (Figure 4.2B). However, previous studies have demonstrated that tactile
allodynia typically emerges within 2—4 weeks post-STZ injection and persists into late stages (>16
weeks) due to progressive peripheral nerve damage and chronic neuroinflammation (Agarwal et
al., 2018). Thus, the observed increase in PWT at 8 weeks in the STZ group likely reflects a
temporary shift in disease course, indicative of delayed neuropathic progression rather than a true
reduction in pain sensitivity. Consequently, this complicates the interpretation of PZ’s effects, as
the apparent decrease in PWT in the PZ-treated STZ group may not necessarily indicate a
protective effect. Similarly, the effects on PWT observed with primidone and isosakuranetin co-
administration (Figure 4.2B,E) cannot be conclusively attributed to the induction of mechanical
allodynia, given the underlying variability and slow progression in the STZ model. By 16-weeks,
vehicle-treated diabetic mice (STZ group) displayed a significant reduction in PWT, reinforcing
the persistence of mechanical allodynia (Figure 4.3B). In contrast, the control group exhibited the

highest PWT values, reflecting intact tactile sensitivity. While this sustained decrease in PWT
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suggested heightened pain sensitivity, there was no direct evidence of peripheral nerve fiber loss,
as CCM measures remained unchanged (Figure 4.4). Instead, this was likely driven by maladaptive
central mechanisms in the spinal dorsal horn. One key mechanism involves a pathological shift in
GABAergic (Gamma-aminobutyric acid) signaling. Under normal conditions, GABA acts as an
inhibitory neurotransmitter, but in diabetic models, its function can become excitatory due to the
downregulation of the potassium-chloride co-transporter KCC2. This reduction in KCC2
expression disrupts chloride homeostasis, leading to increased intracellular chloride levels. As a
result, activation of GABA-A receptors depolarizes rather than inhibits neurons, promoting pain
hypersensitivity and contributing to the maintenance of allodynia (Jolivalt et al., 2008).
Interestingly, diabetic mice treated with PZ (topical and subcutaneous) exhibited an increase in
PWT compared to the untreated STZ group, with subcutaneous administration resulting in a more
pronounced improvement, supporting its long-term neuroprotective potential (Figure 4.3B, 4.3E).
However, co-administration of TRPM3 inhibitors, isosakuranetin and primidone (Figure 4.3B) did
not significantly alter the PZ mediated effects. Notably, when PZ was co-administered with
primidone subcutaneously (Figure 4.3E), the PZ mediated PWT improvements were attenuated
(but not statistically significant), suggesting that TRPM3 channels play a role in mediating MR

antagonism-driven neuroprotection.
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Figure 4.1. Effect of TRPM3 inhibitors on PZ induced protection against neuropathy in early stages
of neuropathy development. (A,D) Paw withdrawal latency in response to heat using the Hargreaves
apparatus, (B,E) Paw withdrawal frequencies to mechanical stimulation with von Frey filament test and
(C,F) motor nerve conduction velocity measured after 4 weeks of diabetes, with daily topical drug treatment
to the left eye with either vehicle (saline-25 ul), PZ (25 ul of 20 mg/ml) and isosakuranetin (25l of 1ug
dose solution) or primidone (25 ul of 1 ug dose solution), subcutaneous (systemic) drug treatment of PZ
(10 mg/kg/day) or primidone (1 mg/kg/day). Data points are group mean + SEM with in-between group
analysis (7-10 animals per group) by one-way ANOVA followed by Dunnett’s Post hoc test, ****p <

0.0001.
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4.2.2 Thermal sensitivity in response to PZ and TRPM3 inhibitors

At 4 weeks post-STZ induction, diabetic mice exhibited a mild increase in latency to heat stimuli
compared to non-diabetic controls (Figure 4.1A,D), indicating that thermal sensitivity remained
largely intact at this stage. Similarly, at 8 weeks, no statistically significant differences in heat
sensitivity were observed across all treatment conditions (Figure 4.2A,D). Previous reports suggest
that an increase in paw thermal withdrawal latency in STZ-induced diabetic mice typically
emerges as early as 4-8 weeks post-induction (Jolivalt et al., 2016; Lee-Kubli et al., 2014).
However, in our model, no obvious changes in heat sensitivity were observed at 4 or 8 weeks,
indicating a slower progression of neuropathy in this cohort (Figure 4.1A, 4.2A). This is consistent
with the gradual development of mechanical allodynia, further supporting the delayed onset of
sensory deficits. This slower progression of neuropathy may be attributed to the delayed
neurotoxic effects of STZ, leading to an extended timeframe for the onset of fully developed
neuropathy. By 16 weeks, clear neuropathic changes were observed in both topical and
subcutaneous treatment groups. In the topical treatment group (Figure 4.3A), STZ-induced
diabetic mice exhibited increased latency to heat stimuli compared to controls, confirming the
progression of diabetic neuropathy. However, unlike previous studies that report earlier onset,
thermal insensitivity in our model appears delayed, suggesting a slower disease progression
(Beiswenger et al., 2008). PZ treatment effectively reduced latency, indicating restored sensitivity
and potential neuroprotection. However, co-administration with primidone (subcutaneously only,
Figure 4.3D) and isosakuranetin (topically, Figure 4.3A) attenuated the PZ-mediated effect, with
isosakuranetin demonstrating a stronger inhibitory effect, leading to a pronounced increase in

latency.
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Figure 4.2. TRPM3 inhibition mediated effects on sensory and motor parameters post 8 weeks
diabetes. (A,D) Paw withdrawal latency in response to heat using the Hargreaves apparatus, (B,E) Paw
withdrawal frequencies to mechanical stimulation with von Frey filament test and (C,F) motor nerve
conduction velocity measured after 4 weeks of diabetes, with daily topical drug treatment to the left eye

with either vehicle (saline-25 pl), PZ (25 ul of 20 mg/ml) and isosakuranetin (25 pl of 1 pg dose solution)

Heat topical

or primidone (25 ul of 1 pg dose solution),

or primidone (1 mg/kg/day). Data points are group mean + SEM with in-between group analysis (7-10

animals per group) by one-way ANOVA followed by Dunnett’s and Tukey’s Post hoc test, ***p < 0.001,

****p < 0.0001.
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Figure 4.3. TRPM3 inhibition abolished PZ mediated neuroprotective effects post 16 weeks of
diabetes. (A,D) Paw withdrawal latency in response to heat using the Hargreaves apparatus, (B,E) Paw
withdrawal frequencies to mechanical stimulation with von Frey filament test and (C,F) motor nerve
conduction velocity measured after 4 weeks of diabetes, with daily topical drug treatment to the left eye
with either vehicle (saline-25 ul), PZ (25 ul of 20 mg/ml) and isosakuranetin (25 ul of 1 pg dose solution)
or primidone (25 pul of 1 pg dose solution), subcutaneous (systemic) drug treatment of PZ (10 mg/kg/day)
or primidone (1 mg/kg/day). Data points are group mean = SEM with between group analysis (7-10 animals
per group) by one-way ANOVA followed by Dunnett’s and Tukey’s Post hoc test. *p < 0.05, **p< 0.01,

***p < 0.001 and ns: non-significant.

157



4.2.3 Impact of PZ and TRPM3 inhibitors on motor nerve conduction velocity in diabetic

neuropathy model

At 4 weeks post-STZ induction, motor nerve conduction velocity (MNCV) remained unchanged,
showing no statistically significant differences between diabetic and control mice (Figure 4.1C,F).
Similarly, at 8 weeks, MNCV remained stable across all treatment groups (Figure 4.2C,F),
indicating that motor conduction deficits had not yet emerged. These findings are consistent with
the slow progression of neuropathy observed in other sensory assessments, suggesting a delayed
onset of nerve dysfunction in this STZ model compared to previously reported models (Jolivalt et
al., 2016). Collectively, these results reinforce the notion that the development of neuropathy was
gradual in this cohort. By 16 weeks, diabetic mice treated with vehicle exhibited a pronounced
decrease in MNCV compared to controls (Figure 4.3C), reflecting the expected progression of
diabetic neuropathy. While this outcome aligns with previous studies (Obrosova et al., 2004),
neuropathy in this model developed at a slower pace, reinforcing the delayed onset observed in
earlier time points. In the topical treatment group, PZ administration resulted in a significant
improvement in MNCV (Figure 4.3C). However, the co-administration of TRPM3 inhibitors,
primidone and isosakuranetin, attenuated PZ-mediated improvements. Although the reduction in
PZ efficacy was not statistically significant, a clear trend toward decreased MNCV was observed,
suggesting potential interactions between PZ and TRPM3 modulation. In contrast, subcutaneous
administration of PZ resulted in a similar improvement in MNCV (Figure 4.3F), although the co-
administration of TRPM3 inhibitors in the subcutaneous group did not significantly alter PZ-
mediated improvements, indicating potential differences in pharmacokinetics between the two

administration routes.
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Figure 4.4. Effects of diabetic neuropathy progression on corneal nerve density. (A) Images of the sub-
basal nerve plexus captured with Heidelberg Retina Tomograph 11l Rostock corneal module from the
central cornea, (B) time course of sub-basal plexus nerve density (as percentage of occupancy) in mice that
received daily eye drops of either vehicle (saline-25 pl), PZ (25 ul of 20 mg/ml) and isosakuranetin (25 ul
of 1 pg dose solution) (C) quantification of sub-basal nerve plexus density among different treatment
groups. Values are shown as mean = SEM of n is the average of 5 images of sub-basal nerve plexus density

among 7-10 animals each treatment group, *p < 0.05 by one-way ANOVA and Tukey’s post-hoc test.

4.2.4 Corneal nerve density with disease progression and drug treatments

At baseline, control mice exhibited normal corneal nerve density, indicating healthy small fiber
integrity (Figure 4.4A). Surprisingly, no significant progressive decline in corneal nerve density

was observed over the 16-week period in STZ-induced diabetic mice compared to control mice
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(Figure 4.4B,C). This suggests that while functional deficits such as tactile and thermal sensitivity
impairments were present (Figure 4.3), they did not translate into significant structural damage to
corneal nerves within this timeframe. PZ did not have any effect on corneal nerve density however
TRPM3 inhibitor-isosakuranetin treatment resulted in a significant loss of corneal nerves (Figure
4.4B,C). These results indicated potential role of TRPM3 in maintaining corneal nerve integrity.
Future studies should consider extending the duration of observation or utilizing more aggressive
diabetic models to better elucidate the relationship between diabetic neuropathy progression and

corneal nerve degeneration.

STZ+V STZ+PZ | STZ+Pz+Prim | STZ+Pz+Isosak | STZ+PZ (sc) | STZ+PZ+Prim(sc)
599 599 599 519 599 119.00%*
599 561 599 181.00* 599 379
510 599 599 599 585 147.00*
544 470 599 554 166.00* 406
599 134.00* 599 572 207.00%* 408
599 468 599 599 550 591
599 599 599 599 599 599

542 599 599 599 480
544 599 465
575 599

Table 4.1. Blood glucose levels of experimental mouse groups: Blood glucose (BG; mg/dL)
measurements are shown for all treatment groups (V; vehicle, STZ; streptozotocin, PZ;
pirenzepine, prim; primidone, isosak; isosakuranetin, sc; subcutaneous), across the study. BG
levels reverted to normoglycemic range in some of the animals (*), indicating failure of sustained
diabetic induction. These animals were excluded from analyses where persistent hyperglycemia

was a prerequisite.
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4.2.5 Body weight and sensorimotor function

Body weight and blood glucose levels were measured at baseline and after STZ injections, as well
as following the administration of PZ, primidone, and isosakuranetin treatments to confirm the
establishment of diabetes and to monitor potential 3-cell regeneration over the course of the study.
Consistent with previous reports, long-term STZ-induced diabetes may allow for partial B-cell
regeneration, potentially impacting metabolic parameters and disease progression. However, in
this study, no significant changes in blood glucose levels were observed following treatment,
confirming the sustained diabetic state throughout the experiment. Sensorimotor coordination was
assessed using the rotarod test to evaluate motor function in diabetic and non-diabetic control mice.
The results showed no significant differences in rotarod performance between STZ-induced
diabetic mice and control mice over the first 8 weeks of diabetes progression. Furthermore, daily
administration of PZ, isosakuranetin, or primidone for 8 weeks did not result in any detectable
improvement or impairment in motor coordination, suggesting that the treatments did not
adversely affect motor function. The absence of significant differences persisted over time, with
no notable changes in rotarod performance observed in STZ mice treated with vehicle, PZ alone,
or in combination with isosakuranetin or primidone. The maintained rotarod performance across
all experimental conditions suggests that diabetes-related motor deficits were not severe enough

to confound the interpretation of sensory function outcomes.

4.3 Discussion

4.3.1 Topical and systemic treatments

Corneal confocal microscopy (CCM) has emerged as a powerful, non-invasive tool for evaluating

small fiber neuropathy in diabetes (Chen et al., 2013; Labbé et al., 2006). The cornea is densely
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innervated by small sensory fibers originating from the ophthalmic branch of the trigeminal nerve,
making it a unique surrogate marker for systemic neuropathy. Unlike traditional diagnostic
methods, which often require invasive skin biopsies or electrophysiological assessments with
limited sensitivity to early neuropathic changes, CCM enables high-resolution imaging of corneal
nerves with the ability to monitor disease progression and treatment efficacy longitudinally
(Tavakoli et al., 2010). Topical ocular administration allows for localized delivery to the cornea
while also potentially exerting systemic effects via absorption through the ocular vasculature and
trigeminal-autonomic pathways. In line with this, M1R antagonist MT7, when given topically in
rodent models of diabetes, effectively restored the corneal nerve density and enhanced AMPK
activation in the ipsilateral trigeminal ganglia indicating a localized but systemically relevant
response (Saleh et al., 2020). These findings underscore the potential of corneal treatments to elicit
broader neuroprotective effects by initiating signaling cascades at the distal nerve terminals that
propagate to neuronal cell bodies, thereby promoting nerve regeneration and functional recovery.
Similarly, ocular delivery of neurotrophic factors such as insulin or insulin-like growth factor-1
(IGF-1) not only restored corneal nerve density but also improved thermal hypoalgesia and

mechanical allodynia in diabetic rodent models (Aghanoori et al., 2019; Chen et al., 2013).

Despite the promising localized effects of topical treatment, systemic administration
remains the widely adopted therapeutic approach. Systemic treatments, such as subcutaneous
administration of MR antagonists such as PZ, improved multiple indices of neuropathy, including
MNCYV, thermal sensitivity, and mechanical allodynia (Calcutt et al., 2017). Systemic treatment
offers the advantage of addressing generalized neuropathic pathology by enhancing neurotrophic
signaling and reducing oxidative stress across multiple nerve territories, providing comprehensive

neuroprotection. However, systemic administration often requires prolonged treatment durations
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and higher doses to achieve therapeutic efficacy, which can increase the risk of systemic side
effects and metabolic interactions that may limit its long-term use. Building on this concept, our
study examined the differential impacts of topical ocular versus systemic delivery of the MR

antagonist- PZ, and its interactions with TRPM3 inhibition in a diabetic neuropathy model.

4.3.2 Development of tactile allodynia

In our study, STZ-induced diabetic mice exhibited a mild reduction in paw withdrawal threshold
(PWT), indicative of mechanical allodynia development starting at 4 weeks post-induction. The
early decline in PWT at 4 weeks (Figure 4.1B,E) aligns with established findings that highlight
the onset of diabetic neuropathy characterized by hyperexcitability of nociceptive pathways,
primarily driven by metabolic and oxidative stress-induced sensitization of C-fibers and Ad fibers
(Calcutt and Chaplan, 1997; Jayaraj et al., 2018; Miyashita et al., 2023; Urban et al., 2012). The
early phase of hypersensitivity in diabetic neuropathy results from peripheral nerve inflammation,
mitochondrial dysfunction, and increased excitatory neurotransmission within the dorsal horn,
contributing to exaggerated pain responses to mechanical stimuli (Feldman et al., 2019;
Fernyhough and McGavock, 2014; Tesfaye et al., 2005). Interestingly, at 8 weeks post-STZ
induction, we observed a transient increase in PWT, suggesting a temporary reduction in tactile
sensitivity before a subsequent decline by 16 weeks (Figure 4.2B,E; 4.3B,E). Given that tactile
allodynia is well-documented in various diabetic mouse models, including STZ-induced C57BI/6J,
129S1/SvimJ, and Akita mice, as well as in ob/ob and high-fat diet-fed mice (models of type 2
diabetes and prediabetes), this transient increase in PWT at 8 weeks in the STZ group more likely
represents a temporary shift in disease course, indicative of delayed neuropathic progression rather
than a true reduction in pain sensitivity (Obrosova, 2009). Similar contradictory findings have been

reported in experimental diabetic neuropathy models, where compensatory regenerative
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mechanisms such as increased mitochondrial biogenesis, axonal sprouting, and alterations in
central pain processing temporarily mask the progressive decline in sensory function (Vincent et
al., 2010; Zochodne, 2014). This phenomenon may explain why some studies report reduced tactile
sensitivity rather than mechanical allodynia in STZ-diabetic C57BI/6J and db/db mice, reinforcing

the variability in diabetic neuropathy presentations (Obrosova, 2009).

By 16 weeks, the STZ group exhibited a significant decrease in PWT, demonstrating
persistent mechanical allodynia despite the absence of detectable peripheral nerve fiber loss (as
measured in a surrogate fashion using CCM). The involvement of a central mechanism within the
spinal dorsal horn contributes significantly to such sensory deficits. The maladaptive changes in
the GABAergic inhibitory system, mediated by potassium-chloride cotransporter 2 (KCC2)
downregulation explains the pathophysiology of tactile hypersensitivity in this model (Jolivalt et
al., 2008). A key upstream regulator of KCC2 downregulation in neuropathic pain conditions is
the brain derived neurotrophic factor (BDNF)- tropomyosin receptor kinase B (TrkB) signaling
pathway, which is closely linked to microglial activation (Coull et al., 2005). Following chronic
hyperglycemia, spinal microglia become activated, releasing BDNF, which then binds to its
receptor TrkB on dorsal horn neurons. This interaction has been shown to suppress KCC2
expression, leading to increased intracellular chloride levels and excitatory GABAergic
transmission (Hu et al., 2023). This abnormal shift in GABA signaling leads to increased neuronal
excitability, perpetuating the sensory hypersensitivity observed in diabetic neuropathy models.
The other pathway that contributes significantly to the development of tactile allodynia is the
involvement of C-X-C Motif Chemokine Ligand 12 (CXCL12) / C-X-C chemokine receptor type
4 (CXCR4) signaling axis which acts as critical modulator of neuronal excitability in sodium

channel Na_v 1.8-positive DRG neurons (Jayaraj et al., 2018). The binding of CXCL12 to its
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receptor CXCR4 enhances neuronal hyperexcitability through increased intracellular calcium
influx and functional alterations in Na_v 1.8. These modifications lower the threshold for action
potential generation, making nociceptive neurons more responsive to normally non-noxious
mechanical stimuli. Additionally, experimental evidence indicates that genetic deletion of CXCR4
in Na_v 1.8-positive neurons prevent the development of mechanical allodynia, further

underscoring the role of this pathway in pain sensitization.

Previous studies have demonstrated that MR antagonists effectively reverse neuropathic
deficits in diabetic models by enhancing mitochondrial function and promoting axonal
regeneration (Calcutt et al., 2017; Casselini et al., 2024). However, in the present study, PZ-treated
STZ mice when delivered topically (Figure 4.3B) exhibited a partial restoration of tactile
sensitivity, as evidenced by a moderate increase in PWT compared to untreated diabetic mice (STZ
group) at 16 weeks. Additionally, the subcutaneous group (Figure 4.3E) exhibited a sharper
increase in PWT, suggesting that systemic administration may provide broader neuroprotection,
possibly due to enhanced bioavailability and distribution across different nerve territories.
Isosakuranetin, a potent TRPM3 antagonist, completely abolishes TRPM3 activation and its
downstream signaling pathways (Straub et al., 2013). However, in this study, topical treatment of
TRPM3 inhibitors failed to suppress TRPM3 activation and instead, when co-administered with
PZ, it increased PWT (Figure 4.3B). Conversely, primidone was able to abolish PZ-mediated
neuroprotective effects, as evidenced by a reduced PWT in the subcutaneous treatment group
(Figure 4.3E). This aligns with previous reports demonstrating that primidone directly inhibits
TRPM3 by preventing calcium influx and reducing TRPM3-induced neuronal excitability (Krtugel
etal., 2017). Tactile measurements in diabetic neuropathy models often yield inconsistent results,

influenced by factors such as mouse strain, disease progression, and route of drug administration
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(topical vs. systemic). However, in this study, the subcutaneous PZ-treated group provides a more
consistent representation of neuropathic pain progression, reinforcing the TRPM3 dependency of
PZ-mediated neuroprotection. This finding is consistent with emerging literature demonstrating
that TRPM3 channels facilitate calcium influx, mitochondrial ATP production, and neuronal
survival, all of which are critical for maintaining peripheral nerve function (Chauhan et al., 2025;

Held et al., 2015b; Wang et al., 2022).

4.3.3 Loss of thermal sensitivity

The progressive loss of heat sensation is a well-established hallmark of diabetic neuropathy,
primarily attributed to the degeneration of small unmyelinated C-fibers that mediate thermal
sensitivity (Boulton et al., 2004). Previous studies have reported that STZ-induced diabetic mice
exhibit increased latency to heat stimuli as early as 4-8 weeks post-induction (Jolivalt et al., 2016;
Lee-Kubli et al., 2014). However, our study demonstrated a delayed onset, with significant
changes in heat latency emerging only at 16 weeks (Figure 4.3A,D), suggesting a slow, plateaued
progression of sensory deficits in this cohort. This prolonged trajectory could be attributed to
several factors such as variability in STZ potency, potential heterogeneity in metabolic responses
and differences in experimental conditions, which can influence diabetes severity and neuropathic
progression. Previous work has demonstrated that both structural (IENF loss) and functional
(thermal hypoalgesia) indices of small fiber neuropathy present in diabetic rodents were prevented
and reversed by antimuscarinic drugs such as PZ and MT7 (Calcutt et al., 2017; Casselini et al.,
2024; Saleh et al., 2020). Consistent with these findings, PZ treatment significantly restored
thermal sensitivity (Figure 4.3A), suggesting its potential neuroprotective effects in maintaining

sensory nerve integrity. Pharmacological blockade of TRPM3 by isosakuranetin and primidone,
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effectively abolished the neuroprotective effects of PZ in the topical treatment groups where

isosakuranetin showed more pronounced inhibition (Figure 4.3A).

TRPM3 channels are known to play a pivotal role in thermosensation, regulating calcium
influx in response to heat stimuli and modulating nociceptive signaling pathways in sensory
neurons (Straub et al., 2013; Vriens et al., 2011). This notion is further supported by studies
demonstrating that TRPM3 knockout (KO) mice exhibit significant impairments in heat
perception. However, it is important to note that these deficits are not necessarily associated with
sensory innervation loss, as evidenced by findings in TRPM3, TRPV1, and TRPAL1 triple KO
mice, where histological analysis did not reveal significant differences in nerve bundle density
within the hind paw skin compared to wild-type controls (Vandewauw et al., 2018). These findings
suggest that TRPM3 channels primarily influence sensory processing and intracellular signaling
rather than structural innervation. The observed inhibition of PZ-mediated neuroprotection by
TRPM3 blockade suggests a mechanistic interplay between muscarinic signaling and TRPM3
activity in diabetic neuropathy. Given that TRPM3 channels facilitate intracellular calcium
signaling in dorsal root ganglion neurons (Chauhan et al., 2025; Held et al., 2015b; Vriens et al.,
2011), their inhibition disrupts PZ’s ability to restore calcium homeostasis, thereby attenuating its
neuroprotective effects. In the subcutaneous treatment group PZ improved heat sensitivity at 16
weeks (Figure 4.3E) which was abolished with primidone co-administration. These findings
underscore the crucial role of TRPM3 channels in the modulation of heat sensitivity and their

potential interaction with PZ-mediated neuroprotection in diabetic neuropathy.

4.3.4 Motor nerve conduction velocity deficits
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MNCYV is a critical electrophysiological parameter widely used to assess the functional integrity
of peripheral nerves, providing valuable insights into the extent of axonal damage and
demyelination associated with diabetic neuropathy (Dyck, 1991). A decline in MNCYV is indicative
of progressive nerve fiber degeneration, myelin loss, and impaired impulse transmission, making
it a widely used biomarker for evaluating both disease progression and therapeutic efficacy
(Calcutt et al., 2003). In the present study, STZ-induced diabetic mice did not exhibit a significant
decline in MNCYV at 4 weeks (Figure 4.1C) or 8 weeks (Figure 4.2C) post-induction. However, by
16 weeks, a progressive decline in MNCV was observed in untreated diabetic mice, suggesting
that neuropathy in this cohort developed more slowly compared to previous reports (Figure 4.3C).
Topical PZ treatment effectively prevented the MNCV decline observed in diabetic mice, with
improvements evident at 16-week (Figure 4.3C,F). This suggests that PZ exerts neuroprotective
effects, potentially through muscarinic receptor modulation. This effect is consistent with the
ability of M1R antagonists to enhance mitochondrial function, reduce oxidative stress, and support
neurotrophic signaling pathways, which are essential for peripheral nerve maintenance and
regeneration (Calcutt et al., 2017; Saleh et al., 2020). These findings align with previous studies
demonstrating the beneficial effects of muscarinic receptor antagonists in improving nerve

conduction and preserving peripheral nerve function in diabetic models.

To further investigate the role of TRPM3 in this neuroprotection, isosakuranetin was co-
treated with PZ, which significantly attenuated the PZ mediated MNCV slowing, indicating the
critical involvement of TRPM3 channels in MiR antagonism mediated neuroprotective effects
(Figure 4.3C). TRPM3 channels are integral regulators of calcium influx and neuronal excitability,
and their inhibition likely disrupts calcium-dependent signaling pathways essential for nerve

function and repair (Zhao and MacKinnon, 2023). Interestingly, co-administration of primidone,
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another TRPM3 inhibitor, suppressed the neuroprotective effects of PZ when given topically
(Figure 4.3C), but no effect when used via the subcutaneous route (Figure 4.3F), suggesting
potential mechanistic differences in how these inhibitors interact with TRPM3 and muscarinic
receptor signaling pathways through different absorption mechanisms. The differential effects
observed with isosakuranetin, and primidone highlight the complexity of TRPM3 modulation and
suggest distinct binding affinities or signaling pathway interactions that warrant further
investigation (Krigel et al., 2017). Isosakuranetin is a potent TRPM3 inhibitor with a flavanone
pharmacophore which effectively reduces TRPM3-like signals in DRG neurons and demonstrated
analgesic effects in vivo (Straub et al., 2013). In contrast, primidone, an anticonvulsant, inhibits
TRPM3 activation through allosteric modulation at lower concentrations than typically used for
anticonvulsant effects (Vangeel et al., 2020). While both compounds inhibit TRPM3,
isosakuranetin is a plant-derived flavanone, whereas primidone is a clinically approved drug with

distinct mechanisms and pharmacological profiles.

4.3.5 Corneal nerve density with disease progression

In the present study, despite the presence of functional deficits such as impaired tactile and thermal
sensitivity, no significant progressive decline in corneal nerve density was observed over the 16-
week period in STZ-induced diabetic mice compared to controls. The absence of a pronounced
structural decline suggests that corneal nerve density may remain relatively preserved in the early
stages of diabetic neuropathy, with functional impairments preceding detectable morphological
changes. Small fiber dysfunction, as assessed by thermal and tactile sensitivity tests, often precedes
observable nerve fiber loss (Ziegler et al., 2014). The potential neuroprotective effects of topical
PZ treatment on corneal nerves were not fully assessed in this study given the timeline. Although,

isosakuranetin treatment (Figure 4.4B,C) significantly reduced the corneal nerve density. TRPM3

169



is expressed throughout the corneal epithelium and descends down to the stromal nerves (Brown
et al., 2015), suggesting that pharmacological blockade may have broad implications for corneal
nerve health. While this study was limited in duration, future investigations should extend the
observation period and explore more aggressive diabetic models to assess the long-term effects of

TRPM3 modulation on corneal nerve integrity.

4.4 Conclusion

Our findings support the neuroprotective role of M1R antagonist PZ and establish that its beneficial
effects in diabetic neuropathy are mediated through TRPM3 activation. This aligns with our recent
in vitro studies, which demonstrated that PZ exerts its neuroprotective effects by directly activating
TRPM3, promoting axonal integrity and sensory function (Chauhan et al., 2025). In the present
study, topical PZ administration led to functional improvements across multiple sensory and motor
indices, including MNCV, thermal sensitivity, and tactile allodynia, reinforcing its role in
mitigating diabetes-induced neuropathy. To validate the TRPM3-dependent mechanism
underlying PZ-mediated neuroprotection, we examined the effects of two distinct TRPM3
inhibitors, isosakuranetin and primidone. lIsosakuranetin effectively abolished PZ-induced
improvements, confirming its potent TRPM3 inhibitory properties and the direct reliance of PZ’s
effects on TRPM3 activation. In contrast, primidone, another TRPM3 inhibitor, exhibited weaker
suppression of PZ-mediated neuroprotection in vivo, likely due to its broader pharmacological
effects as an anti-epileptic drug, which may have influenced TRPM3-specific pathways differently
in a complex biological system. Although corneal nerve fiber loss is considered an early marker
of small fiber neuropathy, no significant decline in nerve fiber integrity was observed in the STZ
group, suggesting that diabetic neuropathy progression in this cohort was slower than previously

reported. As a result, the role of PZ in maintaining nerve structural integrity cannot be definitively
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stated, though its functional benefits remain evident. However, isosakuranetin treatment led to a
significant decline in corneal nerve density, reinforcing TRPM3’s role in supporting sensory fibers
and neurotrophic signaling. Given that TRPM3 channels are expressed along sensory fibers
descending into the cornea (Brown et al., 2015), their inhibition likely disrupts maintenance of

axonal structure, leading to degeneration.

A key observation in this study was the delayed onset of sensory impairments, with clear
deficits only emerging at 16 weeks, despite previous reports showing similar neuropathic changes
as early as 4-8 weeks post-STZ induction. This discrepancy suggests that neuropathy in this cohort
progressed at a slower rate, with some detectable fiber loss likely emerging much later than
expected. Several factors discussed earlier may have contributed to this delayed progression.
However, it is also important to acknowledge that this was the first time | performed these
experiments, and limited time for training, optimization, and refinement of techniques may have
influenced the observed outcomes. Future studies aimed at longer durations and greater
experimental proficiency would provide valuable insight into the therapeutic efficacy of TRPM3

activation as a potential strategy for reversing neuropathic damage.
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Chapter 5
General discussion

The research presented in this thesis advanced our understanding of the role of TRPM3 activation
in MiR antagonism-mediated neuroprotection. By delving into the molecular mechanisms
underlying TRPM3 activity, we have uncovered novel insights into its contribution to neuronal
metabolism, axonal and functional integrity. These findings are particularly significant in the
context of neurodegenerative disorders and neuropathies, where metabolic dysfunction, synaptic
loss and dying back of axons are central pathological features. Since, we initially discovered that
M:R antagonism reversed the indices of peripheral neuropathy and promoted neuronal repair
(Calcutt et al., 2017), this study aimed to determine whether M1R modulates TRPM3 activation to
elicit these effects. Also, the study focused on elucidating whether TRPM3 activation alone was

sufficient to provide neuroprotection.

M:R is a type of G protein-coupled receptor that, when activated, can negatively affect the
cytoskeleton, which is crucial for cell structure and function (Sabbir et al., 2018). Overexpression
of M1R in neurons induced reduced neurite outgrowth and disrupted the tubulin cytoskeleton,
which is essential for maintaining cell shape and facilitating intracellular transport. The disruption
of the cytoskeleton by excessive M1R signaling also impaired mitochondrial trafficking, reducing
the movement and abundance of mitochondria in neurites. This can limit the energy supply
necessary for neurite outgrowth and function. Previous reports from our lab suggested that
blocking MR resulted in a gradual increase in intracellular Ca?* levels, activating AMPK, an
enzyme critical for cellular energy balance (Calcutt et al., 2017; Saleh et al., 2020). This Ca?*
increase occurred upstream of a pathway involving CaMKKp, which activated AMPK

independently of AMP, indicating an alternative mechanism of energy regulation. The enhanced
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Ca?* signaling triggered by MiR blockade contributed to improved mitochondrial function and
neurite outgrowth, which are essential for nerve repair and protection, particularly in conditions

such as diabetic neuropathy.

In the first results section (Chapter 3), pharmacological activation of TRPM3 using specific
agonists, such as CIM0216 (CIM) and pregnenolone sulfate (PS) was characterized using Ca?*
fluorometric assays. Both agonists produced an increase in intracellular Ca?*, consistent with
previous findings (Vriens et al., 2014; Vriens et al., 2011). PS-evoked Ca?* signals were transient,
whereas CIM-induced Ca?* influx remained sustained over longer durations (Chauhan et al. 2025;
Figure 3.1, 3.S1). The sustained Ca?* over longer periods with CIM was particularly noteworthy
due to its ability to open distinct cation permeation pathways, making it one of the most potent
TRPM3 activators identified to date (\Vriens et al., 2014). To explore whether M1R antagonism
mediated the gradual increase in Ca?* through TRPM3 activation, PIP; levels were measured
following M1R inhibition using Pirenzepine (PZ) and muscarinic toxin 7 (MT7) (MR antagonists).
The results revealed a marked increase in PIP2 levels within 1-2 minutes of treatment (Chauhan
et al. 2025; Figure 3.3), supporting previous findings that MiR antagonists enhanced PIP;
accumulation (Howe et al., 1986). Given that PIP2 is a well-established regulator of TRPM3
gating, this suggested that M1R inhibition indirectly facilitated TRPM3 activation via PIP2 buildup
(Badheka et al., 2017; Toth et al., 2015; Vriens et al., 2014). The established interaction between
GPCRs and TRP channels further corroborated this mechanism, as GPCR-mediated signaling
through Gy subunits inhibits TRPM3 activity via Gaq and Gas (Quallo et al., 2017). Thus, the
blockade of MiR by PZ likely disrupted this inhibitory signaling cascade, allowing TRPM3

activation to proceed. In support of this hypothesis, pharmacological inhibition of TRPM3 with
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isosakuranetin and primidone completely abolished TRPM3-mediated Ca?* influx following PZ

or MT7 treatment, reinforcing the role of TRPM3 activation in M{R antagonism.

Our study provided the first evidence that the activation of TRPM3 by its specific agonists
CIM and PS led to time dependent phosphorylation of AMPK (3 and 6 hours) and the activation
of the CAMKKS pathway in dorsal root ganglion (DRG) neurons (Chauhan et al. 2025; Figure
3.4, 3.7). This pathway has long been associated with energy homeostasis and cellular resilience,
and its activation by TRPM3 suggested a mechanism through which neuronal metabolism was
fine-tuned under conditions that challenges the neuronal integrity. While prior research in clear
cell renal carcinoma cells identified a connection between TRPM3 activation, CaMKKp, and
AMPK signaling, its relevance to neuronal function, metabolism, and mitochondrial regulation
had not been established (Hall et al., 2014). In my study, the effect of TRPM3 activation on AMPK
signaling was confirmed using a CaMKK inhibitor STO-609, which reduced phosphorylation of
AMPK when co-treated with CIM ((Chauhan et al., 2025); Figure 3.7). The reduction in p-AMPK
levels following CaMKKS inhibition strongly indicated that CaMKKJ is necessary for sustaining
AMPK activation downstream of TRPM3. Although TRPM3 activation caused rapid influx of
Ca?*, the increase in p-AMPK activity following PS and CIM treatment exhibited a notable delay.
The lag between Ca?* entry and AMPK phosphorylation suggested that TRPM3-mediated AMPK
activation is not merely a direct consequence of calcium influx, but rather a multi-step process
involving calmodulin (CaM) and CaMKKJ recruitment. Calmodulin possesses at least five distinct
binding sites within the N-terminal intracellular domain of TRPMS3, with different affinities for
Ca?* (Thiel and Rossler, 2023). The cooperative interaction between these binding sites suggested
a complex multi-level modulation of TRPM3-dependent signaling. Rather than simply relaying

Ca?" influx, calmodulin likely served as an integrator of Ca*" signaling dynamics, mobilizing
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CaMKKZ, which in turn phosphorylated and activated AMPK. This intricate regulation allowed
for sustained AMPK activation, even after the initial calcium wave had subsided, ensuring a
prolonged metabolic response that supported neuronal integrity, mitochondrial function, and

energy homeostasis.

Another important finding indicated that TRPM3 activation upregulated the expression of
mitochondrial electron transport chain proteins and improved mitochondrial respiration in DRG
neurons derived from both control and diabetic rats. Neurons rely on finely tuned Ca?* signaling
to regulate mitochondrial activity and optimize energy production (Hatsuda et al., 2023). In DRG
neurons, mitochondria are strategically positioned near the plasma membrane, allowing them to
act as rapid Ca?" buffers when Ca?* enters through channels, such as TRPM3 (Wang et al., 2022).
Interestingly, TRPM3 activation induced a more substantial Ca?>" influx compared to
depolarization-induced pathways, such as voltage-gated Ca*" channels (VGCCs) (Bouron and
Oberwinkler, 2014). This distinction is critical because mitochondria could buffer up to 40% of
this Ca** load, preventing excessive cytosolic Ca?" accumulation while ensuring sufficient Ca**
availability for metabolic regulation. However, in the pathogenesis of painful diabetic neuropathy
(PDN), mitochondrial calcium homeostasis becomes dysregulated due to the excessive influx of
Ca?" into the mitochondrial matrix through the mitochondrial calcium uniporter (MCU) (George
et al., 2022). While mitochondrial Ca?* uptake is necessary for metabolic enzyme activation and
ATP production, excessive MCU activity in DRG neurons has been associated with mitochondrial
fragmentation, oxidative stress, and axonal degeneration. Notably, in HFD-induced diabetic mice,
fragmented mitochondrial morphology was observed in DRG nociceptors as early as two weeks
after diet initiation, preceding the onset of mechanical allodynia and small-fiber degeneration

(George et al., 2024). This finding highlighted mitochondrial dysfunction as an early pathological

176



event in PDN. The genetic deletion of MCU in Na v 1.8-expressing DRG neurons prevented
mitochondrial fragmentation, restored normal mitochondrial morphology, and protected against
mechanical allodynia and axonal degeneration. These findings indicated that MCU-mediated Ca?*
overload contributed to the development of PDN and that limiting mitochondrial Ca?" influx

through MCU deletion may mitigate neuropathic pain and neuronal degeneration.

Despite the pathological consequences of excessive MCU activity, controlled Ca?* transfer
to mitochondria is essential for maintaining oxidative phosphorylation and ATP synthesis.
Mitochondria sequester Ca®" from the cytosol during TRPM3 activation and gradually release it
back, prolonging Ca*"-dependent signaling (Wang et al., 2022). This delayed Ca?" recovery
influenced a variety of neuronal functions, including metabolic enzyme activation, synaptic
plasticity, and mitochondrial ATP production. Prolonged Ca*"* signaling stimulated ATP synthesis
by activating key metabolic enzymes within the tricarboxylic acid (TCA) cycle, including pyruvate
dehydrogenase (PDH), isocitrate dehydrogenase (IDH), and a-ketoglutarate dehydrogenase (a-
KGDH). These enzymes increased the production of NADH and FADH:, which fueled oxidative
phosphorylation and ATP synthesis to support the energy-intensive demands of neurons (Rizzuto
et al., 2012). Our study demonstrated that pharmacological activation of TRPM3 using PS and
CIM significantly enhanced mitochondrial function in DRG neurons ((Chauhan et al., 2025);
Figure 3.5, 3.S5). The increased Ca*" influx following TRPM3 activation directly contributed to
heightened oxidative phosphorylation (OXPHQOS) protein expression, as observed in DRG
neurons derived from control or diabetic rats. This upregulation of OXPHOS proteins was likely
driven by the delayed mitochondrial Ca** release, which sustained the metabolic activity of

neurons over an extended period. This finding suggested that TRPM3 activation can optimize
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mitochondrial performance, ensuring neurons receive adequate ATP to meet their functional

demands under diverse physiological conditions.

Quantitative imaging assays and mass spectrometry-based metabolic profiling revealed
that TRPM3 activation enhanced glycolysis and TCA cycle metabolite levels in DRG neurons
((Chauhan et al., 2025); Figure 3.S9). This metabolic shift suggested that TRPM3-mediated Ca?*
influx not only improved mitochondrial function but also stimulated glucose metabolism to meet
the sustained energy demands of neurons. Our findings demonstrated a significant increase in
ubiquinone (coenzyme Q10) levels in DRG neurons following CIM treatment ((Chauhan et al.,
2025); Figure 3.S9). This increase was particularly noteworthy given the essential role of
ubiquinone in mitochondrial electron transport and ATP synthesis (Lenaz et al., 2007). Ubiquinone
functions as an electron carrier within the electron transport chain (ETC), directly influencing
oxidative phosphorylation efficiency and ATP production. Its upregulation following TRPM3
activation suggested a metabolic adaptation favoring mitochondrial respiration over alternative

energy-producing pathways.

Further supporting this notion, the activation of TRPM3 enhanced neurite outgrowth in
DRG sensory neurons ((Chauhan et al., 2025); Figure 3.6), a critical aspect of neuronal plasticity
and regeneration. CaMKKS inhibition effectively blocked the neurite-promoting effects of TRPM3
activation, reinforcing the downstream involvement of the Ca?*-dependent CaMKK(-AMPK
signaling ((Chauhan et al., 2025); Figure 3.7). Given that neurite outgrowth is crucial for ongoing
plasticity or axonal repair following injury or neurodegenerative insult, these findings highlighted
the therapeutic potential of TRPM3 modulation in neuroprotection and regeneration. The
knockdown of TRPM3 using an AAV-shRNA method provided additional confirmation, as it

significantly attenuated neurite outgrowth and reduced P-AMPK levels, demonstrating the
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necessity of TRPM3 for sustaining neuronal integrity ((Chauhan et al., 2025); Figure 3.S4). In
exploring the molecular underpinnings of TRPM3 activation, human neuroblastoma SH-SY5Y
cells were employed as a model. These cells mirrored the findings observed in DRG neurons,
demonstrating increased intracellular calcium levels, unregulated phosphorylation of AMPK and
enhanced mitochondrial function ((Chauhan et al., 2025); Figure 3.S6, 3.S7, 3.S8). These
observations were validated through live calcium imaging, Western blotting, membrane potential
assays, and mass spectrometry studies. TRPM3 activation also enhanced glycolysis and TCA cycle
metabolites indicating a shift towards upregulated metabolism and improved mitochondrial
efficiency ((Chauhan et al., 2025); Figure 3.8, 3.510). The key TCA cycle intermediates such as
citrate, isocitrate, and pyruvate were upregulated in SH-SY5Y cells, following CIM treatment.
These metabolites are crucial not only for ATP production via oxidative phosphorylation but also
for the synthesis of fatty acids and cholesterol, which are vital for neuronal membrane integrity
and function. Given that diabetic neuropathy is often characterized by mitochondrial dysfunction,
impaired metabolism, and reduced ATP production (Fernyhough, 2015), the ability of TRPM3
activation to restore TCA cycle activity suggested a potential mechanism for overcoming
metabolic deficits associated with neuronal dysfunction. TRPM3 activation appeared to facilitate
a feedback loop between the TCA cycle and mitochondria, ensuring a continuous supply of
substrates for ATP generation. This is particularly important for maintaining neuronal survival,
axon integrity, and functional energy demands in conditions where metabolic stress is present.
Interestingly, when TRPMS3 activation was blocked using specific inhibitors, primidone and
isosakuranetin, the upregulation of TCA cycle metabolites and mitochondrial function was
completely abolished ((Chauhan et al., 2025); Figure 3.8). This confirmed that the observed

metabolic improvements are directly mediated by TRPMS3 activation and not through alternative
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pathways. The consistency of these results across different neuronal systems reinforced the

robustness of TRPM3’s role in neuroprotection and metabolic regulation.

Having established the metabolic and neuroprotective effects of TRPM3 activation in
vitro, the focus shifted towards investigating its role in an in vivo setting using a diabetic
neuropathy model, as detailed in Chapter 4 of this thesis. The streptozotocin (STZ)-induced
diabetic neuropathy model was chosen due to its well-characterized ability to replicate key sensory
deficits associated with diabetes-induced nerve damage (Murakami et al., 2013). This model
demonstrates reduction in corneal nerve density, slowing of motor nerve conduction velocity
(MNCYV), mechanical allodynia, and thermal hypoalgesia are hallmarks of diabetic neuropathy.
These functional impairments reflect the progressive nature of neuropathy, making this model
well-suited for assessing whether TRPM3 activation could contribute to MR antagonist-mediated
neuroprotection. Antimuscarinic drugs such as PZ and MT7 prevented or reversed key indicators
of peripheral neuropathy, including sensory nerve terminal depletion, thermal hypoalgesia, and
slowed nerve conduction in various rodent models of diabetes (Calcutt et al., 2017; Saleh et al.,
2020). Their protective effects extended beyond diabetes, as PZ and MT7 have also been effective
against neuropathy induced by chemotherapeutic agents such as dichloroacetate and paclitaxel, as
well as HIV envelope protein gp120 (Han et al., 2021; Saleh et al., 2020). Given these findings,
this study aimed to determine whether the neuroprotective effects of PZ in reversing nerve fiber
loss and sensory deficits were TRPMS3-dependent. To validate this, TRPMS3 inhibitors
isosakuranetin and primidone were tested alongside PZ treatment. Sensory deficits were mild at
4-8 weeks but became pronounced by 16 weeks, with diabetic mice exhibiting mechanical
allodynia, reduced MNCV, and increased thermal latency. PZ treatment effectively reversed these

impairments, restoring sensory and motor responses closer to control levels, indicating functional
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recovery (Figure 4.3). However, co-administration of TRPMS3 inhibitors eliminated these
improvements, confirming that PZ-mediated neuroprotection is TRPM3-dependent. Notably,
differences in the extent of inhibition between the two TRPM3 inhibitors suggested that their

distinct mechanisms of action may have influenced their inhibitory effects.

Corneal nerve loss, a well-established marker of diabetic neuropathy progression, serves
as a critical indicator of sensory fiber degeneration (Tavakoli et al., 2010). Although significant
sensory deficits were observed, corneal nerve loss was less pronounced than expected within the
study’s timeframe, suggesting a slower progression of neuropathy compared to previous reports
(Calcutt et al., 1996; Calcutt et al., 2017; Yorek et al., 2014). This delayed degeneration allowed
functional impairments to develop gradually before detectable fiber loss. However, treatment with
isosakuranetin led to a significant reduction in corneal nerve density, highlighting TRPM3’s role
in maintaining sensory fiber integrity. Given that TRPM3 is widely expressed in the corneal
epithelium and stromal nerves (Brown et al., 2015), its pharmacological inhibition may have
broader implications for corneal nerve health. Nevertheless, the study provided a strong foundation
for future research exploring TRPM3 modulation as a potential therapeutic strategy against
neurodegeneration. The implications of these findings extend beyond the immediate context of
diabetic neuropathy. The ability of TRPM3 to modulate calcium signaling, mitochondrial function,
and energy metabolism positions it as a crucial player in neuronal homeostasis. Dysregulation of
these processes is a common feature in a range of neurodegenerative conditions, including
Alzheimer’s disease, Parkinson’s disease, and peripheral neuropathies. By elucidating the
pathways through which TRPM3 exerts its neuroprotective effects, this research opens new
avenues for therapeutic strategies aimed at enhancing neuronal resilience under pathological

conditions.
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Limitations and future studies

Despite the promising insights gained, certain limitations must be acknowledged, and additional

studies are warranted to deepen our understanding of TRPM3's role in neuroprotection and

mitochondrial regulation in diabetic neuropathy.
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One major consideration is the dual role of TRPM3; while its activation appears
neuroprotective, TRPM3 is also a well-characterized pain transduction channel.
Overactivation could exacerbate nociceptive signaling, making it essential to achieve a
balanced activation profile that promotes cellular resilience without inducing hyperalgesia.
A significant technical limitation of the current study was the inability to perform dual
immunostaining for M:R and TRPM3 due to the lack of highly specific antibodies. Such
staining would have allowed identification of neurons co-expressing both proteins and
provided insight into how these neurons respond to combinatorial pharmacological
manipulation (i.e., M1R antagonism and TRPM3 activation).

Another important limitation relates to systemic TRPM3 targeting in the in-vivo model.
TRPM3 is expressed not only in sensory neurons but also in other tissues including the
pancreas, kidneys, and retina- organs already vulnerable in diabetes. Therefore, systemic
administration of TRPM3 modulators carries a risk of off-target effects. Targeted delivery
approaches or neuron-specific modulation strategies should be explored to reduce
unintended consequences.

Furthermore, synergistic interactions between M1R antagonists (such as PZ) and TRPM3
agonists (like CIM0216) were not evaluated. This represents a critical gap, as combined

targeting of MiR and TRPM3 may yield enhanced neuroprotective outcomes. Future



experiments should directly assess synergistic effects using combination treatments in both
preventive and reversal paradigms of in-vivo studies.

Additionally, the lack of multivariate statistical analysis, such as principal component
analysis (PCA), limited the ability to comprehensively evaluate treatment effects across
diverse in vivo endpoints. Employing PCA or other dimensionality reduction techniques in
future studies could provide a more integrated understanding of group differences and
treatment effects, especially when multiple behavioral, metabolic, and histological
parameters are measured.

Finally, the use of genetic models: such as sensory neuron-specific or inducible TRPM3
knockout mice—would enable definitive dissection of TRPM3’s role in neuroprotection,

independent of off-target systemic effects.

Moving forward, several key experimental directions should be pursued to further elucidate the

role of TRPM3 in sensory neuron repair and mitochondrial regulation, including the following:

 Detailed calcium imaging in mitochondria: While this study demonstrated TRPM3-mediated

increases in mitochondrial respiration, real-time Ca?* imaging within mitochondria could reveal

how TRPM3-dependent Ca?* influx directly influences ATP production and mitochondrial

dynamics. The use of genetically encoded Ca?* indicators (GECIs) targeted to mitochondria

(e.g., mito-GCaMP) could allow for high-resolution tracking of mitochondrial Ca?* fluctuations

following TRPM3 activation (Wu et al., 2014; Zhao et al., 2011).

« Screening for novel TRPM3 agonists: Current TRPM3 activators, CIM0216 and pregnenolone

sulfate (PS), exhibit suboptimal pharmacokinetics for therapeutic application. High-throughput

compound screening should be performed to identify novel TRPM3 agonists with enhanced

specificity, solubility, and bioavailability. Structure-activity relationship (SAR) studies could
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optimize TRPM3-targeting molecules with improved stability and controlled activation
properties.

« Use of TRPM3 mutants to dissect functional pathways: TRPM3 contains multiple functional
domains that could be responsible for its effects on mitochondrial regulation. Generating
domain-specific TRPM3 mutants (e.g., mutations in Ca?* binding regions or PIP2-interaction
sites) would help elucidate the specific mechanisms linking TRPM3 activation to mitochondrial
function and axonal repair.

« Transcriptomic and proteomic profiling of TRPM3 activated neurons: Single-cell RNA
sequencing (ScRNA-seq) could provide a global overview of gene expression changes
following TRPM3 activation. Proteomic studies could reveal upregulated mitochondrial
proteins and signaling pathways that drive neuroprotection in TRPM3-activated sensory
neurons.

« In addition to sensory deficits, future studies should evaluate motor function, pain perception,
and metabolic changes to assess the full spectrum of TRPM3-mediated neuroprotection.

« Electrophysiological studies, such as patch-clamp recordings from DRG neurons, could
confirm whether TRPM3 activation enhances synaptic activity and neurotransmission in
neuropathic conditions.

 Sustained activation of TRPM3 may affect calcium homeostasis and cellular metabolism,
necessitating long-term safety studies.

» Future studies should assess whether co-therapy strategies further improve mitochondrial

function and sensory recovery in neuropathic conditions.

Finally, in-vivo studies using alternative neuropathy models, long-term functional assessments,

and combinatorial treatment strategies will be critical for advancing TRPM3-targeted therapies
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toward clinical translation. Addressing these gaps in knowledge will help determine whether
TRPM3 activation can serve as a viable long-term therapeutic approach for peripheral neuropathy

and related neurodegenerative conditions.

Future translational approaches

Peripheral neuropathy encompasses a range of disorders with diverse etiologies, yet mitochondrial
dysfunction is increasingly recognized as a key pathological driver across multiple neuropathies
(Zong et al., 2024). Loss of mitochondrial integrity within intraepidermal nerve fibers (IENF) is
strongly correlated with sensory deficits and axonal degeneration, highlighting the need for
therapeutic strategies that restore neuronal metabolism and energy homeostasis (Casanova-Molla
etal., 2012). Findings from this thesis demonstrate that TRPM3 activation enhances mitochondrial
function, facilitates ATP production, and promotes sensory axon regeneration, presenting a
promising translational pathway for the development of TRPM3-targeted neuroprotective

therapies.

The modulation of TRPM3 and M:R signaling provides a unique advantage over
conventional neuropathy treatments, which primarily focus on symptom management rather than
nerve repair. Pirenzepine (PZ), an M:1R antagonist, has demonstrated robust neuroprotective
effects in preclinical models of diabetic neuropathy, restoring AMPK activity, improving
mitochondrial function, and facilitating sensory nerve regeneration (Calcutt et al., 2017; Saleh et
al., 2020). These findings have led to several ongoing clinical trials evaluating topical pirenzepine
for HIV-associated neuropathy (NCT05005078), diabetic neuropathy (NCT04786340), and

chemotherapy-induced peripheral neuropathy (NCT05488873). The established safety profile of
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PZ, combined with its slow-release topical formulation, positions it as a strong candidate for

clinical translation.

TRPM3 activation represents a complementary and alternative strategy to M1R antagonism,
given its role in mitochondrial calcium homeostasis, ATP production, and neuronal metabolism
(Chauhan et al., 2025; Wang et al., 2022). By enhancing mitochondrial calcium buffering, TRPM3
activation supports neuronal resilience under metabolic stress, making it a promising therapeutic
target for diabetic, chemotherapy-induced, and HIV-associated neuropathies. Additionally,
TRPM3 regulates pain sensitization, offering the dual benefit of restoring sensory function while
potentially alleviating neuropathic pain. Despite its strong therapeutic potential, direct TRPM3
activation faces several challenges, particularly in terms of drug delivery and pharmacokinetics.
Current TRPM3 agonists, CIM0216 and pregnenolone sulfate, are highly lipophilic, which limits
their solubility in aqueous formulations and prevents effective diffusion through the skin in depot-
based delivery systems. Given these challenges, alternative approaches must be explored to

optimize TRPM3 activation, while overcoming pharmacokinetic limitations, such as:

Development of small-molecule TRPM3 agonists with improved bioavailability, solubility, and
selective targeting.

Prodrug strategies, where inactive TRPM3 agonists are converted into active compounds at the
site of action, reducing systemic toxicity.

Peptide-based TRPM3 modulators could provide greater specificity, reduce systemic exposure
and simply concerns around drug metabolism.

Designing lipid soluble TRPMS3 agonists with improved membrane permeability, allowing for

topical depot administration.
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Potential drawbacks and considerations for TRPM3 therapies:

«  TRPM3 is expressed in multiple tissues thereby systemic activation could lead to unintended
metabolic or renal effects, necessitating highly selective targeting strategies (Fonfria et al.,
2006; Held et al., 2015b).

« While TRPM3 activation promotes sensory recovery, it also plays a role in nociceptive
pathways, meaning dose-dependent effects must be carefully studied to avoid exacerbating
thermal sensitivity.

« Chronic TRPM3 activation may alter calcium homeostasis, necessitating long-term safety

evaluations to assess potential metabolic consequences.

TRPM3 modulation holds strong potential for long-term neuroprotection across multiple
neuropathies. Future translational research should bridge the gap between mechanistic discoveries
and clinical application, ensuring that TRPM3-targeted therapies evolve into viable treatments for

patients suffering from neuropathic conditions.

Summary

In conclusion, this thesis has uncovered novel insights into the role of TRPM3 activation in M1R
antagonism-mediated neuroprotection. The findings demonstrate that TRPM3 activation enhanced
Ca?* signaling, promoted mitochondrial function, and sustained neuronal metabolism, collectively
supporting its role in neuronal integrity and repair. The in-vitro and in-vivo evidence confirms that
M:R-mediated neuroprotection is TRPM3-dependent, highlighting its significance in sensory
neuron regeneration. Furthermore, TRPM3 activation augments energy metabolism through
AMPK phosphorylation, reinforcing its role in maintaining neuronal resilience under metabolic

stress. While certain limitations remain, the results provide a strong foundation for future
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investigations into TRPM3 as a potential therapeutic target for neurodegenerative diseases and

neuropathies.
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Figure 5.1: Schematic representation of TRPM3 activation and its role in MR antagonist-mediated
neuroprotection. M;R antagonism (PZ) prevents PIP, hydrolysis, leading to a gradual increase in
intracellular Ca?, whereas TRPM3 agonists (CIM) induce an immediate Ca?* influx. This Ca*" signaling
activates the CaMKKB/AMPK pathway, enhancing mitochondrial function and promoting neurite
outgrowth. TRPM3 knockdown using AAV-PHP.S shRNA reduces AMPK phosphorylation and metabolic
activity, impairing neuronal growth and repair, indicating that the M;R-mediated effects are TRPM3-

dependent. Created with BioRender.
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