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CHAPTER I—INTRODUCTION

BACKGROUND AND SIGNIFICANCE
What are opioids?

Opioids are compounds or drugs which are either natural or chemical mimetics of
compounds found in the opium poppy plantl. Opioids include prescribed pain medications and
illegal drugs. Prescription opioids, when used as prescribed by doctors, can treat pain and help
with conditions such as post-surgical pain, severe pain due to trauma and disease, coughing, and
diarrhea. Opioids are commonly administered either orally, via a skin patch below the tongue, or
by injection. While some opioid drugs are made from naturally occurring plant compounds (e.g.,
morphine), other opioid drugs are synthetic (e.g., fentanyl) meaning they are human-made
substances created in a laboratory. Heroin, an illegal street drug, is also an opioid1,2. All opioids
are chemically related and interact with opioid receptors on nerve cells in the body and brain.
Opioid pain relievers are generally safe when taken for a short time and as prescribed by a
doctor, but because they produce euphoria in addition to pain relief, they can be misused (taken
in a different way or in a larger quantity than prescribed or taken without a doctor’s
prescription). Regular prescribed use can also lead to dependence and, when misused, opioid

pain relievers can lead to addiction, overdose incidents, and deaths (Figures 1-2)1-3.
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Figure 1. National drug-involved overdose deaths by specific category—number among all
ages, 1999-2020. Overall, drug overdose deaths rose from 2019 to 2020, with 91,799 drug
overdose deaths reported in 2020. Deaths involving synthetic opioids other than methadone
(primarily fentanyl) continued to rise, with 56,516 overdose deaths reported in 2020. Those
involving psychostimulants with abuse potential (primarily methamphetamine) also continued to

increase to 23,837 (Source: https://nida.nih.gov/research-topics/trends-statistics/overdose-death-

rates Fig2).


https://nida.nih.gov/research-topics/trends-statistics/overdose-death-rates
https://nida.nih.gov/research-topics/trends-statistics/overdose-death-rates

Opioid use and addiction

Opioid use disorder and opioid addiction is at an epidemic level not only in the US but is
now also plaguing nations around the world. 3 million US citizens and 16 million individuals
worldwide have had or currently suffer from opioid use disorder (OUD)!. Just in the US, more
than 500,000 people are dependent on heroin. A stark increase in OUD is attributed to over-
prescription of opioids®. In the 1990s, there was a sharp increase in opioid prescriptions in
response to the "pain as fifth vital sign” campaign, downplaying the abuse potential of opioids,
along with aggressive marketing of drugs such as Oxycontin and Opana. Risk factors for misuse
of opioids include (1) initiation at a young age, (2) previous history of illicit drug or alcohol
abuse, (3) family history of illicit drug or alcohol abuse, or sexual abuse in females, (4) adverse
childhood experiences, and (5) psychological comorbidities (depression, bipolar disorder, and
attention deficit hyperactivity disorder)*.

The opioid epidemic affects every state in the US and now is driven by illicit fentanyl and
fentanyl analogs, along with methamphetamine or cocaine, often in combination or in adulterated
forms®. More than 107,000 deaths were reported in the United States between December 2020 to
December 2021°. According to recent statistics reported by the CDC, 1.6 million people began
the non-medical use of prescription opioids in 2021, with an additional 50,000 beginning the
recreational use of heroin®. This represents a 38.4% rise from pre-COVID-19 levels, resulting in
a 70% increase in emergency room visits for the treatment of overdose. Overdose deaths
involving opioids—including prescription opioids, heroin, and synthetic opioids (like
fentanyl)—have increased by more than 800% since 1999. Overdoses involving opioids killed

nearly 69,000 people in 2020, and over 82% of those deaths involved synthetic opioids®.
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Figure 2. National drug-involved overdose deaths. Number among all ages, by sex, 1999-
2020. Nearly 92,000 persons in the U.S. died from drug-involved overdose in 2020, including
illicit drugs and prescription opioids. The figure above shows the total number of U.S. drug
overdose deaths involving any illicit or prescription opioid drug from 1999 to 2020. The bars are

overlaid by lines showing the number of deaths by sex from 1999 to 2020.




Prescription opioids are commonly administered to manage moderate to severe pain,
particularly in the context of postoperative care, cancer treatment, and chronic conditions such as
arthritis and osteoporosis. Beyond their analgesic effects, opioids induce a transient sense of
euphoria, which, upon dissipation, can lead to significant cravings and potential misuse.
Escalation of dosage, driven by the development of tolerance, can result in opioid use disorder
(OUD). Upon discontinuation or inadequate dosing, individuals may experience withdrawal
symptoms, including exacerbated pain, piloerection, anxiety, yawning, and gastrointestinal
disturbances such as diarrhea. The risk of addiction increases substantially when opioids are
consumed in a manner inconsistent with medical guidelines, such as crushing pills for intranasal
or intravenous administration. This method facilitates rapid opioid delivery, heightening the risk

of overdose and accelerating the onset of OUD.

Opioid pathophysiology

Opioids bind to specific receptors (mu, delta, and kappa) in the central and peripheral
nervous systems which have pain, cough, and diarrhea-relieving effects. Opioids acting on these
receptors can induce euphoria as well. As a result of this euphoria, individuals continue and often
risk overdose to recreate the euphoria feeling. Most people who misuse opioids initiate for pain
relief or to prevent withdrawal symptoms. Increasing evidence is dispelling the myth that opioids
are effective long-term analgesic medications®. These specific opioid receptors are responsible
for eliciting the following specific physiological effects:

1. Mu: analgesia, physical dependence, respiratory depression, miosis, euphoria, reduced

GI motility, vasodilation. Peripheral mu receptors are tissue-specific with higher

concentrations in bronchial smooth muscle and the digestive tract.



2. Delta: analgesia, antidepressant, convulsant, physical dependence, modulate mu-related
respiratory depression.
3. Kappa: analgesia, anticonvulsant, depression, hallucination, diuresis, dysphoria, miosis,
neuroprotection, sedation’.
Although withdrawal symptoms manifest when opioids are discontinued abruptly, withdrawal
can occur with tapered cessation of medications as well. Withdrawal symptoms present in acute,
subacute, and chronic phases. Most healthcare providers are aware of the acute withdrawal
symptoms--hot/cold flashes, nausea, vomiting, diarrhea, sweating, lacrimation, insomnia,

anxiety, generalized muscle pain, tachycardia, piloerection, and dehydration.*.

Fentanyl

Synthetic opioids such as fentanyl are most involved in overdose deaths. In 2021, nearly
71,000 drug overdose deaths involving synthetic opioids occurred in the United States alone,
which is more deaths than from any other type of opioid. Synthetic opioid-involved death rates
increased by over 22% from 2020 to 2021 and accounted for nearly 88% of all opioid-involved
deaths in 20218. The number of overdose deaths involving synthetic opioids in 2021 was nearly
23 times the number in 2013. There has been a rise in synthetic opioid related deaths that have
tested positive for fentanyl and fentanyl analogs such as acetylfentanyl, furanylfentanyl, and
carfentanil, which are even more difficult to detect. Fentanyl is around 50 times more potent than
heroin and morphine®. Estimates of the potency of fentanyl analogs vary from less potent than
fentanyl to much more potent than fentanyl, but there is some uncertainty because potency of
illegally made fentanyl analogs has not been evaluated in humans. Carfentanil, the most potent

fentanyl analog detected in the U.S., is estimated to be 10,000 times more potent than



morphine!®. Moreover, fentanyl contamination of illegal drugs is also a growing concern!2,
Contamination with fentanyl and its analogs in counterfeit opioid pills is contributing to deaths
involving these other substances. Overdose rates in drugs mixed with opioids is at an all time

high than those compared to drugs without opioids contamination8911:12,

Opioid induced respiratory depression

Opioid induced respiratory depression (OIRD) is one of the major deleterious health
effects stemming from continued overuse of opioids and is leading to significant opioid
overdose-related deaths'®. Opioids elicit this effect by activating opioid receptors expressed on
cells within the central and peripheral nervous system. Additionally, there are some sites outside
the central nervous system, such as carotid bodies (CBs), that are involved in eliciting OIRD**.
Multiple centers in the brainstem contain opioid receptors, including the pre-Bétzinger complex,
parabrachial nucleus, and dorsal rostral pons, which when activated have been associated with
bradypnea. Evidence from opioid-receptor knockout mice supports a pivotal role for the
mu-opioid receptor in the development of OIRD. A very small population of mice which had
their MOR knocked showed development of OIRD after application of morphine as compared to
mice with their MOR intact’. All opioids currently prescribed for the treatment of acute or
chronic pain that activate the mu-opioid receptor are known to cause respiratory depression. The
magnitude of OIRD varies, however, depending on the degree of activation of the multiple
intracellular pathways induced by the opioid agonist. Among a series of pathways, mu-opioid
receptors engage two important signaling pathways—the G protein and B-arrestin pathways. The
former pathway is associated with analgesia, the latter with opioid side-effects, including

respiratory depression**°.current approaches to treating OIRD and challenges involved



Currently, the most used drug to reverse or treat opioid overdose and OIRD is naloxone,
which is carried by most first responders and healthcare employees. Naloxone is administered in
the nose of a patient using a nasal spray and rapidly reverses opioid overdose if administered on
time. Naloxone is a competitive opioid receptor antagonist, which means that it binds to the
opioid receptors competitively and prevents further binding along with reversal of opioids
already bound to the receptors, thereby countering the effects of opioid overdose. Consequently,
naloxone can restore normal breathing of a person who is experiencing OIRD as an effect of
overdose. Naloxone is normally administered either nasally as a spray or as an injectable®°,

Despite being one of the most used drugs to treat overdose, naloxone is not completely
safe and has some adverse effects. It is known to precipitate the withdrawal stemming from rapid
replacement of opioid receptors by the opioids, making patients feel a sudden onset of
withdrawal symptoms. Along with this, naloxone also inhibits the analgesic effects of the opioids
which means that the pain-relieving effect of the opioids is diminished. For more potent opioids
like fentanyl, a single dose of naloxone is often insufficient and multiple doses or a higher dose
may need to be administered?®24,

Sympathetic nervous system and its involvement in respiratory dynamics

The sympathetic nervous system is a division of the autonomic nervous system that
supplies efferent axons to all viscera of the body to constantly adjust organ function, for example
during periods of stress, anxiety, physical activity, fear, or excitement. The central nervous
system, including the spinal cord, gives rise to sympathetic pre-ganglionic neurons which
innervate target tissues. The sympathetic preganglionic neurons primarily from the spinal cord
send projections to make synapses with sympathetic postganglionic neurons located in peripheral

ganglia, for example in the sympathetic chain. Axons from these sympathetic postganglionic



neurons located in the peripheral nervous system which then project to specific target tissues.
The bilateral superior cervical ganglia (SCG) are the most rostral sympathetic ganglia, arising
from the fusion of cervical ganglia C1 to C4, and supplying the head and neck (mainly carotid
bodies, brainstem, tongue, and upper airway)?®2. Cells present within the SCG (neurons,
satellite glial cells, and small intensely fluorescent (SIF) cells) receive their preganglionic input
from thoracic (T) spinal cord (T1-T4) nerves that course within the cervical sympathetic chain
(CSC). The sympathetic preganglionic neurons traveling in the CSC release acetylcholine and
stimulate nicotinic (N2) receptors on cells in the SCG?-?, The activated principal SCG
postganglionic neurons then release norepinephrine onto numerous adrenergic receptor subtypes
present on target tissues?®. The SCG sends postganglionic signals to the carotid body (CB)
through the ganglioglomerular nerve (GGN) which modulates the carotid sinus nerve (CSN)
chemosensory afferent discharge, which is further relayed to nucleus tractus solitarius (NTS)
where the signal is processed, resulting in an increase in respiration?. Clinical patients suffering
from chronic T1-T4 spinal cord injury present with cardiorespiratory disturbances; this is
consistent with diminished activity of the CSC-SCG complex including enhanced peripheral
chemoreflex sensitivity, which is a major cause of sleep-disordered breathing in these
patients*>3L, Evidence from rats has shown that mid-thoracic spinal cord injury is associated with
enhanced cardiac sympathetic activity and cardiac sympathetic hyperinnervation that increases
the susceptibility to life-threatening arrhythmias. In rats, hypoactivity of the CSC greatly
enhances the likelihood of stroke in hypertensive models®. Similarly, a unilateral superior
cervical ganglionectomy in rats diminished frequency (breathes/min), minute ventilation
(ml/min), peak inspiratory flow (msec), and peak expiratory flow (msec) as compared to sham-

operated rats®2. Altogether, this evidence outlines the pathway through which the CSC-SCG



pathway modulates breathing and highlights the potential actions of opioids in the SCG in the

respiratory suppression.
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Figure® 3. Role of superior cervical ganglion (SCG) in modulation of respiratory

dynamics.

Ca?* as a second messenger

Second messengers are important molecules and ions that can relay signals received by
cell receptors. Second messengers include a variety of molecules such as lipids, ions, and
nucleotides®. Ca?* is an important messenger that is involved in numerous cellular reactions
which plays an important role in stimulus responses of cells. This is achieved by keeping a
constant cytoplasmic concentration and mobilization of Ca?* inside the cell in response to a

cellular event. Ca?* as a second messenger is important in various cell types such as skeletal
10



muscle (contraction), smooth muscle and endothelial cells (dilation and constriction), cardiac
smooth muscle cells (contraction and relaxation), pancreatic islet beta cells (insulin release), and
neurons (neurotransmitter release, voltage gradation)3*-%, Ca?* plays a fundamental role in
neuronal plasticity. In neurons, Ca?* regulates gene expression, energy production, membrane
excitability, synaptogenesis, synaptic transmission, and processes which involve learning,
memory, and cell survival. Ca2* signaling is achieved by modulation of extracellular Ca2*
concentration via opening and closing of plasma membrane (voltage gated channels, sodium
calcium exchanger) and subcellular Ca?* sensitive channels (ryanodine receptors on the
sarcoplasmic reticulum)®®37, Because of Ca?* involvement in most neurological processes, even
the smallest impairment in Ca?* homeostasis can result in profound functional alterations. This
makes Ca?* one of the most important and exciting prospects of all second messengers. Our
research program has established expertise in monitoring cellular Ca?* and we have successfully

shown its involvement in several cellular processes®> 4,

Calcium channels and their importance in neurons

Calcium channels play a critical role in a wide range of physiological functions in cells.
They include all pore-forming membrane proteins that are calcium-permeable and used for the
transport of these ions across cell membranes. As an ion, calcium is unique in biological
systems; this is because calcium not only functions to generate membrane potentials and
electrical signals but also functions as a central cell signaling molecule. Therefore, calcium
channels play an even more pivotal role in the cell by allowing for the generation of a multitude
of cellular responses. Calcium channels come in many forms and are incredibly diverse in both

structure and function®3°°,
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Neuronal voltage-gated Ca2* (CaV) channels play a critical role in cellular excitability,
synaptic transmission, excitation—transcription coupling and activation of intracellular signaling
pathways. CaV channels are multiprotein complexes and their functional expression in the
plasma membrane involves finely tuned mechanisms, including forward trafficking from the
endoplasmic reticulum (ER) to the plasma membrane, endocytosis and recycling. Whether
genetic or acquired, alterations and defects in the trafficking of neuronal CaV channels can have
severe physiological consequences®3,

Voltage-gated calcium channels (VGCCs) are the principal conduits for depolarization-
mediated Ca?* entry into excitable cells. Voltage-gated calcium channels have properties that
ensure they are specialized for roles, for example, differences in their activation voltage
threshold, their kinetic properties, and their voltage-dependence of inactivation. All these
attributes contribute to the ability of the voltage-gated calcium channels to participate in different
patterns of presynaptic vesicular release. These include synaptic transmission resulting from
single action potentials, and longer-term changes mediated by bursts or trains of action
potentials, as well as release resulting from graded changes in membrane potential in specialized
sensory synapses>®-38,

Multiple types of VGCCs are found in neural tissues based on their biophysical and
pharmacological properties: low voltage activated (LVA) T-type and high voltage-activated
(HVA) L-, N-, P/Q-, and R-type channels. Calcium influx through VGCCs in different
subcellular compartments of nerve cells mediates an array of cellular functions in the nervous
system. For instance, L-type channels on the cell body regulate gene expression through
signaling pathways. Increases in localized calcium levels in presynaptic terminals are crucial for

excitation-secretion coupling mechanisms*. The mechanisms linking calcium influx through
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VGCCs to neurotransmitter release involve identifying proteins responsible for vesicle
trafficking, docking, and fusion. These interactions occur during calcium-evoked exocytosis and
are part of the "SNARE hypothesis." SNARE proteins, including v-SNARES on vesicles and t-
SNAREs like syntaxin on target membranes, along with NSF and SNAPs (e.g., a, B, and
YSNAPs), play key roles in vesicular docking, priming, and fusion processes. N-type VGCCs,
sensitive to ®w-conotoxin, bind to syntaxin, a t-SNARE on presynaptic membranes, linking
VGCCs to proposed SNARE complexes involving SNAP-25 and synaptotagmin. P/Q-type
VGCCs also associate with syntaxin-containing SNARE complexes in rat cerebellar
synaptosomes*®. A peptide motif on N- or P/Q-type VGCCs, known as the 'synprint' site, binds
to syntaxin in a calcium-dependent manner. Injecting N-type calcium channel synprint peptides
into neurons led to reduced fast neurotransmitter release, indicating functional consequences of
these molecular interactions. Co-expression of syntaxin with N- or P/Q-type VGCCs in Xenopus
oocytes alters the gating properties of the channels, suggesting regulatory functions of their

interaction*>*7,

Calcium channels in superior cervical ganglion

Within the SCG, like in other parts of the nervous system, calcium channels are
responsible for regulating the influx of calcium ions into the neuron upon depolarization. This
influx of calcium ions is essential for various neuronal functions, including neurotransmitter
release®®,

Voltage-gated calcium channels. These channels open in response to depolarization of
the neuronal membrane. VGCCs are crucial for triggering the release of neurotransmitters from

presynaptic terminals*®
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Ligand-gated calcium channels. These channels are activated by the binding of specific
neurotransmitters or neuromodulators. While less common in the SCG compared to voltage-
gated channels, ligand-gated calcium channels can also contribute to calcium influx and
subsequent neurotransmitter release in certain neuronal pathways®® >,

Store-operated calcium channels (SOCCs). These channels play a role in replenishing
intracellular calcium stores following their depletion. While their role in the SCG may not be as
extensively studied as VGCCs, SOCCs are involved in calcium signaling and homeostasis in
neuronal and non-neuronal cells.

The activity of calcium channels in the superior cervical ganglion is tightly regulated and
coordinated to ensure proper neurotransmission and neuronal function. Dysregulation of calcium
channel activity in the SCG can lead to various neurological disorders and dysfunction in
autonomic control. Therefore, understanding the role of calcium channels in the SCG is essential
for elucidating the mechanisms underlying autonomic regulation and developing potential
therapeutic strategies for related disorders.

Voltage-gated calcium channels are major regulators of intracellular Ca?* in SCGs. Of all
the calcium channels, N-type calcium channel is the main channel involved in regulation of SCG
neurons. Prior experiments have shown that N-type calcium channel-expressing neurons
innervate the heart in hypertensive rats. Evidence has also indicated that calcium channels

contribute to ganglionic long-term potentiation®°-°3,

Calcium signaling in mu-opioid receptor signaling
Calcium signaling plays a significant role in the downstream effects of mu-opioid

receptor (MOR) activation. Here's how calcium signaling is involved in MOR function:
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Neurotransmitter release. Activation of MOR inhibits the release of neurotransmitters,
including excitatory neurotransmitters like glutamate and substance P, as well as inhibitory
neurotransmitters like gamma-aminobutyric acid (GABA). This inhibition occurs in part through
the modulation of calcium influx into presynaptic terminals. MOR activation leads to the
inhibition of voltage-gated calcium channels through the G beta gamma subunit, reducing
calcium entry into the presynaptic terminal. This reduction in calcium influx decreases the

probability of neurotransmitter release, contributing to the analgesic effects of MOR agonists.

Postsynaptic effects. MOR are coupled to G proteins, and their activation leads to the
modulation of various intracellular signaling pathways, including those involving calcium. Upon
activation, MOR can indirectly influence intracellular calcium levels through downstream
signaling molecules. For example, MOR activation can inhibit adenylyl cyclase activity, leading
to a decrease in intracellular cyclic AMP (CAMP) levels. This reduction in cCAMP can influence
calcium signaling pathways, such as those mediated by protein kinase A (PKA), which

phosphorylates calcium channels and other proteins involved in calcium signaling®®.

Intracellular signaling. MOR activation can also directly influence intracellular calcium
levels through signaling pathways involving phospholipase C (PLC) and inositol trisphosphate
(IP3). Activation of MOR can stimulate PLC, leading to the hydrolysis of phosphatidylinositol
4,5-bisphosphate (PIP2) into diacylglycerol (DAG) and IP3. IP3 acts as a second messenger that
binds to IP3 receptors on the endoplasmic reticulum, leading to the release of calcium ions from
intracellular stores. This increase in intracellular calcium can modulate a range of cellular

processes, including neurotransmitter release, gene expression, and synaptic plasticity®>°.
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Regulation of neuronal excitability. Calcium signaling downstream of MOR activation
can modulate neuronal excitability in the central nervous system. Changes in intracellular
calcium levels can influence the activity of ion channels, neurotransmitter receptors, and other
signaling molecules involved in neuronal function. By modulating calcium signaling pathways,
MOR can alter neuronal excitability and synaptic transmission, ultimately contributing to their

analgesic and addictive properties.

Overall, calcium signaling plays a critical role in mediating the effects of MOR activation
on synaptic transmission, neuronal excitability, and cellular signaling within the nervous system.
Understanding the mechanisms underlying MOR-mediated calcium signaling may provide
insights into the development of novel therapeutic strategies for pain management and opioid

addiction treatment®-°°,

Involvement of calcium in fentanyl mediated signaling
Calcium ions also play a significant role in the signaling pathways affected by fentanyl, a

potent synthetic opioid. Here's how calcium is involved in fentanyl signaling®.

Modulation of postsynaptic signaling. Fentanyl, like other opioids, activates opioid
receptors coupled to G proteins on postsynaptic neurons. This activation leads to the inhibition of
adenylyl cyclase and the opening of potassium channels, resulting in hyperpolarization of the
postsynaptic neuron. Calcium ions can modulate this process by influencing the activity of

various intracellular signaling pathways downstream of opioid receptor activation®:.

Involvement in analgesic mechanisms. Calcium signaling pathways are involved in

mediating the analgesic effects of opioids, including fentanyl. Activation of opioid receptors by
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fentanyl leads to changes in calcium signaling within neurons, which can modulate neuronal

excitability, synaptic transmission, and pain processing in the central nervous system®2,

Role in opioid tolerance and dependence. Chronic exposure to opioids such as fentanyl
can lead to the development of tolerance and dependence. Calcium signaling pathways are
implicated in these adaptive changes in neuronal function. Prolonged activation of opioid
receptors by fentanyl can lead to alterations in calcium-dependent intracellular signaling

cascades, contributing to the development of tolerance and dependence.®

Potential therapeutic targets. Understanding the role of calcium signaling in fentanyl
signaling pathways may provide insights into potential therapeutic targets for mitigating opioid
tolerance, dependence, and side effects. Modulation of calcium channels or downstream calcium-
dependent signaling pathways could potentially enhance the analgesic efficacy of opioids while

reducing their adverse effects and risk of dependence.

Overall, calcium signaling is intricately involved in mediating the effects of fentanyl on
neuronal function and synaptic transmission. In summary, while the specific details of calcium
signaling in the context of fentanyl are not as extensively studied as with other opioids, it is clear
that calcium signaling plays a crucial role in mediating many of the cellular and molecular
effects of fentanyl within the nervous system. Further research in this area could provide
valuable insights into the mechanisms underlying fentanyl pharmacology and aid in the

development of more effective and safer opioid-based therapies®®-°¢.
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Potential solution to fentanyl-induced respiratory depression?

Opioid addiction and OIRD are major problems in the US. The side-effects associated
with naloxone have the research world rushing to identify an alternative agent to counter
withdrawal. There is currently an urgent unmet need for development of new drugs to help
counter this situation and potentially replace naloxone. Findings from our collaborators have
revealed that a novel thiol ester D-CY See prevents the negative effects of fentanyl on
breathing-minute ventilation, tidal volume, frequency of breathing and cardiovascular
status (Figure 3), including mean arterial pressure (MAP), diastolic blood pressure (DBP),
and systolic blood pressure (SBP) in rats without significantly affecting analgesia efficacy.
Some preliminary findings (Figure 4) also indicate that D-CY See diminishes withdrawal
responses including circling behavior, increase in MAP, and apneas. In anesthetized and freely
moving rats, D-CY See reverses the deleterious effects of morphine on the arterial blood gas
chemistry and breathing. Moreover, preliminary findings from our lab demonstrate that D-

CY See successfully reverses the fentanyl mediated effects on the i[Ca?*] in cells isolated from

the SCGs (figure 34-36).
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Figure 4. Changes in tidal volume (left panel) elicited by IV injections of vehicle (VEH,

saline, 1V), D-CYSee (500 pmol/kg), or D-cysteine (500 pmol/kg) in morphine (10 mg/kg,

IV)-treated rats. The data are mean = SEM. There were 9 rats receiving each treatment. *P <

0.05, significant response
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Figure 5. Withdrawal behaviors elicited by naloxone HCI (1.5 mg/kg, IP) in rats treated for
24h with a subcutaneous depot of morphine (150 mg/kg) with or without continuous

infusion of D-CYSee (20 pmol/kg/h, IV).
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Previous evidence generated using patch clamp has shown that activation of the MOR
directly leads to the suppression of the N-Type Ca?* channel currents in neurons. This activity is
attributed to the MOR Gy subunit®’~"%, Our data has also shown that inhibition of the N-Type
Ca?* channel using specific inhibitors completely inhibits the spontaneous i[Ca?*] activity in the
cells isolated from SCG. We have also observed identical inhibition of i[Ca?*] activity after
application of fentanyl in these cells. Altogether, this data indicates that a VGCC is directly
involved in regulating the i[Ca?'] activity and that fentanyl modulates this activity by
activating the MOR. Along with this, we also hypothesize that since D-CY See reverses the
fentanyl-mediated effects on i[Ca?*] activity whereas naloxone will have no effect on

fentanyl mediated suppression of the activity.
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CHAPTER II—METHODS

PART I: DRIVERS OF INTRINSIC CA?* ACTIVITY

Rationale: Importance of Ca?* in neurons

Calcium (Ca?") is a universal second messenger that regulates the most important
activities of all eukaryotic cells. It is of critical importance to neurons as it participates in the
transmission of the depolarizing signal and contributes to synaptic activity. Neurons have thus
developed extensive and intricate Ca?*signaling pathways to couple the Ca?* signal to their
biochemical machinery. Ca?* influx into neurons occurs through plasma membrane receptors and
voltage-dependent ion channels®”. The release of Ca?* from the intracellular stores, such as the
endoplasmic reticulum, by intracellular channels also contributes to the elevation of cytosolic
Ca?*. Inside the cell, Ca?* is controlled by the buffering action of cytosolic Ca?*-binding proteins
and by its uptake and release by mitochondria. The uptake of Ca?* in the mitochondrial matrix
stimulates the citric acid cycle, thus enhancing ATP production and the removal of Ca?* from the
cytosol by the ATP-driven pumps in the endoplasmic reticulum and the plasma membrane. A
Na*/Ca2* exchanger in the plasma membrane also participates in the control of neuronal Ca?*.
The impaired ability of neurons to maintain an adequate energy level may impact Ca?* signaling;

this occurs during aging and in neurodegenerative disease processes®.
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High-intensity Ca?* signaling necessitates high ATP consumption to restore basal (low)
intracellular Ca?* levels after Ca?* influx through plasma membrane receptor and voltage-
dependent ion channels. Ca?* influx may also lead to increased generation of mitochondrial
reactive oxygen species (ROS). Impaired abilities of neurons to maintain cellular energy levels
and to suppress ROS may impact Ca2* signaling during aging and in neurodegenerative disease
processes. Advances in understanding the molecular regulation of Ca?* homeostasis and how it is
perturbed in neurological disorders may lead to therapeutic strategies that modulate neuronal
Ca?* signaling to enhance function and counteract disease processes. The spatiotemporal patterns
of intracellular Ca?* signals, and the ultimate cellular biological outcome, are also dependent
upon termination mechanism, such as Ca?* buffering, extracellular extrusion, and intra-organelle
sequestration. Because of the central role played by Ca?* in neuronal physiology, it is not
surprising that even modest impairments of Ca?* homeostasis result in profound functional
alterations. Despite their heterogeneous etiology neurodegenerative disorders, as well as the
healthy aging process, are all characterized by disruption of Ca?* homeostasis and signaling.

Calcium binds to calmodulin and stimulates the activity of a variety of enzymes,
including calcium-calmodulin kinases and calcium-sensitive adenylate cyclases. These enzymes
transduce the calcium signal and affect short-term biological responses, such as the modification
of synaptic proteins and long-lasting neuronal responses that require changes in gene expression.
Recent studies of calcium signal-transduction mechanisms have revealed that, depending on the
route of entry into a neuron, calcium differentially affects processes that are central to the
development and plasticity of the nervous system, including activity-dependent cell survival,

modulation of synaptic strength, and calcium-mediated cell death®¢-4°,
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The role and importance of calcium in SCG and fentanyl mediated signaling has been
well defined above (Chapter 1). Fentanyl’s modulation of calcium makes it a relevant second
messenger that reflects cellular activity. Tracking changes in intracellular calcium in response to
fentanyl, D-CY See, and naloxone can provide us with valuable insights into how the signaling is
taking place. Hence, | selected methods to probe SCG response to opioids using specifically
targeted indices of Ca?* dynamics. Specifically, I utilized rat SCG cells to probe the ability of

fentanyl to alter i[Ca2+].

Rat model

Sprague Dawley rats are a commonly used strain of laboratory rat in biomedical research.

Origin. Sprague Dawley rats were developed by Sprague Dawley, Inc. in the early 20th
century. They were selectively bred from Wistar rats, another commonly used laboratory rat
strain’72,

Characteristics. Sprague Dawley rats are albino rats, meaning they have white fur and
pink eyes due to a lack of melanin. They have a docile temperament, making them relatively
easy to handle and work with in laboratory settings’"“.

Size. As adults, Sprague Dawley rats typically weigh between 250-600 grams, with males
usually being larger than females. They are considered a medium-sized rat strain’3",

Use in research. Sprague Dawley rats are widely used in various fields of biomedical
research, including toxicology, pharmacology, physiology, neuroscience, and behavioral studies.
Their popularity stems from their relatively calm nature, adaptability, and availability from

commercial suppliers’7®,
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Health and reproduction. Sprague Dawley rats are known for their robust health and
reproductive capabilities, which make them suitable for breeding and longitudinal studies. They
have a relatively short gestation period of about 21-23 days and produce litters ranging from 6 to
12 pups on average.

Genetic Variability. While Sprague Dawley rats are considered an inbred strain, there
can still be some genetic variability between individuals due to genetic drift or minor genetic
differences maintained intentionally or unintentionally in breeding colonies’>7®.

Handling and Husbandry. Proper care and husbandry practices are essential for
maintaining the health and well-being of Sprague Dawley rats in laboratory settings. This
includes providing appropriate housing conditions, diet, environmental enrichment, and
veterinary care.

Overall, Sprague Dawley rats are valuable animal models for studying various
physiological, pharmacological, and pathological processes, contributing significantly to

scientific advancements and the development of medical treatments and therapies’’.

Surgical isolation of superior cervical ganglion tissue

To test my hypothesis, | started by isolating primary cells from SCG tissue. Working with
primary neurons has an advantage over cell lines as the model mimics more than 90% of what
happens in vivo Also, we consciously chose to keep the entire network of neurons and glial cells
intact instead of working with only neurons and eliminating glial cells as is commonly the case.
Keeping the entire cellular composition of the tissues intact in culture will help replicate all the

signaling mechanisms involved in vivo.
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Male and female Sprague Dawley (SD) rats (4/sex) of approximately 6-8 weeks old were
procured from Charles River labs and housed in biological sciences animal handling room for
acclimatization for 2 weeks. After 2 weeks the male and female rats were paired together for
breeding to acquired pups of desired age. The gestation of these animals was approximately 21-
25 days after which pups were born. Newborn pups of postnatal day 0-3 were used to isolate
cells. The remaining pups were maintained in the colony for future propagation of animals. All
the procedures were carried out using the protocol (519 DD21-09) approved by the Kent State
University institutional animal care and use committee (IACUC).

The pups were transferred to the lab in secondary containment for isolation of cells. After
transfer of pups to the laboratory room, the isolation procedure was started by decapitating the
pups using a guillotine. The head and neck region was used to isolate SCG tissue. The head was
then transferred to a surgery bed and was fixed on the bed using 22-gauge needles. Fine scissors
and fine tip forceps (Fine Science Tools, Foster City, CA) were prepared by washing and dipping
them in 70% alcohol and drying them inside the hood under UV light. The surgery bed with the
fixed head was mounted under a surgical microscope (Olympus) to aid with isolation. Ice-cold
phosphate buffered saline (PBS; containing Nacl, KCI, Na,HPO4, K;HPO4) was added to the
surgery bed to prevent the head from drying out. Carefully with a fine surgical scissor, the skin
flap on the neck was removed followed by the esophagus. This revealed the carotid artery to
which the SCG tissue is attached. Using fine tip forceps and scissors, the tissue was separated
from the carotid artery and the SCG tissue was dissected from the root and transferred to a tube
containing ice-cold Leibowitz 15 medium (L-15; Thermofisher Scientific) with antibiotic for

further processing. SCG tissue from both sides of the head was isolated from 6 rats.
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Isolation of cells from superior cervical ganglion

SCG tissue transferred to ice-cold L-15 medium was used as a starting material for cell
isolation. The tube was transferred to a hood where all further processing was conducted. The L-
15 medium was decanted from the tube using a 1ml pipette using care to not disturb the tissue.
After the tube was empty, pre-warmed 2 ml collagenase type 1 (2.5mg/ml; Worthington labs)
was added to the tube and incubated in a 37°C water bath for 15 minutes. The tube was again
transferred to the hood after 15 minutes and collagenase was discarded carefully to avoid
disturbing the tissue. Pre-warmed 2ml trypsin (2.5mg/ml; Thermofisher Scientific) was added to
the tube and incubated in a 37°C water bath for 30 minutes. After the trypsin treatment, the
trypsin was discarded and pre-warmed complete L-15 medium (L-15 base media 10% FBS, 1%
antibiotic antimycotic, 1% glutamax, 1% glucose and 50ng/ml nerve growth factor) was added
for a 5-min incubation in the hood to halt the trypsin reaction. After 5 minutes, the medium was
discarded and fresh 1ml medium was added to the tube. Using a 1 ml pipette, the tissue was
triturated to release all the cells from the tissue into the medium. An additional 2ml of the
medium was added to the tube to make the final volume to 3 ml. Poly-d-lysine (PDL) coated
glass coverslips were prepared in advance and kept available for plating. Briefly, 1 glass
coverslip was added to each well of a 6-well plate. Img/ml PDL in bolare buffer (Borax, sodium
tetraborate decahydrate) was added to each well; cultures were incubated in the refrigerator
overnight. On the next day, the PDL was discarded; the coverslips were washed with distilled
water 3 times and allowed to dry overnight under the hood with UV turned on. 500ul of cell
suspension was added to each coverslip and incubated in a 5% CO; environment for 1 hour to

allow for cell attachment. After 1 hour, 1.5 ml of more medium was added to each well making
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the total volume 2 ml. The cells were incubated for 12 days with fresh media being added to the

cells every other day and used for either Ca** imaging or immunofluorescence.
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Figure 6. Schematic representation of superior cervical ganglia (SCG) cell isolation rat pups
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Real-time Ca?* imaging

Since we focus on Ca?* as a second messenger, our primary data comes from experiments
with real-time Ca®* imaging. This is a sophisticated tool that allows us measure changes in
intracellular Ca2* in response to the exposure to drugs and conditions in real time. 12-day
cultured cells were once again used as a starting material. The cells were loaded with a calcium
indicator dye Cal520AM (2mM; AAT Bioquest) in fresh medium and incubated for 1 hour in 5%
CO. environment. After this, the cells were washed with fresh medium by replacing half the
medium 3 times to remove any unbound dye and incubated again for half hour. In the meantime,
all the drugs were prepared in tyrodes buffer (NaCl, KCI, CaClz, MgCl,, HEPES, 4% horse
serum, 5mM glucose). Since | was characterizing the intrinsic Ca?* activity, | wanted to observe
changes in the intracellular calcium in response to (1) calcium removal, (2) L-type calcium
channel blocker (verapamil 1,50, 100mM), (3) N-type calcium channel blocker (®-conotoxin 1,
50, 100nM), (4) sodium channel blocker (tetrodotoxin 1, 50, 100nM), and (5) neuronal gap
junction blocker (quinine hydrochloride 1, 50, 100uM). All concentration of drugs were prepared
in tyrodes buffer as detailed above.

Once the cells were ready to image, the coverslips were transferred to Nikon Ti2 inverted
fluorescence microscope for experimentation. The coverslip was mounted on the microscope
using a coverslip mount (Warner Instruments LLC) which had notches for entry and exit of the
drugs to be tested. The prepared drugs were transferred to an automatic perfusion system
(Warner Instruments LLC) which provided us control over dispensing each drug at the desired
concentration and duration. There was a perfusion drain set up as well to remove the excess drug
solutions and maintain a constant volume of the drug on the cells. The cells and the drugs were

maintained at 37°C for the entire duration of the experiment. The experiments were set up for 25
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minutes with the first 5 minutes of control tyrodes buffer followed by increasing concentrations
of drug (dose response), with each drug concentration lasting 5 minutes, followed by the final 5
minutes of drug washout. Once the appropriate dosage of the drug was determined, a final drug
concentration was determined and an experiment with just the final drug concentration was
conducted again for 25 minutes, with first 5 minutes of control followed by two 5-min intervals
(20 min total) of drug exposure, and then the final 10 mins (again, two 5-min intervals) of
washout. The responses of cells to all drug exposures were assessed using the same protocol (i.e.,

five 5-min intervals) while the fluorescence was recorded using the Nikon ti2 software.
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Figure 7. Schematic representation of real time Ca?* imaging; superior cervical ganglia (SCG)

Data analysis

The recorded data was analyzed using the Nikon ti2 analysis software to extract the
photometric data. The photometric data was then used to analyze Ca?* fluorescence using
ORIGIN LABS analysis software, details of which will be explained below.

Initial studies in our lab using NeuO and SR101 labeling involved manual annotation for
cellular identification and drawing of cell regions of interest (ROIs). This method demonstrated
poor reproducibility, with significant discrepancies between different labelers. To address this,

we developed an automated, high-speed, standardized, and reproducible imaging analysis
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pipeline. This pipeline utilizes macro methods in NIS Elements Advanced Research (AR) to
automatically identify the soma of NeuO+ and SR101+ cells. Mean intensity values were
generated after identification of two different cell types (neurons and glia) and separated the cell
activities into their own categories. This generated photometric data which was then transferred
to a text file for further detection of major activity phenotypes.

Following this, all the analysis was completed using Originpro2022B. Due the complex
nature of the data, a full script was written to identify the photometric data. The script ran a
linear regression to extract the mean intensity values from the photometric data and generated an
image of different activity phenotypes detected. These were then categorized as Increase
(increase in activity), Active (active cells), Decrease (decrease in activity), and Subthreshold (no
activity) over the 5 phases of the experiment. The analysis chain provided photometric frequency
data which was used as the main parameter to test whether the drugs displayed a significant
effect on the activity as compared to control. The frequency data from each of the five phases
was plotted against each other and a 3-way ANOVA was run with a 99.99% significance level.
Each of the phases involving drug experiments was compared to the first control phase to show
significance during changes in each phase. In the data involving control experiments the
ANOVA was set in a way to show significant changes if any during the entire 25-minute
experiment. The data also accounted for outliers. The outlier detection tool in Originpro2022B
was used to carefully to detect and demarcate the outliers in each data set. The summary bar
graphs (shown in the Chapter 3) were plotted after running ANOVA in each experiment and
significance of each data set was determined. The parameters used for running the 3-way
ANOVA were phase 1 against all the other phases individually to detect variances in the

frequency of phases 2-1 (drug and washout) as compared to phase 1 (control)
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PART Il: FENTANYL AND NALOXONE: DOES NALOXONE ALONE ALTER SCG
CALCIUM ACTIVITY?

One of my primary goals was to determine the ability of fentanyl to change intracellular
calcium activity. We have long known that naloxone is currently the only FDA approved drug to
treat an opioid overdose case. In all cases involving OIRD and OUD, first responders inject
naloxone to counter the effects of fentanyl. Naloxone acts as a competitive inhibitor of the MOR,
which is also the receptor through which fentanyl elicits its actions. Recent reports have started
outlining the side-effects of naloxone, which might outweigh its benefits'®, Conversely, there
have been no studies outlining the effects of naloxone by itself. This study aims to determine
the effects of fentanyl and naloxone on the intrinsic calcium activity of cells isolated from
SCG tissue. This study also aims to determine whether naloxone can reverse the fentanyl

mediated effects on intrinsic calcium activity of cells isolated from SCG tissue.

Surgical isolation of superior cervical ganglion tissue

To test my hypothesis, | started by isolating primary cells from SCG tissue, as described
above. Newborn pups of postnatal day 0-3 were used to isolate cells. All the procedures were
carried out using the protocol (519 DD 21-09) approved by the Kent State University
institutional animal care and use committee (IACUC). The pups were transferred to the lab in
secondary containment for isolation of cells, and SCG tissue was obtained and cultured as
described above. SCG tissue from both sides of the head was isolated from 6 rats for cell culture

and real time Ca?* imaging. Processing of SCG tissue was conducted as described above.
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Real-time Ca?* imaging and analysis

Measurement of Ca?* fluorescence and subsequent analyses were completed as described

above.
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Figure 8. Real time Ca?* imaging timeline.
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CHAPTER Il — RESULTS

PART I: CHARACTERIZATION OF INTRINSIC CA?* ACTIVITY
Real-time Ca?* imaging
The main aim of this experiment was to understand what drives the intrinsic Ca?* activity in the
SCG cells. Moreover, we wanted to discern whether it was neurons or the glial cells acting as the
driving force for the Ca?* activity in and to deduce whether there was any difference in the

calcium activity.

Cultured SCG cells showed intrinsic calcium activity

During 25 minutes of control, drug-free conditions, cells showed stable Ca?* activity, observed in
both neurons and glia as seen from the traces in Figure 9, below. In all phases (i.e., 1-5,
delineated by color in Figure 5), SCG cultures show a very stable Ca?* activity evident in both
the neurons and glial cells. Comprehensive analysis of the changes in frequency was completed
to detect the major activity phenotypes that were observed in Figure 9. Each of the five
experimental phases is denoted by a different color to easily identify changes in the activity in

these phases. The blue and red squares in the first two phases show a close look at the Ca?*
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spikes during the experiment. | completed a comprehensive analysis of the changes in frequency
to detect the major activity phenotypes that were observed in the cells. Figures 10A and 10B
present this analysis of major activity phenotypes under control, drug-free conditions in NeuO-
labeled neurons and SR101-labeled glia from the SCG. The study categorizes this cellular
activity across five phases, highlighting the stability and changes in activity levels over time

without pharmacological intervention.
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Figure 9. Typical traces depicting the effects of control drug free intervention in NeuO-
labeled neurons (A) and SR101 labeled astrocytes (B) show consistent activity throughout

all 5 phases.
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In Phase 1, all 127 neurons (100%) and 47 glia are classified as active, indicating a
baseline level of activity. There are no cells in the subthreshold category, showing that initially,
all cells exhibit significant activity above the threshold frequency of 0.0132 Hz. As the study
progresses to Phase 2, the classification remains unchanged: all cells continue to be classified as
active (127 neurons, and 47 glia, 100%). In phase 3, 126 neurons (99.2%) remain classified as
active, but one neuron (0.8%) showed a decrease in activity whereas all 47 glia (100%) remain
classified as active. This small shift indicates the beginning of variability in neuronal responses
but not in glia. By Phase 4, the number of cells with decreased activity increases slightly to
neurons 4 (3.1%), and glia 3 (6.4%) while the majority (123 neurons, 96.9% and 44 glia 93.6%)
remain active. No cells fall into the "Subthreshold" or "Increase" categories, suggesting a trend
towards a slight reduction in activity for a small subset of cells. In Phase 5, all cells (127
neurons, and 47 glia 100%) exhibit no significant change in activity, reinforcing the trend
observed in earlier phases. There are no cells with increased activity or in the Subthreshold

category.

Major activity phenotypes detected: The pie chart in Figure 10B, section 3a
summarizes the overall distribution of major activity phenotypes across all phases. The
overwhelming majority of neurons (96.1%) and glia (93.6%) remain active throughout all 5
phases, while a small fraction of neurons (3.1%) and glia (6.4%) showed a decrease in activity,

and only 0.8% neurons exhibit no change.
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Bar graphs (Figure 10A, sections 4a and 4b) illustrate the frequency of neuronal activity
(Hz) across phases, showing minor but significant changes in certain phases. These graphs
highlight the dynamic yet stable nature of cellular activity under control conditions, with slight

decreases observed in specific phases.

Comparisons between different phases, specifically Phase 1 versus Phase 5 (Figure 10A,
section 5a) and Phase 2 versus Phase 4 (Figure 10A, section 5b), further emphasize the minor
fluctuations in cellular activity. In the comparison of Phase 1 versus Phase 5, most neurons
showed no change (45 neurons, 35.4%) or a decrease in activity (81 neurons, 63.8%), with only
one neuron (0.8%) becoming subthreshold. Similarly, the majority of glia showed no change (19
glia, 40.4%) or a decrease in activity (27 glia, 57.4%) with only 1 glia (2.1%) becoming
subthreshold. Similarly, in Phase 2 versus Phase 4, 46 neurons (36.2%) and 46 glia (97.9%)
showed no change, while 80 neurons (63%) and no glia exhibit a decrease in activity. The
analysis reveals that under control, drug-free conditions, most cells maintain their initial active
state across multiple phases. A small subset shows a slight decrease in activity, indicating
minimal variability in cellular responses over time. The data suggests a high level of stability in
cellular activity in the absence of pharmacological intervention, with only minor changes
detected in later phases. Overall, this detailed examination of neuronal activity phenotypes under
control conditions provides valuable insights into the baseline behavior of cells, highlighting

their inherent stability.
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Major activity phenotypes under control drug free conditions in NeuO labelled neurons
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Major activity phenotypes under control drug free conditions in SR101 labelled glia

1' Cell labeling: SR101
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Figure 10. Detailed analyses revealing the major activity phenotypes detected in neurons
(A) and glia (B) under drug free control, conditions. Section 2 (a-e) depicts the changing
activity levels of the cells in all the phases. The pie chart (3a) categorizes the major activity
phenotypes, and section 4 shows bar graphs of the most observed phenotypes detected. Section 5
shows a phase comparison in the changes in activity between Phases 1 and 5 and Phases 2 and 4,

which showed that under control conditions, there were no significant changes in phase 1 and 5

and 2 and 4.
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Figure 11: Summary graphs of superior cervical ganglia (SCG) neurons and glia under control
conditions depicting consistent activity throughout all 5 phases. "™ Not significantly different

compared to phase 1 control (p>0.01).
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Extracellular calcium is crucial for the activity

Figure 12 shows representative traces of the intrinsic Ca?* activity observed in cells
isolated from SCGs under Ca?*free conditions. As observed from the traces, under Ca ?*free
conditions the cells, both neurons (Figure 12A) and astrocytes (Figure 12B) display an
inhibition of the activity starting from Phase 2 where Ca?* buffer is introduced, and continuing
onto Phase 3. After re-introduction of Ca?* starting fin Phase 4, the intrinsic activity re-emerges,

nearly

A
" NeuO - neurons
WWMMWM"WNMW A

AN A b

0 Intervention Free 300 Calcium free 600 Calcium free 900 Washout 1200 Washout 1500

ARt A N3 A A

Time (Seconds)

B
l SR101 - astrocytes

AT AR
—l N

WA T

| ’ |

: ! . | —— - 1
0 Intervention Free 300 Calcium free 600 Calcium free 900 Washout 1200 Washout 1500

Time (Seconds)

Figure 12. Typical traces depicting the effects of Ca?*-free medium in NeuO-labeled neurons
(A) and SR101 labeled astrocytes (B) show inhibition of activity in Ca*-free Phases (2 and 3)

with return to control levels in washout Phases (4 and 5).

reaching control levels by Phase 5. This signifies the importance of extracellular Ca 2" in normal

functioning of the intrinsic Ca2* activity.
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Figure 13 presents a comprehensive analysis of the major activity phenotypes detected
after the removal of calcium (Ca?") in NeuO-labeled neurons (Figure 13A) and SR101-labeled
glia (Figure 13B) from the SCG. The study tracked changes in neuronal activity across five

distinct phases, each phase revealing different phenotypic characteristics and firing frequencies.

In Phase 1, most cells were categorized as Active (257 cells, 99.2%), with only one
neuron and 1 glial cell labeled as "Subthreshold” (0.8%). As the study progressed to Phase 2,
with the removal of extracellular Ca* there was a diversification in activity phenotypes: 2
neurons (1.6%) and 3 glia (2.3%) showed no change, 1 neuron (0.8%) and 3 glia (2.3%)
remained subthreshold, 7 neurons (5.4%) and 23 glia (17.7%) exhibited a significant decrease in
activity, and a substantial 119 neurons (92.2%) and 101 glia (77.7%) displayed increased
activity. This shift indicates an early response to the removal of Ca?* from the buffer. Phase 3,
with the continuation of Ca?* free medium, saw a significant shift in activity, with 5 neurons
(3.9%) and 20 glia (15.4%) showing decreased activity, 1 neuron (0.8%) maintaining the same
activity level, and a notable 115 neurons (89.1%) and 106 glia (81.5%) falling into the
subthreshold category. This marked reduction in activity suggests a strong inhibitory effect in
this phase. By Phase 4, no neurons but only 3 glia (2.3%) were subthreshold, while 7 neurons
(5.4%) and 13 glia (10%) showed no change, 5 neurons (3.9%) and 2 glia (1.5%) exhibited
decreased activity, and a dominant 117 neurons (90.7%) and 112 glia (86.2%) showed increased
activity, reflecting a resurgence in neuronal activity. Phase 5 continued to show dynamic
changes, with 3 neurons (2.3%) and 5 glia (3.8%) exhibiting no change, 1 neuron (0.8%) and 1
glia (0.8%) categorized as subthreshold, 48 neurons (37.2%) and 70 glia (53.8%) showing
increased activity, and 77 neurons (59.7%) and 54 glia (41.5%) demonstrating a significant
decrease in activity.
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The comparative analysis between phases, particularly Phase 1 versus Phase 5 and Phase
2 versus Phase 4, highlighted the transitions in cellular behavior, with varying proportions of
neurons and glia showing increased, decreased, or unchanged activity levels. The bar graphs in
Figure 13, section 4 illustrate frequency changes across different phases, highlighting significant
variations in activity phenotypes. The data indicated that while a large proportion of cells
initially remained active or increased in activity following Ca?* removal, subsequent phases saw
a significant shift towards decreased or subthreshold activity. These findings suggest a complex,
phased response of the cells to the absence of Ca** involving both inhibitory and excitatory
adjustments over time. Overall, Figure 13 provides a detailed and dynamic picture of cellular
activity changes in response to calcium removal, showcasing the intricate nature of neuronal

adaptation.
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Major activity phenotypes detected after removal of Ca®* in NeuO labelled neurons from superior cervical ganglion
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Major activity phenotypes detected after removal of Ca in SR101 labelled glia from superior cervical ganglion
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Figure 13. Detailed analyses revealing the major activity phenotypes detected in neurons
(A) and glia (B) under drug-free, control conditions. Section 2 (a-e) depicts the changing
activity levels of the cells in all the phases. The pie chart (section 3a) categorizes the major

activity phenotypes and section 4 shows bar graphs of the most observed phenotypes detected.
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Section 5 shows a phase comparison in the changes in activity between Phases 1 and 5 and

Phases 2 and 4.

2.5 1.8 4
1.6
2.0 1.4 4
1.2
1.5 &
8 < 1.0 * * * *
g s
=1 * * * * T8 g
f = L=
- 1.0 [ J ;
. %
. g » B8] ¥ ¥
. 5 "‘ 0.4 ] ;“ X 3. ‘b
05 3 : - $ A . . " z
- . 1 & A .
. 0.2 <
5 . J . * i 3
0.0 . : k : . 0.0 . . =k . ]
Control  Calcium free Calcium free  Washout Washout Control  Calcium free Calcium free  Washout Washout

Figure 14: Summary graphs of superior cervical ganglion (SCG) neurons and glia after removal

of extracellular Ca?*. *Significantly different compared to control in phase 1 (p<0.01).
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N-type calcium channel is partly involved in regulating the activity

Figure 15 shows representative traces of the intrinsic Ca?* activity observed in cells
isolated from SCGs after application of single dose of conotoxin (50nM). As is observed from
the traces, 50nM conotoxin added at the start of Phase 2 induced a complete inhibition of the
activity in Phases 2 and 3, respectively, in both neurons (Figure 15A) and astrocytes (Figure
15B). The activity returned to control levels after washout of conotoxin in Phases 4 and 5,

indicating involvement of N-type calcium channel as one driver of calcium activity.
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Figure 15. Typical traces depicting the effects of conotoxin (50nM) in NeuO-labeled
neurons (A) and SR101 labeled astrocytes (B) show inhibition of activity in conotoxin phases

(2 and 3) with return to control levels in washout phases (4 and 5).
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NeuO-labeled neurons. Initially, in Phase 1, most NeuO-labeled neurons (98.7%) were
active, with a small fraction (1.3%) at subthreshold levels. As the conotoxin is applied, Phase 2
reveals a significant shift, where 97.4% of neurons exhibit decreased intrinsic Ca* activity; there
are minimal increases (0.7%) or no changes (0.7%) observed. This pattern of decreased activity
persists into Phase 3, with 96.7% of neurons still showing decreased activity and 2% showing no
change. By Phase 4, there is a notable change: 46.4% of neurons exhibited increased activity,
while 51.6% remain unchanged. The increased neuronal activity continued in Phase 5 with a
significant number of neurons (77.8%) showing increased activity and 20.3% remaining
unchanged. The pie chart (Figure 15A, section 3a) summarizes these findings, showing that
49.7% of neurons experienced significant decreases in activity, 25.5% showed increases, and
18.6% fell into other categories. Comparative analyses (Figure 15A, sections 5a and 5b)
highlight substantial decreases between Phases 1 and 5 and between Phases 2 and 4. Frequency

changes (Figure 15A, sections 4a-c) show significant variations, particularly in Phases 2 and 4.

SR101-labeled glia. SR101-labeled glial cells show different activity patterns compared
to cultured SCG neurons. In Phase 1, 94.5% of glial cells are active, and 5.5% werei nactive.
With conotoxin application, Phase 2 revealed a dramatic shift, with 85.2% of cells showing
decreased activity, 8.9% becoming inactive, and only 2.6% showing increased activity. Phase 3
showed a slight shift: 83.4% of cells remained decreased, 4.8% are inactive, and 2.2% showed
increased activity. In Phase 4, the activity levels diversify: 63.1% of cells remained unchanged,
24.4% increase, and 9.6% are inactive. By Phase 5, a majority (80.8%) of glial cells exhibited
decreased activity, 7.4% were inactive, and 63.1% showed increased activity. The pie chart
(Figure 15B, section 3a) indicates that 56.6% of cells experienced a significant decrease, 24.6%
showed increases, and 10% fell into other categories. Comparative analyses (Figure 15B,
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section 5a and 5b) reveal notable decreases between Phases 1 and 5 and between Phases 2 and
4. Changes in frequency depicted in the bar graphs (Figure 15B, sections 4a-f) depict significant
fluctuations, especially in Phases 2 (introduction of conotoxin) and 4 (washout of conotoxin),

reflecting the dynamic response of glial cells to conotoxin.

Together, these analyses reveal the differential impact of 50 nM conotoxin on NeuO-
labeled neurons and SR101-labeled glial cells. NeuO-labeled neurons initially show a marked
decrease in activity upon conotoxin application, but many eventually exhibit increased activity
by the later phases. In contrast, SR101-labeled glial cells show a pronounced and sustained
decrease in activity with yadda-toxin, with fewer cells transitioning to an increased activity state.
This contrast highlights the cell type-specific responses to conotoxin, with neurons showing a
more dynamic range of activity changes compared to the more consistently decreased activity in
glial cells with conotoxin. The frequency changes across phases in both cell types underscore the

nuanced and phase-dependent effects of conotoxin on cellular activity.
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Cell labeling: NeuO
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Major activity phenotypes after application of 50nM conotoxin in SR101 labelled glia

1.
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Figure 16. Detailed analyses revealing the major activity phenotypes detected in neurons
(A) and glia (B) under 50nM conotoxin conditions. Section 2 (a-e) depicts the changing
activity levels of the cells in all the phases. The pie chart (section 3a) categorizes the major
activity phenotypes and section 4 shows bar graphs of the most observed phenotypes detected.
Section 5 shows a phase comparison in the changes in activity between Phases 1 and 5 and

Phases 2 and 4.
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Figure 17: Summary graphs of superior cervical ganglion (SCG) neurons and glia after
application of N-type calcium channel blocker conotoxin. *Significantly different compared to

control in phase 1 (p<0.01).
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L-type Calcium channel drives the activity

Figure 18 shows representative traces of the intrinsic Ca?* activity observed in cells
isolated from SCGs after application of single dose of verapamil (50uM), the L-type calcium
channel blocker. As is observed from the traces, 50uM verapamil induced a complete inhibition
of the activity in Phases 2 and 3 respectively in both neurons (Figure 18A) and astrocytes
(Figure 18B). The activity started resuming in Phase 4 and returned to control levels after
washout of verapamil in Phase 5, indicating involvement of L-type calcium channel in driving

the activity.
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Figure 18. Typical traces depicting the effects of verapamil (50uM) in NeuO-labeled
neurons (A) and SR101-labeled astrocytes (B) show inhibition of activity with verapamil in

Phases 2 and 3, with a partial return to control levels in washout (Phases 4 and 5).

Figure 19 provides a detailed analysis of cellular activity phenotypes in NeuO-labeled neurons
(Figurel9A) and SR101-labeled glia (Figure 19B) after exposure to 50 UM verapamil, tracked

over five experimental phases.

Phase-by-Phase Analysis: Phase 1 began with all 98 neurons (100%) and 170 glia
(100%) classified as active, indicating a uniform baseline of high activity. There were no cells
exhibiting subthreshold activity, implying that all cells are above the threshold of activity from
the start, in Phase 2, all the neurons (100%) showed a decrease in their activity, while we saw
168 glia (98.8%) decreased with only 1 cell (0.6%) showing subthreshold activity. This suggests
that verapamil had started to induce a noticeable impact on the cells, yet cells were still able to
maintain their initial high activity state. Phase 3 marks the first significant shift in cellular
behavior. Here, 98% of the neurons and 98% glia fell below subthreshold levels in activity,
indicating the inhibitory effect of verapamil. Only 1% of neurons and 2.4% glia showed an
increase in activity, and another 1% remained unchanged. The changes in activity during this
phase clearly showed that verapamil started to suppress cellular activity significantly for most
cells. In Phase 4, however, the trend changed to increased activity, with 98% of neurons and 93%
glia continuing to exhibit increased activity levels. Additionally, 2% of neurons and 1.2% of glia
now fell into the subthreshold category, indicating their activity had dropped below the baseline
threshold. No neurons and glia remain unchanged in this phase, underscoring the pervasive effect
of verapamil. The intrinsic Ca?* during Phase 5 (final washout) revealed that most neurons

(95.9%) and glia (95%) maintained their increased activity levels from the previous phase.
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However, 4.1% of neurons exhibited an increase in activity, suggesting some late-stage
variability in response to verapamil. No neurons but 3 glia 1.8%) remained at the subthreshold
level, and there are no further changes in most cells, indicating a stabilization of verapamil’s

impact.

Summary and comparative analysis. The pie chart (Figure 19, section 3a) synthesizes
these findings, showing that 94.9% of neurons and 89% glia experienced a decrease in activity.
A small fraction, 3.1% (neurons) and 12.4% (glia), exhibited other phenotypes. This distribution
highlights the dominant effect of verapamil in reducing cellular activity across the population.
The bar graph (Figure 19, section 4a) illustrates frequency changes across the five phases, with
significant activity reductions, particularly between Phases 2 and 4. This confirms the substantial
impact of verapamil on cellular activity suppression. Comparative analyses (Figure 19, sections
5a and 5b) between different phases reveal pronounced decreases in activity. Between Phase 1
and Phase 5, 99% of neurons and 97% glia showed decreased activity, with only 1% neurons and
2.4% glia at subthreshold levels. Similarly, comparisons between Phase 2 and Phase 4 show that
99% and of neurons and 97% glia demonstrate decreased activity, with no neurons and glia

remaining unchanged.

Conclusion. The application of 50 uM verapamil (L-type calcium channel blocker) led to
a significant and sustained decrease in cellular activity, beginning in Phase 3 and continuing
through Phase 5. The dominant phenotype is a marked reduction in activity, affecting nearly all
cells. This consistent decrease highlights verapamil's potent effect in modulating neuronal
excitability, underscoring its potential for influencing neuronal activity dynamics in experimental
settings. The detailed phase-by-phase analysis and comparative studies further reinforce the

significant role of L-type calcium channel in regulating calcium activity in SCG neurons.
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Major activity phenotypes after application of 50uM verapamil in NeuO labelled neurons
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Major activity phenotypes after application of 50uM verapamil in SR101 labelled glia
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Figure 19. Detailed analyses revealing the major activity phenotypes detected in neurons
(A) and glia (B) under 50uM verapamil control conditions. Section 2 (a-e) depicts the

changing activity levels of the cells in all the phases. The pie chart (section 3a) categorizes the
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major activity phenotypes, and section 4 shows bar graphs of the most observed phenotypes
detected. Section 5 (a-b) shows a phase comparison in the changes in activity between Phases 1

and 5 and Phases 2 and 4.
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Figure 20. Summary graphs of superior cervical ganglion (SCG) neurons and glia after
application of L-type calcium channel blocker verapamil. *Significantly different compared to

control in phase 1 (p<0.01).

Sodium channels are implicated in neurotransmitter release

Figure 21 shows representative traces of the intrinsic Ca?* activity observed in cells
isolated from SCGs after application of single dose of tetrodotoxin (50nM). As is observed from
the traces, 50nM tetrodotoxin induced a complete inhibition of the activity in Phases 2 and 3
respectively in both neurons (Figure 21A) and astrocytes (Figure 21B). The activity began to

resume in Phase 4 and returned to control levels after washout of tetrodotoxin in Phase 5.
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Figure 21. Typical traces depicting the effects of tetrodotoxin (50nM) in NeuO-labeled

neurons (A) and SR10- labeled astrocytes (B) show inhibition of activity in tetrodotoxin

phases (2 and 3) with partial return to control levels in washout phases (4 and 5).
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Figure 22 presents detailed analyses of neuronal (Figure 22A) and glial (Figure 22B)
cell activity phenotypes following the application of 50 nM tetrodotoxin, which is a sodium

channel inhibitor.

NeuO-labeled neurons. Initially, in Phase 1, all NeuO-labeled neurons (100%) were
active, with no neurons at subthreshold level. As the tetrodotoxin is applied, Phase 2 revealed a
significant shift, where 86.8% of neurons exhibited decreased activity with 2.2% falling below
the subthreshold level and 11% showing no change. This pattern of decreased activity persists
into Phase 3, with 95.6% of neurons falling below subthreshold activity, 1.1% showing a
decrease, and 3.3% showing an increase. By Phase 4, there was a notable change: 95.6% of
neurons exhibit increased activity, while 2.2% remain unchanged and 2.2% showed a decrease.
This pattern continued in Phase 5 with a significant number of neurons (94.5%) showing no
change in activity and 5.5% decreasing their activity. The pie chart (Figure 22A, section 3a)
summarizes these findings, showing that 82.4% of neurons experienced significant decreases in
activity, and 7.7% fell into other categories. Comparative analyses (Figure 22A, sections 5a and
5b) highlight substantial decreases between Phases 1 and 5 and between Phases 2 and 4.
Frequency changes (Figure 22A, section 4a-c) showed significant variations, particularly in

Phases 2 and 4.

SR101-labeled glia. SR101-labeled glial cells show different activity patterns compared
to neurons. In Phase 1, 100% of glial cells were active, and none were inactive. With
tetrodotoxin application in Phase 2, glial cell activity underwent a dramatic shift, with 87.5% of
cells showing decreased activity, 2% becoming inactive, and only 1% showing increased
activity. Phase 3 showed a slight shift: 94% of cells fell below subthreshold, 1.5% decreased, and

3% show increased activity. In Phase 4, the activity levels diversify: 93.5% of cells showed an
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increase, 4.5% decrease, and 1% were inactive. By Phase 5, a majority (93.5%) of glial cells
exhibited no change activity, 1% were inactive, and 0.5% showed increased activity. The pie
chart (Figure 22B, section 3a) indicates that 81.5% of cells experienced a significant decrease,
9% showed no change, and 9.5% fell into other categories. Comparative analyses (Figure 22B,
sections 5a and 5b) reveal notable decreases between Phases 1 and 5 and between Phases 2 and
4. Frequency changes (Figure 22BA, section 4a-f) depict significant fluctuations, especially in

Phases 2 and 4, reflecting the dynamic response of glial cells to conotoxin.

Together, these analyses reveal the differential impact of sodium channel inhibition on
NeuO-labeled neurons and SR101-labeled glial cells. NeuO-labeled neurons and SR101 labeled
glia initially show a marked decrease in activity upon tetrodotoxin application, but many
eventually exhibit increased activity by the later phases. Sodium channels have been shown to be
important for regulation of action potential firing. The effect of inhibition of sodium channels on

the calcium activity further cements its role in modulation of intracellular calcium.
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Major activity phenotypes after application of 50nM tetrodotoxin in Neuo Labelled neurons

1.
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B Major activity phenotypes after application of 50nM tetrodotoxin in SR101 Labelled glia
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Figure 22. Detailed analyses revealing the major activity phenotypes detected in neurons
(A) and glia (B) under 50nM tetrodotoxin conditions. Section 2 (a-e) depicts the changing

activity levels of the cells in all the phases. The pie chart (3a) categorizes the major activity
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phenotypes and section 4 shows bar graphs of the most observed phenotypes detected. Section 5

shows a phase comparison in the changes in activity between Phases 1 and 5 and Phases 2 and 4.
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Figure 23. Summary graphs of superior cervical ganglion (SCG) neurons and glia after
application of sodium channel blocker tetrodotoxin. *Significantly different compared to control

in phase 1 (p<0.01).
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PART Il: FENTANYL D-CYSEE AND NALOXONE
Fentanyl inhibits intrinsic calcium activity
Figure 24 shows representative traces of the intrinsic Ca* activity observed in cells
isolated from superior cervical ganglion (SCG) after application of single dose of fentanyl
(100nM). As is observed, respectively, in both neurons (Figure 24A) and astrocytes (Figure
24B). The activity returned to control levels after washout of fentanyl in Phases 4 and 5,

indicating involvement of mu-opioid receptor in driving the activity.
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Figure 24. Responses to fentanyl (100 nM). Typical traces depicting the effects of fentanyl
(100nM) in NeuO-labeled neurons and SR101 labeled astrocytes show inhibition of activity in

fentanyl Phases (2 and 3) with partial return to control levels in washout Phases (4 and 5).
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Figure 25 depicts the results from the analysis of major activity phenotypes in NeuO
labelled neurons (Figure 26A) and SR101 labelled glia (Figure 26B) labeled cells after the

application of 100nM fentanyl

NeuO-labeled neurons. The results indicate a significant impact of 100nM fentanyl
perfused in Phase 2 and 3 on NeuO-labeled neurons across different Phases. Initially, in Phase 1,
all 251 neurons were active, with no subthreshold activity observed. However, in Phase 2, there
was a notable shift, with 96.8% (243 neurons) showing decreased activity, 2.8% (7 neurons)
exhibiting subthreshold activity, and only 0.4% (1 neuron) maintaining no change. This pattern
continued in Phase 3, where most neurons (91.2%, 229 neurons) showed decreased activity, with
a smaller proportion (3.2%, 8 neurons) showing an increase in activity, and 2% (5 neurons)

remaining unchanged.

By Phase 4, a significant number of neurons (76.5%, 192 neurons) exhibited an increase
in activity, while 16.7% (42 neurons) were subthreshold. A minimal 4.8% (12 neurons)
demonstrated no change. In Phase 5, the pattern shifted again, with 63.3% (159 neurons)
showing no change, 20.3% (51 neurons) exhibiting an increase in activity, 15.9% (40 neurons)
being subthreshold, and 0.4% (1 neuron) showing a decrease in activity. The frequency analysis
across these Phases highlighted significant changes, with notable variations in the active,

subthreshold, significant increase, no change, and significant decrease phenotypes.

Comparing Phase 1 and Phase 5, 74.5% (187 neurons) showed a decrease in activity,
18.3% (46 neurons) maintained no change, and 6.4% (16 neurons) demonstrated an increase in
activity. Between Phase 2 and Phase 4, 53.8% (135 neurons) had no change, 23.5% (59 neurons)

showed a decrease in activity, and 19.1% (48 neurons) exhibited subthreshold activity. These
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results suggest a dynamic response of NeuO labeled neurons to fentanyl, with Phases of
increased and decreased activity indicating the drug's modulatory effects on neuronal

excitability.

SR101-labeled glia. The application of 100nM fentanyl (Phase 2 and 3, washout phase 4
and 5) also significantly affected SR101 labeled glia. In Phase 1, all 270 glial cells were active.
Phase 2 showed a marked change, with 74.4% (209 cells) exhibiting decreased activity, 10.7%
(29 cells) showing a significant increase in activity, 4.1% (11 cells) maintaining no change, and
3.7% (10 cells) being subthreshold. In Phase 3, most glial cells (90%, 243 cells) were
subthreshold, with 3.3% (9 cells) showing a decrease in activity and 2.2% (6 cells)

demonstrating an increase in activity.

In Phase 4, 59.6% (161 cells) had no change, 32.2% (87 cells) exhibited a decrease in
activity, 5.6% (15 cells) were subthreshold, and 2.6% (7 cells) showed no change. By Phase 5,
34.1% (92 cells) had decreased activity, 15.6% (42 cells) showed no change, 7% (19 cells)
demonstrated an increase in activity, and 2.6% (7 cells) were subthreshold. The frequency
analysis indicated significant changes across Phases, with phenotypic distributions suggesting

shifts in glial cell activity in response to fentanyl.

Between Phase 1 and Phase 5, 80.8% (219 cells) showed a decrease in activity, 21.4%
(58 cells) had no change, and 6.3% (17 cells) exhibited an increase in activity. Comparing Phase
2 and Phase 4, 69.6% (188 cells) had no change, 42.2% (114 cells) showed a decrease in activity,
and 4.1% (11 cells) exhibited subthreshold activity. These results highlight the differential

response of SR101 labeled glia to fentanyl, with significant shifts towards decreased activity and
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subthreshold states, indicating the drug's profound impact on glial cell function and activity

patterns.

Summary. The application of 100nM fentanyl resulted in significant changes in activity
phenotypes in both NeuO-labeled neurons and SR101-labeled glia. Both cell types demonstrated
a trend towards increased subthreshold and decreased activity Phases over time, indicating a
pronounced effect of fentanyl on reducing SCG cellular activity. The shifts in activity were more
marked in neurons compared to glia, suggesting differential sensitivity or response dynamics
between these cell types to fentanyl exposure. The detailed phenotypic analysis across different

Phases highlights the drug's impact on cellular excitability and activity patterns.
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B Major activity phenotypes detected in SR101 labeled glia after appication of 100nM fentanyl
1. Cell labeling: SR101
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Figure 25. Detailed analyses revealing the major activity phenotypes detected in neurons
(A) and glia (B) under 100nM fentanyl control conditions. Section 2 (a-€) depicts the
changing activity levels of the cells in all the Phases. The pie chart (3a) categorizes the major

activity phenotypes and section 4 shows bar graphs of the most observed phenotypes detected.
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Section 5 shows a Phase comparison in the changes in activity between Phases 1 and 5 and

Phases 2 and 4.
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Figure 26. Summary graphs of superior cervical ganglion (SCG) neurons and glia after

application of 100nM fentanyl. *Significantly different compared to control in phase 1 (p<0.01).
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Naloxone inhibits intrinsic calcium activity

Figure 27 shows representative traces of the intrinsic Ca?* activity observed in cells
isolated from SCG after application of single dose of naloxone (100uM). As observed from the
traces, 100uM naloxone completely inhibited the SCG cellular activity in Phase 2 and 3 in both

neurons (Figure 27A) and glia (Figure 27B) which returned to control levels after washout in

Phase 4 and 5.
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Figure 27. Responses of SCG cells to naloxone (100 uM). Typical traces depicting the effects

of single dose naloxone (100uM) in NeuO-labeled neurons (A) and SR101 labeled astrocytes
(B). Naloxone showed complete inhibition of the activity in Phases 2 and 3 with return to control

levels in Phase 4 and 5.

Figure 28 depicts the results from the analysis of major activity phenotypes in NeuO- (Figure

28A) and SR101- (Figure 28B) labeled cells after the application of 1200uM naloxone.
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Phase Analysis: Phase 1. Initially, in Phase 1 (drug-free control), 97% (162 neurons)
and 95.5% (63 glia) were active, while 3% (5 neurons) and 4.5% (3 glia) exhibited subthreshold

activity.

Phase 2. As the experiment progressed to Phase 2 (fentanyl 100nM), a significant shift
occurred. The majority of neurons (75.4%, 126 neurons) and glia (59.1%, 39 glia) showed a
decrease in activity. Concurrently, 19.8% (33 neurons) and 4.5% (3 glia) maintained no change,
3.6% (6 neurons) and 10.6% (7 glia) were subthreshold, and 1.2% (2 neurons) and 25.8% (17

glia) exhibited an increase in activity.

Phase 3. In Phase 3 (fentanyl 100nM), the decrease in activity remained dominant, with
97.6% (163 neurons) and 87.9% (58 glia) showing decreased activity. Only a small proportion of
neurons and glia demonstrated other activity patterns: 1.2% (2 neurons) and 4.5% (3 glia)
showed an increase, and another 1.2% (2 neurons) and 4.5% (3 glia) showed no change. No
neurons exhibited subthreshold activity while 87.9% glia exhibited subthreshold activity at this

Phase.

Phase 4. Moving into Phase 4 (washout), 97% (162 neurons) and 87.9% (58 glia) showed
an increase in activity, 1.8% (3 neurons) and 9.1% (9 glia) were subthreshold, 0.6% (1 neuron)
and 3% (2 glia) had no change, and another 0.6% (1 neuron) while no glia showed decreased

activity. This indicates a shift back towards increased cellular activity.

Phase 5. Finally, in Phase 5 (washout), 98.2% (164 neurons) and 83.3% (55 glia) showed
an increase in activity, 1.2% (2 neurons) whereas 7.6% (5 glia) were subthreshold, and 0.6% (1

neuron) while 3% (2 glia) maintained no change.
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Phenotypic distribution: The pie charts in Figure 29 A and B, section 3a, show the
major activity phenotypes detected. The most notable phenotype, encompassing 74.3% of
neurons (124 neurons) and 50% of glial cells (33 glia), was the combination of significant
decrease with application of naloxone in Phase 2 followed by a further decrease with application
of naloxone in Phase 3. This was followed by the “other” category at 6% (10 neurons) 16.7% (11

glia), with a smaller portion of the neurons and glia distributed among the other phenotypes.

Frequency analysis: The frequency analysis (Figure 29A and B sections 4a and 4b)
across the Phases indicates variations in cellular firing rates. Initially, in Phase 1, cells’ firing
frequency was high, corresponding to the high percentage of active cells. As Phases progressed,
fluctuations in frequency were observed, particularly noticeable during transition periods of

increased or decreased activity.

Comparative phase analysis: Comparing Phase 1 to Phase 5 (Figure 29 A and B section
5a), 63.5% of neurons (106) and 45.5% of glial cells (30) showed an increase in activity, 32.9%
of neurons (55) 33.3% of glia (22) had no change, and 3.6% of neurons (6) 10.6% of glia (7)
exhibited subthreshold activity. Comparing Phase 2 (naloxone) to Phase 4 (naloxone washout)
(5b), 70.1% of neurons (117) while 62.1% of glia (42) showed no change in activity, 19.8% of
neurons (33) whereas 1.5% of glia (1) showed a decrease, 4.2% of neurons (7) and 13.6% of glia
(9) were subthreshold, and 6% of neurons (10) and 22.7% of glia (15) exhibited an increase in

activity.

Summary: The application of 100uM naloxone induced significant shifts in the cellular
activity. While most cells started in an active state, a substantial proportion shifted to decreased

activity in the early phases (2 and 3) with the application of naloxone to the cells, with a notable
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recovery towards increased activity in later phases after washout of naloxone. The frequency
analysis supports these transitions, showing significant fluctuations aligned with the phases of
activity. The comparison between different phases highlights the dynamic response of cells to

naloxone, illustrating the drug's impact on neuronal excitability and activity patterns.
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Major activity phenotypes detected in NeuO labeled neurons after application of 100uM naloxone

1. Cell labeling: NeuO
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Major activity phenotypes detected in SR101 labeled glia after application of 100uM naloxone

1. Cell labeling: NeuO
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Figure 28. Detailed analyses revealing the major activity phenotypes detected in neurons
(A) and glia (B) under 100uM naloxone control conditions. Section 2 (a-e) depicts the
changing activity levels of the cells in all the Phases. The pie chart (3a) categorizes the major

activity phenotypes and section 4 shows bar graphs of the most observed phenotypes detected.
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Section 5 shows a phase comparison in the changes in activity between Phases 1 and 5 and
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Figure 29. Summary graphs of superior cervical ganglion (SCG) neurons and glia after
application of 100uM naloxone. *Significantly different compared to control in phase 1

(p<0.01).
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D-CYSee has no significant effect on the intrinsic calcium activity

Figure 30 shows representative traces of the intrinsic Ca?* activity observed in cells
isolated from SCG after application of single dose of D-CYSee (100uM). As observed from the
traces, 100uM D-CY See showed a slight decrease in the activity in Phases 2 and 3 in both
neurons (Figure 30A) and astrocytes (Figure 30B) with return to washout levels in Phases 4 and

5. D-CYSee had no other significant effect on the activity, however.
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Figure 30. Typical traces depicting the effects of D-CYSee (100uM) in NeuO-labeled
neurons (A) and SR101-labeled astrocytes (B) show slight decrease in activity in D-CY See

Phases (2 and 3) with return to control levels in washout Phases (4 and 5).
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Figure 31 depicts the results from the analysis of major activity phenotypes in NeuO (A)

and SR101 (B) labeled cells after the application of 100uM naloxone.

NeuO-labeled neurons. D-CY See did not have a significant effect on the activity in the
NeuO-labeled neurons. In Phase 1 (drug-free control) 98.8% neurons were active whereas only
1.2% of them exhibited a subthreshold activity. In Phase 2, after application of 100uM D-CY See,
95.2% neurons displayed a decrease in activity with 1.2% remaining subthreshold. While 3.6%
neurons showed no change, there were no neurons which showed an increase in activity. Phase 3
(D-CYSee 100uM) also showed a similar pattern with 94% cells continuing to decrease their
activity, with 4.2% cells showing no change, and the number of subthreshold cells remaining
constant at 1.2%. By Phase 4 (initial washout), 38.3% cells began to show an increase in activity,
with 34.7% cells showing no change in activity. 25.7% of cells showed some decrease in
activity, with 1.2% cells remaining subthreshold. The pattern of cell activity remained similar in

Phase 5 (final washout) as well.

Comparing Phase 1 (drug-free) to Phase 5 (final drug washout), 95% cells showed a
decrease in activity, with only 1.2% of cells showing an increase in activity, and 3% cells being
subthreshold. Comparing Phase 2 (D-CYSee 100uM) to Phase 4 (initial washout), 55.7%
neurons showed a decrease in activity, with 41.3% cells showing no change, and 1.8% neurons
being subthreshold. These results suggest that neuron activity was not significantly affected by
application of D-CY See. The neurons only showed a slight decrease in activity, but an extremely
small number of neurons were subthreshold as early as Phase 1, indicating no effect of D-CY See
on this subpopulation of neurons. In short, D-CY See alone did not appear to have a significant

effect on neuronal excitability.
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SR101-labeled glia. The results indicate that D-CY See did not have a significant effect
on the activity in the SR101-labeled glia. In Phase 1 (drug-free control), 98.8% glia were active
whereas only 1.2% of the glial cells exhibited a subthreshold activity. In Phase 2, after
application of 100uM D-CY See, 95.9% of the glia displayed a decrease in activity, with 1.2%
remaining subthreshold. While 2.9% of the glia showed no change in activity, there were no glia
which showed increased activity. Phase 3 (D-CY See 100uM) also showed a similar pattern with
98.2% of cells continuing to decrease their activity. A small number of glia showed an increase
in activity, whereas the number of cells exhibiting subthreshold activity remained the same. By
Phase 4 (initial washout), 24.6% of the glia began to show an increase in activity with 22.2% of
glia showing no change in activity. 52% of glia continued to show some decrease, with 1.2% of
glial cells remaining subthreshold. In Phase 5 (final washout), 52% cells showed an increase in

activity, whereas 28.7% of glia showed no change, and 18% continued to decrease in activity.

Between Phase 1 (drug-free) and Phase 5 (final washout), 97.1% of glia showed a
decrease in activity, and a small fraction of glia (1.2%) showing an increase, with 1.8% cells
showing subthreshold activity. Comparing Phase 2 (D-CYSee 100uM) and Phase 4 (initial
washout), 72.5% glia showed a decrease, 24% glia showed a decrease in activity, and 1.8% (11
cells) exhibited subthreshold activity. These results indicate the just like the results seen in
neurons D-CY See did not appear to have a significant effect on the glia by itself. There was only

a slight decrease in activity seen just like that seen in neurons.
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Major activity phenotypes detected in NeuO labeled neurons after application of 100uM D-CYSee
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B Major activity phenotypes detected in SR101 lebeled glia after application of 100uM D-CYSee
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Figure 31. Detailed analyses revealing the major activity phenotypes detected in neurons
(A) and glia (B) under 100uM D-CY See conditions. Section 2 (a-e) depicts the changing

activity levels of the cells in all the Phases. A pie chart (3a) categorizes the major activity
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phenotypes and section 4 shows bar graphs of the most observed phenotypes detected. Section 5

shows a Phase comparison in the changes in activity between Phases 1 and 5 and Phases 2 and 4.
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Figure 32. Summary graphs of SCG neurons and glia after application of 100uM D-CY See. "™

Not significantly different compared to phase 1 control (p>0.01).
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D-CYSee successfully reversed fentanyl-mediated effects on intrinsic calcium activity

Figure 33 shows representative traces of the intrinsic Ca?* activity observed in cells

isolated from SCG after application of D-CY See in presence of fentanyl. As is observed from the

traces, 100nM fentanyl completely inhibited cellular activity in Phase 2, which was partially

A restored after application of 100uM D-CYSee in presence of fentanyl in Phase 3. After

washout of D-CY See in Phase 4, fentanyl again inhibited cellular activity, with the activity

partially returning to control levels after washout of both drugs in Phase 5.
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Figure 33. Typical traces depicting the effects of D-CYSee (100uM) in presence of fentanyl

(1200nM) in NeuO-labeled neurons and SR101 labeled astrocytes. Fentanyl displayed

inhibition of activity in Phase 2 which was partially restored after addition of D-CY See in

presence of fentanyl in Phase 3 which was re-inhibited after washout of D-CY See only in Phase

4 and a partial return to control level after complete washout of both drugs in Phase 5.
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Figure 34. Effect of D-CY See in presence of fentanyl. Typical traces depicting the effects of
D-CYSee (100uM) in presence of fentanyl (100nM) in NeuO-labeled neurons and SR101 labeled
astrocytes. Fentanyl displayed inhibition of activity in Phase 2 which was partially restored after
addition of D-CYSee in presence of fentanyl in Phase 3 which was re-inhibited after washout of
D-CYSee only in Phase 4 and a partial return to control level after complete washout of both

drugs in Phase 5.
NeuO-labeled neurons: D-CY See in presence of fentanyl

Figure 34A outlines the major activity phenotypes detected in NeuO-labeled neurons
after the application of D-CY See in the presence of fentanyl. Initially, all 143 SCG neurons were
active in Phase 1 (drug free), with no subthreshold activity observed (section 2a). In Phase 2, the
introduction of fentanyl resulted in 3.2% of neurons exhibiting an increase in activity, while
8.2% showed a decrease. As the experiment progressed to Phase 3, introduction of D-CY See in
presence of fentanyl 1.4% of neurons displayed a subthreshold response, 4.2% showed an
increase, and a notable 22.5% showed a decrease in activity (section 2C). By Phase 4, after
washing out D-CY See with fentanyl still intact 29.6% of neurons were subthreshold, 20.0%
exhibited a significant decrease, while 30.4% showed a significant increase in activity. In Phase
5, after washout of both drugs 12.5% of neurons were subthreshold, 6.2% showed an increase,

and 11.6% exhibited a decrease in activity (section 2e).

Figure 34 presents the overall cell-activity phenotypes detected. The most predominant
phenotype was a decrease in activity, observed in 43% of the neurons, while 25% displayed an
increase, 15% showed subthreshold activity, and the remaining 12% did not change. Figures 4a

to 4f illustrate the frequency changes across the Phases, showing varying activity patterns with
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significant changes occurring between Phases 2 and 3. These results indicate that in phase 2 after
application of fentanyl the intrinsic Ca?* was inhibited which was at least partially reversed after

application of D-CY See in phase 3 with fentanyl still being present.
SR101-labeled glia - D-CY See in presence of fentanyl

In the SR101-labeled glia, Figure 34B, section 2a indicates that all 238 cells were
initially active with no subthreshold activity in Phase 1 (drug free). In Phase 2, upon applying
fentanyl, 2.1% of the cells exhibited a subthreshold response, 14.3% showed a significant
increase in activity, and 13.6% displayed a decrease (Figure 34B, section 2b). Moving to Phase
3 after application of D-CY See in presence of fentanyl, most cells, 20.0%, showed a decrease in
activity, while 8.2% displayed a significant increase and 6.1% showed subthreshold activity
(section 2c). By Phase 4, after D-CY See washout with fentanyl still present a large portion of
cells, 24.0%, exhibited a decrease in activity, while 13.0% showed subthreshold responses, and
11.3% displayed a notable increase in activity. In Phase 5, after complete drug washout, 3.4% of
cells exhibited subthreshold activity, 8.6% showed a notable decrease, and 10.2% displayed a

notable increase in activity (Figure 34B, section 2e).

The overall phenotypes detected are summarized in Figure 34B, section 3a. The
predominant phenotype was a decrease in activity after application of fentanyl, observed in 42%
of the cells, followed by an increase in 27% of cells after application of D-CY See in presence of
fentanyl, and 15% showing subthreshold activity. Sections 4a to 4f of Figure 34B illustrate the
frequency changes across the Phases, highlighting significant changes between Phases 2

(fentanyl) and 3 (fentanyl+D-CY See).
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Overall, the application of D-CYSee in the presence of fentanyl caused significant
alterations in neuronal and glial activity, with a substantial portion of cells showing decreased
activity, subthreshold responses, or increased activity, depending on the Phase of the experiment.
Just like in neurons fentanyl inhibited intrinsic Ca?* activity after its introduction in Phase 2
which was at least partially reversed after addition of D-CY See in presence of fentanyl in phase
3. These results conclusively show that D-CY See was able to reverse fentanyl mediated

inhibition not only in neurons but also in glia isolated from the superior cervical ganglion.
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Major activity phenotypes detected in NeuO labeled neurons after application of D-CYSee in presence of fentanyl
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Major activity phenotypes detected in SR101 labeled glia after application of D-CYSee in presence of fentanyl
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Figure 34. Detailed analyses revealing the major activity phenotypes detected in neurons
(A) and glia (B) after application of D-CY See in presence of fentanyl. Section 2 (a-e) depicts
the changing activity levels of the cells in all the Phases. The pie chart (3a) categorizes the major
activity phenotypes and section 4 shows bar graphs of the most observed phenotypes detected.

Section 5 shows a Phase comparison in the changes in activity between Phases 1 and 5 and

Phases 2 and 4
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Figure 35. Summary graphs of SCG neurons and glia after application of 100uM D-CY See. In

presence of 100nM fentanyl. *Significantly different compared to control in phase 1 (p<0.01).
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Naloxone did not have any effect on the fentanyl mediated inhibition of intrinsic Ca®* activity
Figure 36 show representative traces of the intrinsic Ca2+ activity observed in cells
isolated from SCGs after application naloxone (100uM) in presence of fentanyl (100nM) in
neurons (Figure 36A) and glia (Figure 36B). As is observed from the traces, 100nM fentanyl
inhibited the activity in phase 2. After application of naloxone in phase 3 the activity was
continually inhibited with similar effects seen after washout of naloxone in phase 4 with a partial

return to control levels after washout of both drugs in phase 5.

" m
‘” SR101 - astrocytes

I o
A L ]
(AR . . A

. |
Intervention Free Fentanyl 100nM Fentanyl 100nM + Naloxone washout Washout
0 300 600  fenamt100m® 900 1200 1500

Time (Seconds)

B
e NeuO - neurons

120 130 140 150 160 170 370 380 390 400 410 42
et U L] ST Ll
e v o

ottt LA N Ll
G — L

| : | —
Fentanyl 100nM + Naloxone Washout Washout
Naloxone 100uM 900 1200 1500

O Intervention Free 300 Fentanyl 100nM 600

Time (Seconds)
Figure 36: Effect of naloxone in presence of fentanyl. Typical traces depicting the effects of

naloxone (100uM) in presence of fentanyl (100nM) in NeuO-labeled neurons and SR101 labeled

astrocytes. Fentanyl displayed inhibition of activity in phase 2 which was not restored after

addition of naloxone in presence of fentanyl in phase 3 with continued inhibition after washout
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of naloxone only in phase 4 and a partial return to control level after complete washout of both

drugs in phase 5.

NeuO Labeled Neurons: Naloxone in presence of fentanyl

Upon naloxone application in the presence of fentanyl, NeuO labeled neurons demonstrated
distinct activity phenotypes. Initially, nearly all neurons were active (98.7%) in Phase 1 (drug
free). By Phase 2 (fentanyl), a majority (85.2%) showed a decrease in activity, with smaller
proportions showing no change or subthreshold activity. This decreasing trend persisted through
Phases 3 (naloxone in presence of fentanyl) to 4 (naloxone washout), with most neurons
exhibiting decreased activity. By Phase 5 (complete drug washout), majority of neurons (88.6%)
started showing an increase in the activity and a small number of neurons (1.3% showed no
change and decrease in activity. The number of subthreshold neurons (8.7%) also dropped by
phase 5. Frequency analysis across phases (Section 4a to 4c) indicates significant reductions in

activity frequencies, highlighting the modulatory impact of naloxone and fentanyl.

SR101 Labeled Glia: Naloxone in presence of fentanyl

In SR101 labeled glia, the application of naloxone in the presence of fentanyl resulted in a more
pronounced decrease in activity (Section 2a-2e). In Phase 1, all glia were active. However, by
Phase 2, a substantial portion (98.5%) showed decreased activity, with only a small fraction
remaining active. This trend of decreased activity persisted through Phases 3 to 4. By Phase 5
(complete drug washout), majority of glia (98.5%) started showing an increase in the activity and
no glia showed no change and decrease in activity. The number of subthreshold glia (1.5%) also
dropped by phase 5. Minimal changes were observed in frequency analysis (Section 4a),

indicating a significant inhibition of glial activity.
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Conclusion

Naloxone, in the presence of fentanyl, induced substantial reductions in activity in both NeuO
labeled neurons and SR101 labeled glia across multiple phases. The data suggest that while
neurons exhibit a combination of increased and decreased activity, glial cells predominantly

show decreased activity.

Major activity phenotypes detected in NeuO labeled neurons after application of naloxone in presence of fentanyl
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Major activity phenotypes detected in NeuO labeled neurons after application of naloxone in presence of fentanyl
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Figure 37. Detailed analyses revealing the major activity phenotypes detected in neurons
(A) and glia (B) after application of naloxone in presence of fentanyl. Section 2 (a-e) depicts
the changing activity levels of the cells in all the Phases. The pie chart (3a) categorizes the major
activity phenotypes and section 4 shows bar graphs of the most observed phenotypes detected.
Section 5 shows a phase comparison in the changes in activity between Phases 1 and 5 and

Phases 2 and 4
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Figure 38. Summary graphs of superior cervical ganglion (SCG) neurons and glia after
application of 100uM naloxone n presence of 100nM fentanyl. *Significantly different compared

to control in phase 1 (p<0.01).
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CHAPTER IV — DISCUSSION

The main goal of my study was to investigate the main drivers of intrinsic Ca* activity
and to determine whether D-CY See had any effect on the fentanyl mediated inhibition of
intrinsic Ca?* activity in cells isolated from SCGs. My findings have indicated that LTCC and
sodium channels appear to be the major drivers of the intrinsic Ca?* activity. Findings regarding
NTCC indicate partial involvement, since the Ca?* activity resumed after a brief inhibition
period. Although this can indicate involvement of intracellular stores of calcium, other important
findings highlight the requirement of extracellular calcium to drive this activity. Findings from
studies with fentanyl, naloxone, and D-CY See demonstrated that fentanyl and naloxone had an
inhibitory effect on the activity, whereas D-CY See did not have a notable effect on the activity.
The key findings from our studies showed that D-CY See successfully reversed fentanyl-
mediated inhibition of intrinsic Ca?* activity, whereas naloxone had no effect on the fentanyl-
mediated inhibition of intrinsic Ca?* activity. Given that SCG has an indirect role in regulation of
respiratory function, our data indicates that overdose of fentanyl may influence the SCG cells
which in turn can contribute to OIRD. Our data with D-CY See shows that it influences fentanyl-
mediated inhibition on intrinsic Ca?* activity in SCG cells, indicating the effectiveness of D-
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CYSee in SCG cellular background. As these were collected from both neurons and glia, and we
observed similar results from both cell types, this indicates involvement of glia in the network

and in regulation of the cellular activity as well.

Role of superior cervical ganglion in breathing

The superior cervical ganglion (SCG) plays an indirect yet crucial role in regulating
breathing by modulating the autonomic nervous system's influence on respiratory function®. The
SCG is part of the sympathetic nervous system, which primarily prepares the body for fight or
flight' responses. Although the SCG does not directly control respiratory muscles, it influences

structures and functions that are vital to efficient breathing.

Firstly, the SCG affects the tone of the smooth muscles in the airways. Sympathetic
stimulation from the SCG leads to the relaxation of bronchial smooth muscles, resulting in
bronchodilation. This process enhances airflow and respiratory efficiency, particularly during
physical activity or stress, when increased oxygen intake is necessary.’® By regulating airway

diameter, the SCG indirectly supports optimal respiratory function.

Secondly, the SCG has a role in regulating blood flow to the respiratory muscles and the
lungs. Through its control over vasoconstriction and vasodilation of blood vessels, the SCG
ensures that oxygen and nutrients are adequately delivered to the respiratory muscles. This
regulation is crucial during heightened respiratory demand, such as during exercise or in
response to stress, ensuring that the muscles involved in breathing receive sufficient blood

supply to function effectively’.
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Additionally, the SCG influences the secretion of mucus in the respiratory tract.
Sympathetic innervation from the SCG can modulate mucus production, which is important for
keeping the airways clear of debris and pathogens. Proper mucus regulation ensures that the

respiratory passages remain open and functional, facilitating unobstructed breathing®8L,

Furthermore, the SCG impacts heart rate and cardiac output, which are intrinsically
linked to respiratory function. During sympathetic activation, the SCG contributes to an increase
in heart rate and cardiac output, enhancing the delivery of oxygenated blood to tissues, including
those involved in respiration. This coordinated response ensures that the body's oxygen demands

are met during periods of increased respiratory activity.?

In summary, while the SCG does not directly control the respiratory muscles, it plays a
significant role in supporting respiratory function through bronchodilation, regulation of blood
flow to respiratory muscles, modulation of mucus secretion, and enhancement of cardiac output.
These indirect influences are crucial for maintaining efficient and effective breathing,

particularly during stress and physical exertion.

The involvement of the superior SCG in respiratory regulation makes it an ideal model
for testing our drug, D-CY See, particularly in the context of OIRD. Isolated SCG cells have
proven invaluable for our research due to their homogeneity and the relative ease with which
they can be cultured and maintained. They are a proven model for drug discovery which have

been used previously in to deduce role of autonomic sensory ganglion in respiration.884

Our data with fentanyl indicates an inhibitory effect on the SCG neurons. Fentanyl has
been implicated as the major opioid responsible for overdose related respiratory depression. The

effect of fentanyl on these neurons further cements its role in OIRD. Since neurons from the
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SCGs are atleast partly involved in regulating respiratory dynamics the data with fentanyl
indicates that the effect of fentanyl leading to OIRD might not only e on the central nervous
system but may also involve modulation of neuronal signaling in the peripheral nervous system

as well.

Calcium and calcium channels in superior cervical ganglion

Calcium plays a crucial role in the function of the SCG, an essential component of the
sympathetic nervous system. One of its primary roles is in neurotransmitter release. Calcium ions
are necessary for the release of neurotransmitters at synapses. In the SCG, calcium influx into the
presynaptic terminals triggers the release of neurotransmitters including norepinephrine, which is
critical for the transmission of nerve signals to target organs®. This process is fundamental for
the sympathetic nervous system's function, influencing various physiological responses including

heart rate, blood pressure, and glandular secretion®

Calcium also acts as a second messenger in numerous intracellular signaling pathways. In
neurons of the SCG, calcium signaling modulates numerous processes, including synaptic
plasticity. Synaptic plasticity is vital for the adaptation and response to different stimuli,
allowing the nervous system to adjust its responses based on experience and changing conditions
87 This role underscores the importance of calcium in maintaining the flexibility and

responsiveness of the nervous system?®,

Furthermore, calcium ions contribute to the generation and propagation of action
potentials in SCG neurons. Voltage-gated calcium channels open in response to membrane

depolarization, allowing calcium influx that helps propagate the nerve impulse 8. This influx is
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crucial for the continuation of the action potential along the neuron and the subsequent activation

of downstream neurons or target tissues®.

In addition to its role in action potential propagation, calcium is involved in the activation
of various enzymes within SCG neurons. For instance, calcium/calmodulin-dependent protein
kinase Il (CaMKII) is activated by calcium and plays a significant role in synaptic function and
plasticity®®®. This enzyme modulates various aspects of neuronal function, including

neurotransmitter release and receptor sensitivity, thus influencing overall neural activity®88°,

Calcium signaling can also influence gene expression in SCG neurons by activating
calcium-responsive transcription factors. These factors can lead to changes in the production of
proteins that are important for neuronal function and survival®®®*. This regulatory mechanism
ensures that neurons can adapt at a molecular level to long-term changes in their environment,

supporting neuronal health and plasticity®®*,

Finally, calcium ions affect the excitability of SCG neurons by modulating the activity of
ion channels and receptors on the cell membrane. This regulation is essential for maintaining
proper neuronal function and response to physiological stimuli®l. By influencing ion channel
activity, calcium helps set the threshold for neuronal activation and shapes the overall

excitability of the neuron, ensuring appropriate responses to signals®?.

L-type and N-type calcium channels play critical roles in the functioning of the SCG,

each contributing uniquely to the regulation of neuronal activity and neurotransmitter release.

L-Type calcium channel. LTCCs are characterized by their long-lasting (L) activation
and are primarily located in the cell bodies and dendrites of neurons. These channels play a

crucial role in regulating the excitability of SCG neurons. When the neuronal membrane
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depolarizes, LTCCs open, allowing the influx of Ca?* ions into the cell. This influx of calcium
triggers several important cellular responses. Firstly, it activates calcium-dependent enzymes
such as calcium/calmodulin-dependent CaMKII, which is involved in synaptic plasticity and
long-term potentiation®®. Secondly, calcium entry through LTCCs can lead to the activation of
transcription factors like CAMP response element-binding protein, which regulate the expression
of genes important for neuronal function and survival®. These processes are essential for the

SCG's ability to adapt to prolonged stimuli and modulate sympathetic outflow accordingly.

N-Type calcium channels. NTCCs are predominantly located in the presynaptic
terminals of SCG neurons. These channels are crucial for the rapid and precise release of
neurotransmitters, particularly norepinephrine, which is essential for sympathetic signaling.
When an action potential reaches the presynaptic terminal, depolarization triggers the opening of
NTCCs, allowing Ca?* ions to enter the terminal. This calcium influx leads to the fusion of
synaptic vesicles containing neurotransmitters with the presynaptic membrane, facilitating
neurotransmitter release into the synaptic cleft®. The activation of NTCCs is tightly regulated

and plays a key role in controlling the timing and efficiency of synaptic transmission in the SCG.

Functional importance. The functional importance of LTCCs and NTCCs in the SCG
lies in their complementary roles in regulating neuronal excitability and neurotransmission.
LTCCs regulate the overall excitability and synaptic plasticity of SCG neurons, influencing long-
term changes in synaptic strength and neuronal adaptation. This regulation is crucial for
maintaining homeostasis and responding to prolonged changes in the body's physiological state,
such as during stress responses or changes in blood pressure®. On the other hand, NTCCs ensure
the rapid and precise release of neurotransmitters at synapses, facilitating fast and efficient

sympathetic signaling required for responses to acute stimuli.
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| investigated the role of LTCC and NTCC in driving the intrinsic Ca* activity using
specific inhibitors, verapamil (LTCC) and conotoxin (NTCC). The data with LTCC (Figure 18
and 19) and NTCC (Figure 15 and 16) blockers was consistent with their functionality in the
SCGs. Blocking both LTCC and NTCC invoked an inhibitory response to the intrinsic Ca2*
activity indicating their involvement in modulation of calcium dynamics, cellular excitability,
and neurotransmission. Also, LTCC blocking initiated a more pronounced and prolonged
response indicating stronger binding of verapamil to the LTCC and implicating LTCC
involvement in LTP. Although NTCC inhibition also invoked an inhibitory response, there was
resumption of activity after prolonged application of NTCC blocker indicating either the
compensatory action of another calcium channel or involvement of intracellular calcium stores.
Altogether, the SCG calcium activity was driven by LTCC and only partially by NTCC as shown

in the figures 15,16,18 and 19

Sodium and sodium channels in superior cervical ganglion
The role of sodium and sodium channels in the SCG is fundamental to the excitability

and function of sympathetic neurons within this autonomic ganglion®.

Sodium channels in SCG. Sodium channels are integral membrane proteins that are
responsible for the initiation and propagation of action potentials in neurons. In the SCG, like in
other neurons, VGSCs play a critical role in the generation and propagation of electrical signals.
VGSCs are activated upon membrane depolarization, allowing an influx of sodium ions (Na*)

into the cell, which rapidly depolarizes the membrane potential and triggers an action potential.
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This process is crucial for the transmission of signals along sympathetic nerve fibers originating

from the SCG to their target organs, including the heart, blood vessels, and glands®.

Interaction with calcium channels. The activation of VGSCs and the subsequent
depolarization of the neuronal membrane play a pivotal role in the modulation of calcium
channels in the SCG. Specifically, sodium influx through VGSCs contributes to membrane
depolarization, which is necessary to reach the threshold for VGCC activation. Once VGCCs are
activated, calcium ions (Ca?") flow into the cell, initiating various calcium-dependent processes

such as neurotransmitter release and intracellular signaling cascades®.

Regulation of calcium dynamics. The interplay between sodium and calcium channels
in the SCG is tightly regulated and essential for proper neuronal function. VGSCs ensure the
rapid propagation of action potentials, which in turn regulate the timing and amplitude of
calcium entry through VGCCs. This regulation is critical for controlling neurotransmitter release,

particularly norepinephrine, which mediates sympathetic signaling from the SCG to target tissues

95

Functionality and importance. The functionality of sodium channels in the SCG
ensures the proper regulation of sympathetic nervous system activity. During sympathetic
activation, neurons in the SCG receive excitatory signals that cause membrane depolarization.
This depolarization opens VGSCs, leading to a rapid influx of sodium ions and the generation of
action potentials. These action potentials propagate along the axons of sympathetic neurons,
allowing for the fast and coordinated release of neurotransmitters such as norepinephrine at
target tissues®. This process underlies the SCG's role in regulating vital physiological functions,

including heart rate, blood pressure, and the fight-or-flight response.
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Regulation and adaptation. The regulation of sodium channels in the SCG is crucial for
adapting to changes in physiological demands. Numerous factors including neurotransmitters,
hormones, and local conditions can modulate the activity of sodium channels, thereby
influencing sympathetic output. For example, neurotransmitters released within the SCG can
bind to specific receptors on neurons and alter the excitability of these cells by modifying
sodium channel activity®’. Such regulation allows the SCG to finely tune its responses to external

stimuli and maintain homeostasis under varying conditions.

To answer the question of involvement of VGSCs in driving intrinsic Ca* activity, |
exposed SCG cells to tetrodotoxin which is a VGSC blocker. Application of tetrodotoxin
invoked a complete inhibitory effect on the intrinsic Ca?* activity (Figure 21 and 22). This
inhibition indicated the intricate crosstalk between VGSCs and VGCCs. Altogether, these data
indicate that sodium channels can modulate intracellular calcium dynamics and have an

inhibitory effect on the VGCCs.

Our studies highlighted the roles of extracellular Ca?*, LTCC, NTCC, and VGSC as the
major drivers of the intrinsic Ca?* activity. Next, | moved to my major goal of deducing the
effects of fentanyl, naloxone (mu opioid receptor antagonist), and D-CY See on the intrinsic Ca®*
activity. I also wanted to determine whether D-CY See reverses any fentanyl mediated effects on
the activity. This data would give us insights into involvement of mu-opioid receptor in

regulating intracellular changes in Ca?* concentration.
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Role of mu opioid receptor in calcium modulation in superior cervical ganglion
The involvement of MORs n calcium modulation within the SCG highlights their
intricate role in regulating neurotransmission and neuronal function, particularly in the context of

the sympathetic nervous system.

Distribution and function. MORs are widely distributed in the SCG, localized
predominantly on presynaptic terminals of sympathetic neurons. Activation of MORs by
endogenous opioids like B-endorphin or synthetic opioids such as morphine initiates a cascade of
signaling events that impact calcium dynamics. MORs are coupled to G proteins, and their
activation inhibits adenylyl cyclase activity, leading to a decrease in cyclic AMP (CAMP) levels
and subsequent inhibition of VGCCs®. This inhibition reduces calcium influx into the
presynaptic terminals, thereby decreasing neurotransmitter release, including norepinephrine,

which is crucial for sympathetic signaling in the SCG.

Mechanisms of calcium modulation. The modulation of calcium currents by MORs in
the SCG occurs through multiple mechanisms. First, MOR activation leads to direct inhibition of
VGCCs, specifically N-type calcium channels (NTCCs), which are critical for calcium-
dependent neurotransmitter release. By reducing calcium influx through NTCCs, MORs
effectively decrease the amount of neurotransmitter released into the synaptic cleft (Lacey et al.,
1988). Second, MOR-mediated inhibition of adenylyl cyclase reduces cCAMP levels, which in
turn decreases the activity of other calcium channels, including L-type calcium channels

(LTCCs), that contribute to calcium entry during sustained depolarization®.

Physiological implications. The involvement of MORs in calcium modulation within the

SCG has significant physiological implications. By regulating calcium influx and
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neurotransmitter release, MORSs contribute to the modulation of sympathetic tone and the
regulation of cardiovascular function. Activation of MORs can lead to analgesia and sedation but
may also impact cardiovascular stability due to their influence on sympathetic outflow from the
SCG®. Understanding these mechanisms is crucial for elucidating the physiological effects of
opioid drugs and their potential therapeutic applications in pain management and cardiovascular
disorders. With our collective data with fentanyl and D-CY See we can say that, inhibition of the
activity with fentanyl indicates presence of MORs in the SCG neurons. MOR inhibition by
fentanyl as noted above has been implicated in OIRD. Our data related with these findings show
that, after overdose of fentanyl, there is an inhibition of the SCG neurons along with other
centers in the central nervous system which might collectively lead to OIRD. This fentanyl
mediated inhibition can successfully be reversed by D-CY See as demonstrated in our data; D-

CYSee can become a crucial tool in fighting the opioid crisis.

Clinical relevance. The role of MORs in calcium modulation also has clinical relevance,
particularly in the context of opioid pharmacotherapy. Opioid medications that target MORSs can
exert analgesic effects by reducing neurotransmitter release and modulating sympathetic activity.
However, prolonged or excessive activation of MORs can lead to tolerance, dependence, and
adverse effects such as respiratory depression®. Therefore, understanding how MORs modulate
calcium dynamics in the SCG is essential for developing safer and more effective opioid

therapies.

Fentanyl and naloxone in our experiments both inhibited the intrinsic Ca?* activity in a
dose dependent manner, indicating the involvement of mu opioid receptor in normal functioning

of the intrinsic Ca?* activity (Figure 24-29). Our data showed us that fentanyl had a negative
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effect on the intracellular calcium signaling. This reflects the role of fentanyl in OIRD. This also

indicates the potential role of SCGs in OIRD and how fentanyl might influence the SCG.

Our data also indicated a negative (suppressive) effect of naloxone on intrinsic Ca2+
activity. This set of results surprised us the most since we expected the opposite, given the ability
of naloxone to reverse respiratory suppression. The results after some deliberation also revealed
a possible role of MORs in regulating the activity especially in SCGs. These data do not
necessarily mean naloxone can be detrimental, but this does raise a concern regarding potential
unidentified impacts of naloxone. Considering fentanyl and naloxone show similar on SCG
neuronal activity results raises an alarm as to how is naloxone exactly functioning and whether
high doses of naloxone might cause more harm than good. With naloxone primarily being a
MOR antagonist, it can also have some off-target effects resulting in the effect that we have
observed. The effect can also be attributed to effects of naloxone on calcium or sodium channels
or other kinds of opioid receptors as well. All in all, our results do point out the need to do more
studies with higher dose of naloxone since in most overdose cases with fentanyl more than one

dose of naloxone needs to be administered to counter the effects.

After demonstrating that fentanyl and naloxone had an inhibitory effect in the SCG
culture, 1 next sought to determine if these suppressive effects could be reversed. As shown in
Figures 30 and 31, D-CYSee did not significantly alter intrinsic Ca?* activity in SCG neurons
when applied alone. Remarkably, D-CY See also was able to reverse the fentanyl-mediated
inhibition of intrinsic Ca?* activity in the SCG cells (Figure 33 and 34) whereas naloxone had
no effect on the fentanyl mediated suppression of intrinsic Ca?* activity. This indicates potential

of D-CY See to emerge as a viable option in fighting against OIRD.
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Recent findings in rats have shown the ability of D-CY See against addiction as well. The
key findings of the study were that fentanyl induced concentration and sex dependent reward
seeking in these rats which was altered by treatment with D-CY See, hence showing the potential
of D-CY See as a co-treatment with opioids. This could help in reducing opioid use disorder and

in turn contribute towards reducing the addiction problem associated with these opioids as

We||100,101

Further examination of D-CY See will probe the mechanisms of action and yield insights
into how the drug is acting. The main questions to ask would be (1) what happens to D-CY See
once it gets inside the cells; (2) does it form a complex with any receptor; (3) does it interact

with the mu-opioid receptor, and (4) whether D-CY See interacts with voltage gated channels
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