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Abstract

MODULATING SYMPATHETIC OUTPUT: FACTORS INFLUENCING CONDUCTION IN
THORACIC PREGANGLIONIC AXONS

By
Mallika Halder

Spinal cord sympathetic preganglionic neurons (SPNs) are crucial for transmitting signals from
the CNS to the peripheral postganglionic neurons that control organ function. It has been
assumed that SPN peripheral axonal spike propagation along its projections is reliable. To assess
this, | developed an ex vivo approach having intact thoracic paravertebral sympathetic chain
ganglia and ventral roots maintained in situ. Suprathreshold stimulation of SPN axons in thoracic
ventral roots was achieved through optical and electrical methods in ChAT-CHR2 adult mice,
allowing capture of evoked population compound action potential responses across multiple
ganglia. Variability in axonal recruitment was overt and found to be particularly significant in
the slow-conducting unmyelinated axons. That SPN peripheral axon projections have a low
safety-factor with demonstrable conduction failures challenges the traditional assumption that
SPN spike propagation across its broad distribution occurs without failure.

Focusing on mechanisms affecting spike propagation, slow-conducting SPN axons were found to
be particularly susceptible to conduction failures via temperature increases and frequency-
dependent conditioning stimuli. Pharmacological block of GABAA receptors and activation of
serotonin receptors, acetylcholine receptors, and K2P leak channels depressed conduction in
these axons. Conversely, the convulsant 4-aminopyridine greatly facilitated conduction -
presumably via block of voltage-gated Ka channels.

Overall, this work identified variability of spike conduction in SPN axons as fundamental
features of its operation. As autonomic neural drive to organ systems commonly involve
continuous activity with slow temporal dynamics, we hypothesize that population-encoded
responses utilize small-diameter unmyelinated axons with low safety factor as a metabolically
efficient method for population control of peripheral autonomic circuitry. That axonal
conduction failures are history dependent and under neuromodulatory controls, suggests that
alterations in conduction reliability provide a mechanism of output gain control beyond those
encoded by centrally-driven SPN spike recruitment.
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1 Introduction

To thrive in ever-changing environments, animals must adeptly adjust the function of the various
organ systems. As a major component of the Autonomic Nervous System (ANS), the
Sympathetic Nervous System (SNS) is an instrumental component in facilitating these
adjustments, ensuring animals are attuned and reactive to their surroundings—essential for
behavioral tasks like sourcing food, evading predators, and addressing various environmental
demands. A prime example of the role of the SNS is its ability to tap into energy reserves,
enhancing glucose release from the liver to sufficiently fuel muscles during emergencies. It
reroutes blood flow from less urgent systems, such as digestion, to prioritize essential organ
systems like the musculoskeletal system for urgent action. This strategic reallocation of
resources is paramount to survival, priming organisms for adaptive reactions to imminent threats.
Beyond moments of crisis, the SNS persistently surveys and tweaks physiological operations,
maintaining a stable internal milieu; a state known as homeostasis. This ensures that the animal
can seamlessly function and acclimatize to external shifts. Among its homeostatic functions, the
SNS regulates body temperature, blood pressure, and even fine-tunes immune responses. Yet,
despite its significance, a comprehensive understanding of the output dynamics of the SNS from
the central nervous system to peripheral target organs remains elusive. The focus of this
dissertation is to illustrate how the SNS can modulate its output with particular attention paid to a
population of spinal cord neurons known as the Sympathetic Preganglionic Neurons (SPNs).
SPNs are the final arbiters of sympathetic output from the central nervous system. A major
population of SPNs project to the paravertebral sympathetic chain ganglia where they branch
extensively and issue divergent, multisegmental projections onto postganglionic neurons. These

postganglionic neurons in turn innervate target tissues and organs. It has always been assumed
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that “preganglionic signals are distributed widely through paravertebral ganglia with little

modification” 3, a notion which will be challenged in this thesis.

This introductory chapter first provides an overview on the organization of the ANS, then
focuses on SNS central circuitry with emphasis on the anatomical and physiological properties of
SPNs as the final common output of the CNS. Final focus will be on SPN axons as potential sites
for output modification.

1.1  Overview of the autonomic nervous system

The ANS provides neural control for all parts of the body through the visceral motor system and
plays a pivotal role in regulating involuntary bodily functions to achieve homeostasis.
Homeostasis refers to the organized process of maintaining a stable internal environment within
an organism, regardless of external changes, through carefully orchestrated control mechanisms
and feedback loops #. This balance is crucial for sustaining essential physiological parameters.
The three divisions of the ANS are: the Sympathetic (SNS), Parasympathetic (PNS) and Enteric
Nervous Systems (ENS). Autonomic nerve pathways of the PNS and SNS typically consist of
two nerve cells®. The first cell resides in the brainstem or spinal cord and connects via nerve
fibers to the second cell, the postganglionic neuron located in an autonomic ganglion®.
Postganglionic neurons in turn innervate and control vasculature in muscle, skin and visceral
organs, as well as piloerector muscles, sweat glands, and brown adipose tissue®®. Many effector
organs receive innervation from both ANS systems (for example, the iris muscle of the eyes and
sexual organs receive PNS and SNS innervation); but others receive innervation from either the
SNS or PNS (Figure 1.1)* It is notable that the location of the ganglia which constitute
postganglionic neurons differs between the PNS and SNS. Specifically, in the PNS, the ganglia

are situated close to or inside the target organ, whereas, in the SNS, they are typically positioned
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nearer to the spinal cord. The remainder of this chapter and the focus of this dissertation will be

on circuitry of the SNS.

Sympathetic outflow Parasympathetic outflow
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Figure 1.1. Structural organization and target organ innervation of the sympathetic and
parasympathetic nervous systems.

Many organs are controlled primarily by either the sympathetic or the parasympathetic division.
Sometimes the two divisions have opposite effects on the same organ. For example, the
sympathetic division increases blood pressure, and the parasympathetic division decreases it.
Overall, the two divisions work together to ensure that the body responds appropriately to
different situations. Image taken from °. (SCG: superior cervical ganglion, gg: ganglion, sph:
sphenopalatine, smb: submandibular, pulm: pulmonary)
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1.2 Overview of the sympathetic nervous system
1.2.1 Circuitry
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Figure 1.2. General organization of sympathetic nervous system circuitry

Schematics show an overview of the interconnections within the SNS. (compiled and modified
from previous studies® 1* 12) (PVH: paraventricular nucleus of the hypothalamus, PO: preoptic
area, RVLM: rostral ventrolateral medulla, RVMM: rostral ventromedial medulla)

The SNS is anatomically organized in a manner that facilitates widespread control and adaptive
responses to environmental changes. SPNs are located in the spinal cord and represent the final
central elements of this system 3. SPNs integrate information from two major “Pre-sympathetic”
centers in the brainstem and hypothalamus. These regions integrate physiological signals from

relevant peripheral receptors before setting the level of sympathetic activity and initiating
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outflow to SPNs *(Figure 1.2). In the brainstem, the rostral ventrolateral medulla (RVLM)
plays a significant role in blood pressure regulation by maintaining outflow to the heart and
blood vessels 1° while the rostral ventromedial medulla (RVMM) and raphe control cutaneous
circulation . Associated with these regions of the medulla are descending adrenergic and
serotonergic systems, respectively, that project throughout the spinal autonomic regions housing
SPNs, particularly the intermediolateral nucleus (IML) 8. In the hypothalamus, the
paraventricular nucleus of the hypothalamus (PVH) is involved in the stress response, fluid
balance and energy homeostasis 1’ while central control of thermoregulation begins in the

preoptic area of the hypothalamus (PO) *2.

Sensory input from somatic and visceral receptors influence sympathetic efferent activity
through spinal reflexes or through supraspinal neural systems 8. With respect to spinal cord,
information from somatic and visceral primary afferents act on SPNs via interneurons in laminae
5, 7, and 10 &2, Information from chemoreceptors of the carotid glomus and aortic bodies,
which sense oxygen, carbon dioxide and hydrogen ion concentration of arterial blood, transmit to

the nucleus tractus solitarius 2* which act on medullary circuits that project to SPNs.

1.2.2 Anatomical organization of sympathetic preganglionic neurons

SPNs are responsible for transmitting signals from the CNS to various effector organs. Their cell
bodies are primarily situated in the lateral horn of the spinal cord, predominantly within the
thoracic and upper lumbar regions (though a few are located at the cervical level 8) in four
topographically distinct populations: pars funicularis (ILf), pars principalis (ILp), intercalatus
spinalis (IC) and, intercalatus spinalis pars paraependymalis (ICpe). The ILp (also known as the
intermediolateral column, or IML) has the largest number and density of SPNs (75% in rat). 22

2(Figure 1.3).
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Figure 1.3. Anatomical organization of sympathetic preganglionic neurons in the spinal
cord.

Schematic drawings of the spinal cord showing the locations of SPN cells: of zona intermedia:
nucleus intermediolateralis thoracolumbalis pars principalis (IML); nucleus intercalatus spinalis
(1C); nucleus interealatus pars paraependymalis (ICpe) ; and nucleus intermediomedialis (IM).
Note that SPN somas in more caudal segments are arranged in a ladder-like distribution around
the central canal %2,

SPNs are topographically organized and exhibit segmental localization in the spinal cord which
roughly corresponds to end-organ projections (Figure 1.1) 2. For example, SPNs contributing to
the eyes and, myocardium and pineal gland are in high thoracic spinal segments (T1-T3) while
the bladder and colon-targeting SPNs are located in T13-L2 2° % (Figure 1.1).
Electrophysiological studies in mammals have revealed a distinct pattern of innervation in the
paravertebral ganglia: the more rostrally positioned ganglia receive innervation from higher, or
rostral, spinal cord levels, while the ganglia situated more caudally are connected to the lower, or

caudal, spinal cord segments. 262",

SPN somas can be found in clusters corresponding to each spinal segment (Figure 1.3) 2. Their

dendrites are mainly oriented rostro-caudally within the lateral funiculus and to a lesser extent
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medially within the gray matter toward the central autonomic area in lamina X, thus forming a
ladder-like distribution symmetric around the central canal 222 (Figure 1.3). Cell bodies of
SPNs are quite variable in shape; most are triangular, oval or fusiform and range from 10-40um

in diameter 4.

1.2.1 Sympathetic preganglionic projections and actions on postganglionic neurons

SPN actions on peripheral organs are indirect and occur via synaptic actions on the
postganglionic neurons that innervate effector organs. SPNs project ipsilaterally through the
adjacent segmental ventral root and connect to a sympathetic ganglion of that segment via the
white ramus (Figure 1.4). These ganglia are part of a network known as the paravertebral
sympathetic chain, which runs parallel to the spinal cord. Whereas prevertebral sympathetic
ganglia are typically associated with one or more visceral organs in a discrete location, chain
ganglia can be thought of as a distribution system for sympathetic activity that must span the
body such as vasculature ©. Thoracic ganglia contain sympathetic postganglionic neurons which

control vasomotor function in the trunk and upper extremity ©.

Ganglia in the paravertebral chain are connected to one another via interganglionic nerves
(Figure 1.4) (IGN). Connections between these neurons and the sympathetic ganglia vary in
length: some are short, connecting to an adjacent ganglion; others are long, bypassing several
ganglia to link with a distant one. Additionally, there are instances where connections are non-
existent, meaning the neurons bypass the sympathetic chain entirely and form direct connections
with prevertebral ganglia, such as the mesenteric and celiac ganglia?®. The splanchnic nerve is an
example of the latter. The left splanchnic nerve comprises SPN axons originating from a range of
thoracic segments, specifically T3 to T13, with the highest contribution of axons emanating from

the T8-T10 segments?®. It's important to note that the axons from these segments contributing to
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the splanchnic nerve represent just a fraction of the total SPNs exiting at that segment?®. SPN
axons mainly connect with postganglionic neurons, though some directly interact with the
modified postganglionic neurons called chromaffin cells in the adrenal medulla for rapid

endocrine release of adrenaline and noradrenaline ©.

SPN axons emerge from the spinal cord through the ventral roots of the segments containing
their cell bodies 3°. SPNs axons can project in both directions: up or down the chain for various
segments before making connections onto postganglionic neurons. For the most part, an SPN
axon projects into the paravertebral chain ganglia via the white ramus and continues either rostral
or caudal to neighboring ganglia 3. Only 3% of SPNs bifurcate upon exiting the white ramus to

travel bidirectionally 3.

SPNs communicate with postganglionic neurons located in the sympathetic ganglia through
synaptic connections. The primary neurotransmitter of SPNs is acetylcholine (ACh)32. When
released, ACh elicits rapid excitatory postsynaptic potentials (EPSPs) 2 via actions on nicotinic
acetylcholine receptors (NAChRs). The most common nicotinic receptor is the ozBa subtype 343,
though other receptor subunits (o, as, o7, Bs) are present in autonomic ganglia **. Nicotinic
nAChR-mediated EPSPs last up to 150 ms, depending on the resting conductance of the
membrane %3, SPN neurotransmitter release can elicit four additional actions: (i) slow,
muscarinic EPSP; (ii) slow, muscarinic inhibitory postsynaptic potential (IPSP); (iii) slow,

noncholinergic EPSP; (iv) slow, noncholinergic IPSP %,
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Figure 1.4. Anatomical organization of sympathetic preganglionic projections to
sympathetic ganglia.

The organization of the SPNs and its innervation of postganglionic neurons in paravertebral and
prevertebral ganglia are shown for one segment. SPN axons exit the spinal cord via the ventral
root and enter the sympathetic chain via the white ramus communicans. From here, SPN axons
can extend rostrally or caudally along the interganglionic nerve (IGN) to neighboring
paravertebral ganglia to contact postganglionic efferents. Dotted line represents postganglionic
axons which innervate end-organs.

1.2.1.1 SPN populations distinguished by neurochemical markers

It is assumed that observed SPN non-cholinergic actions are via co-transmitters. Indeed, many
SPNs contain various neuropeptides that could support non-cholinergic actions on postganglionic
neurons. Somatostatin is present in 33% of SPN somas with the highest concentrations in the T4-
T7 and T12-L1 segments 8. Leucine-enkephalin, an endogenous opioid peptide
neurotransmitter, is found in 25% of all SPNs. Substance P is present in 16% of T12-L1 SPNs 38,
Other neuropeptides include: neurotensin, corticotropin-releasing factor (CRF), vasoactive

intestinal peptide 3°, peptide histidine isoleucine amide “°, calcitonin gene-related peptide
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(CGRP) 4, calretinin, nociceptin #?, secretoneurin #?, cocaine and amphetamine-regulated
transcript (CART) #, and luteinizing hormone-releasing hormone 2°. Neuropeptide markers like
CRF and CART have been shown to preferentially identify sudomotor and vasoconstrictor SPNs,
respectively 4. In addition, many SPNs express nitric oxide synthase and may have actions on

postganglionic neurons via nitrergic transmission %,

Recent work involving single-cell and single-nucleus transcriptomics have found the sympathetic
visceral motor system consists of 16 transcriptionally diverse preganglionic clusters, some of
which are distributed in unique spinal levels (cervical, thoracic, lumbar) 647, Cluster markers
include transcription factors (Rorb, Nfib, Sox5, Etvl, Dach2), neuropeptides (Cchel, Sst, Penk),
genes involved in neuropeptide production (Pcsk2), secreted molecules (Fam19al, Fam 19a2)
and extracellular matrix proteins (Postn, Fras1, Reln, Mamdc2) #’. Further study is needed to
identify functional populations of SPNs, including their specific innervation targets and associate
them with unique biomarkers.

1.3 Impulse Conduction Through Autonomic Ganglia
1.3.1 Principles of Convergence

The autonomic nervous system differs fundamentally from the somatic motor system in that a
single autonomic motor preganglionic neuron (SPN) innervates multiple postganglionic neurons.
With respect to sympathetic innervation of paravertebral ganglia, this relationship is
characterized by both convergent actions of multiple SPNs on individual postganglionic neurons
and divergent projections from individual SPNs onto multiple postganglionic neurons. The
expected functional role of convergence would be to spatially and temporally integrate
information arising from SPNs across multiple segments to increase probability of recruitment

and firing frequency 28 *7 (Figure 1.5). The expected functional role of divergence is to allow
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individual SPNs to influence a multitude of postganglionic neurons, possibly extending their
effects across several spinal segments (Figure 1.5). In this manner the CNS output response can

be amplified.

Convergence Divergence

eef
111

Figure 1.5 Schematic representation of convergence and divergence of SPN axons.
Convergence is a mechanism for providing input to a single postganglionic neuron from multiple
SPNs. Divergence is a mechanism for spreading stimulation from a single SPN to multiple
postganglionic neurons. (green = SPNs, red = postganglionic neurons)

Convergence in the SNS is a mechanism that enables the synaptic drive from multiple SPNs to
influence activity in individual postganglionic neurons (Figure 1.5). Typically, postganglionic
neurons are thought to receive 1-2 primary or strong synapses with the rest being secondary or

weaker synapses.

1.3.1.1 The N+1 rule.

The presumed organization of pre-to-postganglionic synaptic connections, initially demonstrated
in the superior cervical ganglia of bullfrogs, is known as the "N+1" rule. This organizational rule
suggests that a postganglionic neuron gets several subthreshold minor (or weak) synapses (the

“N”) plus one suprathreshold primary or strong synapse (the ‘+1°) “3%°, Nicotinic synaptic events

in individual SPNs are categorized as primary when they elicit excitatory postsynaptic potentials
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(EPSPs) that consistently exceed the threshold strength. Conversely, they are termed secondary
when they generate significantly smaller and subthreshold EPSPs during low-frequency
stimulation %, Karila and Horn (2000) proposed that the n+1 pattern of synaptic convergence is
important for managing various peripheral targets with largely invariant amplification levels for
crucial operations like blood pressure regulation that required precise timing and responses, in

comparison to less critical activities such as piloerection .

1.3.1.2 Evidence supporting the N+1 rule.

The recruitment of postganglionic neurons can be achieved through two primary strategies. The
first strategy involves a scenario where the EPSP generated by the discharge of a single SPN is
sufficiently large to consistently trigger an action potential in the postganglionic neuron 8. The
second strategy relies on spatial summation, where multiple weak SPN inputs converge on a
single target neuron 2. The combined effect of these weak inputs can cumulatively exceed the
activation threshold of the postganglionic neuron, leading to the generation of an action
potential. In a study using intracellular recordings from postganglionic neurons in the lumbar
sympathetic chain, only <5% of action potentials were observed to be triggered by summation of

otherwise subthreshold EPSPs 2,

Furthermore, there are two additional mechanisms by which weak synapses might still
effectively trigger action potentials in postganglionic neurons. These include fluctuations in the
amplitude of EPSPs, a phenomenon known as two-pulse facilitation, and the coactivation of the

neuron alongside a slow peptidergic EPSP °1.,
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1.3.1.3 Evidence challenging the N+1 rule

The thoracic paravertebral ganglia have not shown evidence of operating predominantly by N+1.
A variety of EPSPs have been observed, but there is no clear evidence of distinct suprathreshold
EPSPs °. This finding contributes to the understanding that the thoracic paravertebral ganglia do
not predominantly operate through an N+1 mechanism. Furthermore, studies on the thoracic
chain revealed that neurons free from impalement injury exhibit significantly higher resistance
and membrane time constants. This is an important observation, as when whole-cell recordings
are made, the EPSPs appear larger and have a longer duration®®. This characteristic of EPSPs

facilitates the summation of smaller EPSPs, which is crucial for triggering spiking in neurons.

1.3.1.4 Anatomical studies give insight to the degree of SPN convergence.

The exact number of synapses made by each SPN axon, especially those classified as strong or
weak, and their specific locations on the soma and dendrites, remains unclear. However, insights
can be made from anatomical studies. Only 1 to 2% of the postganglionic neuron surface area is
covered by synapses, with the majority being covered by Schwann cells *°. This observation,
derived from detailed electron microscopy studies in guinea pigs, is believed to be consistent

across different species ¥'.

Moreover, the number of SPN fibers innervating a postganglionic neuron, and the total number
of synaptic boutons, is related to the surface area of the postganglionic neuron's soma and
dendrites °®. For example, postganglionic neurons in the lateral celiac ganglion, primarily
functioning as vasoconstrictors, have a smaller dendritic surface area (about 1300 pm?) and

receive roughly 80 synaptic boutons %%, In contrast, postganglionic neurons in the medial celiac
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ganglion, which mostly control intestinal motility or secretion, have a larger surface area (about

3500 um?) and receive 300 to 400 synaptic boutons from SPN axons and intestinofugal neurons.

1.3.1.5 Physiological studies on degree of SPN convergence.

Intracellular recordings of postganglionic rat SCG neurons with intact SPN innervation reveal
that these neurons typically receive strong inputs from only 1-2, and occasionally 3, sympathetic
SPNs % 8 Intracellular recordings conducted in vivo on rat lumbar ganglia cells, specifically
vasoconstrictor cells, also indicate that, on average, 2-3 SPN axons are estimated to contribute to
the generation of each ganglion cell's action potential 3. In both studies, weaker excitatory SPN
inputs were seen that could evoke postsynaptic action potentials, but only when stimulated

together.

Currently, the number of synapses that arise from an individual SPN axon has not been
definitively determined but estimates on paravertebral neurons suggest that between 2 and 6
SPNs (estimated from electrophysiology) act on postganglionic neurons having ~40-80 putative
synapses (having both pre- and post-synaptic markers)®®. Thus, either individual SPNs generate
as many as 13-40 synapses, or electrophysiological studies were unable to recruit and/or generate

synaptic actions from all synaptically-connected SPNs.

Physiological findings in studies of SPN convergence could be underestimated due to factors that
limit spike conduction of SPNs throughout their projection territories. First, conduction failures
are seen in unmyelinated axons and at axonal branch points 2. Paravertebral SPNs may be prone
to such failures as they branch extensively and are predominantly unmyelinated. In vivo
experiments are undertaken in the presence of anesthesia. Thus, factors that alter autonomic

neural excitability may be involved in changes in SPN excitability. Moreover, the experiments
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described above were conducted at core body temperature where temperature-dependent

conduction failures, particularly of branching axons are more likely .

Using an ex vivo approach at room temperature, Table 1.1 estimates the degree of convergence
of SPN axons onto individual superior cervical ganglion (SCG) neurons in multiple mammalian
species by recording discrete evoked synaptic responses following stimulation of T1-9 ventral
roots at increasing stimulus intensities. Convergence estimates show that the ratio of SPN inputs

to postganglionic neurons varies significantly among different species.

Table 1.1 Average innervation ratios of SPNs onto postganglionic neurons in superior
cervical ganglia across mammalian species.

Shown are the differences across these species in two key aspects: animal size and the number of
axons innervating each ganglion cell (convergence). The number of axons innervating each
ganglion cell was determined by counting the excitatory postsynaptic potentials that could be
recruited by gradually increasing the stimulus strength to each of the ventral roots that supplies
innervation to the ganglion. %

. . Convergence:
Animal weight Mean # SPNs innervating a SCG postganglionic
Mouse 20-329g 4.5
Hamster 90-120g 7.2
Rat 150-170g 8.7
Guinea Pig 360-400g 12.3
Rabbit 1.6-1.7kg 15.5

1.3.2 Principles of divergence.

An SPN axon can pass through multiple paravertebral ganglia before establishing its primary
synaptic connections. Typically, each preganglionic axon will diverge to form synapses with
postganglionic neurons across various paravertebral ganglia ©. In bullfrog, estimates show that
SPN axons can diverge to form synapses with 50 ganglionic neurons, the majority of which are
weak synapses °*. In cat experiments studying piloerection, SPN axons in the thoracic region

ascended four segments, making synapses onto postganglionic neurons in each ganglion ©°.
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Estimates of divergence ratios made by comparing labelled SCG cell bodies to retrogradely
labelled SPNs in spinal cord show that the number of SPNs do not increase in proportion to
animal size but rather the degree of SPN to postganglionic neuron divergence increases with the
size of the animal and the target organ 2° (Table 1.2). Overall, divergence serves to amplify CNS

output responses.

Table 1.2. Estimates of divergence based on anatomical labelling in superior cervical
ganglion.

Highlighted are the differences across these species in the number of ganglion cells each axon
innervates (divergence). Counts of SPNs were conducted following a process of retrograde
labeling of the SPNs, coupled with the labeling of postganglionic neurons. This table was
adapted from SCG %6 320,

. . Divergence:
ATIEL RCldat Ratio of SPNs to SCG Cells
Mouse 20-32g 1:14
Hamster 90-120g 1:25
Rat 150-170g 1:27
Guinea Pig 360-400g 1:26, 1:15
Rabbit 1.6-1.7kg 1:27
Human 60-80kg 1:200

1.3.1 Sympathetic gain control.

The limits of sympathetic signal amplification from the central nervous system remain largely
uncharted. SPNs can form either strong, primary nicotinic synapses or weak, subthreshold
secondary synapses. It is unclear whether diverging SPN axons form both strong and weak
nicotinic synapses. Karila and Horn (2000) proposed the maximum amplification gain is
determined by the combined effect of both primary and secondary synapses (1°+2°), while the

minimum gain is governed by the primary synapse alone °%.
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1.4 Axonal action potential propagation in SPNSs.
The traditional perspective of axonal spike conduction, grounded in cable theory, posits that
spikes begin at the axon initial segment and propagate faithfully down the axon. Thus, axons
function as fail-safe conduits for neural signals to act specifically on their synaptically connected
cellular targets °7-9, SPN axons are believed to reliably transmit information from the CNS to
postganglionic neurons with little to no modification 3 However, most SPNs are unmyelinated
with very small diameters which are expected to be prone to activity-dependent changes in
conduction including conduction failures "1, Moreover, SPNs branch to innervate multiple
targets, forming axonal branch points which are also prone to conduction failure 6”72, The
consistency and dependability of SPN axonal conduction are yet to be thoroughly investigated.
Considering their extensive multisegmental and divergent actions, the variability in spike

conduction could represent a significant and adjustable aspect of sympathetic output regulation.

1.4.1 Anatomical features of the preganglionic axon that affect spike propagation.

The percentage of SPNs that are unmyelinated varies between species: 43% in cats, 99% in mice
and rats 3. In humans, reports of myelination vary with ranges between 20-94% 47, SPN fiber
types can be classified by conduction velocity using the Erlanger-Gasser system ranging from Ad
, B- to C-fibers’™®. Thinly myelinated, smaller diameter A or B- fibers have conduction speeds
ranging from 1.8-17 m/s while unmyelinated, small diameter C fiber primary afferents range
between 0.3-1.3 m/s 7’. Variance in myelination results in a broad range of conduction velocities
in thoraco-lumbar SPN axons, with cats exhibiting velocities between 0.6-15 m/s, rats between
0.2-15 m/s, and guinea pig between 0.1-10m/s 20547881 Conduction velocity in mouse
splanchnic nerve was ~1 m/s 8. In rats, 92% of SPNs recorded in the cervical sympathetic trunk
have conduction velocities in the C-fiber range . It is unknown whether conduction velocity of

axons (which is proportional to diameter) can predict whether observed variation is related to
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differences in function. Spontaneously active rat SPNs with discharge rates linked to the cardiac
cycle had similar distribution of conduction velocities of axons to the total SPN population

suggesting conduction velocity may not be a predictor of a particular SPN’s function .

Small-diameter unmyelinated axons, like SPNs, face greater variability in action potential
conduction propagation than thicker myelinated axons because of their very high axial electrical
resistance, large surface-to-volume ratio, variations in diameter along the axon and extensive
branching patterns &. Large axon calibers (axon diameters) conduct action potentials faster than
smaller ones in part because the flow of ionic current meets less internal resistance. While larger
axons can transmit signals faster, they also require more energy to maintain. Mitochondrial
volume per unit of axonal length rises linearly with axon diameter for small profiles (d<0.7um)
and quadratically for larger axons 8. The standard explanation for requiring thick axons is that
higher conduction velocities are needed to reduce conduction times and information transfer &,
While useful for the skeletal muscle system, if higher velocity information transfer is not critical
to system performance, it is metabolically efficient to sacrifice speedy conduction to lower
energy demands 8. A principle forwarded called ‘the law of diminishing returns’ describes that
for an axon to double its information rate, it must more than quadruple its volume and energy use
8. As the SNS has many SPNs that require continuous activity at low frequency and with slow
temporal dynamics (e.g. cardiovascular and respiratory encoding neurons), a metabolically more
cost-effective strategy is to encode information via small-diameter axons 2. Given how small the
SNS axons diameters are, it is likely that they have been evolutionarily tuned to operate by the
law of diminishing returns. In human SPNs, the number of unmyelinated axons has not been
determined, but the dominant SPN myelinated fiber type is the small-myelinated fiber (SMF)

which makes up 90% of all preganglionic myelinated fibers and has a diameter range of 1.7-2.5
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um® . Limited data is available regarding SPN axons of mice but what is known is that mean
diameters are ~0.4 um with smallest fibers seen at 0.1 um ”. In cats, the diameter of myelinated

axons ranges from 1-5 pm %,

SPN axons come out of the spinal cord via the ventral roots located in the same segments as their
cell bodies. At the level of the ventral root, each segment has an equal number of SPN axons as
somas °. However, after projecting from the communicating white ramus into the sympathetic
chain, SPN axons exhibit extensive collateral branches that are multisegmented and innervate
multiple ganglia 8. Thus, in branching axons, geometrical features of the primary axon and its
branching collaterals can dictate the success of spike propagation. For example, if the combined
cross-sectional area of daughter branches is greater than the cross-sectional area of the parent
axon, the lower input impedance creates a current sink ahead of a propagating spike that can

reduce spike amplitude and cause conduction failure %%,

Currently only a few studies describe distinct SPN populations that project to postganglionic
neurons of the same effector organs. For example, cocaine and amphetamine-regulated transcript
peptide (CART) is prevalent in sympathetic preganglionic neurons in rats, predominantly
targeting vasoconstrictor neurons and cardiac-projecting postganglionic neurons, but not non-
vasoconstrictor neuron #4. In the parasympathetic network, research has demonstrated that vagal
preganglionic axonal arbors create connections both internally and amongst ganglia with
neuronal nitric oxide synthase (nNOS) immunopositive (nNOS*) enteric postganglionic
neurons, while other SPNs with arborizing axons selectively connect with nNOS™ enteric
postganglionic neurons %2, This suggests the possibility that SPN branching axons may operate in
a comparable manner, exerting multisegmental influences on a uniform population of

postganglionic neurons.
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1.4.2 Firing Properties of SPNSs.

Surprisingly, in vivo studies observed that 40-70% of neurons projecting to major sympathetic
nerves in cats remain inactive and do not exhibit reflex activity under experimental conditions .
Notably, studies were undertaken in the presence of anesthetics expected to reduce excitability.
Moreover, observations specifically pertain to neurons projecting to the cervical sympathetic
trunk, lumbar sympathetic trunk, or lumbar splanchnic nerve. To my knowledge there are
currently no in vivo studies on the excitability of SPNs projecting to the middle-lower thoracic
paravertebral chain ganglia, but their unique distribution to truncal vascular systems may lead to
higher levels of population excitability. It is generally agreed that postganglionic activity that
contributes to effector organ ‘tone’ is driven by tonic discharge of SPNs ®. SPN tonic activity is
irregular, though many SPNs may have cardiac, respiratory rhythm or other frequencies
superimposed % 99102 One of the characteristic features of the firing of SPNs, is its extremely
low rate of <1Hz and peak at 10Hz 3 19319 Functional populations of SPNs can broadly be
divided based on their tonic and phasic firing patterns. Skin, muscle and gut vasoconstriction, gut
motility and secretion, and relaxation of the detrusor muscle involve tonically firing SPNs.
Phasically firing SPNs are sudomotor (sweating), pilomotor (piloerection), or involved in saliva
production, pupil dilation, increased cardiac output and sexual activity **. Mannard and Polosa
(1973) identified four distinct firing patterns in cat sympathetic preganglionic neurons (SPNs)%.
The first is irregular background firing with rates varying from 0.4 to 1.9 spikes/sec, with the
shortest interspike intervals ranging from 330 to 960ms, influenced by the state of the
preparation. The second pattern, slow-rhythm, often linked to a hypotensive state, shows a
frequency of 0.15Hz and an average spike rate of 1.6 spikes/sec. The third, respiratory-rhythm, is
characterized by a frequency of 0.62 Hz and a mean spike rate of 1.5 spikes/sec, with SPNs

discharging triplets per respiratory cycle. Finally, the pulse-rhythm pattern exhibits a frequency
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of 2.1 Hz and an average spike rate of 4.0 spikes/sec, with SPN activity often entraining to the
cardiac rhythm, marked by couplets of irregular firing synchronized with each heartbeat.
Impulses in individual SPNs combine to generate overall sympathetic nerve discharge (SND).
Thus, SND can be described as quasiperiodic; it has some degree of regularity but can also show

variations in timing or frequency *°.

Whether or not an SPN fires tonically depends on the composition of subthreshold excitatory
EPSPs received by the SPN membrane. VVoltage clamp studies in rat estimate that the firing rate
of input to sympathetic preganglionic neuron, capable of eliciting a spike discharge, is
approximately 20 Hz %7 In cat, background synaptic input to SPNs occur between 0.9-8.5 Hz
108 This higher frequency input is then translated into a final spike discharge rate of around 2 Hz

in the SPNs 107,

However, roughly half of SPNs exhibit very low levels of ongoing synaptic activity consisting of
a few small amplitude EPSPs (1-3mV) which are not enough to generate tonic firing 1. In fact,
a significant proportion of SPNs are silent under basal conditions depending on species and SPN
location: high thoracic (T1-T3) SPNs in vivo in cat 1101 539 in rat 1% | 29% in cat 1*2 or in rat

thoracolumbar spinal cord slices in vitro (51%-92% depending on study) 28113 114,

Other factors which may play a role in determining whether an SPN will fire tonically include
their intrinsic excitability (passive and active membrane properties) and the occurrence of slow
synaptic potentials?®. SPN intrinsic membrane properties have been studied in the mouse rat and
cat?®388L.112.115-119 120 Dyjfferences in mean and peak firing across species are listed in Table 1.4.
In somas of SPNs that combine to form the splanchnic nerve, active SPNs have an individual

firing rate of ~0.7Hz but together SND (at a population level) is ~1Hz in the splanchnic nerve®,
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Table 1.3 Mean and Peak SPN Firing Rates Across Species

Animal Mean + SD or Range Firing Rates (Hz)  Peak evoked rate
Neonate mouse*? 0.196 +0.11 28Hz
Neonate Rat>3122.123 2.08 +1.15 20Hz
Adult Rat®!11> 2.14/- 0.5 10Hz
Guinea Pig!!6:124125 0.5-4 20Hz
Catlos 0.06-4.6 (Type B) "
0.8-6.5 (Type C) '
Human'?® 0.22 Hz (Based on modeling data) ?

Higher than average firing rates are seen under certain physiological conditions. For instance,
SPNs with a respiratory-modulated firing pattern have been observed to burst at frequencies of
10-20Hz during short inspiration phases *2”. Additionally, activation of somatic or visceral
afferents can significantly elevate SPN firing rates above average 128, while hypoxic conditions
prompt SPN somas to fire at rates surpassing 5-10Hz 2°. While not generated physiologically,
intracellular somatic current injections provide insight into the range of evocable tonic firing
frequencies. In the neonatal mouse, Zimmerman and Hochman (2010) demonstrated that SPNs
can achieve peak firing frequencies of up to 28Hz before encountering depolarization block. In
rat, injection of depolarizing current pulses incrementally increased their firing rate up to a

maximum of 10Hz before block 107,

Descending neuromodulatory transmitters are well known to project to SPNs and alter their
excitability. For example, SPNs receive dense innervation of 5-HT terminals from the caudal
raphe nuclei and the rostroventrolateral medulla **, and 5-HT application can generate
sympathetic rhythmic discharge in SPNs. Activation of 5-HT2A receptors on SPNs has been
shown to evoke rhythmic membrane oscillations resulting in discharged action potentials in

bursts ¥, In addition, 5-HT application can generate the T-rhythm, a sympathetic motor rhythm
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regulating the thermoregulatory circulation of the rat tail. It arises from SPNs of T11-L2

segments and can be elicited at 0.40-1.20 Hz 3%,

A single action potential can lead to long lasting facilitation in postganglionic neurons that last
several seconds 132133 put attenuates the release of both cholinergic and non-cholinergic
transmitters via muscarinic receptors of the SPN axon terminal 34, Successive SPN impulses
lead to increased number of quanta, more ACh release and facilitation 3. A 2Hz repetitive
stimulation of SPN releases ACh at a steady state in guinea pig ®. For frequencies higher than
5Hz, ACh release peaks and then settles to a steady state within 15 seconds **°. If left for 3.5

hours, 5Hz stimulation depletes non-cholinergic transmitter stores **°.

Prolonged high frequency SPN activation can attenuate ACh output, so to maintain effector
organ activity, non-cholinergic transmission may play a role . In both the superior cervical and
stellate ganglion of the cat, prolonged stimulation of SPN axons has been reported to severely
attenuate the evoked, nicotinic response at a time when non-cholinergic transmission should
have been maximally activated 3713, Prolonged repetitive stimulation at higher rates (20 Hz, 20

sec-2 min) can release enough non-cholinergic transmitter(s) to initiate action potentials in SGN

136,137,139

1.4.3 Factors controlling action potential propagation in SPNs.

The impact of repetitive activity on modifying conduction velocities and transforming spike
patterns, resulting in potential conduction failures or ectopic spiking, has been recognized for
quite some time 9140-143 Especially susceptible are thin unmyelinated axons, characterized by
their high axial electrical resistance, significant surface-to-volume ratio, complex branching, and
inconsistent diameters, all of which complicate the conduction of action potentials 3.

Understanding the activity-induced shifts in excitability along the proper axonal length is crucial
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for decoding the overarching scheme of neuronal communication, particularly among the

predominantly unmyelinated SPN neurons.

In many varieties of axons, repetitive stimulation at medium to high frequency (10— 50 Hz) has
been shown to result in conduction failures occurring specifically at branch points . Variations
in diameter and branching reduce conduction reliability by creating regions of “impedance
mismatch” . Conduction block after high frequency stimulation appears first in the thicker
daughter branch followed later by the thin branch **, Demonstrated first in spiny lobster, high
frequency stimulation (30Hz or greater) administered to branching axons results in a 10-15 %
reduction in amplitude of the action potential in the parent axon, a decrease in the rising slope of
the action potential, a 25-30% decrease in conduction velocity, an increase in threshold and a
prolongation of the refractory period 4. Despite seeing a reduction in spike amplitude across the

axon, conduction block was only seen in the bifurcation region 44,

Thin, unmyelinated fibers are especially prone to a reduction in conduction velocity in response
to repetitive firing. When subjected to stimulation at frequencies of 1Hz or higher, the slowest-
conducting unmyelinated axons, including those in rat SPNs, exhibit increased antidromic
latency, a phenomenon also observed in various other systems 81145146 However, a significant
knowledge gap exists regarding the activity-dependent alterations in SPN conduction at higher
frequencies. Predictive insights may be gleaned from studies on unmyelinated C-fibers and
postganglionic axons. For instance, after being stimulated at 20Hz for 20 seconds (at twice the
electrical threshold), C-fibers in the rat saphenous nerve demonstrated substantial conduction
slowing: polymodal and heat nociception fibers showed a 29% reduction, mechanical
nociceptors a 28% reduction, cold thermoreceptors a 11% reduction, mechanoreceptors a 15%

reduction, and a 15% reduction in spontaneously active sympathetic postganglionic efferents 147
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Increasing stimulation duration for longer than 20 seconds resulted in conduction failure in
polymodal nociceptors *#’. In a study comparing humans and pigs, 2 Hz — 3 minute stimulation
slowed conduction velocity of mechano-insensitive C-fibers by 30%, and mechano-insensitive
cold afferents by <10% 48, Mechano-sensitive afferents showed conduction slowing at 14% and
23% for pig and human, respectively 1“8, Sympathetic postganglionic efferent fibers in pig and
human slowed only minimally (5% and 9%, respectively) 4. Activity-dependent slow
inactivation of voltage-gated sodium channels has been proposed as mechanism for conduction

velocity slowing 49,

1.4.3.1 lon channels on SPN axons.

The somatic SPN action potential waveform consists of a TTX-sensitive Na* and kinetically
slower Ca?* sensitive-TTX insensitive component. The latter results in a long
afterhyperpolarization which involves Ca?*-activated K* channels ?°. There are two parts to the
afterhyperpolarization: a fast and slow component. The fast component can be blocked with
cesium or high concentrations of TEA 2°, The slower component can be partially blocked with
low-Ca?* calcium concentrations or cobalt 2°. The currents found in SPN somas are listed in

Table 1.4.

Table 1.4 Membrane currents found on SPN somas

Current Class Current Type

Voltage-dependent K* currents | Delayed rectifier (Ik)

28,119,150-153 Ca”* dependent transient current (Ic)
Ca?" dependent sustained current (1anp)
A-Current (1a)

M-current (Im)

Inward Rectifying (lir)
Quinine-sensitive outward rectifier

Low-voltage-activated calcium
conductance (LVA) T-type 11°
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Calcium activated K+ currents | AHP currents (gKCal, and gKCaz2)
28,127

Sodium Currents Transient (Inat)*>

More relevant to the current thesis is the identification of the voltage-dependent channels found
in axons responsible for spike propagation. VVoltage-gated Na* channels, activated by membrane
depolarization, conduct an influx of Na* ions that generate the action potential. Nay1.1, 1.2 and
1.6 are found in the nodes of Ranvier of myelinated PNS and CNS axons and are the most
commonly found Na* channel isoforms 21, Nay1.2 is predominantly expressed in
unmyelinated axons **°. In myelinated axons, voltage-gated K* channels identified as involved in
spike repolarization are K\3.1b and K.7.2/K\7.3, expressed between the nodes of Ranvier, and
Kyv1.1 and 1.2 which are expressed juxtaparanodally 2. Unmyelinated axons express Ky1.2, 1.3,
3.3, 3.4, and 7 along the axon proper. Potassium channels seen at the axon terminals include:
Kv1.1/1.2,1.4,3.1,3.2,3.4,7.2/7.3,7.5 . The M current, a non-inactivating K* current
mediated by the voltage-gated K,7/KCNQ family, plays a pivotal role in increasing the action
potential firing threshold and is responsible for the slow, prolonged afterhyperpolarization >

through its Ca?*-activated mechanism 5.

Table 1.6 categorizes ion channels based on their established expression in various axon types
(myelinated and unmyelinated). Column 4 of Table 1.5 highlights channel RNA expression in
sympathetic postganglionic neurons by mining data from single-nuclear RNA-sequencing of

spinal ‘visceral” cholinergic neurons provided in the study by Alkaslasi, Piccus, and colleagues

157

Table 1.5 lon channels on axons

Channel Axon type Action RNAseq of SPNs
Sodium
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Nay1.2%% Unmyelinated ~ Axon propagation SCN2A (high)
Nay1.6'% Myelinated Axon propagation, maintenance of SCNB8A (high)
high-frequency firing

Potassium

Ky1.11%51%8.159  Myelinated &  Repolarization KCNAL1 (low)
unmyelinated

Ky1.21%% Myelinated &  Repolarization KCNAZ2 (low)

72,158,160 unmyelinated

Ky1.3 7215 Myelinated & KCNAZ3 (none)
unmyelinated

Kv1.4155161162 Myelinated &  Rapid inactivation KCNA4 (med)
unmyelinated

K,3.115%163.164  Myelinated Fast nodal delayed rectifier KCNAA4 (low)

Ky3.21% Myelinated &  Rapid repolarization in neurons KCNC2 (high)

Kv3 472,155,163,1
65,166

Kv4.3167
KV7155 72,167-
169

unmyelinated
Unmyelinated
&myelinated

Unmyelinated
Myelinated &
unmyelinated

with fast-spiking properties
Outward current

Rapidly inactivating
Slowly activating (Ks)

KCNC4 (low)

KCND3 (high)
KCNQ1 (high)
KCNQ?2 (high)
KCNQ3 (high)
KCNQ4 (high)
KCNQS5 (high)

Kvpl & Unmyelinated  Subunit influencing amplitude and KCNABL1 (high)
K21 duration KCNAB?2 (low)
GIRK® Presynaptic Controls action potential duration ~ KCNJ3 (medium)
terminal KCNJ6 (low)
KCNJ9 (low)
KCNJ5 (none)
Slo1t70-172 Myelinated &  Large conductance Ca?*-activated ~KCNMAL1 (high)
unmyelinated  potassium channels
Slo2.2%° Myelinated &  Limit excitability of nerve KCNT2 (high)
unmyelinated  terminal
HCN 173 Myelinated &  Conducts a mixed Na*/K* current ~ HCN1 (high)
unmyelinated  in response to hyperpolarization, HCN2 (high)
contributing to the spontaneous HCN3 (low)
rhythmic activity and the control HCN4 (low)
of neuronal excitability
Calcium
Cay1.21% Myelinated &  L-type voltage-gated Ca?* channel CACNAIC (high)
unmyelinated
Ca,2.1155163  Myelinated &  P/Q-type voltage-gated Ca®* CACNAI1A (high)

unmyelinated

channels prevalent at presynaptic
terminals
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Ca,2.215517  Myelinated &  N-type voltage-gated Ca?* channel CACNAI1B (high)
unmyelinated

As the present thesis concerns studies on SPNs in adult mouse which are predominantly
unmyelinated and given the expression levels reported in the RNAseq study, the most relevant
channels expressed associated with axonal conduction are expected to be the following: Nay1.2
(SCN2A), Ky1.4 (KCNA4), K4.3 (KCND3), K7 (KCNQ1-5), KvB1 (KCNABL), slo

(KCNMAL1), and HCN (HCN1,2).

While not specifically studied in relation to axon conduction, most neurons including SPNs have
both Na" and K" leak conductances whose activity may be expected to alter resting membrane
potential and conductance. Moreover, RNA sequencing studies identified channels with
temperature sensitivity*1”>. Overall, there are clearly both voltage-dependent and independent
channels that may be involved in spike conduction. Details specific to the thesis will be provided
in Chapters 3 and 4 in relation to the studies undertaken on control of conduction in SPNs.

1.5 Summary

In this introductory chapter, we present a comprehensive overview of the autonomic nervous
system, emphasizing the sympathetic nervous system. Special attention is given to the SPNs,
particularly examining factors that influence SPN convergence, divergence, excitability, and the
control of conduction along axonal projections. This thesis delves into the factors affecting
conduction in SPNs originating from the lower thoracic spinal cord, focusing on elements that

contribute to variability in spike conduction.

Chapter 2 introduces a novel ex vivo methodology tailored for adult mice, enabling the

investigation of SPNs and their influence on postganglionic neurons in thoracic paravertebral
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ganglia. In Chapter 3, we characterize the specific features of thoracic sympathetic preganglionic
axons, such as axon diameters, myelination, conduction velocity, and branching patterns, and
how these attributes contribute to increased variability in axonal conduction. Chapter 4 conducts
experimental investigations into preganglionic axon propagation failure, focusing on the effects
of altering bath temperature and stimulation frequency. Chapter 5 explores the neuromodulatory
actions on spike propagation along the axon, providing insights into the complex dynamics of

sympathetic neural transmission. Finally, chapter 6 summarizes major conclusions.



47

2 lIsolation and Electrophysiology of Murine Sympathetic Postganglionic Neurons in the

Thoracic Paravertebral Ganglia

2.1 Abstract
Results and methodologies in this chapter have been published’®. The thoracic paravertebral

sympathetic chain postganglionic neurons (tPostNs) represent the predominant sympathetic
control of vascular function in the trunk and upper extremities. tPostNs cluster to form ganglia
linked by an interganglionic nerve and receive multisegmental convergent and divergent synaptic
input from cholinergic sympathetic preganglionic neurons of the spinal cord 2>%*. Studies in the
past have focused on cervical and lumbar chain ganglia in multiple species, but few have
examined the thoracic chain ganglia, whose location and diminutive size make them less
conducive to experimentation. Seminal studies on the integrative properties of preganglionic
axonal projections onto tPostNs were performed in guinea pig 2>, but as mice have become the
accepted mammalian genetic model organism, there is need to reproduce and expand on these
studies in this smaller model. We describe an ex vivo approach that enables electrophysiological,
calcium imaging, and optogenetic assessment of convergence, divergence, and studies on pre- to
postganglionic synaptic transmission, as well as whole-cell recordings from individual tPostNs.
Preganglionic axonal connections from intact ventral roots and interganglionic nerves across
multiple segments can be stimulated to evoke compound action potential responses in individual
thoracic ganglia as recorded with suction electrodes. Chemical block of synaptic transmission
differentiates spiking of preganglionic axons from synaptically recruited tPostNs. Further
dissection, including removal of the sympathetic chain, enables whole-cell patch clamp

recordings from individual tPostNs for characterization of cellular and synaptic properties.
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2.2 Background
Thoracic sympathetic postganglionic neurons (tPostNs) are housed in bilateral paravertebral
chain ganglia. Comprising a significant component of the final motor output of the sympathetic
nervous system, paravertebral tPostNs contribute to autonomic homeostatic mechanisms by
directly innervating effector tissues, including vasculature, adipose tissue, sweat glands, and
piloerector muscles ®7. Thoracic sympathetic ganglia contain a distinct composition of
genetically separable postganglionic neuron groups as compared to more rostral cervical and
lower thoracic segments 177, Their morphological and electrophysiological properties may also
differ from tPostNs elsewhere 82, Our understanding of the electrophysiological properties of
paravertebral sympathetic chain postganglionic neurons has been largely derived from studies in
cervical and lumbar ganglia 2"-°3178-182 jith intracellular recordings undertaken using sharp
microelectrode approaches 2°°482 183 with an impalement injury conductance that alters basic

membrane properties 183185,

2.3 Materials and Reagents

1. 2 mm glass probes made from stringer (Bullseye Glass, catalog number: 000147-0272-F-
Tube)

2. 2ml Monoject Insulin Syringe, 29 G x %2 (Covidien, catalog number: 8881600350)

3. Needle 25 G (BD PrecisionGlide, catalog no: 14-826G)

4. 1.5 ml MCT Graduated Mixed Tubes (Fisherbrand, catalog number: 05-408-137)

5. 0.20 mm Stainless Steel Insect pins (Fine Science Tools, catalog number: 26002-20 )

6. 0.22 pm Syringe Filter (Fisherbrand, catalog number: 09-719C)

7. 100 mm x 15 mm Petri Dish (VWR, catalog number: 25384-070)

8. Square plastic weighing dish (Dyn-A-Med, catalog number: 80055)



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

217.

28.

29.

30.

31.

Electrode Storage (World Precision Instruments, catalog number: E215)
VWR micro cover glass 24 x 50 mm (VWR, catalog number: 48393081)

Adult C57BIk/6 mice (6+ weeks old, alternative animal strains can be used)

Collagenase Type Il (Worthington Biochemical Corporation, catalog number: LS004180)

Isoflurane, USP (Piramal Critical Care, catalog number: 400648037)

Urethane (Sigma-Aldrich, catalog number: U2500)

Ketamine (Henry Schein, catalog number: 056344)

Xylazine (Sigma-Aldrich, catalog number: X1251)

Custom-built Sylgard-coated dissecting dish (see Procedure D)

SYLGARD™ 170 Silicone Elastomer Kit (DOW Inc., catalog number: 4026157)
High vacuum grease (DOW Corning, catalog number: H051J89018)

Sodium chloride (Fisher Scientific, catalog number: S642-500)

Potassium chloride (Sigma-Aldrich, catalog number: P9541-1KG)

Magnesium sulfate Heptahydrate (Fisher Scientific, catalog number: BP213-1)
Calcium chloride dihydrate (Fisher Scientific, catalog number: C69-500)
Potassium phosphate monobasic (Sigma-Aldrich, catalog number: P5655-500G)
D-(+)-Glucose (Sigma-Aldrich, catalog number: G7528-1KG)

Sodium bicarbonate (Sigma-Aldrich, catalog number: S6297-1KG)

95% 0., 5% CO- gas (Nexair, catalog number: UN3156)

Potassium D-gluconate, 99% (Alfa Aesar, catalog number: B25135)

EGTA (Sigma-Aldrich, catalog number: E-3889)

HEPES (Sigma-Aldrich, catalog number: H3375-250G)

ATP (Sigma-Aldrich, catalog number: A9187)
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32. GTP (Sigma-Aldrich, catalog number: G9002)
33. Artificial Cerebrospinal Solution (aCSF) for Electrophysiological Recordings (see Recipes)
34. High Magnesium Low Calcium Microdissection Solution (see Recipes)

35. Patch Electrode Solution (see Recipes)

2.4 Equipment
2.4.1 Surgical tools

1. 2.5 mm Vannas spring scissors (Fine Science Tools, catalog number: 15002-08)

2. Wagner scissors (Fine Science Tools, catalog number: 14068-12)

3. 9 mm Castroviejo microdissecting spring scissors (Roboz, catalog number: Rs-5658)
4. Dumont #5 Forceps (Fine Science Tools, catalog number: 11251-20)

5. pH meter (Denver Instruments, model: UB-10)

6. Osmometer (Vapro, model: Model 5600)

7. Magnetic stir plate (IKA Works USA, model: CERAMAG Midi)

8. Magnetic stir bar (VWR, catalog number: 76006-400)

9. 600 ml beaker (Pyrex, catalog number: CLS1000600)

2.4.2 Recording equipment for whole-cell recordings

Generally, there are multiple commercially available components that can be used to undertake
visually guided whole-cell recordings from microdissected nervous tissue. We used an upright
microscope containing 40x liquid immersion objectives with differential interference contrast
and infrared imaging for image enhancement. Conventional electrophysiology recording
methods were employed, including an experimental chamber with oxygenated aCSF, air table,
micromanipulator with attached electrode holder, high impedance low noise patch clamp

amplifier, A/D converter, and associated specialty software for data capture. Details are provided
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in various reviews. Those used by our lab are described in a recent publication (McKinnon et al.,

2019) as listed below.

10.

11.

12.

13.

14.

15.

16.

Upright DIC fluorescence microscope (Olympus, model: BX51WI) affixed with a low-light
camera (Olympus, model: OLY-150)

Vertical Electrode Puller (Narishige, model: PP-83)

Micro-forge (Narshige, model: MF-9)

MultiClamp 7002 and Digidata 13222 18

Custom Sylgard-coated recording chamber and perfusion system

Controllable blue light laser (custom built but are also commercially available; e.g., Thorlabs
S1FC473MM Multimode Fiber-Coupled Laser)

Electrical stimulation can be provided by commercially available stimulators (e.g., A-M
Systems, model: 2200 Analog Stimulus Isolator)

Gravity fed superfusion with Masterflex pump for recirculation (Cole Palmer, model: 77200-
50)

Tubing for perfusion (Masterflex, catalog number: 96412-16)

1.5-mm outer diameter filamented, borosilicate glass capillaries (World Precision
Instruments, catalog number: TW150F-4)

Coated silver wire (A-M Systems, catalog number: 787000)

Connector Socket 20-24AWG gold crimp (Digi-Key, catalog number: 205090-1)

Connector D-Sub Pin 20-24 AWG AU (Digi-key, catalog number: 205089-1)

Silicone tubing for electrode (Masterflex, catalog number: 96410-10)

Cotton Swab with plastic shaft (Just The Basics, catalog number: PINSB0300DLJBO01)

Quick-Setting Epoxy Syringe (J-B Weld, catalog number: 50112)



17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

217.

28.
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4-Indent D-Sub Crimper 26-20 AWG (Paladin Tools, model: PA1440)

Multipurpose wire stripper and cutter (Klein Tools Inc., model: 1010)

Three-Way, Stopcock with Male Luer Lock, Non-Sterile (Cole-Palmer, catalog number: UX-
30600-02)

5 ml disposable syringe with Luer Lock (BD, catalog number: 309646)

Electrical tape (VWR, catalog number: 470020-186)

Insulated shielded Copper Wire 20AWG 300V BLK 25’ (CNC Tech, catalog number: 1430-
20-1-0500-001-1-TS)

Ground electrode probe (WPI, model: Ep2)

Communication Cable (Belden, catalog number: 8441)

Double banana plug Connectors for amplifier (Pomona Electronics, catalog number: 1330)
Single banana Plug (Pomona Electronics, catalog number: 1325)

Precision screwdriver (Westward, model: 401L.69)

Clorox bleach (VWR, catalog number: 89501-620)
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Figure 2.1 Materials for manufacturing suction electrodes.

[A] Three-way stopcock with Luer lock. [B] Blunt 25 G needle. [C] Silicone tubing. [D]
Insulated copper wire. [E] Communication cable. Coated silver wire. [H] Glass electrode. [I]
Quick-setting epoxy syringe. [J] D-sub crimper. [K] Cotton swab with plastic shaft. [L] Double
banana plug. [M] Single banana plug. [N] Connector socket. [O] Connector D-Sub pin. [P] Wire
stripper and cutter.

2.4.3 Recording equipment for studies involving multisegmental preganglionic and
postganglionic compound action potentials

1. Stereo dissecting microscope with 0.8-5.6x zoom range and DFPL 0.5% objective
(Olympus, model: SZX7)

2. Multichannel differential amplifier (custom-built but are also commercially available (e.g.,
A-M Systems, model: 1700 Differential AC Amplifier)

3. Constant current stimulator (custom built but are also commercially available; e.g., A-M
Systems, model: 2200 Analog Stimulus Isolator)

4. Controllable blue light laser (custom built but are also commercially available; e.g.,

Thorlabs, SIFC473MM Multimode Fiber-Coupled Laser)



10.

11.

12.

13.

14.

15.

16.

Magnetic stand with 3-axis manual micromanipulator control (Kanetec, model: MB-PSL)
Gravity fed superfusion with Masterflex pump for recirculation (Cole Palmer, catalog
number: 77200-50)

Tubing for perfusion (Masterflex, catalog number: 96412-16)

Digidata 1322A 186

1.5-mm outer diameter filamented, borosilicate glass capillaries (World Precision
Instruments, catalog number: TW150F-4)

Coated silver wire (A-M Systems, catalog number: 787000).

Connector Socket 20-24AWG gold crimp (Digi-Key, catalog number: 205090-1).
Connector D-Sub Pin 20-24 AWG AU (Digi-key, catalog number: 205089-1).
Ground electrode probe (WPI, model: Ep2)

Communication Cable (Belden, catalog number: 8441)
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Double banana plug Connectors for amplifier (Pomona Electronics, catalog number: 1330)

Single banana Plug (Pomona Electronics, catalog number: 1325)

2.4.4 Image Capture Equipment for Calcium Imaging

1.

2.

3.

AC/DC differential amplifier (A-M Systems, model: 51249)

Master 8 system and an ISO-Flex stimulus isolator (A.M.P.I, model: 1955)
Inverted microscope (Olympus, model: 1X70)

Xenon lamp housing (Olympus, model: U-ULS75XE)

Power supply (Olympus, model: AH2-RX-T)

Neutral density filter (Olympus, catalog number: Chroma ND-50)

Uniblitz shutter (Vincent Associates, model : VCM-D1)

400 nm dichroic mirror (Olympus, model: Chroma NC474265)
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9. 490-520nm Emission filter (Olympus, model: Chroma U-MF2)
10. CCD camera (Stanford Photonics, model: XR/ABF with XR/M camera)

11. Trinitron color video monitor (Sony, model: PVM-135MD)

2.45 Software

1. Clampex software (Molecular Devices, RRID: SCR_011323). Signals were amplified using
a MultiClamp 700A and digitized at 10 kHz using a Digidata 1322A and Clampex software
(Molecular Devices, RRID: SCR_011323).

2. PCI software (Hamamatsu, Sunayama-cho, Naka-ku, Hamamatsu City, Shizuoka, Japan)

3. Fiji (ImageJ from NIH)

2.5 Procedure

We describe the methodology developed for an ex vivo mouse model for physiologic
characterization of their properties. Procedures and all experiments presented were undertaken in
adult (8+ weeks) C57BI/6 mice, but the approach has been used in mice as young as postnatal
day 7. Thoracic chain ganglia in continuity with communicating rami, spinal nerves, and ventral
roots are not dissected from surrounding tissue. Rather, they are left adherent to the ribcage to
prevent nerve injury. Access to communicating rami in mice is difficult, so recruitment of
preganglionic axons is instead achieved by stimulating ventral roots. Specialty fabrication of
tight-fitting glass suction electrodes enables stable extracellular recordings of compound action

potentials.

The anatomical organization of SPN projections to tPostNs is shown and described in Figure 2.
To access the sympathetic ganglia and connections to the ventral root for recording, the

following series of procedures is important: (1) the peritoneum must be removed; (2) to facilitate


https://scicrunch.org/resolver/SCR_011323
https://scicrunch.org/resolver/SCR_011323

56

recordings, the chain should be carefully separated from embedded brown adipose tissue, and
care is required as separation can easily sever the interganglionic nerve or rami; (3) as the
ganglia themselves are shrouded in a collagen sheath, with individual tPostNs further encased in
a glial covering, preparations that require access to individual neurons for whole-cell recordings
require both preincubation in collagenase and mechanical disruption of the glial casing using

patch electrode shaped capillary tubes attached to a micromanipulator or glass probes.

Preparation for experimental studies first involves dissecting the vertebral column by making
lateral incisions through the ribcage. Using a combination of iridectomy microdissection
scissors, forceps, and fine-tipped glass probes, the peritoneum is peeled away. While collagenase
is required for whole-cell recordings, we have undertaken population studies without it (Blum et
al., 2020). Nonetheless, seal quality and signal resolution of population suction electrode
recordings are superior following collagenase treatment. If collagenase is used, the vertebral
column is allowed to incubate in a heated chamber filled with continuously oxygenated artificial
cerebrospinal fluid (aCSF) and collagenase solution (Blum et al., 2020). The chain is cleaned of
remaining fat and connective tissue. A ventral vertebrectomy exposes the spinal cord and ventral

roots.

An ex vivo approach offers the ability to superfuse pharmacological agents to assess actions at
known doses without concern for drug access (Blackman and Purves, 1969; Lichtman et al.,
1980; Thorne and Horn, 1997; Ireland et al., 1998). This is shown in Figure 3 with blocked
recruitment of tPostNs following application of hexamethonium, a ganglionic nicotinic receptor
antagonist #182, For studies on recruitment of segmental preganglionic axons, the spinal cord and

dorsal roots are removed, leaving behind only intact ventral root connections.
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Figure 2.2 Ex vivo dissection enables the study of multisegmental preganglionic actions.

[A] Ex vivo dissection and identification of chain ganglia. Transparent chain ganglia are shown
in the right panel (arrows). 2 [B-C] Overview of anatomical organization of connectivity
between SPN and tPostNs. SPN axons exit the ventral root and enter the sympathetic chain via
the white ramus. Those innervating paravertebral postganglionic neurons (tPostNs) do so within
several chain ganglia via rostrocaudally projecting collaterals in the interganglionic nerve. Other
SPN axons do not innervate tPostNs within chain ganglia but may travel along the
interganglionic nerve before exiting to innervate prevertebral ganglia (not shown).
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Figure 2.3. SPN axons are recruited using electrical and optical stimulation of ventral roots

[A] Experimental configuration. Trumpet-shaped glass electrodes placed on the ventral root
(green arrow) and IGN (red arrow) enable stable extracellular recordings (left). Ganglia between
sites of stimulation and recording are indicated by black arrows. Scheme of the experimental
configuration for panels B and C shown on the right. [B] Recruitment of preganglionic axons and
evoked synaptic tPostN responses following ventral root stimulation. Examples of electrical
(left) and optogenetic (blue laser light; right) intensity-dependent recruitment of preganglionic
axons from the T10 ventral root in ChAT-CHRZ2 transgenic mice. Here, the recording suction
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electrode captured direct and synaptically-evoked population responses from the cut
interganglionic nerve immediately caudal to the T12 chain ganglion. Stimulation intensity
differences in recruitment are shown with duration kept constant (200 ms for electrical; 5 ms for
optical). Blue vertical line and bar represent respective stimulus timing. Waveforms are averages
of three episodes at labeled intensities. Shown is preferential intensity-dependent recruitment of
the fastest conducting axons with electrical (early) and slowest conducting (late) axons with
optogenetic stimulation, respectively. Recruitment profiles were undertaken in collagenase-
treated tissue from a ChAT::ChR2 mouse. [C] Use of ganglionic blockers to discriminate
preganglionic from postganglionic activity. Block of synaptically-recruited postganglionic
(tPostN) activity following application of the nicotinic receptor antagonist hexamethonium (100
M) is shown in the lower panel. The shaded area in both panels highlights this loss. See Video
1 for instructions on tissue preparation'’®. VVideo time stamps of individual steps are provided in
the text.

2.5.1 Exvivo mouse dissection for experiments recording multisegmental pre and
postganglionic compound action potentials.

2.5.1.1 Tissue Preparation

1. Anesthetize mice with inhaled isoflurane. Maintain with urethane (intraperitoneal injection,
at 2 g/kg for in vitro electrophysiology). Confirm anesthetic depth via lack of pinch-evoked
foot withdrawal reflex and eye blink reflex.

2. Use 25 G needles to pin animal down with dorsal side facing up in a dissection dish.

3. Pinch the skin near the tail and use scissors to cut up midline to remove dorsal skin and
expose underlying dorsal surface of the vertebral column. The visible dorsal surface includes
muscle overlying the vertebral column and dorsal spinal processes. Use forceps to remove
excess or loose hair (Video 1. Sympathetic Chain Dissection 0:00-1:18).

4. To remove thoracic vertebral column and attached chain, begin lateral incisions 5 mm away
from the midline near the L3 vertebrae. Cut through muscle and ribcage rostrally to the T1
vertebrae ensuring the scissors run parallel to the midline. Repeat incision on the opposite
side. Pinch the column and make a transverse cut below T3. Lift vertebral column to separate
and cut viscera. Make a transverse cut above T1 to remove thoracic vertebral column (Video

1. Sympathetic Chain Dissection 1:20-2:40).
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5. Quickly rinse isolated tissue in oxygenated high-Mg?* (6.5 mM)/low-Ca?* (1.2 mM) aCSF
(see Recipe 1) to remove excess blood and fat.

6. Perform collagenase treatment (if desired). Place tissue in a 1.5 ml tube or dish filled with a
continuously oxygenated solution of 20 mg-Type Il Collagenase per 1-ml aCSF (see Recipe
2), maintained at 36°C for 1 h. If necessary, trim tissue to fit collagenase treatment tube

(Video 1. Sympathetic Chain Dissection 3:13-3:24).

2.5.1.2 Tissue Stabilization and Electrode Placement for Compound Action Potential

Recordings

1. If collagenase treatment was used, remove tissue from 1.5 ml tube and quickly rinse in
oxygenated aCSF (see Recipe 2) to remove digested tissue.

2. Pin vertebral column dorsal up in perfusion dissection dish filled with oxygenated high
magnesium low calcium microdissection fluid at room temperature. Using scissors, remove
excess fat and muscle to expose midline (Video 1. Sympathetic Chain Dissection 3:26-3:46).

3. Using scissors, cut the vertebral column along midline from rostral to caudal end (Video 1.
Sympathetic Chain Dissection 4:08-5:08).

4. Flip tissue and pin such that dorsal side is facing down. Using microdissecting spring
scissors, cut vertebral column along midline to expose the spinal cord (Video 1. Sympathetic
Chain Dissection 5:09-7:30).

5. Carefully separate two halves of the tissue to expose spinal roots. Using Vannas
microscissors, cut ventral roots close to the spinal cord. Cut dorsal roots close to the vertebral
column. Once all roots have been cut, remove spinal cord with attached dorsal roots and

discard (Video 1. Sympathetic Chain Dissection 7:59-11:23).
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6. Before electrode placement, ensure the tissue is securely pinned. Using glass probes or
forceps, carefully peel away any remaining peritoneum and allow the tissue to rest for 30
min. The time required to set up and position electrodes is the ideal time to allow the tissue to
rest (Video 1. Sympathetic Chain Dissection 11:24-12:12).

7. At this point, individual ganglia of the paravertebral chain should be visible. Glass suction
electrodes can be placed on ventral roots and ganglia of interest. To place electrodes, move
the electrode manipulator close to the recording dish. Use the manipulator’s dials to move the
electrode close to the intended nerve or ventral root such that the tip of the electrode is
touching the cut end of the nerve or ventral root. Apply mild suction to stabilize initially.
Once all electrodes are similarly placed, apply more suction to stabilize.

8. The sample can provide stable recordings for at least 12 h if the bath is continuously
oxygenated and the bath temperature is maintained at 22°C. Viability at elevated
temperatures has not been explored systematically.

9. The electrophysiology rig and perfusion system are detailed in Figure 4.
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Figure 2.4. Overall set-up for experiments recording extracellular population potentials in
paravertebral sympathetic chain ganglia.

Left: Picture of the electrophysiology rig. Right: Schematic of electrophysiology rig shown in
photograph. The wiring diagram is shown in red. The bath perfusion system is shown in blue.

2.5.2 Exvivo mouse dissection for whole-cell patch clamp recordings or calcium imaging

2.5.2.1 Tissue Preparation and Collagenase Treatment

1. Anesthetize mice as described in Procedure A1.1.

2. Pin animal down with dorsal-side facing up in a dissection dish.

3. Use scissors to remove dorsal skin and expose underlying vertebral column.

4. To remove thoracic vertebral column and attached chain, begin lateral incisions 5 mm away
from the midline near the L3 vertebrae. Cut through muscle and ribcage rostrally to the T1
vertebrae ensuring the scissors run parallel to the midline. Repeat incision on the opposite
side. Make transverse cuts above T1 and L3 to remove thoracic vertebral column.

5. Halve the spinal column by cutting along midline of vertebral column on dorsal and ventral
sides. Remove the spinal cord and reserve both halves of the vertebral column for the next

step.
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6. Quickly rinse isolated vertebral columns in oxygenated high magnesium low calcium
microdissection fluid (see Recipe 1) to remove excess blood and fat.
7. Place tissue in a 1.5 ml tube or dish filled with a continuously oxygenated solution of 20 mg-

Type 111 Collagenase per 1-ml aCSF (see Recipe 2) maintained at 36°C for 1 h.

2.5.2.2 Preparation for Whole-Cell Patch Clamp Recordings or Calcium Imaging

1. Remove tissue from 1.5 ml tube and quickly rinse in oxygenated aCSF (see Recipe 2) to
remove digested tissue and residual collagenase.

2. Pin vertebral column ventral up in perfusion dissection dish filled with oxygenated high
magnesium low calcium microdissection solution (see Recipe 1) at room temperature.

3. Using glass probes or forceps, carefully peel away any remaining peritoneum.

4. Remove the chain by using microscissors to sever rami (Video 1. Sympathetic Chain
Dissection 12:36-15:20).

5. Using forceps and insect pins, pin the chain down onto a clear Sylgaard recording dish
through which recirculating, oxygenated aCSF (see Recipe 2) is continuously perfused. If the
tissue is being used for calcium imaging place, the chain in a recording chamber fitted with a
glass cover slip on the bottom. Take some high vacuum grease on a cotton swab and apply it
to the bottom surface of the recording chamber. Press the glass cover slip onto the grease to
secure the glass to the recording chamber and create a waterproof seal.

6. Before any electrode placement, allow the tissue to rest for 30 min. The time required to set
up and position electrodes is the ideal time to allow the tissue to rest.

7. For calcium imaging, cells are imaged from below using an inverted Olympus scope. For

whole-cell patch clamp, cells can be identified using an upright microscope affixed with a
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low-light camera. Differential interference contrast (DIC) microscopy can be used to
visualize tPostNs, while appropriate epifluorescent illumination can be used to identify
fluorescently labeled tPostNs (e.g., Cre-dependent reporter mice). See Figure 5 for
representative examples of the field of view for whole-cell patch clamp (Figure 5B) and
calcium imaging (Figure 5C) experiments.

After identifying a tPostN, gently clean the membrane by using an electrode filled with aCSF
flushing the area lightly. Then replace the electrode with one filled with intracellular solution
and gradually approach the tPostN with 0.2cc positive pressure, subsequently reduced to
0.05-0.1cc when the electrode is close to contacting the cell membrane.

Once the electrode contacts the membrane, release the positive pressure and apply a 0.1cc
negative pressure and hold the electrode at -80mV. This allows the membrane to form a
GohM seal around the electrode tip. After the resistance is stable at Gohm range with ~-10
nA injected current, quickly apply 1cc syringe suction or a mouth suction pulse to break
through the membrane.

The sample can provide stable recordings for at least 12 h if the bath is continuously

oxygenated and temperature is maintained at 22°C.
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Figure 2.5. Genetic approaches enable the study of molecularly distinct tPostN
subpopulations.

[A] A large fraction of tPostNs express Neuropeptide Y (NPY), as shown in NPY::tdTomato
mice (T8 sympathetic ganglion in 6 wk old mouse). 2° Studies on activity in NPY+ tPostNs. [B].
Whole-cell recording from a fluorescently-identified NPY+ tPostN in a NYP::tdTomato mouse
shows neuronal response properties to a series of depolarizing voltage or current steps.[C]

Ca?* signals in NPY::GcaMP6f tPostNs in T7-T8 whole thoracic ganglia evoked by stimulation
of the interganglionic nerve. Shown are changes in activity following electrical stimulation with
a 10Hz, 5-pulse train.

2.5.3 Manufacture of Trumpet-Shaped Tips of Glass Suction Electrodes and Patch Electrodes

1. Position glass capillary tubes on a vertical puller (Narishige, PP-83). Heat center and allow
for two ends of capillary tube to be drawn apart 1-2 mm without breaking (Figure 2.5).

2. Allow the stretched capillary tube to come to room temperature. Without adjusting heating
coil, heat capillary tube until two halves separate. Keep half with the bulbous tip.

3. Score electrode underneath the bulbous tip using the edge of a glass slide. Tap electrode tip
against glass slide to remove section above the score mark.

4. Place electrode in a microforge (e.g., Narishige MF-9 Microforge) fitted with a curved
filament. The electrode should be placed such that the neck of the electrode tip is equidistant

from the curved edges of the filament.
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5. Heat filament using the medium heat setting to trumpet the neck of the electrode. The
trumpet shape promotes tight-fitting, stable recordings. The large-diameter mouth of the
electrode allows the whole nerve (and sometimes ganglion) to enter the electrode, while the
small-diameter neck locks the nerve in place.

6. Pull patch electrodes from borosilicate glass capillaries (1.5-mm outer diameter, 1.2-mm
inside diameter, filamented, borosilicate glass capillaries on the vertical puller) for a target

resistance of 4-7 MQ. Fill electrodes with patch electrode solution (see Recipe 3).

NO.1
H!?AOTER ADJ. HEATER.ADJ.

Figure 2.6 Manufacture of trumpet-shaped glass electrode

[A] Magnified view of the electrode tip used for recording and stimulating. [B-J] Manufacture of
suction electrodes. For detailed instructions, see above [B] Glass capillary tube positioned on
vertical puller. [C] Tube heated to form 1-2mm neck. [D] Tube heated to separate halves,
keeping bottom half with the bulbous tip. [E-F] Glass slide used to score underneath the bulbous
tip and break the tip. [G] Electrode placed in Microforge with a u-shaped filament. [H] Tip
positioned at the center of the filament. [1-J] View of electrode in the Microforge before and
after heating.

2.5.4 Manufacture of Sylgard-coated dissecting dish

1. Take the bottom half of a 100mm plastic Petri dish and set it on a flat surface.
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2. Follow instructions found in the SYLGARD™ 170 Silicone Elastomer Kit to mix 40 ml of
encapsulant in a disposable plastic weighing dish.

3. Slowly pour encapsulant into Petri dish until the dish is filled halfway up (roughly 35 ml of
encapsulate). Quickly pouring creates bubbles and an uneven surface for dissection.

4. Gently tap Petri dish on a benchtop to release bubbles trapped in the encapsulant.

5. Set the dish aside in an undisturbed location to allow the encapsulant to cure for 24 h at

room temperature.

2.5.5 Manufacture of suction electrodes (Figure 2.1)

1. Cuta section of insulated shielded two-wire cable to the desired length. The length will vary
depending on how far the amplifier is from the recording dish. Extra length will help the
electrode cable to be slack and prevent tugging issues during recording.

2. Use the wire stripper to strip 1.5 inches of the outer PVC jacket at each cut end to reveal the
braided shielding.

3. Cut away the braided shielding at one end to reveal the insulated copper cables (typically
black and red). At the other end, unbraid the shield wire material from the pair of copper
cables and re-twist into a point. Set cable aside.

4. Cutto free 5 inches of insulated copper wire. Use the wire stripper to strip 0.5 inches of
insulation on both ends.

5. Splice together one end of the copper wire from Step E4 with the pointed shielding in step 3.
Secure and insulate the spliced region with electrical tape.

6. Secure the other end of the copper to the single banana plug using a precision screwdriver to
loosen the screw clamp in the plug to enable the copper wire to enter, then tighten to secure

the wire.
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Staying on the same side of the communication cable, use the wire stripper to strip 0.5
inches of insulation from the red and black wires. Secure the red and black wires to the
double banana plug using the same procedure in Step EB6.

Return to the side of the communication cable where the braided shielding was cut. Now use
the wire stripper to strip 0.5 inches of insulation from the red and black wires. Using the D-
sub crimping tool, crimp one D-Sub pin to each wire. The input cable is now complete and
can be set aside.

To build the electrode holder, start by cutting a 1.5 inch piece from the plastic shaft of a
cotton swab. Using a 25 G needle, gently poke a hole into the middle of the shaft, taking
care not to poke through the opposite end.

Cut 4 inches of coated silver wire, thread it through the hole in the plastic shaft from the
outside, and feed 3 inches through. Use epoxy to seal the hole and secure the wire tightly.
Take care not to fill the shaft with epoxy as this will prevent you from applying suction to
the electrode.

After the epoxy is set, cut 1 inch of silicone tubing and connect it to the end of the plastic
shaft where the silver wire is protruding. The glass electrode will be placed on this end of
the electrode holder.

Next, cut 1 foot of silicone tubing and connect it to the other end of the plastic shaft.
Connect a blunted 25 G needle to the end of the silicone tubing and seal any gaps with
epoxy. Connect a three-way stopcock to the 25 G needle. Connect a 5ml disposable syringe
to the end of the stopcock.

Cut 4 inches of coated silver wire. Using a lighter, burn off 0.5 inches of the plastic coating

on either end. Do the same for the epoxied silver wire in step 10. Coated wires that are bare
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at the top provide more stable recordings if DC-like events are acquired. For example,
artifacts caused by minor changes in bath volume can be minimized.

14. Use the crimping tool to crimp a connector socket to one end of the cut coated silver wire
from Step E13 and coated silver wire from Step E10.

15. Chemically chloride the uncrimped ends of the silver wires by dipping the ends into Clorox

bleach for 24 h.

2.5.6 Recipes

1. High-Mg?*/Low-Ca®" Microdissection Solution: 127.99 mM NaCl, 1.90 mM KCI, 6.5 mM
MgSO4-7H20, 0.85 mM CaCl,-2H0, 1.20 mM KH2PO4, 9.99 mM 68 Glucose, 26.04 mM
NaHCOz3. The pH is adjusted to 7.4 after saturation with gas (95% O3, 5% CO>) at room
temperature. The recommended volume to prepare for this protocol is 250 ml.

2. Artificial Cerebrospinal Solution (aCSF) for Electrophysiological Recordings, 127.99 mM
NaC, 1.90 mM KCl, 1.30 mM MgSO4-7H20, 2.40 mM CaClz-2H20, 1.20 mM KH2POs,
9.99 mM 68 glucose, 26.04 mM NaHCOs. The pH is adjusted to 7.4 after saturation with
gas (95% Oz, 5% CO3) at room temperature. aCSF may be buffered with HEPES or
bicarbonate. The recommended volume to prepare for this protocol is 500 ml.

3. Patch Electrode Solution: 140.0 mM K-gluconate, 11.0 mM EGTA, 10 mM HEPES, 1.32
mM CaCl. The pH is adjusted to 7.3 using KOH. Target osmolarity was 290 mOsm. In
most recordings (25/39 cells), a support solution was added consisting of 4.0 mM ATP and

1.0 mM GTP. The recommended volume to prepare for this protocol is 3 ml.

2.6 Conclusion
Despite their physiological importance, our understanding of the function of paravertebral

ganglia is based largely on work undertaken in larger mammalian models 5464176187 Greater
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understanding of the operational properties of SPNs have not benefited from powerful molecular
toolkits provided by molecular genetic approaches in mouse models *’”. Unlike in cervical and
lumbar chain ganglia, thoracic PostNs are situated in a protected paraspinal and subpleural
location on the ventral wall of the thoracic cavity. This makes in vivo electrophysiological
studies difficult and explains the need for ex vivo approaches 2>°48 Moreover, as the largely
transparent individual ganglia are very small (<200 pum in length) with the entire thoracic chain

being <2 cm, dissection for study is challenging.

We also developed the ex vivo preparation to enable whole-cell recordings of tPostNs for
assessment of membrane properties independent of impalement leak produced with sharp
microelectrodes. The results indicated that the membrane resistivity was an order of magnitude
higher than previously thought. This increase in resistivity was associated with enhanced
excitability, a greater intrinsic capacity for synaptic integration, and the ability to sustain firing

when measured during whole cell recordings 3.

To undertake whole-cell patch recordings, the chain is removed entirely from the vertebral
column using fine iridectomy microdissection scissors and glass probes 3. With this method, one
can investigate multisegmental preganglionic actions in tPostNs in mice 2°, including via
optogenetic recruitment of preganglionic cholinergic axons using ChAT-CHR2 mice . As
there are several genetically distinct populations of sympathetic preganglionic neurons 2017,
various cre-based driver approaches can be leveraged to study multisegmental actions arising
from different SPN populations. Capturing individual or population activity of genetically
distinct tPostNs is also possible with the use of cre-based reporters or genetically-encoded Ca?*

indicators 7. In summary, the described approach enables the use of mice for highly accessible



ex vivo studies for electrophysiology, calcium imaging, optogenetics, and pharmacology for

cellular and circuit studies on input-output relations of the thoracic paravertebral chain.
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3 Characteristics and Variability in SPN Axonal Conduction: Velocity, Myelination, and

Branching Patterns

3.1 Abstract
The thoracic paravertebral sympathetic chain contains axonal projections from spinal cholinergic

sympathetic preganglionic neurons (SPNs) that innervate postganglionic neurons and provide the
primary sympathetic control of vascular function in the trunk and upper extremity. SPN axons
extend across multiple paravertebral ganglia through an interganglionic nerve (IGN), offering

multisegmental convergent and divergent input to postganglionic neurons.

Our understanding of SPN connectivity in thoracic ganglia is derived from classical ex vivo
studies conducted at room temperature in guinea pigs. These studies involved stimulating SPN
axons in ventral roots (VRS) and recording responses from postganglionic neurons across
ganglia. Although it was previously assumed that axonal conduction across these projection

territories was reliable, this chapter questions that assumption.

Using an ex vivo approach in mice (discussed in Chapter 2), we first confirmed that SPN axons
projecting to the thoracic ganglia in mice have divergent projections like what is seen in other
species. We anterogradely labeled mid- to lower-thoracic SPN axons in adult mice exiting the T7
or T10 VR (n=4). The labeled axons showed rostro-caudal multisegmental divergent projections

spanning 10 segments and issued collaterals to form putative synapses in multiple ganglia.

Physiological studies then explored SPN axonal divergence by electrically recruiting their axons
in VRs from mid- to caudal-thoracic spinal segments while recording their conduction to
multiple ganglia along the chain. Obtained results confirmed axonal divergence across thoracic
sympathetic chain ganglia (n=4). The largest evoked compound action potentials (CAPs) were

typically recorded in the ganglia at the segment nearest to the stimulation site.
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After blocking synaptic transmission, we studied the conduction velocity of evoked SPN CAPs
in branching (IGN) and unbranching (splanchnic) axons. The T10 VR was stimulated, and the
evoked CAP response was recorded at two sites just caudal to the T12 ganglion: the IGN and the
adjacent splanchnic nerve. Both electrical (200pA, 500us) and optical stimuli (6.6mW/umz,
20ms pulse) recruited SPN axons across a range of conduction velocities (CVs) (IGN: electrical
[0.11-0.84 m/s] vs optical [0.10-1.08 m/s]; splanchnic: electrical [0.13-2.00 m/s] vs optical [0.11-
6.13 m/s]; n=7). Notably, branching axon conduction velocities fell exclusively within the range

for unmyelinated C-fibers.

To assess conduction reliability, we evaluated intertrial variability and observed significant
response variability indicative of conduction failures, challenging the assumption that SPN spike
propagation is reliable along its anatomical projections. When the evoked CAP was divided into
epochs based on CV, we found that slower-conducting axons in both IGN and splanchnic nerves
(n=7) showed higher coefficients of variation. We conclude that conduction failures must be
incorporated into our understanding of the factors governing the magnitude of population
encoded sympathetic drive to organ systems.

3.2 Introduction

SPNs are the final arbiters of CNS sympathetic output. SPN axons that project to paravertebral
ganglia branch issue divergent multisegmental projections on postganglionic neurons in
paravertebral sympathetic chain ganglia. Thoracic chain ganglia are intimately involved in the
modulation of stress, metabolism, blood distribution and thermoregulation . While thoracic
postganglionic neuronal populations are comprised of 5 genetically distinct adrenergic
subpopulations 7| little is known about their recruitment by SPNs, themselves comprising

populations of predominantly unmyelinated axons that are almost as genetically diverse as the
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hypothalamus #647, SPN axons enter paravertebral chain ganglia via the white ramus and branch
rostrocaudally across multiple paravertebral chain ganglia (see chapter 1 for more detail) *°.
Divergent projections from individual SPNs onto multiple postganglionic neurons provides a
mechanism for amplification of CNS sympathetic commands to the numerically much greater

postganglionic neurons (~200:1 in human & 14:1 in mouse) .

Approximately 99% of mouse SPN axons are unmyelinated with a mean diameter of 0.4 pm
(much smaller than human) and branching diameters as low as 0.1 um 3. Such small axons are
susceptible to activity-dependent hyperpolarization, conduction slowing and block ° '*. Their
small diameter may make them particularly sensitive to Na* channel inactivation **° and to
hyperpolarization by a [Na*]; sensitive metabolic rheostat provided by the a3-Na*/K* pump that
tracks activity history 18:1% and may regulate autonomic activity dynamics . Until now,

conduction failure has not been considered a feature of the SPN output modifiability *

While SPN axons effectively amplify CNS sympathetic commands through their divergent
projections, their branching architecture introduces a potential vulnerability. Axonal branch
points are susceptible to conduction failure due to the geometrical factors of the primary axon
and its branching collaterals. Therefore, various strategies are employed to control the safety
factor and ensure successful signal transmission ">%2. The presence of branch points can reduce
conduction velocity ®® where a sudden decrease in axon diameter causes a decrease in both
velocity and peak amplitude of the propagating spike °X. Conduction failure at branch point has

not been considered a feature of the SPN output modifiability 2.

This leads to the proposition that conduction along axons, including at axonal branches, may
represent an important yet unexplored aspect of presynaptic control in sympathetic output. We

explore whether spike conduction in SPN axons is reliable and hypothesize that propagation
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along unmyelinated axons represent a physiologically relevant and modifiable site of conduction
control, particularly across branch points °!. To determine whether conduction failures are more
prominent in branching axons we compare actions on SPN paravertebral branching axons
recorded across ganglia in the interganglionic nerve (IGN) to SPN unbranching axons that
project to prevertebral ganglia in the splanchnic nerve.

3.3 Materials and Equipment
3.3.1 Neurobiotin labeling to assess preganglionic divergence.

A ChAT-ChR2 mouse (driver line is ChAT-IRES-cre (JAX: 006410); reporter line is R26-ChR2-

eYFP (JAX: 012569)) was euthanized with urethane (0.2mL, 50% solution). The vertebral
column including ventral roots and sympathetic ganglia were dissected using the procedure
described in chapter 2.5. Prepared tissue was placed in a circulating bath with aCSF containing
(in mM): NaCl [127.99], KCI [1.90], MgSO4 -7H20 [1.30], CaCl2-2H20 [2.40], KH2PO4
[1.20], glucose [9.99], and NaHCO3 [26.04]. ACSF pH was adjusted to 7.4 after saturation with
gas (95%02, 5%C02) at room temperature. To obtain evidence of widespread SPN divergence,
we labelled SPN axons in the T7, T9 or T10 ventral roots with Neurobiotin dissolved in distilled
water (Vector Labs, 6%, RRID:SP110). This was loaded into an appropriately tapered glass
capillary tube to enable root suction of the cut-end of either the T10 or T7 ventral root and left
undisturbed for 6 hours at 22 °C. Subsequently, the preparation was removed from the perfusion
chamber and fixed in 4% paraformaldehyde (0.5M phosphate, 4% paraformaldehyde, NaOH) for
2 hours. After fixation, the paravertebral thoracic chain was immersed in 20% sucrose solution
and stored at 4°C. The sympathetic chain was subsequently isolated from stellate (T1 and T2) to

T12/13.
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The dissected chain was washed overnight in PBS with Triton (PBS-T) solution containing 20%
DMSO and 0.3% Triton-X. It was then placed in sealed vials filled with the same PBS-T solution
and incubated in a 37°C water bath overnight. To prevent any reaction of DMSO with oxygen,
we minimized air exposure in the vials. A foam float ensured the vial was completely submerged
in the water bath. This step was repeated using a second PBS-T solution (20% DMSO, 0.1%
Tween20, 0.1% Sodium Deoxycholate, 0.1% Tergitol, 0.3% Triton X 80%) with the same
precautions regarding air exposure. Next, the tissue was transferred to a third PBS-T solution
(20% DMSO, 0.3 M Glycine, 0.3% Triton X 80%) for three hours at 37°C in the water bath.
Following this, an overnight PBS-T wash and 3-4 subsequent hourly washes were performed to
fully remove any DMSO residue. The chain was subsequently incubated for 5-7 days with
ExtrAvidin Cy3 (Sigma, 1:000, RRID:E4142) and a primary antibody: chicken anti-Tyrosine
Hydroxylase (Abcam, 1:100, RRID:AB_76442). This tissue then underwent six one-hour washes
in PBS-T, followed by an overnight stay in the same solution followed by incubation for another
5-7 days in secondary antibody solution: Alexa 488 (Jackson Immunresearch, 1:100) and
ExtrAvidin Cy3 (1:1000). The tissue was then washed in PBS-T (5 x 1hr), then 50mM Tris-HCI
(2 x 1hr followed by 1 x overnight) then in 50mM Tris-HCI (2 hours) before mounting on
prepared glass slides (four dots of nail polish were applied to the slides to slightly elevate the

cover slip).

3.3.2 Myelin Basic Protein Stain and Channelrhodopsin/GFEP dual immunolabeling

A ChAT-ChR2 mouse (see previous section for line details) paravertebral chain with attached
roots was stained with rat anti myelin basic protein (Sigma, 1:50, MAB386) and chicken anti-
GFP (Abcam, 1:100, AB3970). Whole mounts were washed overnight in PBS-T then incubated

in primary antibodies for 3 days followed by wash in PBS-T (3 x 30 min). Tissue was incubated
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for 3 hours in a secondary antibody solution: Cy3 donkey anti-rat (Jackson Immunoresearch,,
1:250, RRID:712-165-153) and FITC anti-chicken (Jackson Immunoresearch, 1:100, RRID:703-
095-155). The tissue underwent a final wash in PBS-T (1 x 20 min) and 50mM Tris-HCI (2 x 20

min) before mounting on glass slides.

3.3.3 Assessment of axon counts and size.
A ChAT-TdTomato mouse (driver line is ChAT-IRES-cre (JAX: 006410); Reporter line is R26-

ChR2-eYFP (JAX: 024109)) was dissected according to the procedure described in chapter
3.3.1. The T7 white ramus and the interganglionic pathway rostral and caudal to all paravertebral
ganglia with Neurobiotin reaction were imaged for Neurobiotin-FITC on a Nikon Crest Spinning
Disk Confocal (60x objective, NA 1.49, optical resolution 232 nm, 0.108 microns/pixels X-Y,
0.150-micron Z-steps). Image stacks were deconvolved (Microvolution) and analyzed in FIJI for
manual axon counts (Tubeness, Reslice) and cross-section measurement (Stardist, Analyze
Particles) of Neurobiotin® axons. We analyzed 120 slices from each rostral-caudal tract for 3
IGN regions (T5-T4, T-6-T5, and T7-T6) to assess axon count, diameter, and number. The data
from these slices were averaged to obtain a measurement for each segment. This analysis was
conducted using FIJI software. To evaluate differences in diameter and CSA between IGN
segments, we employed one-way ANOV As followed by Dunn’s pairwise multiple comparison

procedures. Values are reported as mean * standard error (SEM).

3.3.4 Electrophysiology

See chapter 2.5 for detail on ex vivo dissection. In cases where collagenase treatment is
employed, the tissue is rinsed post-treatment before being secured in a perfusion dissection dish.
A meticulous dissection ensues, aimed at revealing the midline and preparing the tissue for

electrode placement. The vertebral column is bisected to expose the spinal cord, which is then
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carefully removed to isolate the desired nerves. The tissue is given a rest period of one hour in
the recording dish prior to electrode placement. We find the tissue maintains better health when
introduced to the bath at the same temperature at which recording will occur, or at the highest
temperature being tested if temperature is a variable in the experiments. The ganglia of the
paravertebral chain are made visible and suction electrodes are placed delicately to ensure stable
recordings. These recordings can be maintained for extended periods provided that the

oxygenation and temperature are kept stable.

3.3.5 Quantification and analysis of evoked SPN CAPs

Evoked SPN CAPs, were recorded following VR stimulation once every 60 seconds. Recorded
CAPs were divided into CV-subpopulations depending on latency of arrival from time of
stimulation. For each CV population, 10 episodes were rectified and integrated using Clampfit
software. At this point background noise was accounted for by subtracting an equal duration of
baseline noise to provide a singular, comprehensive measure of CAP size. All 10 episodes were
then averaged to ensure a more accurate representation of the CAP. Values are reported as mean
percent of baseline * standard error (SEM). If drugs were administered, student’s t-test was

employed to determine statistical significance in comparing drug conditions.

Statistical comparison of magnitude responses across preparations are complicated by various
limitations of extracellular recordings of CAP events. This includes: (1) CAPs reflect the arrival
of multiple extracellular spikes whose voltage waveform may differ in polarization leading to
summed values that are smaller than the total number of axons; (2) larger amplitude spikes will
have a more prominent contribution to overall calculated response; (3) recording quality and
electrode size may differ across preparations, both leading to differences in the total number of

axons sampled; and (4) observed variability in magnitude of evoked responses across
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populations may lead to overrepresentation of an individual experiment in the total amplitude of

evoked response.

3.3.6 Quantification of Coefficient of Variation

CAP subpopulations were classified according to their conduction velocities (see chapter 3.3.5).
For each subpopulation, we conducted an analysis of 30 episodes within a 30-minute timeframe.
All episodes underwent a process of rectification and integration, followed by a baseline
subtraction to minimize noise. The average rectified integral for each epoch was determined for
each CV category. The Coefficient of Variation (CoV) was then calculated, based on the average
value of each CV category. The results are presented as the mean CoV. To determine statistical
significance, we employed a one-way repeated measures ANOVA. For detailed pairwise
comparisons, a Bonferroni t-test post hoc analysis was utilized.

3.4 Results
3.4.1 Assessment of complete synaptic block

A critical aspect of our investigation into SPN axons is the ability to differentiate directly
recruited SPN axonal volleys from synaptically recruited postganglionic spiking activity. To
achieve this, we used hexamethonium (50 or 100 uM) to inhibit nicotinic ganglionic
transmission to isolate only SPN CAP spiking events. To confirm synaptic block, whole cell
recordings were obtained from postganglionic neurons having ongoing spontaneous synaptic
potentials (n=3). Hexamethonium (100 uM) eliminated or greatly depressed the amplitude of
observed synaptic events, shown as excitatory postsynaptic currents (EPSCs) or excitatory
postsynaptic potentials (EPSPs) in Figure 3.1A (Data from Dr. Celia Li). To further verify the
efficacy of hexamethonium in blocking recruited postganglionic neurons, we compared
responses to those observed following superfusion in a high-Mg?*/low-Ca?" solution previously

reported to block synaptic transmission®21%, As shown in Figure 3.1B, hexamethonium
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reduction in the evoked CAP response is on par with that of bath superfusion with the high-

Mg?*/low-Ca?* solution, further supporting use of hexamethonium to isolate the preganglionic

volley.
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Figure 3.1 Hexamethonium and high-Mg?* / low-Ca?* bath replacement has similar effects
on evoked response.

[A] Hexamethonium (100uM) blocks spontaneous synaptic activity in thoracic chain
postganglionic neurons. Synaptic block is shown in two separate neurons recorded as loss of
EPSCs in a voltage clamp recording (held at -90 mV) [A1] and EPSPs in a current clamp
recording [Az]. [B] Comparing synaptic blocking actions of hexamethonium (100 pM) to high-
Mg?* (6.5mM) / low-Ca?* (0.85mM) (HMLC) solution on amplitude of evoked response. At
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room temperature in artificial cerebrospinal fluid (aCSF), electrical stimulation was applied to
the T10 ventral root, with concurrent recordings taken from the T12 interganglionic and
splanchnic nerves (200A/500us once every minute). Superfused aCSF was replaced with a
high-Mg?* / low-Ca?* solution for a minimum duration of 30 minutes. Following this, the aCSF
was reintroduced into the bath. Subsequently, 100 M hexamethonium was administered to the
bath and allowed to perfuse for 30 minutes. [B1] Example showing hexamethonium and ionic
block of synaptic transmission which led to comparable reductions in evoked response. [Bz]
Hexamethonium and ionic block of synaptic transmission led to comparable reduction in evoked
responses. The rectified integral of the entire CAP was calculated and then compared against the
baseline values. The CAP of IGN SPNs reduced by 51.9 + 0.8% (p<0.001) in HMLC and 51.0 £
1.9% (p<0.001) in hexamethonium (n=4). CAP of splanchnic reduced by 34.4 + 18.1% (p<0.01)
and 41.6% 9 + 16.9% (p<0.01) (n=3). Paired T-tests were used to assess the significance of CAP
reduction from baseline. No significant differences were seen between synaptic blockers.

3.4.2 Recruitment profiles for SPN volleys

Experiments undertaken at 22°C first compared SPN axonal recruitment at multiple stimulus
strengths and duration using both electrical and optical stimuli on T10 ventral roots while
recording evoked responses; (i) in the IGN caudal to the T12 ganglia, and (ii) in the adjacent
splanchnic nerve (Figure 3.2). Although lower intensity electrical stimuli recruited responses
across a range of conduction velocities, there was preferential recruitment of faster conducting
events (Figure 3.2A). Conversely, lower intensity optical stimuli tended to first recruit slower
conducting events, consistent with past observations on ChAT-CHR?2 optical axonal recruitment
in order of size 8 (Figure 3.2B). Stimulation threshold was found to be ~50pA, 50us in the T12
IGN and splanchnic nerve recordings in most preparations with maximal recruitment typically
achieved at 200uA, 200us stimulation (n=5). To ensure supramaximal recruitment of slow-
conducting axons, electrical stimulation intensity for experiments in subsequent chapters was
kept at 200uA, 500us. While recruitment profiles using both anodal and cathodal stimulation
were made, anodal stimulation always provided the largest response and was therefore used for

all experiments in this thesis. Recruitment profiles were also compared at different optical
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intensities and durations (5, 10 and 20 ms durations are shown in Figure 3.2B). In 4/5
experiments, a duration of 20 ms optical stimulation was needed to maximally recruit SPN
populations at room temperature. Maximal recruitment was usually achieved at an optical
intensity of ~6.3mW/um? so 6.6mW/um? was used for physiology experiments to ensure

supramaximal recruitment with a 20 ms pulse duration.

To enable separate analysis of SPN axonal subpopulations, we divided the volley into
populations based on conduction velocity. However, with optical stimulation requiring durations
in the many millisecond range for complete recruitment, accurately pinpointing the onset of
recruitment becomes challenging (as demonstrated in Figure 3.2B2). Responses could not be
evoked by optical pulses shorter than 2ms (not shown). At a pulse width of 2ms, we initially
recruited slow-conducting axons. The recruitment of the fastest unit was first observed with a
12ms pulse, although it is uncertain whether a 10ms pulse could have recruited this axon due to
interference from the optical stimulus artifact. A peak response was typically achieved with a
20ms pulse. To obtain a consistent and comparable analysis of axonal recruitment between
optical and electrical stimuli, optimal alignment was achieved by aligning the onset of the

electrical stimulus artifact with a point 5 ms into the optical pulse.
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Figure 3.2 Recruitment of SPN axons with graded electrical and optical stimulation

Shown are evoked responses following stimulation of the T10 ventral root with concomitant
recordings in T12 IGN and splanchnic nerves. [A] Responses to electrical stimulation at different
intensities in one animal are shown as 3 overlapping events delivered 60 seconds apart.
Stimulation below 50uA, 50us recruited no SPNs in 6/6 animals for both IGN and splanchnic
nerves. Supramaximal recruitment was usually achieved at a simulation intensity of 200uA,
500us for both nerve-types (n=6). Traces in red represent stimulation intensities used in the
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thesis unless otherwise stated. [B] Single episodes are shown following optical stimulation
delivered for 5, 10, and 20ms the latter of which was previously determined to be the lowest
optical stimulation duration to achieve maximal response. Traces in red represent stimulation
intensities used in the thesis unless otherwise stated.

3.4.1 Anatomical assessment of CNS preganglionic (SPN) axon composition and projections.

3.4.1.1 SPN projections issue complex multi-segmental branching patterns into thoracic chain

ganglia.

We utilized Neurobiotin intra-axonal labeling from ventral roots to understand the anatomical
structure and projections of axons from mid to caudal thoracic spinal segments. While there was
variability in distance associated with successful fills, several examples showed considerable
rostrocaudal divergent projections (Figure 3.3A-B). Divergent projections are seen across many
segments rostrally and caudally and reveal the structural intricacies of branching within the
sympathetic ganglia (Figure 3.3B). Counts were made of axons entering and exiting across two
rostral and one caudal ganglia segment in animal shown in Figure 3.3B (Table 3.1). Notably,
many SPNs issued diverging rostrocaudal collaterals after exiting the T7 white ramus, seen as T-
shaped branch points (Fig 3.3B2). Of the 165 SPN axons labeled in the T7 ramus, 109 axons
projected rostrally into the T7-T6 interganglionic nerve (IGN), while 143 axons projected
caudally into the T7-T8 IGN, indicating that most T7 axons bifurcated for rostrocaudal
projections at this point (Figure 3.4B). This is in sharp contrast to a study on projections from T7
in embryonic rat that reported only 3% of axons bifurcate while the other axons only project
rostrally or caudally 3'. We observed that rostral axonal projections include those that bypass the
ganglia without entering and those that enter the ganglia to issue putative synapses. At least some
of these axons can be seen to project rostrally back into the IGN. That greater numbers of
rostrally projecting axons were seen exiting than entering both the T6 and T5 ganglia suggest

that branching has occurred within these ganglia (Figure 3.3). Note that axon counts were always
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lower in the IGN distal relative to proximal from injection site. This is consistent with distance
dependent loss of Neurobiotin label in many axons and, if true the increased axon numbers
across ganglia indicative of branching is likely to be considerably underestimated. Alternately, it
is possible that many axons end blindly within the IGN. In comparison, caudally-projecting
axons appear to have fewer axons entering the ganglion (T8) and had overall fewer axons exiting
distally. This observed decrease could be indicative of either the termination of SPN axons at the
T8 level or a progressive loss of Neurobiotin labeling with increased distance. The many axons
that clearly bypass T8 identify them as unbranching axons projecting to the splanchnic nerve

(Fig 3.2B1; Table 3.1).

In most physiological experiments described in this thesis, the focus was on the recruitment of
SPN axons at the T10 ventral root. Recordings were primarily conducted from the IGN caudal to
the T12 ganglion and from the splanchnic nerve adjacent to it. Complementing these
physiological studies, anatomical examinations using Neurobiotin labeling of SPN axons from
the T10 ventral root corroborated the SPN trajectories explored in this research, as depicted in

Figure 3.5.
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Figure 3.3 Thoracic SPN axons originating at the T7 spinal segment have broad multi-
segmental divergent projections with multiple branching patterns.
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T7 SPN axons were labeled with Neurobiotin after diffusion from the T7 ventral root (n=2). [A]
Divergent rostral- and caudal-going NB* labeling (red) can be seen along the length of the
thoracic chain ganglia containing TH* postganglionic neurons (green). [B1] In another mouse
NB™ labeling is seen along T3-T8 chain ganglia and in the splanchnic nerve [T9-12 ganglia are
missing]. [B2] T7 SPN axons form a ‘T’ shaped branch point junction. [B3] Many T6 and T5
axons issue collaterals to form putative synapses before projecting to further rostral sites. Far
fewer axons remain at T4. [B4] Most SPN axons that travel caudally are unbranching and may
contribute to the splanchnic nerve which predominantly innervates the celiac ganglion. In panels
B..4, caudal direction is shown by a black arrow.
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TSR 65 +41% *
120 T5 ganglion
T6 T5C 46 -62%
T6R 120 +74% *
69 T6 ganglion
| 0o T6C 69 37%
TE=os (LR Ll
43 T7 ganglion 165 Axons in the T7 White Ramus
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Figure 3.4 SPN axon counts in IGN segments rostral and caudal to ganglia show high
degree of variation.

This figure presents neurobiotin-labeled axons originating from the T7 ventral root and their
branching patterns at T7, T6, and T5 ganglia. [A] Schematic of degree of branching indicated by
increased counts of labeled axons exiting compared to those entering the rostral ganglia
(asterisks). That there is also a distance-dependent reduction in axonal labeling may be caused by
incomplete labeling of many axonal projections. [B] Table exemplifies degree of branching by
calculating percent change in axon counts as labeling traverses a ganglion or IGN segment. Gray
boxes depict segment of Neurobiotin labeling.
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Figure 3.5 Neurobiotin diffusion at T10 ventral root labels rostral and caudal going SPN
axons.

[A1] Neurobiotin labeling of the T10 ventral root reveals axons extending toward the T12
interganglionic nerve (IGN). [Az] A detailed view of the T10 ganglion highlights collateral
branches of SPN axons within the ganglion. [B1] In a separate specimen, Neurobiotin labeling of
the T10 ventral root illustrates SPN axons projecting both rostrally to T8 and caudally to T12
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IGN. Notably, the caudal projection is seen extending to the T12 IGN and the splanchnic nerve.
[B2] A closer examination of the T12 region reveals Neurobiotin-labeled SPN axons passing
through the T12 ganglion with comparatively fewer branches, likely due to their projection
toward the splanchnic nerve.

To determine whether axon size, namely cross-sectional area (CSA) or diameters change as the
axon is measured further from the segment of SPN entry into the sympathetic chain, we
conducted a population analysis by looking at cross sections of axons along the interganglionic
pathway between T7-T6, T6-T5 and T5-T4 in one animal (figure 3.6) (Data from Dr. Alan
Sokoloff). The observed increase in axon counts further from the diffusion site (T7-T6: 73.2 £
0.3, T6-T5: 64.4 £ 0.7, T5-T4: 110 * 2.0, P<0.001) suggests enhanced axonal branching.
Additionally, a slight decrease in cross-sectional area from T7-T6 (0.6 um?2 £ 0.06) to T6-T5 and
T5-T4 (0.50 um2 £ 0.07, p<0.01) indicates similar, but statistically different axon sizes between

segments.
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Figure 3.6 As axon branching increases, diameter and CSA reduce further from NB
diffusion site.

[A] Experiment schematic showing NB diffusion at the T7 ventral root. For all graphs, cross
sections of the IGN between ganglia (red) were measured for axon count, mean cross sectional
area and mean diameter of axons. [B] Progressive increase in number of axons counted away
from diffusion site suggests more axonal branching. Axon counts are as follow: T7-T6 (73.2 £
0.3), T6-T5 (64.4 + 0.07), T5-T4 (110 £ 2.0) (P<0.001). [C] Cross sectional area of T6-T5 and
T5-T4 (0.50 pm? + 0.07) are smaller than T7-T6 (0.6 pm?+ 0.6) (p<0.01) would suggest axon
size reduces within the first IGN segment [D] Differences were seen in diameter between T7-T6
(1.1 pm £ 0.04) and T4-T5 (1.0 pm = 0.04). One-way ANOVAs were used to assess significance.
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3.4.1.2 Myelinated and unmyelinated axon composition

The anatomical and physiological characteristics of spinal cord SPNs in the mouse paravertebral
thoracic chain's branching patterns remain largely unexplored. This thesis aims to delve into the
factors that influence the conduction of SPN spikes across segmental ganglia, and in support of
this goal, we present studies that explore the anatomical and physiological underpinnings
relevant to our research focus. Previous reports have indicated that in the superior cervical
ganglion”, about 99% of mouse paravertebral SPN axons are unmyelinated. Our research,
utilizing ChAT-YFP transgenic mice to highlight cholinergic axons, confirms a similar
composition in the thoracic SPNs of mice. Immunostaining for myelin basic protein allowed us
to identify four myelinated axons within the white commissure (refer to Figure 3.7).
Additionally, high-resolution axon counts in another mouse estimated a total of 165 axons
(shown in Figure 3.6), suggesting that approximately 2.4% of these axons are myelinated. This
discovery of a minor population of myelinated axons aligns with electrophysiological findings,
indicating that a few axons exhibit conduction velocities consistent with those of slowly

conducting myelinated axons.

A

Figure 3.7 Thoracic SPN axons are predominantly thin and unmyelinated.
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The composition of SPN axons is primarily characterized by thin-diameter, unmyelinated fibers.
[A] The ChAT-YFP mouse reveals both unmyelinated (displayed in green) and myelinated SPN
axons within the white ramus, the latter being identified with immunolabeling for myelin basic
protein (MBP; red). [B1] Confocal scan of the white ramus, showing both myelinated (red stars)
and unmyelinated axons. [Bz2] The yellow line in [B1] demarcates the cross-sectional area of the
ramus displayed in this panel, where myelinated axons are encircled in red.

3.4.1.3 Recording divergence and convergence patterns using optogenetic recruitment of CNS

preganglionic (SPN) axons

To demonstrate the functional capacity of observed multisegmental SPN axonal projections we
undertook electrophysiological studies on axonal divergence and convergence across the thoracic
sympathetic chain originating from several mid- to caudal- thoracic spinal segments. SPNs were
recruited via optogenetic stimulation (ChAT-ChR2 mice) in thoracic ventral roots, while CAPs
194 were recorded via electrodes suctioned directly onto various thoracic chain ganglia. Evoked
responses in ganglia were predominantly due to recruitment of postganglionic neurons as
separate experiments undertaken with hexamethonium had greatly reduced these responses
(Figure 3.1). In our experiments conducted at room temperature, it was evident that SPN axons
originating from various thoracic ventral roots exhibited patterns of both convergence and
divergence across multiple ganglia (Figure 3.8A). Notably, the largest CAPs generally occurred
in the nearest ganglia. The T12 ganglion consistently received convergent input from all rostral
segments up to T6 (n=4/4), while convergence from further rostral segments was not consistent
(T5 — n=3/4; T3 — n=1/4; Figure 3.8A-B). This distribution is consistent with that previous
reported in guinea pig %. Overall, these results demonstrate that SPN axons project to influence

multiple segments and can establish divergent connections to multiple ganglia.
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Figure 3.8 Observation of multisegmental convergence and divergence in thoracic SPN
axons.

[A1] This experimental schematic depicts optical stimulation (6.6mW/um?2, 20 ms pulse,
represented by blue dots) applied to the mid to lower thoracic ventral roots. En passant ganglia
recordings were performed using glass suction electrodes (illustrated in red), capturing the direct
recruitment of SPN axons and an EPSP, without the use of hexamethonium to inhibit synaptic
transmission. [Az] Displayed are three overlapping episodes from optical stimulation
experiments. The traces in red indicate stimulation of the same segment, typically exhibiting the
largest responses (n=1) [B] This map details the convergence and divergence patterns observed
in a different animal, recorded using supramaximal electrical stimulation (1ms, 1mA). Like
figure Az, this map shows the highest CAP was seen at or adjacent to segment of stimulation.
Similar experiments were conducted on 4 animals.

3.4.1.4 Identification of axon populations by conduction velocity.

All studies on the conduction velocities of SPN axonal populations were undertaken at

supramaximal stimulation of T10 ventral roots following block of synaptic transmission with
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hexamethonium (See Figure 3.2) while independently recording from the IGN caudal to the T12
ganglia (i.e. across 3 ganglia) and the adjacent splanchnic nerve of the same length. The
splanchnic nerve is composed of unbranching SPN axons that project to prevertebral ganglia. As
such it provides comparison of spike conduction properties to branching IGN axons, as well as
insight into possible functional differences SPNs innervation para- vs pre-vertebral ganglia. The
measured distance from the T10 ventral root to the splanchnic or IGN was determined to be
5mm. Conduction velocities (CV) for electrically and optically stimulated SPNs were determined
at 22°C (n=7). This was achieved by calculating the CV of the earliest and latest units arriving in
the CAP, as detailed in Table 3.3. Conduction velocity for electrically stimulated responses was
determined by calculating the latency from the end of the stimulus artifact to the onset of the
compound action potential (CAP), and then dividing this value by the distance of 5 mm. For
optically stimulated responses, the CV was assessed by measuring the latency from 5 ms into the
20 ms optical pulse to the onset of CAP. This method was based on an analysis aimed at
optimally aligning the characteristics of optical and electrical CAPs, as depicted in Figure 3.2C.
Whether stimulated optically or electrically, the splanchnic nerve possesses fibers that conduct at
faster velocities compared to those in the IGN, but also contain axons of slower CVs seen in the

IGN (Table 3.3).

Table 3.1 Conduction velocity range of thoracic SPN axons in mouse.

Electrically Evoked Optically Evoked
22°C
Interganglionic Nerve | 0.11-0.84 0.10-1.08
Splanchnic Nerve 0.13-2.00 0.11-6.13
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3.4.2 Evoked response fidelity is high in the fastest axons whereas the slowest axons have
high response variability indicative of high rates of conduction failures.

Considering the incredibly fine diameters of SPN axons and their extensive branch patterns, we
hypothesized that the conduction in SPN axons would be vulnerable to propagations failures,
contrary to the previously assumed viewpoint of reliable conduction. To investigate this, we first
recruited SPN axons using supramaximal electrical and optical stimuli alternating every 30
seconds so that each stimulus type was delivered every minute, for a duration of 40 minutes.
These axons were then observed at either the caudal-end of the T12 ganglion (T12 IGN) or the
splanchnic nerve emerging from the T12 ganglion, all under room temperature conditions (as
illustrated in Figure 3.9A). Over this period, our data showed that SPNs in both splanchnic and
IGN have greater intertrial response variability in slower conducting responses (see shaded bars

in Figure 3.9B).

To further identify the fibers linked to the time-variant loss and emergence of SPN conduction,
we divided the evoked CAP into four categories separated by conduction velocity. These
categories align with conduction velocities previously identified with specific afferent fiber types
at room temperature’’. The fasted fibers are likely to be lightly myelinated, possessing
conduction velocities resembling those of Ad fibers (0.8< m/s). Notably, these fibers appear
exclusively in splanchnic nerve recordings, with an absence in IGN recordings. The other three
CV classifications probably represent thin, unmyelinated axons, fitting within the C-fiber
conduction speed range. C-Fibers are evident in both splanchnic and IGN recordings (refer to
Figure 3.3C-D). To assess whether differences are seen within the C-fiber class, we divided the
C-fiber component of the CAP into 3 epochs and labelled them as fast C-fibers (0.3-0.8m/s),

slow C-fibers (0.17-0.3m/s), and extra-slow C-fibers (0.10-0.17m/s).
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We compared variability in the rectified integral CAP amplitude responses across these fiber
types, gathered every minute over 30 minutes. Figure 3.9C plots percent change from mean
across time for each fiber in the experiment. Note that there is much greater time-dependent
variability in the later arriving fiber types. The variability in fiber type responses between T12
IGN and splanchnic nerves is illustrated through histograms in two separate experiments,
showcasing the diversity in percent change from the mean and the similarity in distribution

across different animals (Figure 3.9C2).

To assess how consistent differences in variability across nerve fiber types were seen, inter-
animal variability was compared as the coefficient of variation (CoV) across fiber types in 7
mice (Table 3.2). We observed a trend where all components of the CAP exhibited deviations
from the mean, with increasing CoV values correlating with decreasing conduction velocity. This
pattern was consistently observed in both splanchnic and IGN axons. Post-hoc analysis showed
that C-fibers exhibited higher coefficients of variation (CoV), with notable distinctions between

extra-slow fibers and all other groups within the splanchnic nerves, as well as between extra-
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Figure 3.9 Spontaneous conduction block and emergence is seen in all fiber types.

[A1] Experimental setup and the recording of CAPs from converging SPN axons at T11 IGN,
originating from T7, T8, and T9 ventral roots. It demonstrates that the evoked responses are
larger when the stimulation site is closer to the recording site, with stimuli delivered every 1/30
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seconds. Notably, the red asterisks indicate instances where spontaneous changes in conduction
were observed over a two-hour period. [A2] Shown is a raster plot of individual CAP records
following T9 VR stimulation at one-minute intervals for 45 minutes (episodes are ordered
chronologically from top to bottom). The emergence of two larger early units with progressively
earlier latency is highlighted, suggesting increased conduction security (purple and orange
underlining). Other emergent or lost events are marked in pink or green, with the high variability
in the later arriving unmyelinated axons (blue shaded region) impeding individual assessment but
quantifiable through rectified integral comparisons. [B] a raster of 10 episodes recorded at 1/90
seconds, this panel illustrates the ongoing emergence of conduction variability in IGN and
splanchnic nerve across different stimulation methods. The time-dependent changes in
conduction are more prevalent in slow-conducting axons (blue boxes) compared to fast-
conducting ones (red boxes). [C1] Showcase of CAPs recorded with electrical stimulation,
divided into epochs based on conduction velocity. Ten superimposed episodes illustrate the
increased jitter between episodes as conduction velocities decrease. A-6 fibers, exclusive to the
splanchnic nerve, are shown. Time-series plots from one animal demonstrate CAP rectified
integral variations from the mean over 30 minutes. [C2] This panel presents histograms plotting
the percentage change from the mean in two different animals, highlighting the variability across
fiber types. Inter-animal variability is commonly noted, with extra-slow C fibers typically
showing the largest percentage change from the mean. The conditions include 100uM
Hexamethonium in the bath and varying stimulation parameters as noted for each panel, with the
onset of a 20ms optical pulse marked by a blue dotted line.

Table 3.2 Inter-animal variability and coefficient of variation across fiber types

The coefficient of variance was calculated for all fiber types by dividing the standard deviation
by mean (n=7). Mean CoVs were calculated (n=6) and show highest variance in extra-slow C
Note: All CAPs were recruited supramaximally (200uA/500us for electrical) at 22°C. Statistical
significance for the (CoV) was determined using t-tests, comparing each CoV value to the
overall mean CoV (**p<0.05, **p<0.01, ***p<0.001).

Splanchnic IGN
Ad C-Fiber C-Fiber
CoV (%) Fast | Slow | Xslow Fast | Slow | Xslow
Animal 1 2.4 5.1 15.1 23.3 6.1 6.5 54
Animal 2 5.7 53 8.0 18.2 7.1 4.8 17.6
Animal 3| 104 3.6 13.2 18.4 12.5 6.6 19.7

Animal 4 5.8 14.1 11.3 15.2 15.8 11.3 10.8
Animal 5 3.5 11.7 12.0 13.2 9.9 8.4 15.0
Animal 6 | 18.0 13.0 15.6 29.1 25.6 25.7 48.0
Animal 7 - - 23.7 - 12.9 7.5 11.9
Mean CoV (%) | 7.6* 8.8** 14.1*** 19.6*%** | 12.8** 10.1*** 18.4***
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3.5 Discussion
3.5.1 Mouse thoracic SPN axons exhibit broad divergence and are largely unmyelinated.

3.5.1.1 SPN axons exhibit widespread divergence.

Our study utilized Neurobiotin intra-axonal labeling from ventral roots to explore the anatomical
projections of SPN axons in mice. We observed extensive divergent projections both rostrally
and caudally, with most SPNs forming bifurcations at the T7 white ramus for rostrocaudal
projections. This divergence appears more pronounced than previously reported in guinea pig >
and rat 3L, Though the magnitude of pre- to postganglionic neuron ratios that are often used for
estimates of SPN divergence 1%, it is clear that magnitude of observed anatomical divergence
and the reliability of spike propagation along its divergent projections represent important
variables in the recruitment of postganglionic activity and these variables may differ between the

ganglia studied, individual animals, by sex, developmental stage, and between species.

We observed all three kinds of SPN axonal branches previously described outside of the spinal
cord: terminal branches close to postganglionic soma; bifurcating branches within autonomic
nerves remote from their targets 1°¢; and collateral (en passant) branches distributing to several
ganglia of the sympathetic chain >®°. Our anatomical labeling of T7 SPN axons revealed intricate
branching patterns within the thoracic chain ganglia with notable "T' shaped branch points within
the T7 ganglia to enable rostral and caudal projections. Analysis of rostral projections show that
many axons branched to form synapses at T6 and T5 before continuing rostrally with a
significant decrease in axon number observed by T4. Axon counts and cross-sectional area
measurements showed increased branching and reduction in axon size along the interganglionic

pathway.
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Our electrophysiological studies revealed that SPN axons, originating from mid- to caudal-
thoracic spinal segments, demonstrate significant multisegmental convergence and divergence
across the thoracic sympathetic chain as demonstrated previously in guinea pig 2. Notably, the
T12 ganglion showed convergence from segments rostral to T12 up to T6 consistently, but this
pattern varied above T6. Our finding that SPN axons influence multiple segments through
divergent connections to ganglia, with the largest CAPs typically observed in the nearest ganglia

is consistent with previous reports in guinea pig thoracic ganglia °.

Consistent with previous reports in superior cervical ganglia ", SPNs in the mouse paravertebral
thoracic chain were shown to be overwhelmingly unmyelinated, with only a small number of
myelinated axons present. This was consistent with the predominantly C fiber conduction
velocity measures obtained in SPN axons recorded in splanchnic (unbranching) and IGN
(includes branching) axons. Both IGN and splanchnic had a comparable range of slower
conducting axons whose velocities were consistent with those of unmyelinated C-fiber axons,

while only the splanchnic nerve contained faster conducting axons consistent with AS fibers 7.

3.5.2 At room temperature, variability of SPN conduction correlates to conduction velocity

When single evoked responses were delivered at 60-second intervals, the myelinated and fastest
conducting unmyelinated responses remained largely consistent, while the slower/extra-slow C-

fibers had significantly greater variability.

It was unexpected to discover that slower conducting axons demonstrated variability in response
at room temperature, a condition under which we would anticipate more consistent spike
conduction owing to a presumed higher safety factor'®® . Furthermore, splanchnic SPNs, which
do not have branching axons, also show a similar degree of variability as seen in slow

conducting axons. This suggests that fiber diameter, rather than branching, may be the primary
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factor influencing physical constraints on spike propagation. Alternately, recordings obtained
from the T12 IGN may also be largely comprised of unbranching axons. This latter possibility is
unlikely as Neurobiotin labeling of SPNs in the T10 VR demonstrated that caudally-directed

axons included branching axons.

3.5.2.1 Conduction variability

It has been assumed that once an SPN was activated in the spinal cord, spike conduction along
the axon is reliable with consequent actions on postganglionic neurons (via the n+1 rule) being
robust and reproducible **®, but this may be influenced by the experimental approach. The only
other study that assessed divergence and actions across thoracic ganglia undertook studies at
reduced (room) temperature 2, having larger and wider spikes'®®, expected to increase safety
factor for spike propagation including at branch points. Conduction was likely additionally
improved due to a decrease in the temperature-sensitive KoP TREK-1 Kjeak conductance, leading

to increased membrane resistivity and depolarization.

Given the remarkably thin diameters and complex branching patterns of SPN axons, it is
reasonable to consider that the conduction through SPN axons may be more variable than
previously believed. We speculate that spikes within these small-diameter SPN axons travel with
low safety above the threshold level, precariously close to failing — meaning that minor changes
in channel dynamics along the axon could impact conduction. Additionally, the branching nature
of SPN axons further contributes to the reduced reliability of SPN spike propagation,
underscoring the low safety factor inherent in the system. Indeed we observed considerable
variability in conduction, consistent with this view. Assuming high conduction failure rates are a
prominent feature of SPN axons, it suggests that sympathetic drive is encoded by alterations in

net population activity, a feature explored in more details in subsequent chapters.
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3.5.3 Differential recruitment of SPN axons by electrical and optical stimulation

We observed distinct patterns of SPN axonal recruitment when using both electrical and optical
stimuli on T10 ventral roots. Electrical stimuli were found to preferentially recruit faster
conducting events, while optical stimuli favored slower conducting events. A stimulation
threshold was identified at approximately 50pA, 50us for T12 IGN and splanchnic nerve
recordings, with maximal recruitment typically achieved at 200pA, 200us. For optical
stimulation, a pulse duration of 20 ms at an intensity of around 6.3mW/umz2 was necessary for

maximal recruitment.

As depicted in Figure 3.2, we indeed found that optical stimulation can recruit slower conducting
axons first. Although it's evident that SPN axons recruited via optical means exhibit comparable
arrival times compared to those recruited electrically, determining the precise conduction
velocities of the optically recruited SPN populations remains challenging. The extended duration
of the stimulation pulse hinders accurate measurement of the exact moment of axon recruitment.
To enhance the accuracy of comparisons between optical and electrical responses, additional
experiments focusing on measuring optical duration are essential. Recognizing the unique
differences in axon populations activated by each method, we designed our experiments in this
thesis to include both optically and electrically recruited SPNs, employing supramaximal

recruitment strategies to ensure all SPN populations are captured for analysis.

The preferential recruitment of slow-conducting axons in response to optical stimulation can be
attributed not only to the extended axonal activation times provided by optical pulses but also to
differences in axonal structure. In peripheral nerves, unmyelinated axons, typically of smaller
diameter, show increased responsiveness to optogenetic activation *°. On the other hand,

electrical stimulation is less effective in these smaller, unmyelinated axons due to their lack of
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myelin and distinct biophysical properties 2%. It has been shown that in ChAT-CHR2 mice
optical stimuli recruit the slowest conducting axons first in contrast to electrical stimulation
which recruits in reverse side order 1%,

3.6 Conclusions

These results provide significant insights into the complexities of SPN axon pathways and their
conduction properties. Our findings from Neurobiotin labeling of SPN axons from individual
spinal segments (ventral roots) reveal that these axons branch off from spinal segments and
innervate multiple ganglia within the paravertebral chain, indicating a complex network where a
single ganglion may receive inputs from numerous thoracic spinal segments. Projections were
more extensive than previously reports on multisegmental divergence by electrophysiological
studies in guinea pig. Overall, mouse SPN axons were shown to have an extensive network of

projections across numerous thoracic ganglia.

Measured conduction velocities of SPN axons range from those comparable to slow Ad fibers to
the much slower C-fibers, consistent with our observations that SPN axons possess extremely
fine diameters, measuring around 0.1 micrometers. The combination of such slender axonal
diameters with branching morphologies significantly raises the potential for conduction block.
Indeed, slower-conducting axons displayed more variability in response at room temperature
indicative of multi-axon conduction failures, despite the expectation of more reliable spike
conduction at reduced temperature. It supports a view of distance-dependent spike conduction
failures and the possibility of branch points as potential sites of failure and neuromodulatory
control 7292, The comparison between splanchnic and IGN axons further emphasizes this point,

revealing how physical attributes of axons can impact their conduction efficiency and reliability.
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Additionally, the use of both optical and electrical stimulation to preferentially recruit distinct

SPN axons introduces a novel approach to explore differences in action of SPN subpopulations.
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4 SPN sensitivity to temperature and frequency

4.1 Abstract

This chapter focuses on the temperature and activation history dependent changes in population
evoked SPN axonal responses recorded in the T12 IGN and splanchnic nerves following
supramaximal recruitment of their axons from the T10 ventral root. To compare temperature
dependent effects in population recruitment, we scaled evoked response amplitude and duration
between 22° and 36°C. We observed that electrically-evoked response magnitude was
significantly reduced at 36°C in both faster- and slower-conducting axons from both nerves.
Slower-conducting axons of the IGN were the most profoundly depressed. Optically-evoked

responses were commonly completely blocked at 36°C.

To compare the effect of activation history on response magnitude, conditioning stimulus trains
(2 or 20s duration) were delivered at a range of physiological frequencies (5, 10 and 20 Hz)
beginning 1s after a baseline response. At 22°C and 5Hz, electrically-evoked responses were
significantly depressed in the slower-conducting axons of the IGN with a similar trend seen in
splanchnic axons. Optical stimulation led to more profound depression of slower-conducting
responses in the IGN while depressing both faster- and slower conducting responses in the
splanchnic nerve. At 36°C and 5Hz, electrically evoked responses did not undergo depression,
but at 20Hz faster-conducting axons were depressed in both nerves. The absence of depressive
effect on slower-conducting responses may relate to their prior temperature-dependent block.
Longer-duration trains (20s) led to greater response depression at 22°C and post-train facilitation
at 36°C. Overall, these findings not only contribute to our understanding of the impact of
temperature and activation history on SPN axonal conduction but also open avenues for

exploring unique sensitivities of distinct axonal populations.
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4.2 Introduction
SPN axons in mouse are overwhelmingly unmyelinated’®, and unmyelinated axons are very
sensitive to temperature (T°) increases that can lead to conduction block 892202, The mechanism
by which high T° elicits conduction failures includes reduction in spike width and amplitude ,
Conversely, it may be expected that a lower T° reduces conduction failures by increasing spike
amplitude and duration, as may also be accomplished with block of potassium (K*) currents
63201 Te sensitive differences are particularly relevant to our understanding of transmission
across SPN branch points as prior thoracic chain recordings of multisegmental actions were

undertaken ex vivo at room temperature 2°-27:54202,

It is thought that preganglionic signals are distributed widely through paravertebral ganglia with
little modification 3. Yet elsewhere, axonal branch points are prone to conduction failure and are
under modulatory control ">%2, Almost all (99%) mouse paravertebral SPN axons are
unmyelinated with mean diameter of 0.4 um and branch diameters can be as low as 0.1 um 2.
One prominent feature of unmyelinated axons is frequency-dependent hyperpolarization,
conduction slowing and block 70-148:149.203204 | the absence of ability to record from individual
axons, differences in population changes in activity may deepen our understanding of the rules
governing population circuit dynamics. Further insight may be derived from realistic
computational modeling of factors contributing to conduction failures in individual axons. This
includes: (a) T°-, frequency-, and history-dependent mechanisms, (b) geometry changes
including those seen at axonal branch points, and (c) behavioral state-dependent gain modulation
in continuously active SPNs (e.g. baroreflex ) or in unique groups of accessory SPNs (e.g.

during conditions of stress 442%),
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This study focuses on SPNs innervating paravertebral thoracic chain ganglia. We developed an
ex vivo adult mouse that has access to thoracic sympathetic chain with intact ventral roots and
enables T°- and activity-dependent assessment of SPN conduction using electrical and optical
stimulation of the ventral roots. To identify white ramus myelinated and unmyelinated
cholinergic SPNs we used ChAT™ transgenic mice and observed the expected low incidence of
larger diameter myelinated axons. We assert that control of conduction along SPN
multisegmental axonal branches is an overlooked but important physiologically modifiable
presynaptic feature in output control.

4.3 Methods
4.3.1 Multisegmental ex vivo paravertebral preparation

Adult (8 weeks+) C57BI/6 mice of both sexes were anesthetized with ketamine (100mg/kg) and
xylazine (10mg/kg) mix by intraperitoneal injection, following light anesthetization in an
isoflurane chamber. The thoracic vertebral column and adjacent ribs are excised and transferred
to a Sylgaard dish containing ice cold, oxygenated (95% O2/ 5% CO;) high-Mg?*/low-Ca?*
artificial cerebral spinal fluid (aCSF) containing (in mM), [NaCl 128, KCI 1.9, MgS04 13.3,
CaCl2 1.1, KH2PO4 1.2, glucose 10, NaHCO3 26]. Following a complete laminectomy and
vertebrectomy, the spinal cord (SC) and dorsal roots (DR) are exposed and removed. The
remaining thoracic chain ganglia, in continuity with communicating rami, spinal nerves and
ventral roots are cleaned of excess fat and muscle. The tissue is transferred to a Sylgaard
recording chamber superfused with oxygenated aCSF containing (in mM), [NaCl 128, KCI 1.9,
MgS04 1.3, CaCl> 2.4, KH2PO4 1.2, glucose 10, NaHCO3 26], at “40ml/minute at 28C and

allowed to rest for 1 hour.
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4.3.2 Electrophysiology

Temperature and activity-dependence experiments: Glass recording electrodes were placed on

the caudal cut ends of the T12 ganglion, splanchnic nerve, and rostral cut-end of the T5 ganglion
for temperature and frequency studies. Glass suction recording electrodes were positioned on
thoracic ventral roots for stimulation (200-250 um tip diameter). Optogenetic stimulation was
performed using calibrated Clampex-controlled laser diode boxes built by lab engineer Bill
Goolsby (voltage range 1-5V corresponding to 0-1500mW). ThorLabs M61L01 fiber optic
cables (105 um, 0.22 NA) were used in all experiments. For temperature experiments, bath
temperature was maintained at 36°C by a Peltier device (built in-house by Mr. Bill Goolsby)
prior to start of experiment. During the experiment, the bath was cooled at regular intervals to
assess temperature-dependent changes in preganglionic conductance. The tissue was allowed to
stabilize for at least 15 minutes before data acquisition. For activity dependent experiments, bath
temperature was maintained at 28C unless otherwise stated. All recorded data were digitized at
50 kHz (Digidata 1322A 16 Bit DAQ, Molecular Devices, U.S.A.) with pClamp acquisition
software (v. 10.7 Molecular Devices). Recorded signals were amplified (5000x) and low pass

filtered at 3 kHz using in-house amplifiers.

4.3.3 Pharmacology
As recordings of population axonal spiking could include synaptically-mediated responses, we

block synaptic activity, either with the nAChR receptor antagonist hexamethonium bromide (100
uM) 2% Application of pancuronium bromide was used to block activity of the intercostal

muscle.

4.3.4 Analysis
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For detailed methodology on CAP quantification, see Section 3.3.2. In the analysis of T° effects,
we employed paired t-tests to evaluate the significance of differences between T° as well as
between CAP epochs within each nerve. Regarding the frequency analysis, we utilized a
repeated measures ANOVA. This was complemented by Tukey’s post hoc comparisons, applied
as appropriate, to identify significant variations across different pulses during and after the train.

Values are represented as mean percent of baseline £ SEM.

4.4 Results
4.4.1 Population recruitment of SPN axons is altered at elevated temperatures.

Our initial hypothesis posited that disruptions in conduction would be most pronounced in
branching axons recorded at the T12 IGN. Such failures may not have been seen in previous
studies undertaken in guinea pig at 22°C due to an increased safety factor provided by larger and
broader action potentials seen at 22°C compared to body temperature 227, Conversely,
temperatures above normal body levels, have been linked to a heightened risk of conduction
failure 8297 indicating a potential temperature sensitivity in signal conduction at SPN branching

points.

In our experiments, following the methodology outlined in Chapter 3, we initially recorded
evoked responses at 36°C, followed by recordings at a reduced bath temperature of 22°C. To
ensure a valid comparison of signal conduction at these temperatures, we scaled responses to
account for temperature-dependent changes. Generally, nerve conduction velocity (CV)
increases with temperature'®®. Our findings corroborate this, showing elevated conduction
velocities in SPNs at higher temperatures (Table 4.1). Notably, at 32°C, the conduction in fibers
of the splanchnic nerve was faster than that in the interganglionic nerve, consistent with the

presence of a faster conducting Ad population in splanchnic demonstrated in Chapter 3.
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Table 4.1 Conduction velocity range (in m/s) of thoracic SPN axons at 22° and 32°C

Electrically Evoked Optically Evoked
22°C
Interganglionic Nerve | 0.11-0.84 0.10-1.08
Splanchnic Nerve 0.13-2.00 0.11-6.13
32°C
Interganglionic Nerve | 0.20-1.59 0.23-1.45
Splanchnic Nerve 0.21-3.24 0.26-3.57

In contrast to the methodology employed in Chapter 3, where we divided our analysis into four
CV classes, we chose a different approach for these frequency-dependent studies. This decision
was made to accommodate potential changes in axonal conduction velocity that could arise from
varying frequencies. Consequently, we categorized the signals recorded at room T° into two
groups—those with faster conduction and those with slower conduction—based on their CV.
Utilizing the framework provided by Pinto and Sarvanov ’/, which details T°-dependent changes
in nerve fiber signal speeds, we adjusted the spike CV from 36°C to 22°C (Figure 4.1). Then, we
scaled the amplitude and width by factors of 1.53 and 1.87, respectively, corresponding to the T°
decrease from 36°C to 22°C, using reference data from Hodgkin and Katz (1949) and Stegeman
and De Weerd (1982) 19208 (Figure 4.1). These established benchmarks were then applied to our

recordings in mice to compare T°-mediated differences in recruitment between 36°C and 22°C.

Upon scaling our data to account for T° induced differences in the CAP size, we conducted a
comparative analysis between the fast and slow-conducting epochs of the CAP at 36°C and
22°C. Our analysis revealed a marked reduction in responses across all axon types at 36°C
(p<0.001). The IGN slower-conducting axons exhibited a substantially higher % reduction in
evoked response (51.5 + 6%) compared to that seen in faster-conducting axons (24.7 + 6%;

p<0.05; Figure 4.1D). For the splanchnic nerve these values were reduced by 50 + 8% and 36 +
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6%, respectively. The difference in observed reductions in CAP responses for both faster and
slower responses between IGN and splanchnic could be attributed to variations in the axonal

composition between these nerves (Figure 4.1D).
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Figure 4.1 Increased temperature leads to reduced axonal recruitment.

[A] Graph derived from Table 1 in Pinto and Safronov 2008, estimating the changes in
conduction velocity for A-6 and C-fibers, which exhibit conduction velocities comparable to
SPN fibers observed in mice. [B] Using trend line formulas and experimental data collected at
36°C, predicated changes to conduction velocity ranges were extrapolated for 36°C. [C]
Example of evoked responses at 36°C and 22°C are shown. The volley at 36°C was scaled using
pre-determined scale factors and shown superimposed on 22°C evoked response to highlight loss
of units at 36°C in both splanchnic and IGN with a greater degree of failure seen in IGN. Early
and late SPNs are highlighted with boxes. [D] Evoked responses from 36°C and 22°C were
rectified, integrated, scaled, and compared. The percent reduction in magnitude of evoked
response was determined for fast and slow-conducting epochs of the CAP (n=5). (supramaximal
electrical stimulation was delivered at 200p/A/500us.) Paired t-tests were used to assess
significance between baseline and nerve, and across fiber types for each nerve.
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4.4.2 Slower conducting SPN axons that branch exhibit depression during a 5Hz train.

The effect of activation history on the recruitment of evoked responses was investigated by
delivering stimuli at varying frequencies and train lengths, with a comparison of responses
between IGN and splanchnic axons. Activation history can alter spike conduction properties,
including changes in the probability of recruitment as well as in conduction velocity (CV) 2%,
and may, therefore, be physiologically relevant to the recruitment of postganglionic neurons. We
initially explored the impact of frequency-dependent conditioning stimuli on the magnitude of
evoked responses, which were delivered at either 5Hz or 20Hz at 22°C. Frequency-dependent

changes in the evoked response plateaued by the 6th pulse for both frequencies tested, as

illustrated in Figure 4.2.
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Figure 4.2 Effect of pulse number on change in evoked CAP response amplitude during
5Hz and 20Hz stimulation.

The responses throughout the stimulation train are normalized to the initial test pulse, elicited by
a 200uA, 500us electrical stimulus applied 1 second prior to the train. Percentage changes in
CAP responses relative to the test pulse are depicted for frequencies of 5Hz [A] and 20Hz [B].
Typically, maximum depression response was seen by 6" pulse for both frequencies and both
nerve types. Statistical significance is not reported due to an underpowered sample (n=4).
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Quantification of activity-dependent changes in the CAP at 22°C were based on the experimental
design shown in Figure 4.3A. A rest period of 90 seconds between trials ensured recovery to
baseline response. As shown, we compared the pre-train test pulse CAP, evoked one second
before the sequence began, to the 1%, 6™ and 10" pulses within the 2s 5Hz stimulus train, and
also to a response evoked two seconds after the train (the post-train conditioned response).
Example raw electrically- and optically evoked responses are illustrated in figure 4.3B and 4.4B,

respectively. All signals were high pass filtered at a frequency of 25Hz.

For electrically-evoked responses, frequency-dependent decreases were preferential to slower-
conducting events in the IGN and only during the stimulus train (Figure 4.3B, C). The average
response of slow IGN axons dropped to 55+1% of the test pulse for pulse B and 59+11%

(p<0.001, n=4) for pulse C.

For optically-evoked responses, all axon groups showed a significant decrement from the
baseline, except for the fast-conducting axons in the IGN (Figure 4.4C). After the first pulse
following the test pulse, the response of slow axons in both IGN and splanchnic nerves was
significantly diminished to 48+12% and 51+8%, respectively (p<0.001). Fast-conducting
splanchnic axons experienced a reduction to 32+16% with optical stimulation at the first pulse
(p<0.001). This diminishing trend persisted through the stimulation train, with the final pulse
eliciting a response significantly lower than the test pulse: 17£5% for slow IGN, 14+5% for fast
splanchnic, and 22+5% for slow splanchnic axons (p<0.001). Notably, except for the fast IGN
axons, which maintained their baseline levels throughout the 5Hz optical stimulation train, no
recovery to baseline was observed following optical stimulation. Notably, the fast IGN axons

were insensitive to depression via both stimulation types.
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Figure 4.3. Slower-conducting IGN axons undergo preferential depression following 5Hz
electrical stimulation at 22°C.

[A] This experiment's schematic illustrates a 5Hz stimulation protocol lasting 2 seconds. We
focused our analysis on epochs A, B, C, and D, comparing each to the initial test pulse.
Specifically, we examined epoch D for any history-dependent changes occurring 2 seconds post-
stimulation train. Evoked responses for each epoch were divided into fast and slow conducting
components. [B] The figure presents raw trace examples from both the IGN and splanchnic
nerve in the same subject, recorded during key epochs after electrical stimulation. These traces
highlight the response patterns during critical moments of the experiment. [C] We analyzed the
rectified integral values of both fast-conducting and slow-conducting components from key
epochs, expressing them as a percentage of the test pulse's corresponding rectified integral
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values. Notably, frequency-dependent depression was observed exclusively in the slow-
conducting sympathetic preganglionic neurons (SPNs) of the IGN, particularly in epochs B and
C (p<0.001). While epochs B and C showed significant changes compared to epochs A and D,
they did not significantly differ from each other. Late SPN depression in splanchnic was not
found to be significant. However, Chi-square= 10.400 with 4 degrees of freedom (p=0.034)
suggesting median values among the epochs are significantly different. Statistical analyses were
performed using a repeated measures ANOVA, with post hoc comparisons where applicable, to
determine significant differences across groups (n=4). The conditions include 100uM
hexamethonium in the bath.
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Figure 4.4. Optical Recruitment of SPNs show greater and broader levels of depression
than electrical recruitment.

[A] The figure presents raw trace examples from both the (IGN and splanchnic nerve in the same
subject, recorded during key pulses after supramaximal optical stimulation of 6.6mW/um? for a
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pulse duration of 20ms (dotted line). These traces highlight the response patterns during specific
epochs of interganglionic and splanchnic nerves in one animal. [B] We analyzed the rectified
integral values of both fast-conducting and slow-conducting components from key epochs,
expressing them as a percentage of the test pulse's corresponding rectified integral values. Except
for fast conducting IGN SPNs, all SPN populations optically recruited during a 5Hz train were
significantly reduced from baseline. Slow conducting SPNs recruited at epochs B and C were
significantly different from epoch A and D. Statistical analyses were performed using a repeated
measures ANOVA, with post hoc comparisons where applicable, to determine significant
differences across groups. (n=4). The conditions include 100uM hexamethonium in the bath.

4.4.3 A sub-population of slow-conducting SPN axons are resilient to 5Hz but exhibit
depression at 10Hz.

We next compared the effect of 10Hz stimulation to that of 5Hz (Table 4.2). Our findings
showed that the results for 5Hz and 10Hz stimulations were largely similar, with a few
significant distinctions. Notably, in slow-conducting populations, Epochs B and C demonstrated
more pronounced depression under 10Hz stimulation than at 5Hz, across all stimulation types.
During 5Hz stimulation, no significant differences were observed in Epochs B and C with
electrical stimulation, indicating that maximum depression levels were likely reached within 1
second. However, under 10Hz stimulation, the mean values for these epochs were further
diminished. This suggests the existence of a subset of slow-conducting SPN axons that are

resilient to 5Hz but exhibit increased sensitivity to 10Hz stimulation.

Table 4.2 Comparing percent electrical and optical evoked response magnitude relative to
baseline following 5Hz or 10Hz stimulation at 22°C.

Epochs A-C provide the amplitude responses of the 1%, 6, and last pulse in the train,
respectively. Epoch D reports the amplitude value 2s after train completion. Values represent the
mean % of baseline magnitude + SEM with significance reported as; * p<0.05, ** p<0.01, and
*** n<0.001.

A. Electrical Recruitment

Fast SPNs (0.3-2.2 m/s) Slow SPNs (0.06-0.2 m/s)
5Hz 10Hz 5Hz 10Hz
IGN
A 94.4+8.5 925+ 14.6 89.1+10.5 85.0+12.9
B 94.9 +16.7 207.6+113.0 |55.0+£3.3***  30.3+11.1***
C 96.0 +21.8 188.6 + 90.6 58.9 £ 15.9%** 254 + 11.6%**



D 88.0+7.9 85.7+15.5 113.7+19.0 110.2 + 24.6
Spl.
A 97.8 £3.52 100.4 +6.7 929+9.5 67.5+45.8
B 92.6 £8.3 97.5+10.1 62.9+14.3 31.8+29.5
C 90.2+6.0 91.6 +10.9 70.7+£27.1 51.1+27.7
D 95.4+3.6 100.9 +9.0 106.5+£18.3 73.8 £50.3
B. Optical Recruitment
Fast SPNs (0.3-2.2 m/s) Slow SPNs (0.06-0.2 m/s)
5Hz 10Hz 5Hz 10Hz
IGN
A 68.1 +29.2 61.1 £ 24.5* 48.5 £ 24.1%** 441 + 24.3***
B 68.6 + 22.3 36.7 £ 26.2** 19.1£16.8*** 56+ 3.6***
C 60.0+11.1 46.8 + 18.5* 174 £9.1%** 54+ 26***
D 73.4+16.4 71.1+£9.0 98.7 £22.5%**  46.3 + 23.6***
Spl.
A 32.0 £33.6%** 37.9+228*** |51.2+17.0"** 485+ 18.6%**
B 13.6 £ 13.1*** 214+ 14.9*** | 185+£9.3*** 93+ 84***
C 14.1 £10.0*** 199 +13.0*** |22.8+£10.3*** 9,0+ 5.8***
D 32.4 +£33.2%** 309 +20.7%** | 649+ 18.8%** 6.6+ 13.2*%**
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4.4.4 Further comparison of effects of pulse train duration and subsequent assessment of
temperature dependence of these changes at 22°C and 36°C.

We next explored the effects of higher frequency (20Hz), longer duration pulse trains (20s), and
elevated temperature 36°C on response amplitude and history-dependence. We restricted our
analysis to electrical stimulation as optically evoked responses were not reliably seen at
physiological temperature without pharmacological intervention (see discussion in Chapter 5).
To enable comparison to the 2s pulse trains described above, we quantified the first pulse in the
train, then 1s into the train (6" pulse at 5Hz, 21 pulse at 20Hz) and then the last pulse in the
train. Note that at 20Hz we were unable to quantify the slower-conducting volley components
during the train due to overlap with stimulus artifact. Thus, comparison of ‘test’ evoked
responses are to the final response in the pulse train (epoch C) and the subsequent conditioned

response (epoch D) two seconds later (see lettering in Figure 4.3).
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As with 2s trains at 22°C, during the 5Hz-20s train evoked faster-conducting responses in both
the IGN and splanchnic nerves underwent no significant change. However, slower-conducting
axons showed variability in their response; there was a noticeable transient reduction in CAP
amplitude throughout the duration of the train. Notably, slower-conducting IGN axons
experienced a depression in CAP size to 40 + 4% (p<0.05) and 29 + 7%(p<0.001) during epochs
B and C, respectively, as did splanchnic (65 £ 6%; p<0.01 and 65 + 10%; p<0.01). However,

unlike effects after 2s the post-conditioning response recovered 2 seconds after the train.

Shifting to a higher frequency of 20Hz, faster-conducting axons in both IGN and splanchnic
nerves continued to show resilience with no significant changes, and slow axons continued to be
significantly depressed in IGN (23 + 9%; p<0.001) and splanchnic (65 + 10%; p<0.01).
However, the conditioned pulse (Epoch D) did not show a recovery in IGN, where the response
remained reduced to 50 £ 17% (p<0.01). This would imply that prolonged high frequency stimuli

recruited additional factors responsible for depression in the IGN.
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Figure 4.5. Slower-conducting SPN axons fatigue at 5 and 20Hz at 22°C with longer
duration (20s) trains.

Shown are changes in electrically evoked responses relative to baseline at epochs A, B, C, and D
(defined in Figure 4.3A). We particularly evaluated epochs C & D history-dependent effects
observed following prolonged stimulus train delivery (20s). The rectified integral values of both
faster- and slower-conducting CAP components from these key epochs are presented as
percentages of the rectified-integral values of the baseline ‘test’ pulse. [A] Faster axon CAPs
were unaffected by the 5Hz stimulation train in both IGN and splanchnic nerves. Slower axons
exhibited a transient decrease in CAP magnitude during the train, with a subsequent recovery
after 2 seconds. Specifically, slow IGN axons displayed a reduction to 40 + 4% and 29 £ 7% in
epochs B and C, respectively (p<0.05, p<0.001), while splanchnic slow axons demonstrated a
consistent depression to 65 + 6% and 65 + 10% in the same epochs (p<0.01). [B] At 20Hz
stimulation, faster axons in both IGN and splanchnic nerves showed no significant changes,



119

whereas pulse C indicated a notable reduction to 23 + 9% in IGN (p<0.001) and to 65 £ 10% in
splanchnic (p<0.01). The conditioned pulse (Epoch D) saw a recovery in splanchnic slow axons
but remained diminished at 50 + 17% for IGN (p<0.01). Note: Slow-conducting units from
Epochs A-B were excluded in the 20Hz stimulation analysis because the CAP arrival was slower
than the subsequent pulse in the train.Statistical significance was assessed via repeated measures
ANOVA and post hoc tests where relevant (n=7).

We next examined 5Hz frequency-dependent actions at 36°C. To ensure epochs tested could be
compared across 22°C and 36°C, we made a cursory assessment of maximum depression seen at
both temperatures and found that, like 22°C, at 36°C, maximum depression is seen by the 6"
pulse regardless of nerve or temperature (figure 4.6A). In contrast to that seen at 22°C, faster-
conducting axon response amplitudes did not change during 5Hz stimulation at 36°C . Also, for
slow-conducting axons, there were no significant changes from the baseline during epochs A
through C. However, epoch D was facilitated by 37+27% (p<0.001) for IGN and 34+11%

(p<0.001) for splanchnic.

Upon increasing the stimulation frequency to 20Hz, a different response emerged (Figure 4.6C).
Fast axons in both IGN and splanchnic nerves experienced a significant uptick from the baseline
in epochs C and D. Specifically, IGN fast axons were facilitated by 27+6% in epoch C, with this
elevated response persisting 2 seconds post-train (27+4%, p<0.001). Splanchnic fast axons also

demonstrated a facilitation of 18+4% during the train, which remained at a facilitation of 16+5%
following the train (p<0.01). However, the slow axons presented a different profile. With 20Hz

stimulation, no significant differences were detected from the test pulse in the responses of slow

IGN and splanchnic axons due to the high level of variability in response.

One plausible rationale for the observed attenuation of frequency-dependent depression at

elevated temperatures could be as follows: There may exist subsets of axons that are particularly
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temperature-sensitive and preferentially blocked at 36°C, leaving behind a cohort of SPN axons
that are more resilient to frequency-dependent conduction failure. This possibility is consistent
with results obtained in Figure 3.6, which demonstrated that an increase in temperature
disproportionately depressed recruitment of slower-conducting axons — the remaining population
may be less susceptible to frequency-induced depression. Consequently, this could account for
the maintained neural responses observed even during prolonged high-frequency stimulation at

higher temperature settings.
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Figure 4.6. SPN axons recruited at 36°C are more resilient to 5Hz and 20Hz trains

Epochs A, B, C, and D, as depicted in Figure 4.3A, were analyzed against the initial test pulse
for potential history-dependent effects, particularly at epoch D occurring 20 seconds post-
stimulation. The rectified integral values for fast and slow CAP components are expressed as
percentages of the test pulse. [A] CAP depression across 9 pulses was normalized to the test
pulse (pulse 0), revealing that maximum depression occurs by pulse 6, consistent across both
temperatures of 36° and 22°, as well as independent of stimulation frequency. Only IGN is
shown here but splanchnic nerve showed a similar trend. [B] At 5Hz, fast axon CAPs in both
IGN and splanchnic nerves remained unaffected; however, significant facilitation from baseline
was noted in epoch D for both splanchnic and IGN slow axons (34% + 11% and 37% + 27%,
respectively; p<0.001). [C] With 20Hz stimulation, fast axons in both nerves exhibited a
significant increase from baseline in epochs C and D, with IGN fast axons showing 27% * 6%
facilitation in Epoch C and a sustained enhancement of 27% * 4% after the train (p<0.001).
Splanchnic fast axons experienced an 18% + 4% facilitation during the train, remaining elevated
at 16% + 5% post-train (p<0.01). Slow axons in IGN and splanchnic nerves, however, did not
display significant deviations from the test pulse under 20Hz stimulation. Statistical assessments
were performed using repeated measures ANOVA with subsequent post hoc tests (n=7).
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4.5 Discussion
In this study, we revealed that evoked response magnitude has strong T° and activation history
dependence. Slower-conducting axons were particularly vulnerable to depression at higher T°.
The loss of a significant fraction of SPN axons due to conduction failure at 36° compared to
22°C has important implications on our understanding of distant-dependent conduction failures
as the only prior study on SPN divergence was undertaken at 22°C2°-2754292_ This study may
have greatly overestimated the influence of SPN actions on postganglionic neurons in more
distant chain ganglia. Relating the present data at 36° to that obtained in vivo, would suggest that
SPN signaling capacity would be highly compromised. Indeed, our results could explain why

40-70% of SPNs appear to be silent (lack ongoing or reflex activity)?°.

As SPNs can fire tonically and across a range of frequencies, it is critical to determine whether
activation history modulates spike conduction failures across the range of frequencies where
spiking activity has been observed. Interestingly, we observed that activity dependent depression
of evoked responses was prominent at 5-20Hz at 22° while responses at 36° we're capable of
following all frequencies and even led to post-train facilitation. This unexpected observation
introduces the possibility that the SPNs blocked at higher T° represent a unique population with
strong frequency dependent depression. Relating the present data to spike frequencies that have
been recorded in vivo, supports the view that recruited axons are capable of encoding responses

across a broad frequency range.

45.1 Effects of temperature

To determine the impact of T° on spike propagation in SPNs, we compared volleys at room and
body T°. At 36°C, both fast- and slow-conducting SPN axons experienced a T°-sensitive

conduction block, failing at rates between 24-50%. Given the high variability in axonal
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recruitment observed in slow-conducting SPNs at 22°C, it is not surprising that these slow-
conducting SPNs failed more frequently at 36°C compared to their faster-conducting
counterparts. However, this observation was exclusive to IGN and not splanchnic axons. Thus,
while the higher T°C promoted conduction block in all SPN axon populations, slower-
conducting IGN axons were particularly susceptible. As the IGN contains branching axons, a

putative mechanism is branch point failure.

4.5.1.1 Are branching axons uniquely prone to temperature-dependent changes in conduction?

To gain insight into the role axon branching has on temperature-sensitive conduction block, we
collaborated with Harry Wu and Dr. Astrid Prinz (Biology Dept., Emory University) to develop
a conductance-based multi-compartment model simulating an axonal branch point. This model
featured a parent axon (P) branching into two daughter axons (D1 and D2) and incorporates three
types of membrane currents: fast sodium (Ina), delayed rectifier (Ikqd), and a leak current. The
parameters for Ina and lkq Were adapted from an earlier model of a postganglionic neuron 2!, The
model demonstrated that as temperature increases, there is a transition from reliable spike
propagation in both D1 and D2, to failure in one of the branches, and eventually to failure in both
branches (Figure 4.7). This model supported the proposition that branching points in axons in the

IGN provide a unique site for warming-induced conduction failures.
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Figure 4.7. Influence of Temperature on branch point failure

Two model configurations (top) differ only in D2 diameter (blue). Voltage traces * show
membrane potential at different temperatures for the locations indicated by arrows at the top.
Both model versions show a transition from no failure to one branch failing, to both branches
failing, as temperature increases. In the left model, the wider branch fails first while in the right
model, the narrower branch fails first as temperature increases. 2

4.5.1.2 Temperature-sensitive leak channels and spike fidelity

RNA sequencing shows that the two-pore-domain potassium (K2P) channel TREK-1 (KCNK2),
is present in thoracic SPNs #/. TREK-1 channel activity increases with increasing T°, with peak
thermal responsiveness from 32-37°C, with ~7-fold increase in current amplitude for every 10°C,
indicating that physiological temperature variations can substantially influence its activity 2*2,
Increased TREK-1 channel activity may compromise spike conduction through two distinct
mechanisms. (i) Hyperpolarization towards Ex would necessitate a larger depolarization for
spike recruitment. (ii) An increased membrane conductance would reduce passive voltage
amplitude and propagation space constant for regenerative spiking by downstream Nav channels.
As reported in chapter 5 below, there is electrophysiological and pharmacological evidence of

TREK-1 channels in SPN axons.
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4.5.1.3 TREK-1 channels and temperature dependent changes.

Thermoregulatory dysfunction as seen in states of hypo- or hyperthermia (32-40°C) is common
in patients with spinal cord injury, and the presence of changes in TREK-1 activity in SPN axons
may alter spike propagation 2*3216, Reduced TREK-1 activity during hypothermia may increase
axonal excitability, possibly leading to the emergence of spontaneous spiking. Conversely,
increased TREK-1 activity during hyperthermia, may decrease excitability. Increased SPN
activity has been noted during hypothermia, but has been attributed to increased excitatory
recruitment of spinal interneurons via muscle afferent activity 2. Hyperthermia in rats has been
shown to decrease sympathetic rhythm 28, As even small changes above normal body
temperature can compromise spike conduction 8, the SCI population that has a broad core
temperature range, may be particularly vulnerable 213-216219-221 " Tq test whether TREK-1

activation can block conduction in SPN axons, we apply TREK-1 agonist riluzole in Chapter 5

222

4.5.1.4 Changes in core body temperature may influence SPN recruitment.

The core body temperature range for humans and mice are similar. For humans, the normal range
is 36.5-37.5° and in mice it is ~36-38° 223, While it could be argued that recordings at room
temperature are non-physiological, this is certainly not true for mice. Mice can enter a
hypometabolic state known as torpor. Unlike homeotherms (humans, guinea pigs and rats),
which maintain a relatively constant internal body temperature, heterotherms like mice can
switch between maintaining a stable body temperature and allowing their body temperature to
fluctuate with the ambient temperature 224 225, When mouse torpor is stimulated by food
deprivation and ambient temperature, core body temperature can reach 20°C. That SPN

conduction undergoes more failures at 36°C than at 22°C may be physiologically important to
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differences in autonomic signaling - including recruitment of additional functional populations -
associated with torpor that are not active at 36°C. The differences may provide insight into
functional populations of SPN axons required to exit torpor. While humans do not undergo
torpor, insights gained from mice can be relevant to understanding how hypothermic conditions
in humans (whether injury-induced or due to environmental exposure) modifies function of the
sympathetic nervous system. Indeed, reduced temperatures that promote conduction across
branch points may adaptively strengthen sympathetic drive in thoracic chain ganglia projections
to cutaneous vasoconstrictors for heat retention and to brown adipose tissue (BAT) for heat
generation. The thoracic paravertebral sympathetic ganglia in both human and mouse species are
located within periaortic brown adipose tissue (BAT) that is capable of heat production through
non-shivering thermogenesis 226-228, Additional studies would benefit from more detailed
analysis of the effects of smaller temperature changes on the spike conduction in functional

subpopulations of thoracic SPNs.

45.2 Frequency dependent changes in amplitude of evoked responses

Our exploration into the frequency-dependent transmission in SPN axons is grounded in the
context of existing literature, which shows that active SPNs typically fire at a rate of
approximately 0.7Hz, with sympathetic nerve discharge (SND), such as in the splanchnic nerve,
averaging around 1-2Hz (See Table 1.3). However, peak firing rates can escalate to as high as
20Hz, varying across different species °3 81 107 109 115 116 120 122 123 124 125 126 229 | qyr studies, we
examined the effects of 1 Hz single pulse and, 5-20Hz stimulus trains on SPN conduction. Our
findings indicate that slow-conducting SPN axons exhibit fatigue at frequencies of 5Hz and
above, with a notable maximal depression consistently occurring by the 6th pulse, regardless of

the frequency intensity. This pattern was observed to take place approximately 1 second into the
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5Hz train and 0.3 seconds into the 20Hz train. A critical aspect of our research was the
comparison between the splanchnic and IGN responses. We noted two major differences: a more
marked depression in the IGN SPNs by the end of the train pulse and a general inability of IGN
SPN axons to recover after a conditioning train. Despite this frequency-dependent depression, it
is noteworthy that in cases where responses did return to baseline, they consistently did so within
a 90-second window, indicative of a shorter term plasticity instead of long-lasting changes in
conduction properties. These insights contribute significantly to our understanding of SPN
conduction under varied frequency conditions. However, there remain several gaps that future
research could address. For instance, the specific mechanisms underpinning the observed fatigue
and recovery patterns, particularly in relation to different SPN types, require further
investigation. Additionally, the implications of these frequency-dependent changes in SPNs on
overall sympathetic system function, especially under physiological and pathophysiological

conditions, present an intriguing area for future exploration.

4.5.2.1 Branching axons are uniquely prone to activity-dependent changes in conduction.

Our research reveals that SPNs demonstrate a frequency-dependent decrease in the activity of
slow-conducting populations, while fast-conducting SPNs display greater resilience to frequency
trains. Furthermore, we observed that SPN axons within the IGN, which contain branching
axons, exhibit a higher degree of signal depression compared to the unbranched SPN axons of
the splanchnic nerve. Branching axons exhibit a unique susceptibility to activity-dependent
conduction changes’®. Before this study, the effects of frequency-dependent alterations in signal

conduction in thoracic paravertebral SPN branching axons had not been thoroughly investigated.

Our findings indicate the mean diameter of SPN axons at the white commissure is approximately

0.64 um. Given their small size, these axons are likely to experience substantial activity-
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dependent hyperpolarization, along with slowing and blocking of conduction " "X, Their thin
diameter could render them especially vulnerable to Na* channel inactivation *4° and

hyperpolarization controlled by a [Na*]i sensitive metabolic rheostat, as provided by the o3-
Na*/K* pump. As this neuronally expressed pump tracks activity history 1% it may play a

significant role in regulating the dynamics of spike propagation failures in SPNs .

45.3 Optogenetic vs. electrical stimulation

We employed two distinct methods to recruit SPN axons in the T10 ventral root: optical
recruitment of cholinergic axons and electrical stimulation. Strikingly different effects of T° and
frequency were seen. Optically recruited axons were much more susceptible to failure. Results
suggest the possibility that these stimuli target distinct SPN subpopulations, with optical
stimulation more likely to recruit axons prone to frequency-dependent depression. Alternatively,
the nature of the optical stimulus might introduce a time- and T°-sensitive alteration in the
threshold intensity required for activation. It is possible that the 20ms pulse width used in optical
stimulation could induce a prolonged depolarization in the axons, resulting in a sustained
decrease in their excitability. Notably both electrical and optical recruitment, responses
recovered to baseline values following stimulus train delivery after the 90s rest period provided
between stimulus delivery paradigms. Overall, technical issues cannot fully account for the
observed differences in electrical and optical responses seen between the splanchnic and
interganglionic axons.

4.6 Conclusions

Utilizing an isolated ex vivo preparation with intact ventral roots and sympathetic chain, we
investigated the effects of T° and activation history on the reliability of signal transmission along

thoracic SPN axons. We observed that at room temperature, the slowest-conducting fibers
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display the greatest variability in conduction, with heightened failures occurring in branching
SPNs as temperatures increase. Furthermore, the slowest-conducting SPN axons are prone to
frequency-dependent fatigue when stimulated at 5Hz and 20Hz. These results highlight the
susceptibility of SPN axons, especially the slow-conducting and branching types, to high rates of
failure under various thermal and frequency conditions. The effect on postganglionic neuron
recruitment is still unclear. A decrease in the magnitude of population responses may be linked
to diminished synaptic activity on postganglionic neurons. To fully understand the impact on

postganglionic signaling, further investigation is required.
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5 Modulation of Branch Point Failure

5.1 Abstract
Chapter 3 demonstrated that population-evoked SPN compound action potential responses arise

from predominantly unmyelinated axons that propagate across a range of velocities with highest
rates of inter-episode reliability seen in the slower conducting axons in both IGN and splanchnic
nerves. Chapter 4 explored the effects of temperature (T°) and activation history on the
magnitude of evoked responses, observing that increased T° (from 22-36°C) depressed responses
- indicative of pronounced conduction failure — particularly in the slowest conducting IGN and
splanchnic axons. The strong frequency-dependent depression of evoked response at 22°C was

not observed in remaining axons recruited at 36°C.

This chapter posits that axonal conduction, especially in the slowest conducting axons,
constitutes a critical site of neuromodulatory control of sympathetic output. Investigations
assessed the role of GABAA,, serotonin, and acetylcholine receptors and and K* channels (via Ia
and Kieak) in the modulation of SPN axonal conduction. Application of successively applied
GABAAR antagonists led to selective depression of slower-conducting responses in the IGN
nerve, consistent with preferential action on branching axons. Block of a5-GABAAaRS with the
inverse agonist L655,708 trended toward depression with subsequently applied picrotoxin then
bicuculline having progressively larger and significant overall inhibitory actions. Acetylcholine
(ACh) also preferentially reduced response amplitude in IGN slower-conducting axons, while

serotonin reduced activity in slower-conducting axons from both IGN and splanchnic nerves.

Block of voltage-gated K* (Ky) channels with 4-aminopyridine (4AP) facilitated evoked faster-
and slower-conducting responses in both IGN and splanchnic nerves while the Ky blocker

tetraethylammonium (TEA) had no facilitatory effect, instead selectively depressing slower-
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conducting IGN axons. The 4-AP induced facilitation was much greater in the slower-conducting
axonal populations and could restore T°-dependent conduction block from previously non-

responsive SPN axons.

As T°-dependent conduction block was associated with global DC shifts in recorded voltage
consistent with membrane hyperpolarization, we explored the role of the T°-sensitive KoP Kieak
channel TREK-1 by application of agonists. Arachidonic acid selectively decreased the
amplitude of slower-conducting IGN responses, while riluzole (after pre-incubation with 4-AP)

caused a broader reduction in evoked responses.

Overall, results demonstrate that spike propagation in slower-conducting axonal populations is
modifiable with GABAAR block, ACh, serotonin, TEA and arachidonic acid leading to
depression while 4-AP was strongly facilitatory. Slower conducting axons within the IGN were
identified as a uniquely sensitive group.

5.2 Introduction

Spinal cord sympathetic preganglionic neurons (SPNs) serve as the final integrated output from
the CNS. SPNs project branching axons to provide divergent input to many postganglionic
neurons across multiple ganglia of the paravertebral chain. Other SPNs project unbranching
axons to prevertebral ganglia. Chapters 3 and 4 revealed that CAPs in SPNs encompass a
spectrum of conduction velocities, with the highest variability between episodes observed in the
slower-conducting unmyelinated axons. Notably, the greatest incidence of block was found in
the axons presumed to be branching within the IGN, as opposed to the unbranching axons that

make up the splanchnic nerve.

Conduction failures escalated with temperature, rising from 22°C to 36°C, and were influenced

by frequency-dependent spike history. These failures were especially pronounced in the slowest-
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conducting axons, particularly within the IGN. This chapter focuses on the neuromodulatory
control of axon conduction across the same population of axons by putative receptor systems
acting on GABA receptors, serotonin and cholinergic receptors as well as on Ky K* channels
controlling spike shape and the KoP K* channels controlling membrane potential and leak
conductance. Below, is an introduction to our understanding of these factors in relation to
putative impact on axonal conduction. For this, adult mouse thoracic sympathetic chain ganglia
were dissected, and synaptic transmission was blocked with hexamethonium, allowing us to

record population conduction across different axon types under optical and electrical stimulation.

5.2.1 Modulation via GABAARS

Initial research revealed that GABAAR antagonists reduced the responses of SPN-evoked
postganglionic neurons in paravertebral ganglia. However, the lack of GABAergic neurons 230-2%
in sympathetic ganglia rendered the interpretation of these findings challenging. Because
postganglionic neurons lack GABAARs (as evidenced by recent RNA-sequencing data)’’,
GABAAR antagonist-modulated transmission must arise presynaptically. Although assumed to
act on synaptic transmission, a possible role of these drugs on block of axonal conduction was
not considered. Recent advancements in identifying and characterizing GABAAR subunits have
revealed that these receptors are also present in extra-synaptic locations, such as axonal branch
points. Notably, these GABAARS exhibit sensitivity to low concentrations of GABA and

236

demonstrate a potential for constitutive activity~°. These studies support the possibility of a role

for GABAARSs in the modulation of SPN axonal conduction.

Intracellular somatic SPN recordings demonstrated membrane depolarization following block of
GABAARSs with bicuculline and not gabazine, consistent with actions on extrasynaptic os-

GABAARs without expression of § subunits (confirmed with PCR)?’. The pharmacological
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findings align with the presence of constitutively-active aby2-GABAARS, which are primarily
responsible for the tonic inhibition observed in the CNS?37-240, Notably, this form of inhibition

operates independently of action potentials.

Recent RNAseq data of adult mouse SPNs supports expression of a.1-5, B1-3, y1-3 but no
expression of & subunits 4’. Magnitude order of subunit expression is as follows:
a2>03>al>a5>04, B1=p3>B2, y3>> y2. Generally, 04-6, and 6 subunits are found at
extrasynaptic locations 241, Overall, expression of extrasynaptic a5 and a4 subunits support the

possibility of modulatory actions in SPN axons.

5.2.2 Modulation via A-current blockers

The functional role of Ky channels presents an intriguing aspect of axonal physiology. These
channels are abundantly found in unmyelinated and demyelinated axons but are notably absent at
the nodes of Ranvier in myelinated axons. In the latter, Ky channels are located beneath the
myelin sheath but do not play a significant role in the repolarization phase of the action potential
242244 Contrasting this, in unmyelinated axons, Ky channels are observed to have a critical role in
spike repolarization 242, SPNs are largely unmyelinated "3, Given their participation in spikes in
unmyelinated axons, we assessed the role the Ky channel blockers 4-AP and TEA and
demonstrated distinct facilitatory actions via 4-AP across fast- and slow-conducting axons.
Given the observed reductions in evoked responses seen by prior spiking and increasing
temperature (Chapter 4) and that various Ky channels are expressed in unmyelinated axons (see
Table 1.5) we explored whether block of Ky channels could facilitate axonal recruitment and

conduction, particularly at a higher temperature at which conduction block is considerable.

Like other neurons, SPNs possess a diverse array of voltage-gated K* (Ky) channels #7153, As

~99% of mouse SPN axons are unmyelinated "3, insight may be derived from investigations of
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channels on unmyelinated axons. Other studies on unmyelinated axons have identified the
involvement of various Ky channels, notably Ky1.1, 1.2, 1.4, 3.2, 3.4, 4.3& 7, as well as G
protein-coupled inwardly-rectifying K* channel (GIRK), and the Ca?*-activated K* channel
(Kcal.1) (see Chapter 1). Among these, selective RNA-sequencing on SPNs indicate high
expression of Ky3.2, 4.3 & 7, GIRK, and Kc,1.1 channels #’. Currently, the spatial distribution
and specific role of these channels on SPN axon spiking behavior and modifiability remain
uncharacterized. To begin this process, we explored the differential effects of the broad Ky
channel blockers tetraethylammonium (TEA) and 4-aminopyridine (4-AP) on spike propagation
in IGN and splanchnic nerve axonal populations separated by their conduction velocities.
Emphasis was placed on block of A-type channels (Ka) known to be involved in spike
repolarization 2*°, Many Ka channels involved in axonal spike propagation are resistant to TEA
162 and 4-AP block of these channels can prolong action potentials to overcome conduction

failure in unmyelinated axons 246,

5.2.3 Modulation via K* leak channels

Two-pore K* leak (K2P) channels are widely expressed in neurons. Single nuclear RNA
sequencing of SPNs shows expression of TREK-1 and TREK-2 KzP channels, with TREK-1
expressed in subpopulations of thoracic SPNs and TREK-2 widely expressed in all SPNs 7.
TREK-1 channels also modulated by diverse signal transduction pathways including activation
by arachidonic acid, and protein kinase G (PKG) and inhibition via PKA and PKC 24724 TREK-
1 mediated currents are not inhibited by the traditional Ky channel blockers TEA and 4-AP.
Riluzole activates both TREK-1 and TREK-2 channels 2222, Importantly, TREK-1 is activated
gradually and reversibly in response to temperature increases (between 14-42°C) with a 10°C1

causes ~7-fold? in current amplitude 2. Such changes in response magnitude may lead to



136

significant axon membrane hyperpolarization and increased membrane leak conductance and
consequently alter excitability, space constant (A) and conduction velocity. As SPNs axons are
largely unmyelinated, project long-distances, include branching axons, and are among those
having the smallest known diameters "3, changes in TREK-1 activation may powerfully modulate

axonal function.

5.2.4 Cholinergic and serotonergic modulation of SPN axons

As SPNs are cholinergic, modulation of synaptic transmission by presynaptic muscarinic
acetylcholine receptors (AChRs) are expected. Previous studies focused on modulation of
evoked synaptic response, and have not assessed possible modulation of spike conduction?%2°,
SPNs strongly express M2 and M3 muscarinic receptors #7. In thoracic SPNs, there is also
expression of a7 nicotinic AChRs 3447, In cervical sympathetic ganglia recordings with intact
SPN axons, nicotine and the nAChR antagonist tubocurarine reduced the SPN compound action

potential (CAP) by 25% and 14%, respectively 22, implicating their role in neuromodulation.

Several 5-HT receptor subtypes are found on SPNs. In adult mouse, a recent RNA-seq study

identified expression of 5-HT1r, 5-HT2a, 5-HT2c, and 5-HT7* see

https://segseek.ninds.nih.gov/cholinergic/genes). Should 5-HT receptor expression occur along
SPN axons, cellular signaling pathways downstream to receptor binding could influence spike
conduction by modulation of channel activity. For example, 5-HT1r Gi—coupled receptors would
reduce expression of PKA and promote activation of Kieak channels in unmyelinated axons and
reduce conduction. Likewise, activation of 5-HT> receptors which Gg-coupled activation of PKC
or 5-HT7 Gs—coupled receptors receptor activation of PKA could reduce Kjeak to promote

conduction in myelinated Ad SPN fibers.


https://seqseek.ninds.nih.gov/cholinergic/genes
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Overall, our exploration into neuromodulatory control on axonal conduction along SPNs seeks to
uncover the intricate interplay between various neurotransmitter systems and ion channels. By
dissecting the modulatory effects of GABAA receptors, serotonin, cholinergic receptors, and
potassium channels on SPN axons, we hope to gain insight into complex mechanisms that
govern neuronal excitability and signal propagation. Our findings will not only enhance the
understanding of SPN axonal function but also pave the way for future research into the
therapeutic modulation of sympathetic activity, offering new insights into the regulation of
physiological responses across a spectrum of conditions.

5.3 Methods
5.3.1 Mice

Unless otherwise mentioned the experimental approach is similar to that undertaken in chapters 3

and 4 including use of ChAT-CHR2 mice.

5.3.2 Electrophysiology

Experiments were undertaken as described in previous chapters though some pharmacology was
undertaken only using electrical stimulation (studies on GABAAR antagonists) and others only
with optogenetic recruitment (5-HT application). The 5-HT experiments optogenetic recruitment

of SPNs was undertaken via optical illumination of the ventral horn in an attached hemicord.

5.3.1 Analysis
For detailed methodology on CAP quantification see Section 3.3.2. When a single drug was

added, paired t-tests were used to compare baseline to drug condition. When more than one drug
was used before washout, repeated measures ANOVA was used to determine significant effects
by comparing to baseline control values. This was complemented by Tukey’s post hoc
comparisons, applied as appropriate, to identify significant variations across different drug

conditions. Values are represented as mean percent of baseline + SEM.
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Ideally, comparisons across preparations would involve recordings at the same site and use the
same electrodes consistently. In experimental series in which such recordings were obtained,
results were compared without any normalization procedure. In experimental series where
variability in evoked responses across preparations was seen as large, a normalization procedure

was used to weight individual experiment based on their baseline magnitude responses.

5.3.2 Pharmacology
Drugs, which were stored in 10 or 100mM stock solutions at —20°C, were added to the reservoir

of a perfusion bath (typically 100mL) with drug equilibration achieved via rapid recirculation.
Drugs were applied by bath superfusion for between 5 and 30min until a maximum response was
observed. Chemicals were obtained from Sigma Aldrich. L655,708, picrotoxin, bicuculline,

arachidonic acid, riluzole and 4-AP were added in concentrations previously reported in rodent

253,254

5.4 Results
In Chapter 4, we highlighted the pronounced effect of temperature on conduction block,

especially in slower-conducting unmyelinated axons, as illustrated in Figure 4.5. Analysis of
optically recruited SPN axons in Chapter 3 shows optical stimulation predominantly recruits
slow-conducting unmyelinated SPN axons. At elevated temperatures, optically recruited
responses in SPN axons were significantly reduced or entirely absent (data not shown). Hence
pharmacological studies below undertaken at elevated temperatures only assessed electrically

evoked responses unless otherwise stated.

5.4.1 SPN conduction block observed with broad-spectrum GABAAR antagonists

To investigate actions of modulators of GABAARS, we sequentially applied known GABAAR

blockers to a bath held at 32°C (Figure 5.1 A-B). The as-GABAAR GABA binding site
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antagonist (inverse agonist) L655,708 (20uM) did not affect SPN axons consistent with limited
expression reported for as in Alkaslasi et al **” and Wang et al 2°°. Subsequent application of the
open channel non-competitive antagonist picrotoxin (50puM)?°® and competitive GABAAR
antagonist bicuculline depressed slower-conducting IGN responses (p<0.05 and p<0.01
respectively, n=6, Figure 5.1 A, B). For slower-conducting IGN axons, there was a trend toward
progressive reduction in response with each blocker applied. In comparison, splanchnic axons

did not show a significant reduction in the presence of GABAAR blockers.
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Figure 5.1 GABAAR antagonists increase conduction block in slow and branching SPN
axons

[A] Shown is a typical raw trace of evoked responses, elicited through supramaximal stimulation
using 200 pA/500 ps electrical impulses. The traces have been high-pass filtered at 100 Hz.
Displayed here are 10 superimposed episodes for each drug condition, with their averages
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emphasized for clarity. [B] Comparative analysis of GABAa modulators: rectified integrals of
the evoked response for each fiber type during each drug condition were averaged. Significant
block was seen following application of picrotoxin (50puM, p<0.05) and bicuculline (10uM,
p<0.01) for IGN. Statistical tests were undertaken using repeated measures ANOVA and
Bonferroni t-test for all pairwise multiple comparisons (n=6; *, p<0.05; **, p<0.01; error bars
are SEM).

5.4.2 Pharmacological block of voltage-gated K* channels.

5.4.2.1 Optically recruited SPN axons show a greater facilitation following application of 4-

aminopyridine (4-AP).

The shape and propagation of action potentials in neurons are significantly influenced by various
post-spike voltage-gated K* conductances. Among these, the Ka family of fast K* channels play
a critical role in reducing spike duration through the acceleration of spike repolarization.
Application a broad-spectrum voltage-gated K* channel blocker 4-AP (50 uM) blocks various
Ka channels. In compound action potential (CAP) population recordings of unmyelinated axons

in the cerebellum and hippocampus, 4-AP leads to increases in both CAP amplitude and duration

257

To explore the role of voltage-gated K* channels in SPN spike propagation, we assessed dose-
dependent changes in conduction by 4-AP at cumulative doses of 1, 5, 10, 50, and 100uM. We
observed dose-dependent facilitatory actions that largely leveled off at 50uM (Figure 5.2A). As
this dose is consistent with prior work using 4-AP for non-specific blockade of Ka channels, this

dose was used for subsequent studies on effects of spike conduction or recruitment.

Experiments were conducted at 32°C. At this temperature the fastest-conducting myelinated
axons in splanchnic could not be quantified due to its overlap with stimulus artifact. Raw traces
show application of 4-AP (50uM) increased the area of the CAP. Increases in the electrically

evoked CAP responses were seen in all nerves except for the fast-conducting SPN axons. The
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CAP for T12 slower-conducting SPNs was facilitated by 83.8% while splanchnic slow
conducting axons were facilitated by 384.9% (p<0.05 and p<0.01 respectively, n=6, Figure 5.2
C). The CAP of electrically evoked faster-conducting unmyelinated SPN axons increased by
85.5% (p<0.05, n=6). Compared to the facilitation seen in the faster-conducting axons, response
facilitation was much more pronounced in slower conducting axons except for those recruited

electrically in the IGN (Figure 5.2C).

Optically recruited SPNs exhibited a remarkably higher degree of 4-AP induced facilitation
compared to electrically recruited SPNs, with an average ninefold increase. To evaluate the
statistical significance of these findings, we employed t-tests across different stimulation
modalities. The results showed that, on average, 4-AP enhanced the response of faster-
conducting IGN SPNs by 37.6% with electrical recruitment, whereas this increase soared to
326% with optical recruitment (p<0.05). In the case of splanchnic faster-conducting SPNs, a
similar trend was observed: there was an 85.5% mean increase in response to electrical
recruitment, contrasting sharply with an 818.5% mean increase for optical recruitment (p<0.05).
Additionally, we noted significant differences in the slower-conducting SPNs of the splanchnic
nerve, where the response increased by 384.9% with electrical recruitment and a much more
pronounced 3260.5% with optical recruitment (p<0.05). In comparison, slower-conducting IGN
axons did not show statistically significant differences in the degree of facilitation between
optical and electrical stimulation. This may be attributed to a Type Il error arising from small

sample sizes and high variability within the data.

The much greater 4-AP induced increase in evoked responses optically is consistent with their
preferential temperature dependent conduction failures shown in Chapter 3. This preferential

sensitivity of optically evoked SPN axon populations to temperature-dependent depression and



142

subsequent facilitation by 4-AP supports the presence of axonal populations whose conduction
can be prevented via activation of voltage-gated K* channels (see Figure 5.2A). This finding

underscores the significant role of post-spike voltage-gated K* channels in modulating axonal

conduction.
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Figure 5.2 4-AP preferentially increases SPN conduction of slow-conducting SPNs
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[A] Application of 4-AP increases the SPN recruitment overall, however greater actions are seen
in slow-conducting SPNs, particularly those recruited optically. Similar response amplification is
seen in IGN and splanchnic nerves. 4-AP response begins to plateau at a 50puM dose. (n=2). [B]
Shown are typical raw traces of evoked responses, elicited through supramaximal stimulation
using 200 HA/500 ps electrical impulses and 6.6mW/um? 20ms optical impulses. The traces
have been high-pass filtered at 25 Hz. Note the downward increase in amplitude following 4-AP.
[C] Quantification of the 4-AP response is plotted for fast and slow conducting SPNs. Paired t-
tests were conducted to assess significance of amplitude of evoked responses between baseline
and their percent increase following application of 4-AP (n=6; *, p<0.05; **, p<0.01; error bars
are SEM). Asterisks above bars represent significantly different increase recruitment of slower
over faster conducting axons.

5.4.2.2 Differential actions of 4-AP and tetraethylammonium (TEA)

The nonspecific voltage-gated K™ channel blocker TEA has a similar pharmacological profile to
4-AP?8, Like 4-AP, TEA reduced conduction failures in unmyelinated cerebellar granule axons,
likely by an increased spike duration &, We examine the effects of TEA (1 mM) on evoked
responses at 32°C. In contrast to expectations of a dramatic facilitation as seen with 4-AP, TEA
depressed the amplitude of slower-conducting axons of the IGN by 81.1% (p<0.01) and had no
effect on response amplitude of faster-conducting IGN axons or on faster- or slower-conducting
splanchnic axons (Figure 5.3). In comparison, subsequent application of 4-AP invariably led to
significantly increased response amplitude in all populations relative to that seen in the presence

of TEA (Figure 5.3A&B).

To determine if preincubation with TEA enhances the effects of 4-AP, we compared two
experimental groups. In the first group, TEA was preincubated before the addition of 4-AP, as
indicated by the data in Figure 5.3. The second group was treated solely with 4-AP, with results
presented in Figure 5.2. Using an independent two-sample T-test, we found that the facilitative
effect of 4-AP was generally consistent across various populations, regardless of whether TEA

was present. However, a notable exception was observed in the optically evoked, slow-
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conducting splanchnic SPNs, where in the presence of TEA, 4-AP was less facilitatory (p <

0.05). These results suggest that generally, TEA and 4-AP do not have a synergistic effect.
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Figure 5.3 Differential actions of K+ channel blockers TEA and 4-AP
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[A] Shown are typical raw traces of evoked responses, elicited through supramaximal
stimulation using 200 uA/500 ps electrical impulses and 6.6mW/um? 20ms optical impulses.
The traces have been high-pass filtered at 100 Hz. [B]. Quantification of the evoked responses
for each drug treatment is plotted for fast and slow conducting SPNs. 4-AP response was
significant for all fiber types compared to hexamethonium baselines except for fast-conducting
splanchnic axons. TEA exhibited a significant decrease from baseline in electrically and
optically recruited slow-conducting IGN axons (p<0.01) but was otherwise no different from
baseline. In all cases, the 4-AP response was significantly greater than the TEA response.
Experiments were conducted at 32° C. Repeated measures ANOVA were employed to determine
the significance of drug application effects, followed by a posthoc T-test for a comparative
analysis between TEA and 4-AP. (n=4; *, p<0.05; **, p<0.01; ***, p<0.001; error bars are
SEM).
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Figure 5.4 4-AP restores temperature-sensitive conduction block of optically recruited SPN
axons

[A] This figure demonstrates a consistent negative-going depolarization in IGN and splanchnic
recordings in one animal which was observed across 6/6 animals tested (not shown). The
depicted DC shift suggests that an increase in temperature is likely to produce a hyperpolarizing
effect. [B] Shown is an example of temperature-dependent conduction block in optically
recruited SPN axons within IGN and splanchnic nerves. This panel displays ten overlaid
episodes of evoked responses triggered by optical stimulation at 32°C and 22°C, showcasing
how higher temperature prompts conduction failure. Shown are typical raw traces of evoked
responses, elicited through supramaximal stimulation using 200 pA/500 s electrical impulses
and 6.6mW/um? 20ms optical impulses [C] Restoration of axonal conduction at 32°C in the
presence of 4-AP. In a separate mouse without optically-recruited response at 32°C, application
of 4-AP restored conduction in many SPN axons. The dotted line at beginning of raw recordings
reflects timing of optical illumination.
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5.4.3 Role of K»P leak channels in the temperature-dependent in block of spike conduction.

5.4.3.1 DC shifts are associated with changes in temperature consistent with activation of a K+

leak conductance

Although we could not directly record axonal membrane potential, we undertook DC recordings
whose extracellular negative or positive shifts in polarity should reflect depolarizing or
hyperpolarizing shifts in membrane potential, respectively. We observed consistent parallel
temperature-dependent changes in polarity in both IGN and splanchnic recordings. Lowering
temperature from 32°C to 22°C produced a negative DC shift reflective of membrane
depolarization (Figure 5.4A). Conversely, elevating temperature has the opposite positive DC
shift in polarity (not shown). We found that positive shifts in DC polarity from 22°C to 32°C
were associated with conduction block of optogenetically evoked responses in recordings from
IGN and splanchnic nerves (Figure 5.4B); see also Figure 5.4.A. As the splanchnic nerve
contains only SPN axons, we interpret the DC polarizing actions in the IGN, which also contains

postganglionic axons, to also involve actions on SPN axons.

5.4.3.2 4-AP can surmount loss of temperature increase-induced conduction block

We tested whether 4-AP could surmount the temperature increase-induced conduction block,
presumed due to Ka block-induced increases in spike width and height, particularly in optically
recruited SPN axons, which are highly susceptible to temperature-dependent conduction block.
Application of 4-AP successfully restored conduction in cases where optically-recruited
responses were either minimally observable (n=5/6) or completely absent (n=1/6) in the IGN

(Figure 5.4B).
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5.4.3.3 Potassium leak channel activators riluzole and arachidonic acid block axon conduction

Increasing temperature may lead to membrane hyperpolarization and increase in membrane leak
conductance due to activation of temperature sensitive two-pore K* leak (K2P) channels and

consequently play a significant role in limiting the conduction of spikes.

TREK-1 channel currents are not inhibited by the traditional voltage gated K* channel blockers
TEA and 4-AP 28 while the polyunsaturated fatty acid arachidonic acid (AA) and riluzole can

activate TREK-1 channels 212222,

As riluzole activates Ka currents, we implemented a preincubation step with 4-AP to effectively
inhibit A-currents before applying varying concentrations of riluzole (0.5-50uM)?* to better
focus riluzole actions on K*ieax channels. Regarding electrically-evoked responses, Riluzole
preferentially decreased activity in slower-conducting IGN axons (73.1+4.4% reduction;
p<0.05). For splanchnic, decreases were seen in both faster- and slower-conducting populations
(40.9£4.4%; p<0.01 and 56.6+5.6%; p<0.01, reductions respectively). Regarding optically
evoked responses, decreases were seen in both faster- and slower-conducting IGN populations
(75.9£9.4%; p<0.01 and 57.9+16.5%;p<0.05 reductions respectively) while only slower-

conducting SPNs showed a reduction (45.2+12.8%; p<0.05).

In one experiment, pre-application of riluzole (50uM) significantly reduced electrically evoked
responses and completely abolished those that were optically recruited (Figure 5.5C) while
subsequent administration of 4-AP (50uM) not only increased the electrical responses but also
revived and intensified the optically-evoked response. However, these responses were
accompanied by a noticeable decrease in conduction velocity, consistent with expected actions

on K*leak channels in decreasing membrane resistivity.
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The findings indicate a distinct difference in how electrically-evoked and optically-recruited
SPNs respond to riluzole treatment. Specifically, only the slower-conducting SPNs in the IGN
showed a significant reduction in response when electrically evoked, highlighting a possible
difference in sensitivity or density of leak potassium channels in these neurons. Moreover,
optically-recruited SPNs, regardless of their conduction speed or nerve type (IGN or splanchnic),
exhibited a marked decrease in their evoked responses. This suggests a more uniform or

widespread effect of riluzole on these neurons.
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Figure 5.5 Effect of riluzole subsequent to K+ channel block with 4-AP

[A] Shown are typical evoked responses in SPNs, triggered by supramaximal stimulation via 200
HA/500 ps electrical and 6.6mW/mm? 20ms optical impulses. These traces have been high-pass

filtered at 100 Hz to illustrate the effects of 4-AP and riluzole. [B] The graph shows the influence
of riluzole (concentration range 0.5-50uM) on the rectified integral of the maximal CAP induced
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by 4-AP in electrically evoked slow-conducting IGN axons (and all optically-evoked SPN
populations. Statistical analysis was conducted using paired t-tests to determine the significance
of riluzole’s effect on 4-AP induced conduction enhancement in SPNs (n=3; *, p<0.05; error
bars are SEM). [C] Riluzole was administered before the application of 4-AP which reduced
electrically evoked CAP while eliminating the optically evoked CAP. However, the subsequent
introduction of 4-AP resulted in an increase in electrically evoked SPNs and successfully
restored the optically evoked SPNs (n=1). The orange arrow highlights delay of CAP onset even
after restoration.

Arachidonic acid (10uM) led to a reduction in the amplitude of slow conducting IGN responses
elicited electrically (46.9% reduction; p<0.001), as demonstrated in Figure 5.6B. Interestingly, a
similar trend was observed in optically recruited SPN axons (42.9% reduction p<0.01), marking
a divergence from the results seen with riluzole. The observed discrepancies in the effects of
arachidonic acid and riluzole on optically recruited SPNs could potentially be ascribed to the pre-
incubation with 4-AP in the riluzole experiment. As illustrated in Figure 5.3, 4-AP exerts a
significant impact on optically recruited SPNs. Therefore, the presence of 4-AP might have

amplified the effectiveness of riluzole, leading to more pronounced results in these neurons.
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Figure 5.6 Arachidonic acid contributes to blocking slow-conducting SPN fibers recruited
optically and electrically

[A] Displayed are typical evoked responses in SPNSs, triggered by supramaximal stimulation via
200 pA/500 ps electrical impulses and 6.6mW/um? 20ms optical impulses optical impulses.
These traces have been high-pass filtered at 100 Hz. [B] The graph shows partial block by
arachidonic acid (10pM) on the rectified integral of slow-conducting IGN axons by electrical
and optical stimulation. The experiments were performed at a controlled temperature of 32°C.
Statistical analysis was conducted using paired t-tests to determine the significance (n=5; **,
p<0.01; *** p<0.001; error bars represent SEM).

5.4.4 Modulation via 5-HT

In our experiments conducted at 22°C, 5-HT (50uM) revealed distinct responses between IGN
and splanchnic axons. Slower-conducting evoked responses in IGN and splanchnic were

depressed (49+6.9%; p<0.05 and 56+8.2%; p<0.05 reduction, respectively; Figure 5.7B). This
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differential effect suggests a potential variation in the distribution or function of 5-HT receptors

across these neurons, although the conclusions are limited by the underpowered IGN data.
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Figure 5.7 5-HT actions on spike conduction in SPN axons

[A] Displayed are typical evoked responses in SPNs, triggered by supramaximal stimulation via
200 pA/500 ps electrical impulses and 6.6mW/um2 20ms optical impulses. These traces have
been high-pass filtered at 100 Hz. 5-HT induced block can be seen in orange. [B] Shown is the
impact of 5-HT (50uM) on SPN conduction. To account for inter-animal variability in
modulation we assessed differences in rectified integrals of CAP and found rectified integrals
(LV-ms) of CAP to be reduced with application of 5SHT in slow conducting IGN SPNs, slow
conducting splanchnic SPNs. Statistical analysis was conducted using paired t-tests (n=7; *,
p<0.05). Error bars represent SEM.

5.4.1 Presynaptic nicotinic acetylcholine receptors may be a site for SPN axon modulation.

Following the blockade of ganglionic transmission with hexamethonium, we specifically
assessed the cholinergic actions on presynaptic SPN axons by applying neostigmine and
acetylcholine (ACh). The cholinesterase neostigmine (20uM) was used to prevent ACh
degradation. Changes in evoked responses in the presence of neostigmine alone would be

interpreted as due to increasing endogenously released ACh. Subsequently applied ACh
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(100uM) would be expected to have actions on receptors in relation to the dose applied. An
example of evoked responses is shown in Figure 5.8A. Negative DC shifts were seen in 4/6
experiments in both the IGN and splanchnic nerves following the application of neostigmine and
ACh (Figure 5.3 By). In all of these experiments (6/6), both IGN and splanchnic nerves exhibited
an increase background spontaneous spiking activity after the application of neostigmine and
ACh, consistent with the DC-shift being due to membrane depolarization (Figure 5.3 B>).
Remarkably, ACh preferentially and strongly blocked conduction in the slower-conducting IGN
axons (to 12% of control, p<0.05; Figure 5.8C). Note that spiking activity in the IGN could
reflect increased activity in presynaptic SPN axons and/or postganglionic axons while that seen

in the splanchnic nerve represents selective activity in preganglionic SPN axons.
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Figure 5.8 Evidence of presynaptic cholinergic modulation

(A) Representative raw traces of electrically-evoked responses in IGN and splanchnic SPN
axons, the effects of the cholinesterase inhibitor neostigmine (20 uM) and ACh (100 uM)
application, and subsequent washout of applied drugs. Each trace is evoked by a 200 pA/500 ps
electrical stimulus and has been high-pass filtered at 100 Hz for clarity. In all panels, drug
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applications are denoted by a change in the color of the trace. [B1] Example DC recordings
showing clear increases in negativity following application of neostigmine and ACh. Clear
negative DC shifts in IGN and splanchnic nerves were seen in 4 out of 6 experiments.
Extracellular DC shifts after applied neostigmine and Ach reflect membrane depolarization.
Recordings were undertaken coincident with stimulation of the ventral root every minute. [B2]
Shown in an example of emergent spontaneous activity (particularly in IGN recordings) after
applied neostigmine and Ach seen during DC shifts (demonstrated by a series of 5 stacked
epochs taken 1 minute apart). Emergent spontaneous activity was seen in 6/6 preparations. [C]
Cholinergic actions were selectively associated with a significant amplitude reduction (by 88
+3.6%) in IGN slow conducting axons subsequent to applied ACh. Statistical tests were
undertaken using repeated measures ANOVA (n=6; *, p<0.05; error bars are SEM).

5.5 Discussion
5.5.1 Overview of Key Findings

Previous chapters have established that SPN axons, particularly the unmyelinated ones, exhibit
significant time-dependent variations in evoked conduction, with a higher failure rate in spike
conduction observed in IGN (branching) axons compared to splanchnic (unbranching) ones.
These failures were found to be sensitive to both stimulation frequency and temperature, with
elevated temperatures or repetitive stimulation leading to increased failure rates in the slowest

conducting SPN axons.

The work in this chapter further demonstrates the modifiability of SPN axonal conduction by
changes in activation of K* channels and neurotransmitter systems as summarized below. (1) The
GABAAR antagonists picrotoxin and bicuculline reduced evoked responses in IGN (branching)
axons. (2) The voltage-gated K* channel blockers 4-AP and TEA had profoundly different
actions on evoked responses: 4-AP greatly facilitated evoked responses in slower-conducting
axons while TEA depressed responses. (3) We observed that the reduction in evoked response
with 1T° was associated with changes in DC polarization consistent with membrane
hyperpolarization. As TREK-1 K2P leak channels are activated by 1T°, the TREK-1 channel
activators riluzole and arachidonic acid (AA) were applied and reduced recruitment of slower-

conducting responses. That riluzole also reduced axonal recruitment in all other optically evoked
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responses may be related to additional actions of riluzole elsewhere 2°°. (4) Applied 5-HT or
ACh (in neostigmine) reduced response amplitude in IGN slower-conducting axons. Further
studies are required to identify the presynaptic receptors involved in this depolarization.
Nevertheless, the results do show SPN axonal conduction is sensitive to changes in both

serotonergic and cholinergic modulatory events.

The consistent reduction in IGN slower-conducting branching axons as opposed to the non-
branching axons in the splanchnic nerve, supports a selective modulation of these paravertebral
axons. That IGN slower-conducting axons are also preferentially diminished by 1T° (Chapter 4)
may indicate that TREK-1 expression is more common in these axons, as TREK-1 expression is

found in specific subpopulations of thoracic SPNs*’.

Integrated the present studies with those in chapters 3 and 4, our findings demonstrate that
individual SPN axons spike propagation is not unfailing but rather highly susceptible to
conduction failures, with reliability under the control of various factors including temperature,
spike history, GABAARS, voltage-gated potassium channels, K2P leak channels, and

neuromodulatory transmitters.

5.5.2 Modulation via GABAARS

5.5.2.1 GABAergic modulation of SPN axonal conduction

Using GABAAR antagonists, this work identified a role for SPN axonal GABAARS in promoting
spike conduction. The present observations are consistent with earlier observations of reduced
recruitment of postganglionic neurons by GABAAR antagonists 232 233235260 The fact effect sizes
were more pronounced in slow-conducting axons within the IGN suggests that these
neurotransmitters primarily affect conduction in branching axons, supporting the notion that

axonal branch points are a site of spike conduction control. At 32°C, picrotoxin and bicuculline
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selectively depressed the evoked CAP in slow-conducting IGN axons. Extrasynaptic as-
GABAARSs can be preferentially localized at axonal branch points, with tonic activity that
promotes conduction across branch points 23261, SPNs extrasynaptic constitutively active as-
GABAARs 423 put whether their expression was localized to SPN branch points was not
explored. We observed a trend for reduced conduction following block of as-GABAAaRS with the
inverse agonist L655,708, but significance was achieved only with subsequent application of
broader acting GABAAR antagonists. Further investigation into the effects on a5-GABAARS at
lower temperatures is warranted given the observed temperature-dependent loss of slower

conducting IGN axons.

GABAAR effects are dependent on membrane Eci, which, based on the relative activity of
transporters may be depolarizing or hyperpolarizing. There is limited evidence of KCC2

expression in axons 252

which would suggest that Eci would be at a more hyperpolarizing value.
Nevertheless, our results indicate that Eci is more depolarized than resting membrane potential in
contrast to results suggesting activity of GABAAR is hyperpolarizing 223234283 There is also
evidence that GABAARS is depolarizing 2%4. Hyperpolarizing or depolarizing effects of GABAAR
activation may relate to changes in resting membrane potential under different conditions (e.g.
modulation of K2P leak conductance). While it is possible that other transporters are involved in
CI" transport, that GABAAR antagonists reduced conduction in only putatively branching axons,

suggests that their tonic activity is depolarizing and operating mechanistically like that seen in

myelinated sensory axons.

The observation that GABAAR blockers exert effects supports tonic GABAAR activity promoted
spike propagation. Tonic activity would require the presence of endogenously synthesized

GABA or the presence of GABAARS with constitutive activity. Regarding possible sources of
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265 and an

endogenous GABA, there is evidence of GABA synthesis in rat sympathetic ganglia
RNAseq study identifies the GABA-synthesis enzyme GADG65 expression in a distinct
subpopulation of SPNs /. Additionally, the interstitial fluid bathing SPN axons has access to the
circulatory system with plasma GABA levels higher than in the CNS and under dietary
influences 26627 Conversely, the inference regarding constitutive activity stems from the fact
that postganglionic neurons in the paravertebral chain ganglia, traversed by SPN axons, are not
GABAergic 7. a5y2-containingt GABAARs display constitutive activity in the central nervous
system 268 238-240269 R trasynaptic as-containing GABAA receptors are implicated 191:236:270.271
with constitutive activity of GABAAaRS at axonal branch points shown to be a nodal site for
conduction control in somatosensory systems 207:236-271.272_ Ag SPNs have low expression of

constitutively-active as-GABAAaRS 272 47, localization at axonal branch points may similarly

control divergence and hence response amplification to postganglionic neurons.

Modulation via presynaptic axonal GABAaRs would provide an unrecognized mechanism for
control of response amplification and spatial spread in the sympathetic paravertebral system.
Importantly, control is at a CNS-PNS interface site with access to humoral factors that have
known actions on 0s-GABAaRs 2/428 Future studies should test modulation across the
physiological range of firing frequencies, show an absence of sensitive to the synaptic GABAAR
blocker gabazine, and look at the effects of GABAAR agonists. A study on the effects of
allosteric modulators is also warranted. For example, the stress-induced 3a-reduced neuroactive

steroids are potent positive allosteric modulators of a5-GABAaRSs 274279:280,
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5.5.3 Modulation via 4-AP and TEA

5.5.3.1 Increased conduction following 4-AP application can provide mechanistic insight into

modulation of SPN gain via block of Ka

We tested the actions of the Kv channel blocker 4-AP in SPN axons. A previous study on dorsal
root afferents found that 4-AP specifically affected unmyelinated C-fibers, where it notably
prolonged spike duration in single fiber recordings. Furthermore, when observing population
CAPs, 4-AP could significantly increase CAP amplitude 26, 4-AP was also able to reverse

temperature-dependent conduction block non-myelinated rat spinal roots 243246,

We found that 4-AP increased evoked responses in slower-conducting in axons in both IGN and

splanchnic nerves and also restored temperature dependent loss of axonal conduction. Optically-
evoked 4-AP response facilitation was far greater than electrical. This disparity in responses may
be attributed to the differential recruitment of SPN populations with differing K* channel

subtypes and expression densities.

4-AP but not TEA has known actions on the voltage-gated Ka channels of the K3 and K4
family 282, If this is the site of 4-AP actions, the results demonstrate that block of these channels
results in a significant increase in preganglionic drive. This finding has potential implications for
controlling SPN output strength, particularly in cases where K* channel expression is altered. For
example, alterations in voltage-gated potassium currents have been associated with
hyperexcitability in primary afferents in spinal cord injury models 282283, Future experiments
should use Phrixotoxin-1 (1-10 uM, Tocris) to selectively block Kv4.2/Kv4.3 potassium

channels 284,
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It has been reported that 4-AP but not TEA promotes presynaptic recruitment of N-type Cay2.2
channels via actions on the B3 subunit 2%, As voltage-gated Ca?* (Cay) channels are expressed in

unmyelinated axons >

it is possible that 4-AP recruited Cay channels. SPNs have strong
expression of Cay2.2 (CACNA1D) but expression of the B3 subunit (CACND3) is limited to 2 of
15 thoracic SPN subpopulations #. 4-AP actions on Ca, channels should broaden spikes and
could support the substantial negative shift in the recorded responses. To determine whether
negative deflections induced by 4-AP are Cay mediated, it will be necessary to conduct studies
involving the blockade of these channels. Regardless, the recruitment of axons by 4-AP, which
were previously inhibited at higher temperatures, along with the identification of new unit

recruitment at lower doses of 4-AP before the onset of larger negative events, reinforces the role

of Ka channels in modulating spike conduction.

Finally, the facilitation induced by 4-AP was consistently observed in both splanchnic and IGN
CAPs, suggesting that 4-AP-sensitive potassium channels play a crucial role in unmyelinated
axons. This effect appears to be non-discriminatory with respect to whether these axons are
branching or non-branching, indicating a broad functional relevance of these channels in various

types of unmyelinated axons.

Our observed 4-AP actions may be important clinically as therapeutics currently used to promote
conduction in demyelinated large axons (fampridine; 4-AP) %8¢ may also increase magnitude of
SPN actions onto postganglionic neurons. Such increases would be consistent with induced

hypertensive crisis associated with afferent -induced autonomic dysreflexia.
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5.5.3.2 Differential actions of TEA and 4-AP

Both TEA and 4-AP are known to enhance action potential amplitude in demyelinated and
unmyelinated axons 8243246 |_jke 4-AP, though less consistent in its effect, TEA can promote
conduction caused by temperature block in nonmyelinated fibers 243, At 32°C, 1 mM of TEA,
produced no significant changes in amplitude across most populations, except for depression in
slow-conducting axons of the IGN under both electrical and optical stimulation. Given that 4-AP
and TEA are blockers at many common voltage-gated K* channels the lack of facilitatory effect
by TEA may be related to dose applied. It has been noted that concentrations of up to 50mM are
required to achieve a facilitatory effect, whereas our experiments employed only a 1mM

concentration 24,

TEA has previously been reported as a blocker of ganglionic transmission 28" and presumed to be

via postsynaptic depolarization block of spiking 2

where block of multiple voltage-gated K*
channels leads to a progressive depolarization with subsequent maintained inactivation of
voltage-gated Na* channels. It is therefore possible that depressant actions of TEA on slow IGN
axons may be via inadequate block of synaptic transmission with hexamethonium (100uM) in
this subpopulation of axons. Alternately, and arguably more likely, TEA-induced depression in

slow-conducting IGN axons could be via selective depolarization block of these preganglionic

axons.

We compared the pharmacological actions across the family of voltage-gated K* (Kv) channels
(https://www.guidetopharmacology.org/) with sensitivity to block by 4-AP and TEA. Given the
doses applied, observed 4-AP effects are likely attributed to the selective pharmacological

actions of 4-AP on K.4.2 and/or K\4.3 channels. These Ka channels are highly expressed in
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SPNs #” and Kv4.3 has been shown to be expressed in unmyelinated axons'®’

. Accordingly, these
channels likely play a crucial role in modulating propagation failure along axonal spikes.
Physiological or pharmacological mechanisms controlling their activity could allow significant

control of their divergent actions onto postganglionic neurons with subsequent impact on

response magnitude in innervated effector sites.

5.5.4 Modulation via Potassium Leak Channels

As shown in Chapter 4 (Figure 4.5) there was a pronounced conduction block in slower-
conducting unmyelinated SPNs at 36° compared to 22°. That optical stimulation preferentially
recruited the slowest-conducting axons (Chapter 3) aligns with our observation that optically

recruited responses in SPN axons were significantly diminished or entirely absent at 36°.

Notably, a decrease in temperature led to a depolarizing negative DC shift (Figure 5.2A), or
conversely, an increase in temperature leads to a hyperpolarizing DC shift. This was paralleled
by findings that higher temperatures promote conduction block in SPN axons within both IGN

and splanchnic nerves (refer to Figures 4.1 and 5.2A2).

Building on these insights, we explored whether the associated temperature-dependent reduction
in evoked responses was due to activation of the temperature-sensitive two-pore K* leak (K2P)
channel TREK-1. TREK-1 channels are highly expressed in SPNs #” and show a 20 fold increase
in activity when temperature rises from 22-42°C 28°2% e focused on testing the effects of the
TREK-1 channel activator riluzole, and the polyunsaturated fatty acid positive modulator

arachidonic acid 212222,

Our findings revealed preferential depression of the slower-conducting responses following

application of riluzole or arachidonic acid in IGN, with riluzole also depressing responses in the
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splanchnic nerve. Before applying riluzole, we preincubated the bath with 4-AP to inhibit the
voltage-gated K* channel (Kv) channels Kv4.2 and Kv4.3, which are also reportedly inhibited by
riluzole ! 2°2, The TREK-1 mediated currents are not inhibited by the traditional (Kv) blockers

TEA and 4-AP 2%,

While riluzole also inhibits persistent sodium (Na*) currents and GABAaRs?%2%, which could
explain the observed effects, the similar outcomes achieved with arachidonic acid suggest the
involvement of K2P TREK-1 channel activation. Riluzole induces a negative shift in the I
current, and axons express both HCN1 and HCN2 channels?®. This alteration should not affect
the threshold for initiating spikes or the recruitment of action potentials, but it may modify the
properties of repetitive firing. Notably though, riluzole responses were stronger and broader and
clearly associated with a slowed CV (figure 5.5) (n=3). Slowing of CV would be consistent with
the increased membrane leak associated with activation of KzP channels. In comparison, slowing
of CV with arachidonic acid was less obvious. It is possible that higher doses of arachidonic acid
than that chosen (10 pM) based on other in vitro studies 2" may have led to stronger modulatory

actions.

Notably, the effects of riluzole may provide insight into a unique role for TREK-1 channels as
being important for defining temperature thresholds and temperature ranges as previously
demonstrated in nociceptors 2%, The role of TREK-1 as a temperature sensor is further supported

by a lack of 164hermos-sensitive TRP channels at this temperature range *.

Interestingly, TREK-1 channels are physiologically modulated through transduction pathways.
These channels are notably activated by polyunsaturated fatty acids and various anesthetics,
highlighting their responsiveness to diverse molecular signals 2°*3%, Conversely, these channels

are inhibited by the NO/cGMP/PKG, Gs/cAMP/PKA and the Gg/PLC/DAG/PKC signaling
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pathways 247248, That TREK-1 channels are subject to negative regulation by Gs and Gq G
protein-coupled receptors, support modulatory control via PGE2, serotonin 5-HT2&7 receptors

and muscarinic M1 35 receptors 301302,

5.5.1 Monoaminergic Modulation

Recent RNA-seq database analysis has identified the presence of 5-HT1r, 5-HT2a, 5-HT2c, and
5-HT7 receptors in SPNs #’. In our studies at 22°C, 5-HT (50uM) preferentially depressed slower
conducting responses in both IGN and splanchnic nerve. Modulatory responses support the
presence of 5-HT receptors on SPN axons. To our knowledge there are no neuronal sources
associated with 5-HT release 1’73, meaning that either 5-HT arises from nonneuronal sources
and/or these receptors are constitutively active. Regarding non-neuronal sources, all 5-HT is
circulated via blood platelets and plasma which may act on SPN axonally distributed 5-HT

receptors. In comparison, there is considerable evidence of constitutive activity of 5-HT>
receptors, . Future studies using selective 5-HT> inverse agonists like SB206553 or

cyproheptadine would provide evidence of their constitutive activity.

Additional pharmacology assessing the presence of other expressed 5-HT receptors would also
provide important information on the mechanism of serotonergic modulation. 5-HT G-protein-
coupled actions on TREK-1 channels may be one mechanisms of their neuromodulation in
evoked responses. As 5-HT> receptors are Gq-coupled, they would be expected to inhibit TREK-
1 channels. 5-HT7 Gs-coupled receptors would be expected to act similarly. In comparison Gi-
coupled 5-HT1r receptors may support TREK-1 channel activation. That the present series was

undertaken at room temperature may have prevented any modulation via this pathway.

5-HT?7 receptors have been implicated in the modulation of K* channels such that activation can

lead to hyperpolarization of the cell membrane, possibly through the opening of potassium
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channels 84, Aside from 5-HT.a/c Gqactivation of protein kinase C, consequent activation of
phospholipase C-induced production of IP3 leads to an increase Ca?* release from I1P3-sensitive
stores and may be implicated in inhibiting GABAAR activity 33%, 5-HT receptors are coupled
to Gi/G, proteins, leading to the inhibition of adenylyl cyclase and a decrease in CAMP level.
While not directly known for modulating potassium channels, the signaling pathway through

Gil/Go, proteins can indirectly influence potassium channel activity.

To support the notion that serotonin (5-HT) modulate spike conduction, evidence is needed to
demonstrate the localization of receptors along the axons. Additionally, it must be shown that
neurotransmitters are present in concentrations high enough to activate these receptors or that the

receptors themselves exhibit constitutive activity.

5.5.2 Cholinergic Modulation of SPN Axons

Following the blockade of ganglionic transmission using hexamethonium, we assessed
presynaptic cholinergic modulatory actions following application of ACh in the presence of the
cholinesterase inhibitor neostigmine. ACh led DC shifts consistent with greater depolarization
and increased spontaneous activity in both nerves. ACh also preferentially reduced evoked
responses in IGN slow conducting axons. The identity of the ACh receptors responsible for
observed actions may be either nicotinic or muscarinic. Additional studies using receptor
selective agonists and antagonists are required to identify the cholinergic receptor(s) involved.
Potential targets are muscarinic M3 receptors that are expressed in SPNs along with nicotinic

receptors containing (in descending order of expression) a7, B2 04, al, a10 and 09 subunits #’.

Aside from local diffusion following release from presynaptic terminals, ACh effects could also
arise from non-vesicular release®’. Given that SPN axons are exposed to the circulatory system,

fluctuations in circulatory ACh levels could influence axonal receptors, thereby globally
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modulating sympathetic axonal excitability®%. Furthermore, the synthesis of ACh by non-
neuronal cells in vascular endothelial tissues, combined with the presence of soluble choline
acetyltransferase (ChAT) in the plasma, may regulate ACh levels to exert effects in a paracrine

manner3%,

5.5.3 Comparative Analysis of Modulatory Effects

When comparing modulatory effects, it becomes evident that slow-conducting axons
demonstrate a heightened sensitivity to modulation. This observation aligns well with the
patterns we noted regarding temperature and frequency perturbations, as discussed in the
previous chapter. Furthermore, differential actions were seen between optically recruited and

electrically recruited SPNs.

Interestingly, our analysis revealed that the distinctions between IGN SPNs and splanchnic SPNs
were not as straightforward as anticipated, showing variability depending on the modulation
strategy employed. For instance, we observed that GABAAR antagonists and ACh preferentially
depressed population responses in slower conducting IGN axons, implying a selective
localization of GABAAR and modulatory cholinergic receptors on slower conducting IGN axons.
In comparison, 5HT (applied at 22° compared to 32° in experiments above) selectively depressed
population responses in the slower-conducting axons in both the IGN and splanchnic nerves.
Meanwhile, Ky block and K>P activation had more widespread effects on population responses
indicative of more widespread expression of these channels. Facilitation of conduction through

Kv block was the most profound and widespread.

In conclusion, studies focusing on the recruitment or inhibition of channels and receptors, which
are presumably expressed in SPN axons, demonstrate the potential to regulate population-evoked

responses. The slower conducting axons have greater capacity for modulation of conduction with
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greatest actions in the IGN, presumably indicating that conduction along their branching axons is
a key site of regulation. The heightened sensitivity of slower-conducting axons to various
modulators, alongside the differential responses based on recruitment method and nerve type,
points to a nuanced landscape of neural modulation. In particular, the distinct control of IGN
slower-conducting axons by GABAARS and cholinergic agents, highlights this population as
functionally distinct with regards to conduction control. These findings not only enhance our
understanding of neuronal modulation but also pave the way for more targeted investigations

into the functional roles of these diverse neuronal pathways.

5.5.4 Implications for Neurophysiological Understanding

In this chapter, we provide a conceptually novel mechanism of CNS-PNS gain control in a little
explored but physiologically critical area in vertebrate neuroscience: the CNS sympathetic output

stage. Prior to this study little was known about SPN conduction along the axon proper.

We have firmly established that controlling conduction along SPN multisegmented axonal
branches is not just an overlooked aspect but a vital, physiologically modifiable presynaptic
feature in the regulation of sympathetic output. Our in vitro studies, focusing on evoked

responses of SPN axons can be effectively modulated.

We have conclusively demonstrated that conduction failures across SPN branching and
unbranching axons is a physiologically phenomenon and is subject to modulation. This discovery
IS not just of academic interest but holds substantial clinical implications. Our findings establish
foundational mechanisms that are directly pertinent to spinal cord injury (SCI) and autonomic
disorders. This paves the way for future research to validate these mechanisms in vivo and to

explore their potential therapeutic applications. Our work, thus, marks a significant milestone in
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neurophysiological research, offering new avenues for understanding and manipulating

sympathetic output in both health and disease.
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6 Summary and General Discussion

This thesis explored the complex mechanisms governing spike propagation in spinal cord
sympathetic preganglionic neurons (SPNs), which act as the final integrated output from the
CNS to postganglionic neurons in both paravertebral and prevertebral ganglia. To investigate
these neurons, an ex vivo approach was developed using adult mouse thoracic sympathetic chain
ganglia. These ganglia were dissected to maintain in situ continuity with ventral roots, and
synaptic transmission was blocked to focus on SPN axonal responses. The study used both
optical and electrical stimulation to recruit SPN axons in ChAT-CHR2 adult mice, recording
population responses in branching axons across the IGN and in unbranching axons in the
splanchnic nerve that project to prevertebral ganglia. The responses were categorized into faster-
and slower-conducting subpopulations, and anterograde labeling provided insights into the

axonal branching of SPNs.

The research revealed that SPN axonal volleys exhibit a range of conduction velocities, all of
which were consistent with unmyelinated axons in the IGN and lightly myelinated and
unmyelinated in the splanchnic nerve. Slower-conducting axons in both IGN and splanchnic
nerves had the highest variability in population response profile. These axons experienced
frequency-dependent depression of evoked responses, with pronounced conduction failures in
the slowest conducting axons. Further, the study found that the slowest-conducting axons were
susceptible to modulation by GABAAR block, 5-HT and ACh receptor activation, and
pharmacological interventions affecting Kv (putatively Ka) and K2P Kjeak channels. A summary

of key findings is provided in Figure 6.1.

Overall, unmyelinated axons from CNS preganglionic neurons in autonomic circuits had high

spike propagation failure rates. This previously unrecognized feature and that conduction failure
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magnitude was under modulatory control together demonstrate that conduction is a key feature
of output control beyond the CNS-driven recruitment of SPN spiking within the spinal cord.
Given the range of conduction failures seen, particularly in the slowest conducting unmyelinated
axons, we hypothesize that the encoding of sympathetic drive is optimized for low-frequency
information transfer of population-encoded responses to minimize metabolic costs, consistent

with the ‘law of diminishing returns’ 8,

Spinal Cord
Branching Unbranching

T Temperature
All SPN axons show reduced conduction, but it's the slowest that are most
prone to conduction failures.

> 4 T Frequency
Only slow SPN axons show reduced conduction with increased frequency,
regardless of branching.

Block of GABA R
Blocking the receptor reduced conduction in only the slowest, branching
axons of the IGN.

4® Block of K,
All SPN axons increased conduction following 4-AP, with larger effect seen
in slow axons

T K,P
Activation of potassium leak channels reduced conduction in only slowest
conducting branching axons.

b 1 Serotonin
Serotonin reduced conduction in slow axons regardless of branching.

210

T ACh
ACh reduced conduction of slow, branching axons.

Sympathetic Ganglia

Figure 6.1 Summary of Key Findings
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This schematic illustrates how various factors influence the conduction in SPN axons, based on
findings from this thesis. It includes four types of axons: fast and slow branching axons, along
with fast and slow unbranching axons. A green arrow indicates an improved evoked response in
the SPN volley, signaling either enhanced conduction efficiency or the involvement of additional
SPN axons, with a darker green shade denoting a stronger response. Conversely, a red "X" marks
the presence of conduction failure, where a darker red signifies a more significant block.

6.1 Conduction failure behavior in sympathetic preganglionic axons
For SPN paravertebral axons with broad multisegmental divergent projections, it is easy to

consider regulation of propagation distance by conduction failure as a mechanism to control
receptive field size of postsynaptic postganglionic neurons targets. As such this enables SPN
axons to provide powerful modulatory control of sympathetic output strength 27X, This
phenomenon may act as a behavioral state-dependent gating mechanism, with differing levels of
spike propagation under different physiological conditions, spike propagation can be promoted

or depressed.

Failures in conduction could be triggered by a variety of factors, including activation history,
neuroactive factors in circulation, or changes in channel function. This selective inhibition would
effectively reduce the excitatory input to the postganglionic neurons, thereby modulating the
overall sympathetic tone. The rationale behind this could be twofold: to prevent overstimulation
of target organs and tissues, ensuring a balanced autonomic response, and to conserve energy by
reducing unnecessary neurotransmitter release and axonal firing. This process might be
particularly important in maintaining homeostasis, where the precise regulation of sympathetic
activity is crucial for organismal health and adaptive responses to environmental changes.

6.2 Modulation via factors in circulation

In our research, we have successfully demonstrated that preganglionic conduction can be

modulated by circulating factors such as 5-HT and GABA. The reduction of SPN spike
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propagation by 5-HT suggests its physiological role in decreasing sympathetic drive. It is well
documented in the literature that 5-HT levels rise after meals and shortly after darkness sets in,
highlighting its regulatory impact on sympathetic activity in response to nutritional and circadian
cues®'?. Regarding GABAA receptor modulators, this thesis did not investigate the effects of
neurosteroids on GABAA receptors directly. However, it is plausible that circulating
neurosteroids may act on SPN spike conduction®'t-313, GABA may act as an excitatory agent,
amplifying SPN responsiveness and elevating sympathetic activity. This heightened activity is
crucial during emergency situations or conditions requiring increased physiological performance.
The application of the neurosteroid pregnanolone, which serves as a positive allosteric modulator
for GABAA receptors, can illustrate this effect.

6.3 Thermo-dysfunction

In individuals with spinal cord injury (SCI), who frequently suffer from thermoregulatory
dysfunction, understanding the relationship between body temperature and conduction in SPNs is
crucial. SCI disrupts sympathetic autonomic control, leading to impaired regulation of blood
flow and body temperature, making individuals susceptible to both hypothermia and
hyperthermia?3214 213214 'Research has indicated that deviations from normal body temperature
can significantly affect spike conduction in neural pathways 8, posing a particular risk for those
with SCI. Interestingly, in the context of thermoregulatory dysfunction, lower body temperatures
(hypothermia) might lead to increased conduction at SPN branch points, potentially resulting in
excessive sympathetic output. This could manifest as overcompensation in physiological
responses, such as increased blood vessel constriction, which might further challenge, or
adaptively augment the body's ability to maintain a stable temperature. Conversely, elevated

body temperatures (hyperthermia) could lead to decreased conduction in these axons,
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diminishing the sympathetic response when it might be needed to dissipate heat via sweating, by
may adaptively augment heat dissipation by maximizing vasodilation. Future research focusing
on the effects of temperature changes on conduction, particularly at branch points or along
unmyelinated axons in SPNs within the 33-39°C range -reflecting hypo- or hyperthermia
conditions post-SCI - will be informative and clinically-relevant. For example, pharmacologic
control of Ky and K>P leak channels could be an effective strategy to modulate output strength

by alterations in preganglionic conduction.

In conclusion, our research sheds light on the intricate mechanisms modulating SPN axon
activity, paving the way for a deeper understanding of neuronal communication and potential

therapeutic targets.
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