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Abstract

The abstract should outline the main approach and findings of the thesis and must not be
more than 500 words.

Background

Cough is a necessary reflex mechanism that protects the airways in response to stimuli.
Cough is also a distressing symptom for people when it becomes chronic. Before patients
cough, they can experience a sensation called the “urge-to-cough” (UTC). Recent
evidence suggests that both cough and the UTC are susceptible to behavioral and neural
modulation via neuronal networks that are widely distributed throughout the brain.
Current therapies have been ineffective in reducing persistent cough, and better cough
suppressant methods are needed. A greater understanding of the neural brain regions
associated with cough and the UTC is needed to develop novel suppression therapies.
Exploring mechanisms with the potential to modulate cough, such as conditioned pain
modulation (CPM) or the diffuse noxious inhibitory control (DNIC) effect could be
especially informative. This mechanism is known to incorporate cortical and subcortical
regions to reduce the perception of pain felt at one site in the body during the concurrent
application of pain at a distant site. The studies in this thesis investigated CPM-related
modulation of cough and the UTC using behavioural measures and functional magnetic
resonance imaging (fMRI).

Methods

In three distinct experiments, healthy adult participants underwent a series of
psychophysical tests and regional blood oxygen-level-dependent (BOLD) fMRI of the brain
to detect the modulation of UTC and cough in humans. The first experiment (Chapter 2)
involved each participant inhaling capsaicin to evoke an UTC and cough during either the
absence or application of painful conditioning. Ratings of UTC and cough frequency were
recorded during the trials followed by BOLD fMRI scans of the brain under both
contingencies (pain and no pain). This protocol tested behavioural outcomes of painful
conditioning on cough and the UTC including measurement of regional BOLD signal
intensities during the experimental contingencies to determine whether the responses of
higher brain regions within the capsaicin inhalation network were modified by painful
conditioning. As the lower brain is a smaller and more difficult region to probe with fMRI, a

second experiment (Chapter 3) was employed and optimised for assessing regional
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brainstem responses to the inhalation of capsaicin with and without painful conditioning
stimuli. The third experiment (Chapter 4) assessed regional brainstem responses
associated with differences in the intensity of the UTC evoked by two concentrations of

capsaicin (high and low).

Results

Painful conditioning resulted in significant reductions in participants’ UTC ratings and
cough frequencies. In addition, painful conditioning during fMRI was associated with
widespread decreases in neural activity in networks within the capsaicin-evoked regions in
the higher brain. fMRI optimised for the brainstem showed capsaicin-evoked activations
within the pons and rostral medulla. However, there were no regions that showed an
increase in activations during conditioning events compared to no pain events. Similar
findings were observed during fMRI analysis for regional brainstem responses associated
with differences in the intensity of UTC evoked by high and low concentrations of

capsaicin.

Conclusion

The novel findings in this thesis demonstrated that pain can modify cough-related
behavioural and neural processing in humans which is consistent with mechanisms
associated with the DNIC phenomenon. The neural outcomes observed in the brain
hemispheres also provided evidence of a DNIC-related modulation of incoming sensory
input from the airways; most likely via a descending inhibition of such inputs from
brainstem nuclei. However, the findings of the current thesis are yet to prove this
modulation at the brainstem level, most likely due to the limits of fMRI imaging of the
brainstem region. Future research of brainstem mechanisms involved in the DNIC-related
modulation of airway inputs may identify regions that could be utilised as potential
therapeutic targets for drug development in a clinical setting. The findings of such
investigations may aid in addressing unwanted chronic cough, yielding a positive impact

on the millions of people worldwide suffering from this disease.
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Chapter 1 - Introduction

Cough

The cough reflex is essential for protecting against both blockage of and damage to the
airways . Additionally, it is tightly regulated in humans and animals as it is critical for the
protection of respiration 1. The presence of mechanical and chemical stimulants within the
airways leads to the activation of several subsets of airway afferent nerves which often
trigger coughing. The airway afferents then relay information via ascending pathways to
regions of the brainstem initiating a cough reflex and the subsequent clearance of material
from the airways 2. There are three phases associated with the cough reflex mechanism:
an initial inspiration, followed by compression and then an expulsion 2. Furthermore, cough
is similar to other respiratory reflexes in that it can also be initiated voluntarily or
behaviourally. Behavioural cough is usually a repetitive cough in the presence of an
underlying disease 4. In humans, cough can be voluntarily initiated on demand as well as
voluntarily suppressed °. Notably, recent research has shown that the cough reflex can
also be influenced by internal factors such as attention and anxiety and external factors
such as social context 68, This implies that there is a contribution to cough control from the
cortex, in addition to the brainstem mediated reflex loop of cough °. These observations
contributed to the current interest in the neural processes involved in the voluntary control
of cough. Despite recent advances in our understanding of the mechanisms involved in the
regulation of cough, little is known about the neural modulation associated with cough

reduction and how it operates in humans.

Chronic Cough: Clinical Indications, Medications, Disorders & Implications

Cough lasting for more than eight weeks is described as chronic cough. More than 30
million patients presented with chronic cough at primary care facilities in the United States
in 2010 and between 9 and 33% of the adult population in the developed world suffers
from this condition 1912, The treatment and management of chronic coughing has mainly
been via the prescription of codeine and dextromethorphan 3. These antitussive drugs
suppress cough by acting on the central nervous system 4. However, recent studies have
shown that both codeine and dextromethorphan are not significantly more effective than
placebo (a substance or treatment of no intended therapeutic value) at suppressing cough
1518 ' A meta-analysis of 25 randomised placebo-controlled experiments, performed by

Smith et al (2008), concluded that “there is no good evidence for or against the
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effectiveness of over the counter medicines in acute cough” *°. Given the ineffectiveness
of current treatments of this chronic condition, there has been growing demand for, and an
increase in the awareness of, the need for research into the development of better cough

suppressants.

There are many disorders associated with chronic cough and persistent UTC. Chronic
obstructive pulmonary disease, asthma, gastro-oesophageal reflux and bronchitis are
amongst the most common disorders associated with chronic cough 2°. Additionally,
chronic cough is associated with many complications including vomiting, rib fractures, loss
of sleep and urinary incontinence 2. The long-term effects of chronic cough include social

isolation and embarrassment, anxiety and depression 2223,

Idiopathic Cough

There is a proportion of patients that suffer from idiopathic chronic cough 4. Despite
extensive clinical studies, the aetiology remains largely unexplained. Some studies
suggest that such individuals may suffer from an abnormal or overly sensitised cough
reflex 2526, A review study conducted by O’Neill et al (2013) indicated that an infection or
disease may cause a remodelling of the cough reflex regulatory network 2°. This is known
as neuronal plasticity which can lead to heightened responses to normally innocuous
stimuli although it is not confined to idiopathic cases of chronic cough 2°. Plasticity of
neural responses may lead to hypersensitivity caused by dysregulation of sensory neural
pathways and central processing in cough reflex regulation causing exaggerated coughing
27 However, the precise pathways and mechanism associated with idiopathic cough needs
further research as most studies involving cough neurophysiology have been undertaken
in animal models. Traditional treatment via antitussives such as dextromethorphan tend to
be ineffective for individuals suffering from idiopathic cough. Other forms of treatment
such as opioid based cough suppressants often lead to habituation in the long term

including the risk of developing side effects 22,

In addition, acute airways pathologies such as upper respiratory infection can lead to
cough hypersensitivity 2°. However, the hypersensitivity in these patients may be stimulus
specific rather than universal in nature 1. A number of potential explanations for such
discrepancy include decline in attention to sensation of the UTC or differential

mechanisms. For instance, speaking, laughing, drinking and or eating may trigger cough in
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patients with cough hypersensitivity 3°. The exact reason for the discrepancy remains
unclear which further highlights the complexity of the neural processes governing chronic
cough disorder. Therefore, it is hoped that further research into the central pathways
involved in the generation of a cough reflex may be of use. It is possible that behavioral or
pharmaceutical modification to restore or enhance the function of the inhibitory circuits
involved in the cough reflex may lead to better therapeutic outcomes than the currently

available treatment options.

Urge to cough

Cough is often accompanied by a sensation known as UTC. This sensation is usually
described as a feeling of tickle or itch in the back of the throat 3%. The primary complaint of
UTC is the constant sense of irritation in the airways and one way to relieve this is by
physically coughing 32. However, previous research has also indicated that the
somatosensory irritation of an airway may not necessarily correlate closely with the
affective sensation of a perceived UTC 3133, Furthermore, Hilton et al (2015) studied the
experiences of sensations and relievers associated with UTC amongst chronic cough
patients. The findings showed that 91% of patients would cough in response to an UTC.
On the other hand, only 69% of patients agreed that they would always experience an
UTC before coughing. In addition, participants reported several ways for relieving the UTC
which included drinking fluids, sucking sweets, chewing gum and expectorating sputum 2.
In some instances, the motor response of cough due to a persistent UTC does not
necessarily lead to cough relief 3. Notably, these findings are consistent with reports of
similar patients in previous studies indicating that not all chronic cough patients experience
an UTC before coughing 343,

Cough can either be generated reflexively before a sensation of UTC is felt, or it can be
produced via a conscious (voluntarily) sensory process; the latter mechanism is where the
stimulation of the airways causes a recognition of a desire to cough depending on both the
intensity and context of the stimulus 32. When the mechanism is conscious, the eventual
production of cough relies on a series of events, beginning with the relay of sensory input
from the airways to subcortical nuclei within the brainstem. Brainstem neurons in receipt of
this sensory input then relay this information to the cortex where cognitive, emotional and
contextual information is integrated 6. Descending pathways then feed-back to brainstem

regions that initiate or suppress the motor response of cough 36-38, Notably, the primary
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somatosensory cortex has been widely implicated in recent studies to be an important

region involved in the generation of voluntary cough .

Investigating the neural mechanisms associated with this sensory experience of the UTC,
rather than the cough reflex itself, would likely provide a better alternative perspective that
could be useful in understanding chronic cough disorders. With this in mind, therapeutic
strategies that aim to block the basic cough reflex (including the reflex defensive cough
that protects the airways from harmful substances) may not be useful in part, because the
absence of cough in humans may result in other clinical problems and may also do nothing
to target the central mechanisms associated with excessive coughing or behavioral cough.
More desirable outcomes may be achieved with the development of new therapeutic
models that target and reduce the UTC or mimic the endogenous inhibitory pathways that
help regulate cough in humans. Understanding the neural substrates involved in sensing
and responding to airways irritations that evoke an UTC is necessary for identifying novel

approaches to cough reduction in chronic cough patients.

Circuitry involved in processing the Urge to Cough

The sensation of an UTC is initiated by peripheral nerve receptors found in the respiratory
tract, particularly the bronchi, trachea and larynx. Mechanical and chemical stimulation
leads to the activation of subpopulations of these sensory neurons 3. Capsaicin and other
substances such as bradykinin, adenosine triphosphate (ATP) and citric acid activate
chemical receptors while mechanical cough receptors found within the linings of the
epithelia react to physical stimulation such as particulate matter 34941 There are two
distinct groups of neurons which reach the airways and receive airway afferent input via
different vagal branches #2. The cell bodies of these neurons are found in the nodose
ganglion and the jugular ganglion. The neurons from the two ganglia have distinct
phenotypes and anatomical projections to the brainstem via different vagal branches?8.

Retrograde tracing has been used to visualise the origin and terminal branches of airway
afferents with cell bodies in the nodose and jugular ganglia 3. The sensory afferents with
cell bodies in the jugular ganglion innervate the proximal airways (upper trachea and
larynx) while sensory afferents with cell bodies in the nodose ganglion innervate the same
airway levels with the inclusion of lower airway segments (lungs). Neurons from both

ganglia have projections to the brainstem via the vagus nerve which is a subsidiary of the
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cranial nerve 4345, The afferents with cell bodies in the nodose and jugular ganglia
terminate at the nucleus of the solitary tract (nTS) and the paratrigeminal nuclei (Pa5) of
the brainstem respectively. These neurons in turn innervate second-order neurons which
either project to other nuclei within the brainstem, or ascend to higher order circuits or
descend to the spinal cord #6. One outcome associated with second order neurons that
project to brainstem nuclei is the inducement of reflex motor responses such as cough or
autonomic outflow. However, sensory neurons that ascend to higher brain circuits
terminate at the pontine, midbrain and a variety of subcortical and cortical sites that
encode various involuntary and voluntary cough motor responses and sensations

subsequent to airway sensory nerve stimulation 38,

Recent studies have investigated brainstem inputs from airway afferents that ascend to
higher brain circuits. Neurons transmitting airway inputs synapse with circuits that ascend
the neuro-axis and terminate at several brainstem and higher brain regions. The regions
include the thalamus, insula cortex, primary somatosensory cortex and the amygdala 4748,
However, these circuits have distinct pathways based on whether they project from the
NnTS or Pa5 brainstem nuclei. For instance, animal studies have shown that airway specific
nodose relays via the nTS terminate in the amygdala, hypothalamus and the zona incerta
46 In contrast, airway-jugular related circuits are relayed via the Pa5 and have broader
representation within the medulla, pons and thalamus 424, These fundamentally different
circuits of the Pa5 and nTS, identified from animal studies, likely contribute to distinct
functional behaviors associated with vagal afferent stimulation leading to the reasonable
guestion as to whether such findings are representative of that involved in human airway
sensation. This query was addressed to some extent in human studies where it was
shown that differential patterns of human brainstem activations exist between the nTs and
Pa5 during inhalation of capsaicin versus ATP (adenosine-triphosphate). ATP inhalation
only showed activations in the nTS while inhalation of capsaicin activated both the nTS
and the Pa5 %°. These fundamental differences in the nodose and jugular relay of airway
afferents into higher brain sites combined with their distinct sensory processing of different
stimuli, suggests that they may have distinct roles in the evocation of cough and the UTC
in animals and more recently in humans. However, research is lacking regarding whether
one or both of these nuclei are involved in the modulation of UTC and cough in humans.
There is evidence suggesting that the nTS serves as the primary relay nucleus for the
processing of airway inputs leading to the likelihood that it may play a role in modifying the
UTC sensation 3. However, no research has yet confirmed this hypothesis. Therefore, it is
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worthwhile to investigate the brainstem and higher brain responses associated with the
modulation of UTC to gain a better understanding of the underlying circuitry involved in this

process.

Functional MRI of brain activity associated with Urge to cough

Since its development in the 1990s, functional magnetic resonance imaging (fMRI) has
become a leading research tool for mapping brain activity -2, This mapping of brain
activity in fMRI is based on the link between neuronal function and associated
cerebrovascular hemodynamic changes 53°, Early use of fMRI produced brain maps of
motor cortex activation after developing human echo planar imaging (EPI) capability 5356
59_ 1t wasn’t until more recently that fMRI became a widely used tool in neuroimaging
studies involved in investigating the cerebral changes in brain activity during emotional and
cognitive experiences °2., These investigations led to better understanding of the neural

mechanisms underlying perception in humans and non-human primates °°.

During the performance of a task or specific condition, rapid acquisition of successive EPI
of the brain allowed for the mapping of brain regions that are selectively active as a result
of changes in neural activity 6. Neural activity requires oxygen which influences local
vessel diameter to induce an increase in oxygenated haemoglobin (HbO2) compared to
deoxygenated haemoglobin (Hb), as arterial blood flow to the region is enhanced . This
leads to an over-supply of oxygen in the activated regions and a decrease in
deoxygenated haemoglobin (Figure 1) 2. This process involves an initial build-up of Hb
and then a decrease in HbO: in the intra- and extra vascular spaces. This decrease in
HbO:2 is then followed within a second or two by a vasodilatory response that reverses the
situation to result in an increase in HbO2 and decrease in Hb over that in the resting
condition. This sequence of processes leads to an increase in local signal and is referred
to as the hemodynamic response 264, HbO: is diamagnetic and is magnetically
indistinguishable from brain tissue. However, Hb is paramagnetic. This paramagnetism
leads to changes in local gradients in magnetic fields whose strength depends on the Hb
concentration . The differences in the magnetic properties and ratio of Hb and HbO: in
the blood is known as blood oxygen level dependant (BOLD) contrast in fMRI 6566,
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The aim of task activation fMRI is to induce different neural states in the brain as the
stimulus is manipulated during the scan. A mean regional increase in BOLD signal
intensity over successive EPI during a task of interest represents changes in neural activity
67, EPI is the process of obtaining whole brain scans in a given time frame. In general,
most fMRI is performed using an EPI method which can collect data for a 2-dimensional
image in approximately 60 milli-seconds (ms) at typical spatial and temporal resolutions
(3.4 x 3.4 x 4 mm?voxel size). Whole brain scans are typically acquired with a repetition
time of (TR) 2 seconds per volume 62, Activation maps are then derived by using statistical
tests that compare the signals recorded during the task of interest to alternative states
during the experiment 6267, The statistical test for creating activation maps can use a
general linear model (GLM) or other forms of data analysis such as cross-correlation with
a modelled regressor 2. fMRI studies that use a GLM approach for the statistical analysis
of EPI images obtained from scans include several steps 8’. Prior to GLM analysis, a pre-
processing step involving spatial smoothing of EPI is undertaken in order to improve signal
to noise ratio. GLM analysis includes co-alignment and co-registration techniques as
regressors in the model to reduce noise. This approach substantially increases the number
of true positives during statistical analysis making GLM the preferred method for fMRI
analysis 8. The first step involves setting up a design matrix by convolving the external
stimulus with a pre-specified hemodynamic response function (HRF) over the duration of a
scan. The second step involves fitting the linear model to a single run of fMRI data
allowing for spatially varying autocorrelated errors .70, This output is then combined from
separate analyses from different runs within a session, different sessions on the same
subject and across subjects within a population using a random effect analysis %71, A t-
stat threshold sets the threshold for peak and cluster size detection using random theory.
The combined output from all the separate analysis is then registered to an atlas standard
67, The resultant output from the process is then combined with output from other

individuals to create a group result and an activation map for the events of interest ©.
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Figure 1. Schematic representation of the haemodynamic response in brain tissue
during rest (top) and stimulated state (bottom).

Resting
state

Stimulated
state o:o
::o.

Red and blue circles represent red blood cells that are fully oxygenated (HbO2) and fully
deoxygenated (Hb), respectively. The MRI signal is depressed in the venous side of the
capillary due to the paramagnetic susceptibility of the Hb acting as an endogenous
contrast agent (shown darker). In the stimulated condition, increased blood flow causes
the Hb to be swept out and replaced by HbO2, causing a BOLD signal increase. Adapted
from Glover (2011) ©2.

Experimental studies conducted in animals and humans have provided a detailed list of
the candidate brain regions that comprise the broader neural network involved in sensing
and responding to airway stimuli. For instance, studies analysing neuronal activation
following airway sensory stimulation via the use of c-Fos protein expression in animals
(cats & guinea pigs) following airway irritation have suggested that cough neural pathways
represent a widely distributed network in the brain 87275, Additionally, previous fMRI
studies whereby the inhalation of an irritating airway stimulus (capsaicin) was used to
evoke human airway sensation provided insight into some of the constituents of the brain
circuitry involved in cough related processing 7678, The list of candidate brain regions
observed was extensive with activations seen in the primary sensory (somatosensory),
cingulate, premotor, motor and orbitofrontal cortices. Other regions that also showed
activations include the insula (In), medulla, pons, thalamus (Th) and the cerebellum
(Figure 2) 8. Some insight into circuit organisation associated with airway irritation has
been provided in neuroanatomical tracing studies that employed techniques whereby the
use of neurotropic viruses allowed for the mapping of interconnected networks of neurons
42,46,79 As previously described, vagal sensory afferents innervating the airways terminate

in the nTS and Pa5 with connections from these medullary nuclei having been traced to
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several midbrain nuclei which also have connections to cortical regions such as the insula,
cingulate and somatosensory cortices °. Using these approaches, at least two ascending
airway sensory pathways have been proposed; one which project from the thalamo-limbic
pathway projecting via the mediodorsal thalamus onto the anterior insula, cingulate and
orbital cortices and another which projects from medullary nuclei to the ventro-basal
thalamus onto the somatosensory cortices 3877, These outcomes are compatible with the
complex phenomenology of cough indicating the existence of multiple neural circuits in the
brain that differently coordinate the unique aspects of sensory, motor and cognitive
processing of cough and the UTC. Defining these distinct neural substrates requires
carefully considered methodologies that provide insights into their organisation from both a

functional and anatomical viewpoint.

In behavioural studies, airway irritation is associated with processes that allow for the
spatial localisation of the stimulus (where is it coming from?) including the assessment of
stimuli (what is the “magnitude” of a given stimulus?) and the related perceptual
consequences (what level of urge is felt?). Therefore, it is expected that different regions
of the brain encode these different components of the UTC. This hypothesis was tested in
fMRI investigations that ‘deconstructed’ the UTC network into distinct components that
appear to encode the different sensory discriminative aspects of the UTC during inhalation
of capsaicin 7. fMRI outcomes showed activity in the anterior insula and the primary
somatosensory cortices to be associated with the magnitude of the stimulus (intensity
dependent), while activations in the primary somatosensory cortex were correlated with
the perception of airway irritation (UTC dependent) in individuals (Figure 3) 77. In addition,
activations in the pre-frontal and posterior parietal cortices were associated with the
localisation of the intensity of given stimuli 7. This is consistent with other sensory
paradigms that similarly suggest that prefrontal and posterior regions are important for

determining qualitative rather than quantitative aspects of a stimulus 6.

Furthermore, active suppression of urge-related cough was shown to be associated with
activations in the dorsomedial prefrontal cortex (DMPFC), dorsolateral prefrontal cortex
(DLPFC), right inferior frontal gyrus (IFG), right anterior insula cortex, anterior mid-
cingulate cortex (aMCC) and the SMA 37.76.77.8081 gy ch investigation may provide novel
insights into the neural mechanisms involved in the modulation of the UTC network and
can aid in identifying regions that can act as targets for future development of therapies to

address chronic cough disorders.

Page | 23



Figure 2. fMRI images obtained from the scans showing areas of excitations
throughout the brain.

The slices coordinates were generated according to the Montreal Neurological Institute
(MNI) convention. Regional activations were seen to be distributed in both hemispheres
including the orbitofrontal cortex (A), inferior frontal gyrus (A & B), anterior insula (B, C),
superior temporal gyrus (C), and primary motor and somatosensory cortices (D, G).
Capsaicin activations within the middle of the brain included the supplementary motor area
(E), and the anterior midcingulate cortex (F). Axial slice image (D) shows activations within
the caudal end of the central sulci in both left and right hemispheres and is associated with

capsaicin activations in the primary motor and somatosensory cortices 78.
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Figure 3. Functional brain maps of sensorimotor activations after capsaicin
inhalation in humans in both axial and sagittal planes.
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Modulation of the UTC and cough in humans

Our understanding of the underlying mechanism and neurobiology involved in the
modulation of the UTC and cough in humans has recently been evolving. However, very
few studies have investigated the behavioural and neural outcomes associated with cough
reduction. Studies have shown that both cough and the UTC are markedly reduced by
placebo antitussive treatments suggesting the presence of inhibitory mechanisms that can
modify processing of sensory inputs 8283, Psychophysical trials showed a reduction of 42%
in UTC ratings by participants during placebo trials compared with control trials. fMRI
results of the control trials showed similar regions of brain activation associated with UTC
comparable to previous studies (Figure 4) 8. Additionally, there were widespread
reductions in activation in several brain regions of the UTC network as a result of placebo
administration. These regions include the In, SMA, anterior cingulate cortex (ACC) and the
primary motor and somatosensory cortices. Furthermore, several regions also showed an
increase in activation during placebo administration when compared to control trials.
These regions include the posterior parietal cortex, middle frontal gyrus (MFG) (specifically
with the region containing DLPFC) and the precentral gyrus (PreCG) 8. Specifically, the
right MFG showed placebo antitussive-related levels of activation that correlated with the
size of behavioral placebo effects measured with UTC ratings. The placebo related
decreases and increases in activations in several brain networks were consistent with a
top-down process. Networks that showed decreases in activation can be explained as a
reduction in the encoding of incoming sensory information that leads to a predictable lower
rate of an UTC. However, regions that showed increased activity are likely as a result of
putative influences of higher brain circuits related to beliefs, expectations or conditioning
mechanisms 8. Also, placebo responses are a result of cognitive processes whereby
knowledge that an individual may be taking new therapy and expectation that this therapy
may be beneficial act to reduce the sensation of UTC or cough 8384, The data presented
from this study reinforces the notion that multiple central inhibitory mechanisms exist for

modifying cough in humans.
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Figure 4. fMRI images showing brain activations during control trials and placebo
administration trials.

The regions highlighted in red and yellow indicate regions of capsaicin activation during
control trials. A contrast between the control and placebo antitussive trials was undertaken
to show regions of reduced activation after placebo administration to suppress cough. This
is seen rendered as the blue highlighted regions which are on top of the structural images
of the control trials. Image A shows a sagittal slice with the supplementary motor area
(SMA), and anterior cingulate cortex (ACC) as regions of reduced activation following
placebo administration. Image B shows a coronal slice with reduction in activation of the
secondary somatosensory cortex (Sll) regions in both hemispheres located the parietal
operculum area. Image C is an axial slice showing the insula as reduced regions of
activation in both hemispheres of the brain after placebo administration. The primary motor
(MI) and somatosensory (Sl) cortices and the superior frontal gyrus (SFG) showed
reduction in activation of capsaicin associated regions after placebo administration as

seen inimage D &2,

In pain studies, the pain modulation of placebo analgesia has been shown to involve the
descending control of nociceptive inputs to the dorsal horn of the spinal cord from
supraspinal regions 8587, This descending control of pain inputs involves brain regions
such as the ACC, hypothalamus amygdala and the periagueductal gray (PAG) including
the brainstem region known as the rostral ventro-medial medulla or nucleus ventromedialis
(RVM) 8687 The output from this descending control of the RVM influences spinal
nociceptive processing and its input into higher brain regions according to the particular
behavioural circumstance. Importantly, this mechanism involves the endogenous opioid
system &-87_ Pain related activity in the human spinal cord was shown to be markedly

reduced during placebo analgesia suggesting that cognitive factors mediate their effects
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early in the nociceptive pathway and that spinal inhibition is one possible mechanism
during placebo analgesia 8%, fMRI studies have also provided evidence that this system
of inhibitory descending modulation is also a major route by which cognitive and contextual
influences change in the experience of pain including that activity in these regions
correlate to the behavioural reductions in pain experience °%4, In addition, frontal and
limbic brain regions have also been shown to be involved in the cognitive control of pain
and since these regions are reciprocally connected to the brainstem, they also can exert a
descending influence on spinal nociception °%259_ These outcomes support a descending
ACC-PAG-pons-medulla pain modulating circuit as being involved in placebo analgesia

suggesting a prefrontal limbic-PAG-RVM-dorsal horn of the spinal cord (DHSC) pathway
85,88,97,98

The outcomes of the previous and recent studies have advanced our understanding of the
neural regulation and modulation of the UTC in humans 7678808299 1t js also evident that
airway processing involves a complex circuitry that can be manipulated to reduce cough
and the UTC in humans as observed in placebo studies 8283, The advances in knowledge
observed in the placebo related modulation of the UTC provided an opportunity to exploit
the modulatory influences without enlisting placebo protocols. If airway afferents can be
subject to placebo modulation, then other forms of modulatory influences for nociceptive
inputs may also operate for airway inputs. With limited research and gaps in knowledge
regarding the modulation of the UTC and cough in humans, exploring the central and
neural mechanisms that can inhibit airway inputs leading to a reduction in persistent UTC
is needed. One method to further investigate the behavioural and neural modulation of the
UTC and cough is via a process known as diffuse noxious inhibitory control (DNIC), and
more recently termed CPM (conditioned pain modulation). There is already preliminary
evidence regarding the DNIC effect in relation to both the perception of airway irritation
(UTC) and cough in humans. Studies conducted by Young et al (2011) and Hilton et al
(2020) have shown that painful conditioning in the form of cold water significantly reduces
the UTC and cough frequency amongst healthy participants 8419, The findings are similar
to the inhibitory influences of the placebo effect on the UTC 8283, These outcomes suggest
that the pathways involved in the coding of somatic and pulmonary inputs interact with
each other to induce a DNIC effect leading to meaningful changes in the sensory
experience of airway irritation. However, the neural mechanisms of a DNIC effect on the
UTC in humans is yet to be explored. Further exploration of the cough circuitry via a DNIC

process would help reveal the networks and mechanisms involved in the modulation of the
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UTC and cough in humans. Outcomes from such investigations would provide novel
insights into which circuitry is involved in the downregulation of airway sensory inputs in

humans paving the way for better therapeutic outcomes in the clinical context.

Diffuse Noxious Inhibitory Control (DNIC)

The phenomenon of DNIC emerged many decades ago 191102, A DNIC effect occurs when
the response from one painful stimulus is inhibited by another, often distant noxious
stimulus 1°3, Behaviourally, the DNIC effect can be defined as the ability to reduce the
sensory experience of one painful stimulus due to application of a second painful stimulus
103, Previously, DNIC was originally used in animal research to describe a specific lower
brainstem mediated inhibitory mechanism. However, recent studies have adopted the use
of a different term known as CPM which specifically describes the psychophysical
paradigms in which a conditioning stimulus is used to affect a test stimulus 194197; this was
a result of psychophysically based human studies that involve the use of a variety of
methods and terms regarding the modulation of pain by conditioning stimuli leading to the
need for unified use of methods and terms that accurately encompass distinctive aspects

of animals versus human experimentation 195107,

Behavioural studies of the DNIC effect have mainly used laboratory experiments to
measure the psychophysical responses for a test stimulus before, during and after the
application of noxious conditioning stimulus. The effect is considered DNIC if the results
show a reduction in the magnitude of the test response during the concurrent application
of the conditioning stimuli 1. Several studies have used different approaches in healthy
individuals to evoke the DNIC effect and determine other factors affecting this effect via

psychological outcomes 1°°.

A literature review by Pud et al (2009) identified the commonly used experimental methods
to evoke a DNIC effect in young healthy individuals 1%, A wide range of experimental
techniques such as electrical, chemical, mechanical and thermal stimulation were used as
test-pain or conditioning stimuli 1°8, The approximated median magnitude of the DNIC
effect evoked by painful conditioning across the studies was 29% indicating a significant
reduction in pain felt by participants during conditioning 1°8. Other findings of the review

include that the DNIC effect gradually fades with time 1°%-112, Such outcomes led to the
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conclusion that the DNIC effect is higher for parallel testing in comparison to sequential
testing and that ongoing pain may exhaust this phenomenon due to increased facilitation
through descending pathways 13, In parallel testing, conditioning stimulus is applied
during the application of the test stimulus 114115, On the other hand, sequential testing
involves assessing the DNIC effect by recording pain ratings of the test stimulus after

conditioning stimulus is applied after a specified period of time 114116117,

The majority of DNIC studies have involved somatic pain as both test and conditioning
stimuli with limited research related to how DNIC operates when a visceral noxious
sensation is used as test stimulus. The reduction in the sensory experience of a test
stimulus as a result of a DNIC-effect observed in many DNIC-related studies associated
with somatic pain provides merit for investigating DNIC-effects on noxious visceral
sensations such as cough and the UTC. There is already preliminary evidence that is
limited to few studies that have investigated the DNIC-related effects during noxious
visceral sensations such as dyspnoea and cough with limited insights into the mechanisms
involved in regulating visceral pain. For instance, recent studies have shown that DNIC
can significantly reduce the sensory experience of both cough and the UTC while
dyspnoea has also been shown to trigger a DNIC effect in humans 84100118119 The
findings of such studies provide evidence that endogenous inhibitory pain pathways can

be activated to inhibit visceral sensations such as cough and the UTC...

It is evident that a DNIC-effect is particularly effective at reducing cough and the UTC in
humans according to findings from previous studies 8419, Despite these advancements in
knowledge, several questions regarding the psychophysical modulation of the DNIC-effect
on the UTC and cough remain unanswered. This provides merit for further investigating
the modulation of the UTC and cough based on a pain-centric paradigm including
providing an opportunity to gain a better understanding of the mechanisms associated with
cough reduction in humans. For example, it is yet to be determined whether the reduction
in cough frequency during a DNIC effect is proportionate to decreases in the UTC ratings.
One study by Farrell et al (2012) had demonstrated that increases in doubling
concentrations during capsaicin inhalations led to a linear increase in UTC ratings and an
exponential increase in cough frequency 6. Investigating the disparity in behavioural
outcomes for DNIC-related effects on the sensory experience of the UTC versus the motor
act of coughing could have therapeutic implications for the treatment of chronic cough
condition in the clinical environment. Furthermore, no studies to date have yet investigated
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the distinct neural substrates associated with the modulatory influences of DNIC on airway
processing in humans. Although it seems likely that the behavioural DNIC-related
outcomes on the UTC during conditioning stimuli likely entail cortical and subcortical
modulation of the sensory pathways involved in discerning an UTC, these networks have
yet to be studied under experimental conditions in humans. Uncovering the functional
neuroanatomy associated with a DNIC-related modulation in the UTC under fMRI
experimental conditions may help gain novel insights into the neural mechanisms and
brain regions involved in the descending inhibition of sensory airway inputs. These
outcomes may help us understand the processes involved in the DNIC-related
downregulation of the UTC and may aid in identifying brain regions involved in this
process. Such regions may act as targets for future therapeutic intervention to help

reduced abnormal or persistent UTC in humans.

Neuronal control associated with DNIC

A DNIC effect may be triggered when conditioning stimuli are applied to a body site distant
from the actual excitatory receptive field under study, provided that the stimulus is noxious
120 |n experimental animals, the DNIC mechanism has been shown to completely inhibit
incoming nociceptor signals at the primary synapse indicating that DNIC effects do not
only have psychophysical outcomes but also have neurological outcomes 101102121 Early
studies of the DNIC effect have sought to investigate the multi-receptive neurons
associated with responding to noxious and mechanical stimuli. The first study into the
neuronal control of the DNIC effect was undertaken by Le Bars and his colleagues in the
late 1970s 191102 Further research by Le Bars (2002) provided an insight into the neuronal
control of the DNIC effect, including the sensory tracts involved in the relay of painful

stimuli 129,

Previous animal studies including those mentioned in the review by Le Bars (2002) found
that neurons involved with the sensory regulation of the DNIC effect are located in the
dorsal horn of the spinal cord as well as the trigeminal nuclei, caudalis and oralis 120:122.123,
Such neurons are multi-receptive in nature meaning that they receive signals from the
viscera, joints and muscles throughout the body ?4. Some neurons are deep while others
are found in the superficial layers of the dorsal horn. In addition, a gradient of sensitivity is
exhibited by these receptive neurons where mechanical stimuli (small hair movements,

light touch) no matter how small can activate the neurons centrally. On the contrary,
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intense stimuli lead to neuronal responses at the periphery of the receptive fields of
individual neurons 12, In addition, these neurons are activated by Ad (delta) - fibres which
respond to mechanical stimuli and are responsible for initial reflex to acute pain; and C -
fibres which respond to chemical, mechanical and thermal stimuli 1%, The activation of Ad
— fibres leads to rapid and sharp pain experiences in humans while the activation of C -
fibres causes slow and burning pain 1%, The neurons project to other brainstem nuclei via
ascending pathways such as the spino-reticular and spino-thalamic tracts to give
polysynaptic responses due to a DNIC effect caused by the application of other noxious
stimuli 15127, The remaining neurons project to the thalamus while others are only
involved in spinal reflexes 128, Notably, one study has indicated that signals responsible for
triggering DNIC in animals are essentially confined to the spino-reticular tract with no

active role played by the spino-thalamic tract 12%-134,

The spinal cord compartments involved in DNIC have also been widely investigated 129135,
Lesioning of the dorsal, dorsolateral and ventromedial parts of the cervical spinal cord in
rats was found not to affect inhibitory processes triggered by DNIC. However, bilateral
lesioning of the ventrolateral quadrants of the spinal cord was shown to completely
diminish the inhibitory influences of DNIC in rats 12°. The dorsolateral fasciculi of the spinal
cord has also been shown to be involved in the DNIC triggering 13°. These outcomes
strongly suggest the involvement of the ventrolateral quadrant and the dorsolateral
fasciculi of the spinal cord in the triggering of DNIC 29, In addition, animal studies have
shown that the ascending pathways involved in triggering DNIC are mainly crossed but
also have a significant uncrossed component 12°, This was evident where the restriction of
the lesion to the left anterolateral quadrant strongly diminished DNIC effects during painful
stimulation to the right hind-paw in rats whereas DNIC elicited by stimulation to the left
hind-paw was not affected. To further investigate the crossed nature of the DNIC pathways
responsible for the inhibition inputs, the effects of lumbar commissurotomy were
investigated. The findings showed that DNIC responses were strongly depressed (but not
completely) whether triggering came from the left or right hind-paw in rats further
suggesting that uncrossed components also plays a role in the inhibitory processes of
DNIC origin.

As previously mentioned, Ad- and C-fibres transmit pain signals into the spinal cord and
terminate in the external part of the dorsal horn of the spinal cord. They both synapse onto
neurons which are located in the dorsal horn of the spinal cord 3¢, These specific
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nociceptive neurons which receive Ad- and C-fibres combine to form the spinothalamic
tract (also known as the neo-spinal-thalamic tract) (SPT) while the non-specific nociceptive
neurons acquire mainly non-nociceptive stimuli and receive all fibres including Ad, C,
Aa(alpha) and AB(beta). The axons from the non-specific neurons form the paleo-spina-
thalamic tract (PST) while a third tract known as the archi-spino-thalamic tract (AST)
carries multi-synaptic neurons (specific and non-specific nociceptive from the whole body)
into higher brain circuits. Neurons from the SPT tract project to the thalamus and primary
somatosensory cortex of the brain contra-laterally via the medulla oblongata to convey
pain sensations from the face, temperature and touch 37, SPT neurons also have
projections to the midbrain and brainstem structures such as the PAG and the RVM
(Figure 5) 138139 1t is believed that these structures return efferent signals downwards to
various levels of the spinal cord where, with the help of inhibitory inter-neurons, they
produce a diffuse inhibition ?°, This is evident in studies where it was shown that the DNIC
effect disappears in animals with a sectioned spinal cord, suggesting that DNIC
mechanisms are most likely not confined to the spinal cord but appear to involve
supraspinal regions 10%:120.138,140-144 ' A similar outcome was also observed in human

studies where the DNIC effect was absent in patients with complete spinal cord transection
137,141
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Figure 5. Schematic illustration of the pain processing pathway in rodents.
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The PAG-RVM system exerts bidirectional nociceptive modulation from the midbrain to the
dorsal horn of the spinal cord and the DRt and the ventrolateral medulla (VLM) in the
caudal medulla. The PAG especially but also the RVM, DRt and VLM (not shown) receive
important direct and indirect inputs from limbic forebrain structures that include the ACC,
amygdala (AMY), dorsomedial nucleus of the hypothalamus (DMH) and medial prefrontal
cortex (MPC) 129,

Furthermore, there exists a system of descending pain-control pathways that is associated
with the DNIC effect. These are neural pathways that descend from the central structures
of the nervous system and diminish pain signals travelling up the ascending pathways
from the body to the brain. It can therefore be suggested that pain pathways are a direct
link between pain receptors in the body and pain centres in the brain 13, Thus, incoming
noxious information can be modulated leading to pain becoming less of a reflexive
response to an injury. For instance, an individual can get injured or wounded but

practically feel no pain in the heat of the action suggesting that pain 4°.

As depicted in early studies, DNIC involves a spinal-medullary-spinal pathway with
ascending information projecting from the ventrolateral quadrant of the spinal cord towards
supraspinal centres and descending projections from the supraspinal centres via the
dorsolateral funiculi of the spinal cord to neurons of the dorsal horn 141146147 - Additionally,
early animal studies have implicated several supraspinal regions of the brain that are

typically involved in the processing of pain input to be involved in the DNIC mechanism.
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These include the PAG, RVM, cuneiform nucleus, parabrachial area and the locus
coeruleus 42148 However, the presence of lesions in these regions do not appear to
modify DNIC responses in rats suggesting that such regions may not likely to be involved
in the inhibition of inputs associated with the DNIC mechanism 142148149 Qther cortical and
subcortical structures such as the thalamus were also shown to not be directly involved in
DNIC. This is evident in studies whereby DNIC was not affected by the presence of
thalamic lesions in patients 4°. Instead, the dorsal reticular nucleus or subnucleus
reticularis dorsalis (DRt or SRD) which is also known to be involved the processing of pain
signals has been found to be critically involved in DNIC 134146.149-151 "gy;ch findings were
supported in patients with Wallenberg syndrome where DNIC was shown to be absent as
a result of unilateral lesions restricted to the medulla 137. The DRt has reciprocal
connections with the dorsal horn of the spinal cord and is preferentially activated by
nociceptive stimuli arising from any part of the body °°152, Further evidence that the
supraspinal loop sustaining DNIC is confined with the most caudal part of the medulla and
involves the DRt was confirmed in a series of experiments where the potency of DNIC was
tested in animals with complete sections at different levels of the brainstem 120136 The
tests showed that DNIC disappears once the tests exceed the caudal part of the
brainstem. These outcomes suggest that the DRt is one of the key relay stations of DNIC
compared to the prefrontal limbic-PAG-RVM-DHSC pathway of other cognitive modulatory

influences such as placebo, distraction and attention.

Furthermore, studies have also investigated whether DNIC is partly mediated via an
opioidergic mechanism. The involvement of the opioidergic circuitry in DNIC effects has
been confirmed in several studies whereby opioidergic neurons in the DRt were shown to
activate during DNIC in rodents 53157, Further evidence of the requirement of opioidergic
signalling in DNIC was shown when DNIC was abolished by naloxone (opiate antagonists)
injection into the DRt in sham rats but was unaltered in neuropathic rats; since these
experiments, deficient or reduced efficacy of DNIC effects has been widely associated in
neuropathic pain syndromes 104.134.158-160 These outcomes suggest that DRt involvement
in DNIC requires endogenous opioidergic mechanism. In human studies, the interaction
between opioid use and CPM effects has also been explored. Ram et al (2009) showed
that opioid-treated patients had less efficient CPM compared non-opioid treated patients
(non-opioid analgesics), further suggesting that opioids decrease the activity of
descending pathways in humans 16, Findings from another study conducted by Nielsen et
al (2007) obtained similar conclusions that DNIC is probably opioid-dependent 162, Notably,
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other modulatory effects such as placebo analgesia have also been shown to be
associated with activation of the endogenous opioid system, further suggesting the

similarities between DNIC and placebo modulation of pain in humans 8598.163-169,

Furthermore, assumptions have previously been made that DNIC-related effects may be
due to distraction or attention caused by the application of painful conditioning. In pain
studies, cognitive distraction has been shown to be an effective pain coping strategy
suggesting that it may employ similar descending endogenous inhibition of input signals as
seen in DNIC experiments 8170, For example, attention was shown to modulate spinal
cord responses to pain further providing evidence of the inhibition of incoming pain signals
in the spinal cord which a similar observation seen in DNIC scenarios 1175, However, this
narrative has been shown to not be case in several studies that confirmed the hypothesis
that DNIC and distraction are independent of each other and that the modulation of pain
via DNIC is not due to cognitive attention recruitment to the conditioning pain 848595.170,176-
179, For instance, distraction showed significant increases in activation in the DLPFC, the
ACC as well as the PAG including covariation analysis revealing functional interaction
between these structures 170, This is consistent with reports of increased activation of the
DLPFC and the ACC during the placebo-related conditioning of UTC in humans 8. These
outcomes imply that the two regions may exert a top-down influence on the PAG to gate
pain modulation during distraction and placebo-conditioning. It is noteworthy that other
factors such as emotion and attentional control can also reduce the experience of pain 5.
Several psychophysical and neuroimaging studies have shown that negative and positive
expectations have powerful influence on the perception of pain 17818 |t is apparent that
emotional, cognitive and placebo effects on pain share similar mechanisms, in that they
recruit a top-down process to modulate pain in humans. On the contrary, DNIC or CPM
effects result in only decreases in neural activity in higher brain regions implying that this
mechanism employs a bottom-up process that involves the descending inhibition of input
signals at the lower levels of the brain leading to reduced sensation of pain in the
hemispheres. The data reported from several studies have confirmed that DNIC-like
effects observed in humans are not simply due to attentional distraction or cognitive

processes such as emotion 95170178,

Collectively, the literature suggests that the excitatory and inhibitory process of a DNIC

effect is distinct from other modulatory effects related to the cognitive influences on pain.

The classic prefrontal limbic-PAG-RVM-DHSC pathway has been suggested to be the
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likely pathway that produces of cognitive influences on pain such as placebo, distraction
and attention 81, Additionally, there is evidence of the involvement of key higher brain
regions such as the ACC including its enhanced functional connectivity with the PAG
during the modulation of pain as a result of the cognitive influences of attention, distraction
and placebo 8495170.177.178,182 - Qn the contrary, studies have shown DNIC to rather involve
a DHSC-DRt-DHSC pathway which is independent of the involvement of the brain
hemispheres 120.134.142.146 " Eor instance, the infralimbic (ILC) of the medial prefrontal cortex
of the hemispheres was shown to not be directly involved in DNIC suggesting that DNIC is
not dependent on higher brain regions 134, Additionally, there is preliminary evidence that
painful conditioning can modulate and reduce one’s UTC and cough frequency
behaviourally in humans 841 However, the neural mechanisms associated with this
psychophysical influence on the UTC is yet to be determined. Possibilities include the
prefrontal limbic-PAG-RVM-dorsal horn of the spinal cord which resembles a placebo
modulation or rather a DHSC-DRt-DHSC that is consistent with a DNIC modulation of
airway inputs. To date, no imaging studies have explored the descending inhibitory
pathways associated with the reduction in the perception of the UTC and the motor act of
coughing in humans. Whether the neural substrates associated with DNIC modulation of
the UTC are similar to those observed in placebo studies remains unknown. Therefore,
further investigations of the circuitry involved in the modulation of the UTC during an
induced DNIC effect will provide a better understanding of which brainstem and higher
brain regions are associated with this descending modulation of airway inputs. Identifying
these circuits could pave the way for future research where such regions could be targets

for therapeutic outcomes that will help address chronic cough in humans.

Investigation of the DNIC effect using functional brain imaging

The majority of DNIC related-studies in humans have mainly described the DNIC effect in
terms of rating bias where participants labelled their experience of pain as less intense, or
adjusted their ratings with the expectations of researchers 106108183184 prevyious studies on
dissected rats identified brainstem regions involved in the mediation of the DNIC effect in
animals #6. However, the mechanisms involved in the inhibition of the DNIC effect in
humans are yet to be fully established. Youssef et al (2016) investigated the neural
mechanisms associated with the DNIC effect in portions of the brain in healthy humans

using fMRI 197, A test stimulus was applied with a thermode to the right side of the mouth
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in the form of noxious heat stimuli on eight occasions to evoke a moderate level of pain
(rating 6 out of 10) (Figure 6). This paradigm was repeated, and hypertonic saline was
injected into the leg at the fourth noxious heat stimulus to evoke a DNIC effect. In 23 of the
54 subjects, the conditioning stimulus resulted in a significant reduction in pain intensity of
the test stimulus (CPM). For the remaining 31 subjects, the conditioning stimulus had no
effect on the pain intensity of the test heat stimulus (hoCPM) (Figure 6). Additionally, there
was no significant difference in test stimuli thermode temperature (noCPM: 47.7 £ 0.2 °C,
CPM 47.4 £ 0.2 °C, p>0.05) between the noCPM and CPM groups.

Psychophysical results from the study showed significant decreases in the rating of pain
intensity during times of DNIC (CPM) (-29.0 + 2.9% i.e.: a reduction of 29% in pain
intensity) compared to non-DNIC (noCPM) (3.7 £ 3.2%) trials (Figure 6) 197, Brainstem
activity was also recorded during the non-DNIC and DNIC trials. Initial fMRI results
showed evidence that the expression of pain correlated with changes in brainstem activity
in both the DNIC and non-DNIC groups once the test noxious stimulus was applied. These
regions included the dorsolateral pons encompassing the parabrachial nucleus (PB),
spinal trigeminal nuclei caudalis (SpVc), ipsilateral substantia nigra (ISN), SRD (DRt) and
the PAG. These findings suggest that noxious inputs are not being processed differentially
within the brainstem in these two subject groups supporting the notion that the conditioning
effect of CPM is most likely not influenced by psychophysical factors (Figure 7) 07,
Notably, the SpVc is a primary afferent synapse region where orofacial nociceptor
afferents terminate suggesting why this region is also activated during the application of
painful stimulus. BOLD signal intensity from these regions (SpVc, ISN, PB, DRt) acquired
during the fMRI scans showed increased signal intensity for CPM subjects when
compared to noCPM subjects (Figure 8) 197, In addition, there was a decrease in signal
intensity for CPM subjects in the presence of conditioning stimulus in the SpVc, PB and
the DRt which was not the case for the noCPM subjects. No significant differences
between noCPM and CPM subjects in terms of changes in signal intensity were observed
in the PAG or the medullary raphe nuclei 1°7.

These findings further support data from animal studies and reinforce the notion that the
circuitry involved in the inhibitory process evoked by a DNIC effect lies within certain
brainstem nuclei in humans including strengthening the role of the DRt while adding the
notion that the PAG is not necessarily involved in this process. It is worthwhile mentioning
that the decrease in BOLD signal intensity observed in the DRt during conditioning was not
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in line with expectations of the direction of signal change given that this region acts as an
effector of DNIC-related sensory changes rather than being influenced by a DNIC
phenomenon 197:120 1t is expected that the DRt would produce a DNIC effect through
widespread projections to nociceptive neurones in the spinal cord and analogous
brainstem regions during the application of conditioning stimuli. Therefore, the presumed
hypothesises is that BOLD signals measured from the DRt would show an increase in
signal intensity given that this region is a driver of DNIC effects, in line with literature
regarding the inhibitory mechanisms associated with the DRt during a DNIC effect
120,129,146 One explanation for such an outcome may be related to the experimental
methodology employed during the study. For instance, conditioning a stimulus was applied
for a duration of 15 s which is considered a long period of time in the context of fMRI
making it difficult to genuinely understand how conditioning changed the BOLD signal
intensities of the DRt region. It is known that ongoing application of painful stimuli may
exhaust the inhibitory DNIC-related effects due to increased facilitation through
descending pathways 13, Further research that incorporates suitable fMRI protocols is
needed to genuinely assess the DNIC-related effects in terms of changes in BOLD signal
intensity in the DRt region of the brainstem. Another important finding from this study was
that no significant differences in CPM responses between males and females were
observed 197, Other studies have shown greater CPM in men compared to females
107,183,185,186 However, several studies have refuted this notion and believe that these

differences are small and depends on experimental and analytical methodology
106,107,187,188_
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Figure 6. Figure showing the effect of noCPM versus CPM in participants based on 8
test stimuli.
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A: Participants experienced 8 noxious heat stimuli (test stimuli) showing consistent pain
ratings between noCPM (non-DNIC) and CPM (DNIC) participants. B: Participants
experienced 8 noxious heat stimuli (test stimuli) but with test stimuli 4 and 5, the
conditioning stimulus was applied to the tibialis anterior muscle to cause mild/moderate
pain. Significant reductions during the CPM (DNIC) period for CPM patrticipants compared
to no CPM is shown on the plot graph. The pain rate scale used ranged from 0 (no pain) to

10 (most pain) 107,
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Figure 7. CPM brainstem sites.
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As previously mentioned, research in the field of pain has explored the subcortical and
cortical regions involved in the neural processing and relay of inputs during pain
stimulation. Higher brain regions constantly highlighted by painful stimuli are those such as
the ACC, Th, PreCG, MFG, right inferior frontal gyrus (RFG), left inferior temporal gyrus
(LFG) including networks embedded in brainstem regions such as the PAG, DRt (SRD)
and the RVM 189193 Strikingly, these regions are similar to those observed in studies
involving airway irritation undertaken by our group, further supporting the notion that pain
and airway processing share similarities in their processing and control of incoming pain

inputs (Figure Q) 76-78.8082,99,194

Figure 9. A comparison of BOLD signal changes associated with capsaicin
inhalation (green) and painful thermal somatosensory stimulation (blue).

Regions of overlapping activations appear red. Data obtained from Mazzone et al., 2007
(capsaicin inhalation) and Farrell et al., 2005 (meta-analysis of thermal pain).
Abbreviations: AMCC, anterior midcingulate cortex; CB, cerebellum; IFG, inferior frontal
gyrus; Ins, insula; MD, mediodorsal nucleus of the thalamus; OFC, orbitofrontal cortex;
PM, premotor area; STG, superior temporal gyrus; VPM, ventral posteromedial nucleus of

the thalamus 194,
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Collectively, fMRI studies have shown that the brainstem and its subregions are likely
involved with the descending inhibition of sensory inputs as a result of a DNIC effect in
humans particularly the DRt 197134142 Thjs inhibition in turn affects higher order circuits
that process sensory inputs resulting in the reduced sensation of noxious stimuli. The
circuitry involved in the processing of pain has also been shown to share similarities with
networks involved in the coding of airway inputs 194195, This similarity in networks means
that the neural pathways for both pain and airway processing share significant homology
and thus warrants further investigation on the neural substrates as a result of the
interactions between cough-related processing and pain. Such an investigation may
uncover novel insights into the functional neuroanatomy and underlying mechanisms

involved in the down-regulation of cough and the UTC in humans.

Factors affecting DNIC and its relevance in clinical pain syndromes

There is a growing body of knowledge on the factors that affect the extent of DNIC or CPM
in both humans and animals. Recent studies have explored the altered function of
endogenous pain modulation in various chronic, idiopathic and neuropathic pain
syndromes 104149.196-198 = CPM has been shown to be less efficient in several of the
idiopathic pain syndromes such as fibromyalgia, acute migraine and headache 185196.199-
203 A similar outcome was observed in animals where a loss of DNIC was observed in rats
that experienced prolonged exposure to migraine treatments 2°3, Other animal studies
have reached similar conclusions where neuropathic pain was associated with deficient
DNIC 204, Additionally, patients with irritable bowel syndrome (IBS), temporomandibular
disorder (TMD) and atypical facial pain have been shown to have lower CPM efficiency in
comparison to healthy controls 197:205-207 Neural correlates of DNIC effects in IBS patients
showed altered brain activation patterns amongst the pain processing centres of the higher
brain and brainstem, when compared to control subjects, implying a dysfunction in the
modulation of nociceptive inputs in these patients 2°8, Other studies of patients diagnosed
with chronic pain syndromes such as chronic fatigue syndrome and chronic pancreatitis
have identified the presence of less efficient CPM compared to controls 20°210, An
important question regarding whether a deficient DNIC response may be indicative of
developing chronic pain was also recently addressed. Impaired DNIC response was
shown to be present in patients with painful osteoarthritis of the hip with restoration of
DNIC function 6 to 14 months after successful surgery in a pain-free state. This outcome

supports the notion that impairment of DNIC was maintained by the chronic pain state 21,
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Opioid-treated patients have also been associated with less efficient CPM compared to
non-opioid-treated patients 6. These findings suggest that pain syndromes decrease the
activity of descending inhibition pathways. Neuropathic pain has also been shown to be
related to decreased CPM in patients after spinal cord injury 212213, However, other
studies have shown no difference in CPM versus controls for neurological & psychiatric
disorders whose main manifestation is not pain such as Parkinson’s disease 214215,
Alternatively, patients with rheumatoid arthritis and trapezius myalgia had normal CPM
efficiency whereas painful knee arthritis patients were associated with low CPM efficiency
216-218 This disparity in findings suggest that DNIC is deficient predominantly in medically
unexplained syndromes 1%4. However, more research is warranted before firm conclusions
are drawn. There is also evidence that non-painful chronic conditions such as impaired
sleep continuity and sleep architecture may be associated with impaired efficacy of DNIC
in humans further implying the effect of chronic conditions on DNIC efficacy 219:22°,

Furthermore, several studies have reported the altered effects of DNIC or CPM based on
several characteristics such as age, gender and ethnicity. Many studies have
demonstrated more efficient DNIC effects in men 152.183.185.186,221-224 ' However, other
studies did not find differences in the DNIC effect between the sexes whereas no studies
found a more efficient effect in women 106.188.225-228 ' An gverview of studies on the sex
differences in DNIC responses were found in about 50% of DNIC studies 4. Interestingly,
a study conducted by Staud et al (2003) suggested that sex differences in DNIC response
are more consistently found in C-fiber evoked pain conditions as opposed to Ad-fiber
evoked pain. These results indicate increased prominence of the pain modulatory system
in males compared to females. Age related differences in the DNIC response during
evoked pain has also been reported in several studies 22223, For instance, age differences
in CPM responses in the form of decreased sensitivity to pain in older adults (mean age =
78 years) compared to young adults (mean age = 23 years) were observed 231, Another
study showed similar outcomes where DNIC was reduced in middle-aged adults (between
40 and 55 years) compared to young adults (between 20 and 35 years) whereas DNIC
was absent in older adults (between 60 and 75 years) 2%2. Edwards et al (2000)
demonstrated age-associated decrements in DNIC responses for older subjects compared
to younger subjects after painful cold-water immersion (5°C) indicating differences in
central modulation of pain amongst the two groups 233234, These concurrent findings
suggest that DNIC starts declining at middle age and diminishes at older age *°. There
has also been recent interest in whether DNIC functions differently in individuals with
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distinct ethnicity or lifestyle choices 14°. One study assessed pain sensitivity in African
Americans and non-Hispanic Whites during stress-induced analgesia as a mechanism of
DNIC. The study found DNIC was regulated by cortisol levels which were found to be
lower in African Americans compared to their counterpart population 235, However, several
studies failed to show a correlation between DNIC and cortisol levels or between

perceived stress and DNIC amongst various populations 188,209,211,236-239,

Moreover, recent studies have investigated whether the site, strength, intensity, type of
stimuli and duration of conditioned pain has an effect on the extent of DNIC response
149,183,240 A stronger and more intense conditioning stimulus has been shown to elicit a
greater DNIC effect via increasing painful water temperatures (>45°C) 241, These
outcomes were supported by more recent studies that showed a stronger conditioning
stimulus results in a greater DNIC effect during the use of different thermal intensities,
muscle pain by saline injection, rectal or gastric injections 221:226:228,242-245 However, other
studies have shown no correlation between the pain scores of conditioning stimuli and the
DNIC effect 196227 A similar disparity is seen in studies that reported whether the
conditioning stimulus needs to be painful 8. Most studies have shown that only painful
stimuli elicit a DNIC effect while few studies found that non-painful stimuli also induced a
DNIC effect 120.183200.241.242 |t has also been shown that a non-painful but strong stimulus
can activate DNIC when applied for a longer time, possibly by inducing wind-up or
increasing the amount of nociceptive signal in the dorsal root and supraspinal regions
200,226,239,242,243 - Additionally, the intensity of perceived pain appears to be unrelated to the
magnitude of the DNIC effect as depicted in several studies 183.224.226.227 Reports regarding
how long the DNIC effect may last after the administration of a painful stimulus have also
been investigated 14°. These reports concluded that pain-suppressive effects of DNIC are
maximal during the application of the conditioning stimulus and return to baseline values
within 5 - 8 minutes after stimulation 110.161,188211,223,236,.246 The sijte of a conditioning
stimulus also has an effect on DNIC responses. DNIC effects have generally been found
only in heterotopic (contralateral) or extra-segmental regions and not homotopic (ipsilateral
adjacent) regions 111247 Recently, the temporal and spatial changes associated with CPM
have also been investigated at the cortical level using a low-resolution brain
electromagnetic tomography (LORETA) 240, A LORETA study by Moont et al (2011)
explored the neurophysiological sequence of cortical events underlying CPM in healthy
humans, since fMRI is unable to provide an accurate picture of the sequence of cortical
events in short time window 24°; this is due to the fact that the hemodynamic response
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detected in fMRI peaks approximately 5 seconds after neuronal firings begin in an area 248,
The findings of the study showed increased initial activity in the OFC and amygdala 250-
300 ms post stimulus followed by reduced activations in several pain-perceiving and
processing cortex areas such as the primary and secondary somatosensory cortex (S| &
Sll), SMA, insula and ACC 2%, These results indicate the importance of the OFC and

amygdala in the modulation of pain 240249,

Investigations into whether DNIC effects can be influenced by cognitive processes such as
emotional and psychological states have recently been examined 194, Notably, DNIC has
been shown to be independent of changes in attention, distractions and expectations 84170,
Pain modulation during expectations or distractions involves higher brain regions whereas
DNIC is independent of higher brain regions and rather a brainstem mediated mechanism
85,95177.178 'Qutcomes of recent studies examining the modulating effects of expectation on
the DNIC effect show convincing evidence that expectations can modulate DNIC
responses 232250 However, only two studies agree with the notion that expectations can
modulate DNIC responses leading to urgent need for more research to support these
findings.

Furthermore, the intensity, location and strength of conditioning pain including
expectations and distractions also have an effect on DNIC including the neural implications
associated with temporal changes associated with the DNIC effect. Notably, most studies
included in the above literature involve somatic pain as conditioning stimulus with few
studies investigating the modulation of DNIC during the administration of visceral pain as
test stimulus. For instance, whether the DNIC effects on the sensory experience of the
UTC and the motor act of coughing is the same remains unknown. Additionally, it is yet to
be confirmed whether a certain threshold of UTC is required to elicit a cough reflex in
humans (ie is the sensory threshold of UTC the same as the threshold that would elicit a
cough reflex). In pain studies, is has been shown that the sensory threshold for pain is
lower than the threshold that elicits a withdrawal reflex 251, Also, whether the DNIC
response for airway irritation is dependent on the intensity of the UTC sensation remains
unknown. In other words, would a stronger airway stimulus elicit stronger DNIC-effects for
both cough and the UTC.

Page | 46



Collectively, several factors including the presence of pain syndromes in patients, gender,
and ethnicity have the potential to influence the extent or efficacy of DNIC in humans.
These factors may also have implications for the DNIC-related effects on individuals
suffering with chronic cough. For instance, several studies have shown that chronic cough
is more prevalent in the elderly compared to younger individuals 252253, One explanation
for the prevalence of chronic cough in elderly patients may be related to the increased
presence of respiratory comorbidities such as asthma and non-respiratory comorbidities
such as hypertension %3, It is widely known that the presence of comorbidities in a patient
suffering from chronic pain syndromes may lead to impairment of the descending pain
inhibition system in humans 2°4. These findings further support the notion that the
prevalence of chronic cough in the elderly population may be related to reduced activity of
descending inhibition pathways similar to the findings associated with reduced DNIC
efficiency in the elderly. In addition, several other studies have also shown chronic cough
to be more common in females than in males 2125325525 However, sex-related differences
in the DNIC-effect for sufferers of chronic cough, similar to that observed for somatic pain,
is yet to be determined. It is possible to speculate that sex and age-related changes in
DNIC-effects may have implications for the epidemiology of cough in ways that correspond
with reported prevalence of chronic cough. Factors such as age and gender including the
intensity of a stimulus have been shown to be associated with differences in responses
related to DNIC-effects as observed in several pain studies. Such factors may have
implications for the DNIC-related modulation of the UTC and cough in humans which are
yet to be explored. Further investigation of the DNIC effect on visceral pain such as cough
and the UTC will further our understanding of the modulatory mechanisms associated with

airways processing and in humans.
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Summary

The circuitry involved in the sensory and motor processing of cough and its associated
sensation of UTC share similarities with those involved in pain processing. In addition, the
modulation of the cough reflex and UTC involves the inhibition of several cortical sensory
pathways within the cough network as observed in various studies. In placebo
investigations, UTC is reduced behaviourally and was accompanied with neural outcomes
with regions showing decreased activity within the UTC network including other regions
showing increased neural activity. There is preliminary evidence that the modulatory
influences of DNIC also lead to a reduction in UTC and cough in humans. However,
whether this downregulation of UTC and cough is as a result of a descending inhibition
similar to that observed in the case of placebo or rather that which is consistent to a DNIC
mechanism was yet to be determined in humans. Therefore, an experimental design
whereby a DNIC effect in the form of somatic painful stimulus during evoked UTC via the
inhalation of capsaicin was selected to investigate the psychophysical outcomes and to
measure regional brain activity associated with the DNIC-related modulation for UTC. It
was expected that the primary sites for the relay of airway afferent such as the nTS and
the Pab5 in the brainstem would show DNIC-related changes as a result of the modulation
of airway inputs which would manifest into regional brain responses in the hemispheres of
the brain. Brain regions identified in this modulatory inhibition of airway afferents can
consequently constitute prospective targets for intervention that in future development of

cough reduction therapies.

Aims

The aim of this project was to measure regional brain and brainstem responses associated
with the modulation of airway irritation as a result of painful conditioning in healthy human
volunteers. Initially, the behavioural responses in the experience of capsaicin-evoked UTC
and cough during the absence and presence of painful conditioning for different levels of
capsaicin concentrations was recorded. The results were compared to determine the
psychophysical outcomes of a DNIC effect on UTC and cough frequency in humans. In
addition, fMRI was used to identify regional brain networks involved in the modulation of
UTC in higher brain and brainstem regions as a result of painful conditioning. Additionally,
regional brainstem responses associated with the differences in the intensity of UTC

evoked by two concentrations of capsaicin (high and low) were assessed.
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Experiment 1

The initial experiment (Chapter 2) involved a psychophysical analysis of whether the
presence of pain during the inhalation of capsaicin interacted with both UTC and cough in
humans. The experiment also explored the regional brain responses associated with this
modulation in the UTC using fMRI. It was hypothesized that the application of somatic pain
during capsaicin challenges would evoke a DNIC effect and subsequently reduce the
experience of one’s UTC and cough frequency compared to an absence of pain. It was
further hypothesized that this reduction in behavioural UTC would be accompanied by
changes in neural activity within the cough network consistent with the DNIC phenomenon.
The changes in neural activity in the nTS and Pa5 of the brainstem including the airway
processing sites of the hemispheres would most likely be singular in direction (only
reductions in neural activity) as opposed to the increase and decrease in neural activity
observed in the neuroanatomical studies of placebo effects on airway processing. If this
hypothesis were true, then the neural outcomes of DNIC-related modulation of the UTC is
indeed distinct to placebo effects further implying that the DNIC effect involves distinct
mechanisms and different circuitry in the inhibition of airway inputs. Brain regions identified
from such investigation could act as targets for therapeutic intervention in future research

to address chronic cough in humans.

Experiment 2

The second experiment (Chapter 3) involved replicating the methods of the previous study
with a different focus on the psychophysical and neural outcomes in the interaction
between pain and airway irritation. The psychophysical analysis incorporated various
doubling concentrations of capsaicin challenges to assess whether pain had an equal or
disproportionate effect on the sensory experience of UTC and the motor act of coughing.
Additionally, the first experiment was not optimised for the brainstem and thus, did not
provide any putative modulatory regions associated with the DNIC effect since such
regions are confined to the brainstem. Therefore, fMRI optimised for the brainstem allowed
better assessment of subcortical regions and nuclei at lower levels of the brain associated
with the modulation of the UTC. It was hypothesized that DNIC related modulation of
airway inputs would manifest as changes in neural activity in the form of regional
brainstem responses as a result of painful conditioning. This approach allowed for the
exploration of the exact circuitry involved in the modulation of inputs and related outcomes

that were observed in the first experiment. It was expected that DNIC-related modulation
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of airway inputs, which leads to the behavioural reduction in the UTC, is confined to the
nTS and Pa5 in the form of reduced BOLD signal intensities of these primary regions for
the relay of afferent airway inputs. However, the outcomes of this experiment did not show
any evidence of DNIC-related changes in the neural activity of the nTS and the Pa5
associated with the modulation of airways inputs at the brainstem level. This led to further

exploration of the brainstem for regional brainstem responses using a different approach.

Experiment 3

The third experiment (Chapter 4) aimed at further investigating regional brainstem
responses associated with intensity-related changes in the UTC. The absence of the
expected effects in the form of reduced BOLD signal intensity in the nTS and the Pa5 as a
result of painful conditioning observed in the previous experiment (Chapter 3) raised a
fundamental question regarding the acuity of fMRI of the brainstem to differentiate
intensity-related BOLD signal variance in humans. One possibility was that the absence of
an effect in the nTS and Pa5 was an accurate outcome in that these two sites may not
necessarily be influenced by DNIC. Another possibility was that limitations associated with
fMRI of the brainstem may have led to the absence of DNIC-related effects in terms of
reduced BOLD signal intensities of the nTS and the Pa5 regions as previously
hypothesized. This led to further investigation of regional brainstem responses related to
airway processing by pointedly manipulating the intensity of the airway stimulus. This
approach allowed for determining whether large behavioural differences in the UTC ratings
would manifest as changes in BOLD signal intensity in the brainstem rather be consistent
with the absence of regional brainstem responses as observed from the previous study
(Experiment 2). It was expected that the inhalation of low concentrations of capsaicin
compared to high concentrations which would result in significant intensity differences in
UTC ratings. It was hypothesized that differences in the intensity of UTC would be
accompanied by changes in regional brainstem responses specifically in the nTS and Pab5.
Again, no regional brainstem responses in the nTS and the Pa5 nor in other brainstem
nuclei were observed in the present experiment. These findings suggest that the absence
of regional brainstem responses is most likely as a result of the limitations associated with

fMRI of the brainstem using the current experimental methods.
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Significance

The proposed research project aimed at gaining a better understanding of the behavioural
and neural regulation involved in the DNIC-related modulation of both cough and the UTC
in humans. Despite advancements in understanding of the networks associated with
cough regulation in animal studies and recent human investigations, there is still a lack of
evidence regarding the functional coordination of cortical and brainstem regions involved
in the reduction of UTC in humans. Given the lack of effective medical treatment for
chronic cough disease, it is hoped that exploring other modulatory influences observed for
nociceptive inputs such as DNIC could also provide evidence of distinct inhibitory regions
associated with the modulation of airway afferents. Investigating this mechanism could
open up the possibility of using knowledge gained from these experiments by exploiting
the modulatory influences of DNIC without enlisting DNIC protocols. This approach may
also prove useful in developing future studies to create better therapeutic treatments for

chronic cough.

Page | 51



Chapter 2 - Behavioral and regional brain responses to inhalation
of capsaicin modified by painful conditioning in humans

Introduction

The cough reflex is a vital protective mechanism for clearing the airways in response to
foreign matter in order to prevent damage and maintain normal airway function 32, In
humans, cough can become a distressing symptom when it becomes chronic. It is often
accompanied by a sensory experience known as the UTC 3. Recent research has begun
to focus on this sensory aspect of cough with the aim of understanding how this
information is integrated in the central nervous system. Given the lack of effective
antitussive treatments currently available, there is a pressing need for research in this

area.

The neural networks involved in the processing and generating of the UTC has been
widely investigated 8. Recent fMRI and neuroanatomical studies in humans have
investigated the placebo-related modulation of this network 2. The outcomes showed that
placebo-related effects significantly reduced an individual’s UTC in healthy humans. fMRI
results showed that this reduction in UTC ratings was accompanied with placebo-related
decreases in selective regional brain responses within the UTC network 8. These findings
suggest that there is a possibility that other modulatory influences may also employ similar
inhibitory mechanisms associated with the reduction in UTC and cough in humans. One
method to further investigate the behavioural and neural modulation of cough and the UTC
is via a process known as DNIC. In pain studies, DNIC has shown to reduce the
perception of pain felt at a different body site due to the application of painful stimuli at
another body region 12°, Animal studies have shown that the mechanisms involved in the
DNIC-related modulation of neural inputs involves the DRT of the brainstem which
incorporates the descending inhibition of sensory information as a result of painful
conditioning 103.120.142,146.257 Therefore, the present study (Chapter 2) aimed at exploring
the behavioural and neural outcomes associated with the DNIC-related modulation of
cough and the UTC. Outcomes of such investigation would help provide novel insights into
the circuitry involved in the downregulation of airway inputs in humans paving the way for

better future therapeutic outcomes from a clinical perspective.
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Behavioral and Regional Brain Responses
to Inhalation of Capsaicin Modified by
Painful Conditioning in Humans

Abubakar B. Abubakar, BSc Hons, Tara G. Bautista, PhD,; Matthew R. Dimmock, PhD, Stuart B. Mazzone, PhD,
and Michael J. Farrell, PhD

BACKGROUND: Cough is a defense mechanism that protects the airways and lungs in response
to airway irritation. The sensory neurons involved in detecting airway irritants and the neural
pathways mediating cough share similarities with those that encode pain from the body.
Painful conditioning stimuli applied to one body site are known to reduce the perception of
pain at another. However, whether the neural regulation of cough is influenced by painful
stimuli is not known.

RESEARCH QUESTION: What are the behavioral and neural outcomes of painful conditioning
stimuli on urge-to-cough (UTC) and cough evoked by inhaled capsaicin?

STUDY DESIGN AND METHODS: Sixteen healthy participants underwent psychophysical testing
and functional MRI while completing a series of capsaicin inhalations to induce UTC and
cough. The responses associated with capsaicin inhalation without pain were compared with
those after the application of painful conditioning stimuli.

RESULTS: Significant decreases were seen behaviorally of 18.7% £ 17.3% (P < .001) and
47.0% =+ 30.8% (P < .001) in participants’ UTC ratings and cough frequencies, respectively,
during the application of pain. UTC ratings were reduced by 24.2% =+ 36.5% (P < .005) and
increased by 67% = 40% (P < .001) for capsaicin and saline inhalation, respectively, during
the scanning session. Painful conditioning stimuli were associated with widespread decreases
in regional brain responses to capsaicin inhalation (P < .001). Several brain regions showed
levels of reduced activation attributable to painful conditioning that correlated with related
changes in behavioral responses during scanning (R° = 0.53).

INTERPRETATION: Pain-related decreases of cough and UTC are accompanied by widespread
changes in brain activity during capsaicin inhalation, suggesting that pain can modify the
central processing of inputs arising from the airways. A mechanistic understanding of how
cough and pain processing interact within the brain may help develop more effective ther-

apies to reduce unwanted coughing. CHEST 2021; 159(3):1136-1146

KEY WORDS: conditioned pain modulation; cough; heterotrophic noxious conditioning; neural
control of cough; urge to cough

FOR EDITORIAL COMMENT, SEE PAGE 904

ABBREVIATIONS: BOLD = blood oxygen level dependent; CN =
capsaicin inhalation with no pain; CP = capsaicin inhalation during
pain; fMRI = functional MR[; In = insula; OP = operculum; ParCG =
paracingulate gyrus; PosCG = postcentral gyrus; PreCG = precentral
gyrus; SMA = supplementary motor area; S,,, = maximum inhaled
capsaicin concentration without coughing for 20 seconds; SN = saline
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urge-to-cough
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The airways receive a rich sensory neural supply from
the vagus nerves that in part serves a protective role by
monitoring the pulmonary environment for potentially
harmful stimuli and regulating defensive behaviors,
including cough." Many of these sensory neurons are
nociceptive, sharing functional similarities with the
somatosensory nociceptors that encode pain from skin,
muscles, and other body tissues. When activated, the
vagal sensory neurons input to complex neural networks
in the brain, which not only regulate reflex coughing but
also contribute to generating the sensation of an urge-to-
cough (UTC) and allow for behavioral control over
cough motor patterning.”* Altered activity within
peripheral and central processing pathways has been
implicated in chronic cough in disease, and therefore
understanding in more detail how these neural networks
are regulated is of interest.”

Functional MRI (fMRI) and neuroanatomical studies in
humans and animals have provided insight into the
central (brain and brainstem) sensory and motor
networks involved in regulating cough and the UTC."’
These regions include widespread cortical and
subcortical activations that encompass sensory, motor,
premotor, and limbic structures.' Strikingly these brain
networks also share important similarities to those
involved in regulating somatic pain.® For example,
airway irritation evoked by inhaling capsaicin in healthy
humans induces neural activity in several brain regions
that are also activated by noxious painful stimuli applied
to the skin.” Placebo conditioning in humans
dramatically reduces the perception of the UTC and the

associated neural activations in the cortical cough
network. Like placebo analgesia, this depends on
increased activity in the dorsolateral prefrontal
cortex.'”'" Additionally, in rodents, the ascending
neural pathways arising from the airways share
significant homology with somatosensory pain
pathways." However, despite these commonalities in the
neural networks regulating pulmonary and somatic
nociception, little is known regarding whether functional
interactions occur between cough and pain and, if so,
where these interactions may occur in the brain.

In the pain field, it is well known that painful stimuli
applied to one body region can reduce the perception of
pain felt at a different body site through a process
known as conditioned pain modulation or heterotopic
noxious conditioning.'” The mechanisms involved in
conditioned pain modulation include brainstem and
higher brain neural networks that are recruited by
conditioning painful stimuli. These networks, in turn,
contribute descending inhibition to sensory processing
throughout the spinal cord, such that the processing of
painful stimuli applied to sites away from the
conditioned region is down-regulated.'>'* Given the
homology between cough and pain neural networks, we
hypothesized that conditioning pain may similarly
interact with pulmonary nociceptor processing and
reduce the perception of airway irritation or cough.
Thus, in this study we employed psychophysical
measures in conjunction with fMRI in healthy humans
to explore novel interactions between cough and pain
processing in the brain.

Methods

Participant Recruitment and Experimental Protocol

Sixteen healthy participants were recruited via advertisements
posted on the campus of Monash University (Melbourne,
Australia) (nine men and seven women; mean ages, 24.94 =+

and Monash Biomedical Imaging (Dr Farrell), Monash University,
Clayton, Australia.
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[SD] 4.39 vyears). Exclusion criteria included claustrophobia,
pregnancy, metal implants, and dental braces. Consent was
obtained from the participants in compliance with procedures
approved by the Monash University Human Research Ethics
Committee (approval 2019.18292) and was consistent with the
Declaration of Helsinki.

Psychophysical Testing Session

Thresholds for two coughs (C2) were determined using single
tidal inhalations of capsaicin vapor prepared in doubling
concentrations (0.12-125 WM) as previously described.” »®'> The
C2 level and two dose increments above the C2 (C2 + 2) were
used as test stimuli in a conditioning pain experiment.
Increasing levels of pressure were applied to the left thumbnail
for a period of 5 seconds to identify the stimulus needed to
elicit a rating of five on an 11-point numerical rating scale (0-
10) of pain intensity.'®'” The moderately painful pressure was
subsequently used as the conditioning stimulus in the first
experiment. Participants inhaled single tidal volumes of the C2
and C2 + 2 concentrations on four occasions each in a random
order in which they were not aware which of the two
concentrations were delivered. Moderately painful pressure was
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applied before the initiation of inhalation of nebulized vapor
and was sustained until after the end of expiration; this
process occurred on half of the eight occasions of tussive
challenge. Audible coughs were counted during the 10 seconds
after each tidal breath. Participants rated UTC after each
inhalation, using a modified Borg scale as previously
described.>>'* Sufficient duration before the next capsaicin
challenge allowed participants’ sensation of an UTC to return
to the baseline during the session. This resting period was
subject dependent.

The second experiment involved initial testing for individual
levels of capsaicin concentration that elicited moderate UTC
and pressure required to elicit moderate pain. Participants then
inhaled increasing concentrations of capsaicin for 20 seconds at
a time to determine the highest concentration that could be
inhaled without coughing (Smay), as previously described.® The
Smax concentration was used as the test stimulus during fMRI
scanning. The thumbnail pressure that elicited moderate pain at
the conclusion of a 40-second period of stimulation was
determined. Pressure during the 40-second period was applied
onto the left thumbnail for 5 seconds at a time, followed by 1
second of no pressure to reduce the degree of temporal
summation. This pressure was used as the conditioning stimulus
during fMRI scanning. This approach was taken to minimize
the increased pain perception that can result from temporal
summation during prolonged stimulation.'®

fMRI Protocol

Scanning was performed at Monash Biomedical Imaging (Clayton,
Australia), using a MAGNETOM Skyra 3 T scanner (Siemens). The
fMRI imaging protocol involved a block design incorporating four
stimulus contingencies during the acquisition of blood oxygen level-
dependent (BOLD) images. The four different contingencies were 20
seconds of inhalation of saline with no pain (SN), 20 seconds of
inhalation of saline during 40 seconds of moderately painful left
thumbnail pressure (SP), 20 seconds of capsaicin inhalation with no
pain (CN), and 20 seconds of capsaicin inhalation during 40 seconds
of moderately painful left thumbnail pressure (CP) (Fig 1). The onsets
of painful pressure blocks were 10 seconds before the onsets of
inhalations of saline or capsaicin. Each of the four contingencies was
followed by a no-stimulus period of 40 seconds, during which
participants responded to visual cues to rate UTC and pain. The order
of delivery of test stimuli was pseudo-randomized and double-blinded
in nature, whereby participants were not aware of when either
capsaicin or saline were delivered (e-Fig 1A, 1B). Painful conditioning
was averaged across the session such that a conditioning event was
only followed by a no-conditioning event (e-Fig 1A). Two blocks of
each contingency occurred during the scans of 8.34 minutes of
duration. Each participant underwent three scanning runs (e-Fig 1).

Analysis

Repeated measures analysis of variance using SPSS Statistics
software (IBM Corporation) was used to test for the effects of
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Figure 1 - Participants underwent three fMRI scans of 8 minutes’ and 26 seconds’ duration each. Conditioning stimuli of painful thumbnail pressure
were applied for 40 seconds on four occasions during the scan. Test stimuli were inhaled for 20 seconds on eight occasions, and were either saline or the
maximum suppressible concentration of capsaicin. The timing of the respective stimuli meant that the test stimuli were associated with no-pain or pain
with equal frequency. The expanded panel shows one of the four cycles of stimuli delivered during an fMRI scan. A visual cue of 3 seconds’ duration was
used to prepare participants before the onset of all inhaled stimuli (RG = ready to go). This strategy reduces the risk of uncontrolled coughing. Go cues
(Go) for capsaicin and saline challenges ensured that participants initiated their inhalations at consistent time points throughout the sequence. Visual
cues prompted participants to prepare to provide ratings (RR = ready to rate), after which numerical rating scales (0-10) appeared on screen. Par-
ticipants rated UTC and pain intensity (PI). The sequence of test stimuli was different for each of the three scans and can be found in e-Figure 1A. The
sequence in the figure corresponds to the first of the three fMRI scans. A detailed description of fMRI task and protocol can be found in e-Figure 1.

fMRI = functional MRI; UTC = urge-to-cough.
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conditioning (pain, no-pain) and test stimulus concentration (C2,
C2 + 2) on UTC and cough frequency recorded during the
psychophysical session. The effects of inhalation stimuli (saline, Syax)
and conditioning (pain, no-pain) on UTC during scanning were also
assessed with repeated-measures analysis of variance. Analysis of
fMRI data was performed as previously described,”*'" with a detailed
description of analysis found in e-Appendix 1. First-level analyses of
participants’ fMRI scans tested for regional brain BOLD  signal
responses to the four stimulus contingencies (CN, CP, SN, SP) as
well as contrasts of CN > SN, CN > CP, and CP > CN. The
negative and positive interactions between the four contingencies
were also tested. Group analyses involved f tests to show regional

activation for the contrasts of contingencies, and their interactions. A
group analysis was performed to test for correlation between regional
CN > CP activation levels and a behavioral measure of
conditioning-related changes in UTC. This behavioral measure
consisted of subtraction of a participant’s average UTC rating for CP
blocks from the average UTC rating for the CN blocks. Significant
group regional brain responses were determined using a single-voxel
inclusion of Z > 3.09 and a cluster-level family-wise error corrected
threshold of P, < .05 based on the Functional Magnetic
Resonance Imaging of the Brain Software Library Expert Analysis
Tool implementation of random field theory (Functional Magnetic
Resonance Imaging of the Brain Software Library version 6.0.3).""*°

Results

Psychophysical Results

The geometric means of C2 and S, were 0.69 UM
and 0.23 uUM, respectively. Levels of stimuli for
conditioning pain were 5.3 + 1.3 kg/cm” during the
psychophysical session and 3.8 & 0.9 kg/cm® during
fMRI scanning.

Both cough (F[1,15] = 30.3; P < .001) and UTC (F[1,15] =
222; P < .001) showed conditioning-related decreases
in the psychophysical session that averaged (L £+ 0)
47.0% =+ 30.8% and 18.7% =+ 17.3%, respectively,
which was a significant difference between the two
outcome variables (t[15] = 3.2; P < .005) (Fig 2A, 2B,

e-Table 1A, 1F). Conditioning and test

concentration interacted for cough frequency (F[1,15] =
23.8; P < .001), with greater conditioning-related
decreases in cough frequency at the higher
concentration (Fig 2B), whereas UTC levels did

not show a significant interaction for the two factors
(F[1,15] = 1.9; P = .2).

A conditioning-related effect on UTC was seen during
scanning (F[1,15) = 5.9: P < .05), which interacted with
inhalation stimulus (F[1,15) = 19.5; P < .001). Ratings
of UTC decreased by 1.2 & 1.3 on the Borg scale
(average, 24.2% =+ 36.5%) during conditioning pain

for capsaicin inhalations compared with no-pain events
(t[15] = 3.5; P < .005), whereas UTC ratings in response
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Figure 2 - A, UTC ratings after capsaicin inhalation were averaged during the psychophysical session according to the concurrent application of
conditioning (pain) or the no-pain contingency. Each unbroken line in the graph represents the ratings from a single participant. A downward slope to
the right indicates a reduction in UTC ratings when conditioning pain was applied. The average effect across the group is represented by triangles
connected by the broken line. B, Coughs were recorded from participants inhaling two concentrations of capsaicin with and without conditioning
during the psychophysical session. A significant decrease in cough frequency in association with conditioning was seen for the higher of the two
concentrations of test stimuli. C, UTC ratings were recorded after each test stimulus of either saline or capsaicin during fMRI scans. Concurrent
application of the conditioning stimulus of painful thumbnail pressure was associated with significant decreases in UTC ratings after capsaicin
inhalation, whereas the conditioning was associated with a significant increase in UTC ratings for saline. Error bars represent SEs of the mean.

*P < .0L P < .001. See Figure 1 legend for expansion of abbreviations.
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to saline inhalations increased from 0.2 & 0.3 during no-
pain events to 0.6 & 0.5 during conditioning pain (t
[15] = 4.2; P < .001) (Fig 2C, e-Table 2A, 2E).
Additionally, no significant difference (P = .236) was
seen in the average pain ratings (L = ) between when
saline (3.10 % 2.30) and capsaicin (3.26 £ 3.50) were
inhaled during the fMRI session. A detailed
description of the multivariate model of UTC ratings
and cough frequency in both the psychophysical

and fMRI sessions is outlined in the online supplement
(e-Table 1A-J, e-Table 2A-E).

fMRI Results

Regional brain responses during capsaicin inhalation
that were increased compared with saline inhalation
(CN > SN) were widely distributed and included the
insula (In), operculum (OP), precentral gyrus

(PreCQ), postcentral gyrus (PosCG), midcingulate
cortex, paracingulate gyrus (ParCG), middle frontal
gyrus, supplementary motor area (SMA), supramarginal
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gyrus, thalamus, and cerebellum (Fig 3, e-Fig 2, e-
Table 3).

Regions within the network of CN > SN activation
showed increased responses to capsaicin inhalation
during no-pain events compared with conditioning pain
events (CN > CP). The CN > CP activated regions
included the bilateral OP, PreCG, PosCG, ParCG, SMA,
cerebellum, and right In (Fig 3, Table 1). No regions
showed activation for the contrast of CP > CN.

Regions within the CN > SN network showed levels
of CN > CP activation in the participants that
were positively correlated with differences in UTC
levels for the two contingencies (CN-CP). Regions
showing a correlation between activation and
behavior were found bilaterally in the PreCG,
superior frontal gyri, SMA, and the left ParCG (Fig 4,
Table 2, e-Fig 3).

Regions within the CN > SN network showed a negative
interaction between conditioning and inhalation stimuli

z=20

ParCG

X=6
3.1 5
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Figure 3 — Brain regions where responses to capsaicin inhalation during no-pain were greater than saline with no-pain are rendered in red-yellow
(CN > SN). The blue rendering represents regions where capsaicin inhalation responses were significantly decreased during pain conditioning compared
with the no-pain contingency (CN > CP). A, Bilateral cerebellar (Cb) regions showed a decrease in capsaicin inhalation activation when painful
thumbnail pressure was applied. Conditioning-related decreases in capsaicin inhalation activation were also seen in B, the right insula (Ins), C,
bilateral operculum (Op), right precentral gyrus (PreCG), D, bilateral middle frontal gyri (MFG), E, bilateral premotor cortices (PMC), F, supple-
mentary motor area (SMA), bilateral superior frontal gyri (SFG), G, the most caudal part of the primary somatosensory cortex corresponding to
Brodmann area 43 (BA43), H, and the paracingulate gyrus (ParCG). Activations are rendered on the Montreal Neuroscience Institute template brain
that is displayed in radiological convention (right side of brain on left of image).
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TABLE 1 | Regional Brain Activations for Inhalation of Capsaicin With No Pain Greater Than Capsaicin With Pain

(CN>CP)
Peak Voxel Coordinates”

Region BA X y z z Score
Supplementary motor area 6 4 -8 70 6.04
6 10 64 5.52
Superior frontal gyrus 6 24 2 62 5.11
6 -10 64 4.69
Middle frontal gyrus 9 -36 52 26 5.40
9 32 50 26 4.25
Paracingulate gyrus 6 -2 16 50 4.56
6 4 16 52 4.18
Precentral gyrus 6 -46 2 44 4.91
6 42 -2 40 5.02
4 42 -6 56 5.02
4 -48 -6 52 4.51
Postcentral gyrus 2 -66 -18 28 4.65
43 -62 -18 20 4.88
2 66 -18 26 4.27
43 62 -14 20 4.27
Inferior parietal lobule 40 -56 -28 50 5.03
40 60 -32 44 4.84
Frontal operculum 44 52 16 0 4.82
44 -54 18 -4 5.32
Rolandic operculum 4 46 12 -2 4.91
4 -58 12 0 4.27
Insula 13 36 4 14 5.43
13 40 20 4 5.40
Cerebellum 28 -56 -30 4.33
-28 -56 -32 4.58

BA = Brodmann area

“The coordinates correspond to the Montreal Neuroscience Institute standard brain template where x values are distance in millimeters to the left (negative
x values) or right (positive x values) from the anterior commissure; y represents millimeter distance anterior (positive) or posterior (negative) from the
anterior commissure, and z is millimeter distance superior (positive) or inferior (negative) from the anterior commissure.

(CN, CP, SN, SP), whereas no regions showed a positive
interaction. Regions showing a negative interaction
included the bilateral OP, SMA, In, right ParCG,
superior frontal gyri, and left PosCG (Fig 5, Table 3,
e-Fig 4A, 4B).

Discussion

In this study, we investigated interactions between pain
and cough. Painful conditioning stimuli significantly
reduced both UTC ratings and cough frequency among
individuals inhaling capsaicin. This behavioral effect was
accompanied by reductions in BOLD signal responses in
brain regions activated by capsaicin inhalation. These
consonant findings of behavioral and regional brain

responses are likely to represent a modulation of sensory
inputs at lower levels of the neuroaxis that leads to a
reduction in UTC and cough in humans.

Behavioral Response of Cough and UTC

Our finding that the application of somatic pain
significantly reduced both the perception of airway
irritation and evoked cough is consistent with data
reported from a previous study. Young et al’' reported
in a published conference abstract that cold pain applied
to the hand of healthy participants significantly reduced
cough frequency, and a trend for reduced UTC, during
inhalations of half maximal effective concentration
doses of capsaicin (inducing at least 50% maximum
cough frequency).”' Furthermore, dyspnea, which is a

chestjournal.org
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Figure 4 — Regions where CN > SN are rendered in red-yellow. The
contrast of CN > CP was tested for associations with behavioral results
using the difference score of UTC ratings (CN-CP) during the scanning
session. Regions with a significant positive correlation between the
related differences are rendered in blue. A, A region in the left para-
cingulate gyrus (ParCG) had conditioning-related changes in capsaicin
activation that were associated with changes in UTC. B, The scattergram
illustrates the relationship between conditioning-related changes in
regional signal responses from the paracingulate gyrus and UTC levels.
See e-Figure 3 for additional regional responses showing positive cor-
relation between related differences of UTC ratings. The sagittal brain
slice is the Montreal Neuroscience Institute template brain.

related unpleasant sensation that is thought to involve
pulmonary nociceptor sensory pathways, has been
shown to modulate the perception of pain.”* >
Collectively, these observations support the hypothesis
that nociceptive pathways of somatic and pulmonary
tissues functionally interact to induce meaningful
changes in sensory-evoked behavior.

Our data suggest a disproportionate effect of pain on the
motor act of coughing compared with the perception of
UTC. UTC scores were reduced by 19% during
conditioning pain, compared with a 47% reduction in

cough frequency among participants inhaling capsaicin.
This may suggest a differential effect of conditioning
pain on sensory vs motor neural activity. An alternate
possibility is that subjective (UTC) and objective (cough
frequency) measures are not tightly correlated. Indeed,
we have previously reported that ratings of UTC
increase linearly with doubling concentrations of
capsaicin, whereas the frequency of coughing shows an
accelerating function in response to the same
concentrations of inhaled capsaicin.”® Consequently,
small changes in sensory processing (ie, UTC) may lead
to larger changes in motor output (ie, coughing.)
However, cough frequencies were smaller compared
with UTC ratings in this study, therefore having
disproportionate contributions to the calculation of
percentage changes, which could have a bearing on the
differential values across the two outcome variables. The
low absolute levels of cough in response to inhaling the
C2 and C2 + 2 concentrations during the first session
was likely due to adaptation.”””® Future assessments of
pain conditioning of responses to capsaicin inhalation
may benefit from using a wide range of concentrations
for tussive test stimuli to test the effects of conditioning
on cough and UTC across the stimulus-response
function. Conditioning pain affected UTC ratings in
response to lower concentrations of capsaicin that
infrequently evoked coughing under either contingency
of conditioning (ie, either pain or no-pain), reinforcing
the conclusion that the conditioning stimulation was
likely to have exerted an influence on sensory
processing.

Pain was used as the conditioning intervention in this
study of modulation of responses to tussive stimuli.
Necessarily, the design of the experiment limited
opportunities to examine the possibility that pain
responses might have been influenced by capsaicin
inhalation. Nevertheless, two observations with respect
to pain reports warrant mention. First, we noted that the
stimulus intensity needed to elicit moderate pain during
the fMRI session was typically lower compared with that
used during the initial psychophysical testing. However,
the painful stimuli were applied for a substantially
longer duration during fMRI. Pain perception is
influenced by both stimulus magnitude and stimulus
duration in humans, and likely temporal summation
accounts largely for the differences in psychophysical
and fMRI stimulus thresholds in the current study."®
Second, no difference was found in pain ratings between
when saline and capsaicin were inhaled during the fMRI
session. This suggests that a bidirectional interaction
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TABLE 2 | Regional Brain Activations That Show a Correlation Between Regional CN > CP Activations and
Conditioning Pain Related Changes in Urge to Cough

Peak Voxel Coordinates®
Region BA X y z z Score R
Supplementary motor area 6 -2 2 66 4.69 0.54
6 10 -2 66 4.67 0.51
Paracingulate gyrus 32 -4 14 48 4.52 0.53
6 2 10 50 4.48 0.58
Superior frontal gyrus 6 -26 -6 58 4.47 0.60
6 -16 4 58 4.20 0.57
6 18 -2 60 4.57 0.59
Precentral/premotor cortex 4 -38 -10 44 4.57 0.60
6 -26 -12 56 4.50 0.53
4 40 -10 48 4.64 0.64
4 46 -6 48 4.27 0.56

Regions of interest (ROI) were defined as activated voxels contiguous with the peaks reported in the table. The average %BOLD signal change from voxels in
ROI were estimated for each participant and regressed against the change in urge-to-cough ratings associated with the conditioning. The resulting R?
values are reported in the right column, and are statistically significant at a Bonferroni corrected threshold of P < .005. BA = Brodmann area.

“The coordinates correspond to the Montreal Neuroscience Institute standard brain template, where x values are distance in millimeters to the left (negative
x values) or right (positive x values) from the anterior commissure; y represents millimeter distance anterior (positive) or posterior (negative) from the
anterior commissure, and z is millimeter distance superior (positive) or inferior (negative) from the anterior commissure.

between airway sensation and pain is unlikely given the
current experimental design. An alternative
experimental protocol would be required to further
explore putative conditioning of pain responses by
tussive inhalations.

Cough and Pain Neural Interactions

We have previously demonstrated that the UTC in
humans is contingent on neural activation in distributed
brain regions that process incoming sensory information
from the airways. The regional activation pattern during
capsaicin inhalation in the current study is highly
consistent with our previous reports of this
network.” '’ Such regional brain networks are also
activated in other sensorimotor paradigms such as
noxious stimulation of cutaneous tissue and visceral

c 29,30
sensory modalities.

Painful conditioning was associated with widespread
changes in regional brain responses to capsaicin
inhalation. These changes, observed throughout the
hemispheres of the brain, were always decreases in
capsaicin-related BOLD signal changes during
conditioning pain compared with the no-pain
contingency. Additionally, variability in the levels of
conditioning-related reductions of capsaicin-inhalation
activation throughout the network were predicted by the
associated changes in UTC ratings. The specificity of the
conditioning-related decreases in activation levels for

chestjournal.org

capsaicin vs saline inhalations were also distributed
throughout the brain regions showing responses to the
inhaled substances. This is notably a significant
physiological outcome given that both the behavioral
and corresponding neural measures were significantly
impacted by concomitant painful stimulation. Whether
this translates to a clinically significant outcome awaits
studies in patient populations. Collectively, the
distributed nature of the conditioning-related changes
throughout the capsaicin-inhalation network is
consistent with modulation of the sensory inputs at
lower levels of the nervous system, such as the brainstem
nuclei that respond to noxious tussive stimuli.”’

Confirming the circuitry that is involved in this putative
descending inhibition is difficult with the current study
design, which was not optimized for brainstem imaging.
One possibility is that conditioning pain may enlist
suprabulbur networks and enhance activity of the
descending analgesia system. Placebo suppression of
pain and cough likely operates via a network that
originates in cortical areas that influence primary
sensory processing areas of the brainstem and spinal
cord via midbrain opioidergic circuits."’ Thus, placebo-
related modification of sensory experience is an
acknowledged top-down process, which involves higher-
order regional brain responses associated with beliefs
and expectations that are thought to influence sensory
processing.'’ Conceivably, conditioning pain also could
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Figure 5 — Interactions were tested between conditioning (pain, no-pain)
and test (saline, capsaicin) stimuli to identify brain regions where the
effects of concurrent pain on activation levels was more pronounced for
one type of test stimulus. Brain regions rendered in blue had
conditioning-related changes for capsaicin responses that were increased
compared with saline (CN, CP, SN, SP). Regions showing CN > SN
activation are rendered in red yellow. A, The left paracingulate gyrus
(ParCG) region showed an interaction in responses to the test and
conditioning stimuli. B, The nature of the interaction between condi-
tioning and test stimuli for BOLD signal changes in ParCG can be seen
in the graph. BOLD signal changes during capsaicin inhalation were
significantly decreased during pain compared with the no-pain contin-
gency, whereas responses to saline inhalation did not show a
conditioning-related change. See e-Figure 4A and e-Figure 4B for
additional regional responses showing interaction in response to the test
and conditioning stimuli. Error bars are SEs of the mean. *P < .001.

recruit this network to modulate pulmonary sensory
processing. However, the singular direction (reductions)
of conditioning pain-related regional brain responses to
capsaicin inhalation seen in this study is in distinction to
placebo-related regional brain responses during

capsaicin inhalation, in which we reported both
increases and decreases in regional BOLD signals.
Regional brain activation associated with top-down
processes would be expected to show increases during
conditioning, as is observed during placebo-related
modification of responses to capsaicin inhalation.'’
Similarly, any putative influences of higher-order
processing in association with noxious conditioning,
such as attention-related mechanisms, would also be
expected to manifest as increased regional brain
responses during the conditioning pain vs no-pain
contingencies, but this did not occur in the current
study.

An alternative explanation is that conditioning-related
decreases in the UTC are attributable to a bottom-up
process. In animals, a form of conditioning pain
modulation has been described, known as diffuse
noxious inhibitory controls, that does not involve the
higher brain but rather is dependent on conditioning
pain-activating brainstem neurons in the caudal medulla
that in turn inhibit nociception in the spinal cord."” This
circuitry may exist in humans’” and could conceivably
also regulate visceral nociception at the level of the
brainstem sensory relay sites for vagal sensory neurons.
In addition, other studies have demonstrated that
patients with chronic pain show diminished
conditioning pain modulation, an effect that is thought
to reflect loss of central inhibitory controls.”” Whether
this impacts cough regulation in these patients is not
known. Whether patients with chronic cough similarly
have diminished conditioning painful modulation also is
not known, although recent data™ suggest they may
have reductions in the activity of other central cough
suppression networks. The images acquired in this study
were optimized for the hemispheres of the brain and
consequently were not suitable for showing responses in
small structures in the brainstem. Further investigation
of the brainstem using fMRI optimized for this region
will be worthwhile to gain a better understanding of
mechanisms contributing to pain conditioning of cough
and UTC.

Interpretation

Concurrent pain has a strong influence on coughing and
UTC in healthy humans, effects that are associated with
widespread changes in regional brain responses to
capsaicin inhalation. This confluence of behavior and
brain activity points toward a down-regulation of
sensory inputs in the lower brainstem that is perhaps
consistent with mechanisms of the diffuse noxious
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TABLE 3 | Regional Brain Activations With a Negative Interaction Between Conditioning (No-Pain, Pain) and Test
(Saline, Capsaicin) Stimulation

Peak Voxel Coordinates”

Region BA X y z z Score
Supplementary motor area 6 0 4 64 4.58
6 -4 2 58 4.53
6 2 60 4.95
6 4 66 4.49
Paracingulate gyrus 6 8 50 5.29
6 10 4 50 4.87
Superior frontal gyrus 6 16 -2 68 4.03
Pars opercularis 44 -48 4 18 4.43
44 54 6 14 4.36
Operculum 43 -56 12 5.55
43 -54 18 4.99
43 58 4 5.06
Postcentral gyrus 2 -62 -26 24 4.82
43 -60 -20 20 4.43
Insula 13 -28 14 4.03
13 36 10 4.04

BA = Brodmann area.

“The coordinates correspond to the Montreal Neuroscience Institute standard brain template, where x values are distance in millimeters to the left (negative
X values) or right (positive x values) from the anterior commissure; y represents millimeter distance anterior (positive) or posterior (negative) from the
anterior commissure, and z is millimeter distance superior (positive) or inferior (negative) from the anterior commissure.

inhibitory controls phenomenon. These outcomes have
special significance and constitute a promising target for
future studies whereby specific brain network activities
could be therapeutically targeted to reduce excessive

cough in patients. Further studies of the brainstem have
the potential to expand our understanding of the
mechanisms involved in contributing to pain
modulation of UTC and cough.
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Conclusion

Painful conditioning has a strong influence on both cough and the UTC in humans. The
reduction in the sensory experience of the UTC was accompanied widespread reduction in
regional brain responses within the capsaicin inhalation network. The neural outcomes of
the present study (Chapter 2) is consistent with the DNIC-related modulation of airway
inputs most likely at the level of the brainstem. The findings also provide insight into brain
networks that could act as targets for therapeutic intervention to help reduce persistent
UTC and unwanted cough in humans. Further exploration of the brainstem regions
associated with the DNIC-related modulation of the airway inputs has the potential to
further out understanding of the mechanisms involved in the down-regulation of cough and
the UTC.
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Chapter 3 - Modulation of cough-related neural processing in the
brainstem by conditioning painful stimulation in humans

Preamble

The neural networks involved in the processing and generating of the UTC has been
widely investigated 3¢.In humans, recent studies have investigated the modulation of this
network via placebo. Placebo effects were shown to significantly reduce an individual’s
UTC by 45% in healthy people &3. This reduction in the behavioural outcomes of the UTC
was accompanied with selective decreases in brain responses within the UTC and cough
network suggesting that beliefs about treatment can modify the central processing of
inputs arising from the airways. By contrast, placebo trials also showed regions of
increased activations in regions such as the MFG and PreCG when compared to controls
indicating the involvement of higher brain regions during the placebo-related modulation of
airway inputs 82, These findings suggest that placebo-related modulation of UTC is likely a
top-down process due to the involvement of higher brain regions that showed heightened
activity during placebo trials. This is consistent with outcomes of placebo-related
modulation of pain signals shown in many pain studies where the ACC showed increased

activation associated with placebo analgesia %866,

The advances in knowledge gained from the placebo studies regarding modulation of the
UTC meant that there is a possibility that other modulatory influences may also employ
similar descending inhibitory mechanisms associated with the reduction in UTC and cough
in humans. Therefore, the previous study (Chapter 2) investigated the behavioural and
neural outcomes associated with painful conditioning which is a phenomenon commonly
known as DNIC. This form of modulation is known to involve a distinct circuitry for the
descending inhibition of neural inputs at the level of the brainstem 103.120,137,146,258,259
Literature from animal and human studies have suggested a circuitry that is independent
of higher brain regions where the inhibition of neural inputs occurs between the DRt and
the dorsal horn of the spinal cord 34136, This is in contrast with the placebo-related
modulation of pain signals which is an acknowledged prefrontal-limbic-PAG-RVM-DHSC
pathway suggesting the involvement of higher brain regions in this process 8166, The
behavioural findings of the previous study (Chapter 2) were in line with reported decreases
in the UTC and cough frequency observed in the placebo and recent DNIC-related studies.
In addition, the neural findings of the previous study (Chapter 2) were consistent with the
DNIC-modulation of the UTC and distinct to the placebo-related modulation of the UTC.
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The singular direction (reductions) of DNIC-related regional brain responses to capsaicin
inhalation seen the previous study (Chapter 2) is in distinction to the placebo-related
modulation of the UTC where both increases and decreases in regional BOLD signals
were observed. However, the fMRI images obtained in the previous (Chapter 2) were not
optimized for the hemispheres of the brain and thus, were not suitable for showing regional
responses in small structures of the brainstem. Therefore, the present study aimed at
investigating the regional brainstem responses associated with the descending inhibition of
airway inputs consistent with the DNIC mechanism. The present study also explored
evidence of a DNIC-related modulation of airway inputs in the brainstem that may explain
the regional higher brain outcomes observed in the previous study (Chapter 2). Itis
expected that painful conditioning would be associated with less activation in brainstem
nuclei involved in the relay of sensory airway information. Possibilities include brainstem
nuclei such as the nTS and Pa5 given that the two act as primary airway afferent sites for
the relay and processing of airway inputs. This information could assist in assessing and
targeting interventions in chronic cough patients aimed at reducing the sensation of the

UTC without impairing reflex cough.
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Introduction

The novel findings of the previous chapter (Chapter 2) provided the first insight into the
neural interaction between pain and airway processing. The study implicated several
higher brain regions distributed within the cough network that interacted with pain via the
process known as DNIC 289, This interaction was in the form of widespread reduction in
neural activity amongst regions in the capsaicin inhalation network. Additionally, there
were no regions that showed increases in neural activity within the capsaicin inhalation
network as a result of painful conditioning. These findings were consistent with the notion
that the DNIC mechanism involves an endogenous inhibitory process that recruits
brainstem nuclei to effect inhibition of the dorsal horn cells of the spinal cord responding to
nociceptive inputs 129, This process occurs as a result of the concurrent application of a
second (ie conditioning) stimulus during the presence of an existing nociceptive (test)
stimulus. The inputs that ascend the spinal cord as a result of the application of the
conditioning stimulus initiate a DNIC effect. In animal studies, the circuitry sustaining DNIC
has been to shown to be confined to the DRt whereby the potency of DNIC was tested in
animals with complete sections at different levels of the brainstem 120136, Sych findings
confirmed that the DRt is the key inhibiting region for the DNIC-related modulation of
neural inputs and that this mechanism encompasses a DHSC-DRt-DHSC pathway
129,136,142 Thijs is in contrast to the acknowledged prefrontal limbic-PAG-RVM-DHSC
pathway which is consistent with modulation associated with placebo and other cognitive
influences such as attention and distraction 8%95104.142,170,175,183 The neural outcomes of
the previous study (Chapter 2) confirmed the different modulatory influences of placebo
effects compared to DNIC effects on airway processing. Furthermore, the behavioural
outcomes showed that painful stimulus was associated with a reduction in the perceived
UTC sensation and cough frequency of participants. However, the behavioural results
showed a disproportionate effect of painful conditioning on the UTC versus cough in the
previous study (Chapter 2). UTC ratings were reduced by 19% compared to 47% for
cough frequency suggesting a differential effect of conditioning on the sensory experience
of UTC versus the motor act of cough. This finding also suggests that differential effects of
pain conditioning on the sensory versus motor neural activity may exist. Alternatively, this
disparity in conditioning related responses of the UTC versus cough frequency may
suggest that the two measures are not tightly regulated in humans. Investigating pain
conditioning responses to capsaicin inhalation may benefit from using a wide range of
capsaicin concentrations for tussive test stimuli to test the effects of conditioning on the
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UTC and cough across the stimulus-response function. The findings would also identify
whether increases and conditioning-related decreases in UTC ratings and cough
frequencies as a result of increases in doubling concentrations during capsaicin inhalation
challenges would follow a linear path or rather an exponential path as observed in
previous studies 4°76, Additionally, this approach may also provide other insights into the
differential DNIC-related effects on cough and the UTC. For instance, previous studies
involving airway irritation showed that airway stimulation with ATP which only activates the
nTS evoked less frequent coughing compared to stimulation with capsaicin which activates
both the nTS and the Pa5 #°. Such findings suggest that airway stimulation that activates
the both nuclei may differently contribute to cough and the UTC compared to stimulation
that activates only the nTS. These outcomes may have implications in the relative efficacy
of DNIC for cough and the UTC in that the different levels of DNIC responses for the
sensory experience of the UTC versus motor act of cough might be related to the

respective nuclei.

The outcomes of the previous study (Chapter 2) acknowledged that the behavioural and
neural conditioning-related decreases of UTC and cough are most likely as a result of the
DNIC-related modulation of airway inputs at the brainstem level. This proposed gating
mechanism whereby inhibition at the first synaptic level of sensory integration in the
brainstem causes decreased activation in all regions of cough sensory processing as
observed in the previous study (Chapter 2). Despite this advancement in understanding
the DNIC-related modulation and its influence on higher order processing of airway-irritant
related to sensory information of airway inputs, the study was not optimized for brainstem
imaging 2%°. Therefore, whether an interaction between pain and cough-related neural
processing at the level of the brainstem exists remains unknown. Additionally, evidence of
a DNIC-related modulation of airway inputs observed in the previous study (Chapter 2) at
the level of brainstem was yet to be confirmed including the precise networks involved in

this modulation.

Interpreting brainstem activations collected during standard whole brain fMRI similar to the
previous study (Chapter 2) is challenging due to several factors. One factor is the
presence of poor signal-to-noise ratios due to the proximity of tissue boundaries that may
disturb the homogeneity of the magnetic field 261.262 |n addition, the small size of brainstem
nuclei and cardiorespiratory noise would make it difficult to accurately interpret brainstem
activations during whole brain imaging scanning 22. Therefore, the objective of the present
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study was to perform a direct survey of the brainstem region using image acquisition
parameters that was optimized for the brainstem to further investigate the mechanisms
and subcortical networks involved in the modulation of airway inputs including providing

evidence of whether a DNIC-related modulation of the UTC is involved in this process.

As previously mentioned, research has identified two distinct nuclei known as the nTS and
the Pab to be the main connections for receiving afferent sensory input from the airways
making them the ideal candidates involved in the modulation of airway inputs at the
subcortical level 7263, Therefore, the aim of the present study (Chapter 3) was to
determine whether these (nTS and Pa5) brainstem nuclei could potentially be involved in
the DNIC-related modulation of airway sensory inputs before they ascend to the higher
cortex. If a DNIC-effect leads to the inhibition of neural inputs at the brainstem level as
previously hypothesized, we would expect to see decreases in activations in brainstem
nuclei involved in cough related neural processing such as the nTS and Pa5. Whether one
or both nuclei are involved in the DNIC-related modulation of airway inputs is yet to be
confirmed. If responses in these nuclei are inhibited, then the cough reflex would
presumably also be attenuated. fMRI optimized of the brainstem was done to assist in
identifying whether this proposed hypothesis is true regarding the DNIC-related modulation
of airway inputs including providing evidence of the modulation of airway inputs that led to
the neural outcomes of the hemispheres of the brain observed in the previous study
(Chapter 2). It was therefore hypothesized that DNIC-related changes will manifest as
reduced BOLD signal intensities of the nTS and the Pa5 nuclei. This information could
assist in identifying regions that could be targets for therapeutic interventions aimed at
reducing the sensation of UTC in chronic cough patients without impairing the cough

reflex.

Methods
Participant recruitment and experimental protocol

Twenty-three healthy individuals were recruited to participate in the study via
advertisements distributed across the campus of Monash University (Melbourne, Australia)
(12 males and 11 females, mean age +SD 28.37 + 8.58). Prior to inclusion, all subjects
were screened via a questionnaire to exclude any history or medical conditions such as

respiratory and heart disease, brain injury, claustrophobia, pregnancy and metal implants.
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Consent was obtained from the participants to be involved in the study which is in
compliance with procedures approved by Monash University Human Research Ethics
Committee (approval 2018.11644).

Psychophysical testing session

Participants inhaled a series of different concentrations of capsaicin in the form of a single
tidal volume of capsaicin vapour prepared in doubling concentrations (0.12 — 125 uM) via
an MRI-compatible nebuliser. Their ratings of UTC using a Borg scale (0O=no urge to cough
to 10= maximum urge to cough) were recorded. In addition, any cough events within a
period of 8 seconds after every inhalation challenge was also noted. The first lowest
concentration of capsaicin to elicit an UTC sensation was recorded as (Cu). The
concentration that elicited two or more coughs was recorded as the cough threshold (C2).
A further one increment of concentration of capsaicin (C2+1) were delivered to
participants. The subsequent further two (C2+2) and (C2+3) three increments of

concentration of capsaicin from C2 were also recorded.

Participants also underwent mild to moderate painful stimulation in the form of mechanical
pressure applied in a slow and step-wise fashion onto the left thumbnail. This was
achieved via the use of a custom-made device that placed controllable weight directly onto
the left thumbnail starting at low levels and gradually increasing in increments of 500 g
195264 pressure was applied for 5 seconds at a time and the weight (range from 500 g to 8
kg) that produced a moderate level of pain on an 11-point numerical rating scale (0=no
pain, 5=moderate pain, 10=extreme pain) was recorded. This moderately painful pressure
was used as the conditioning stimulus during the first experiment of the psychophysical

session.

Subsequently, the influence of painful conditioning on UTC and cough was recorded. This
was determined by the contrast of UTC ratings and cough frequency in response to single
tidal volume inhalation of capsaicin concentrations of C2, C2+1, C2+2 and C2+3 during
either the absence or concurrent application of painful stimulus in a randomised order.
Each concentration (total of 16 for all concentrations) was inhaled on four occasions with
painful stimuli applied on two occasions of the tussive challenge. Moderate painful
pressure was applied prior to inhalation of capsaicin vapour and sustained until the end of
expiration. UTC ratings and cough frequencies were recorded after each inhalation

challenge.
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Furthermore, the second experiment of the psychophysical session involved participants
undergoing trials to determine the weight and capsaicin concentration that would be used
in the subsequent fMRI session. The maximum capsaicin concentration (Smax) that each
individual was able to inhale repeatedly for 20 seconds (s) without causing coughing was
recorded. The weight that achieved a moderate level of pain (5 from the 11-point scale)
when pressure was applied onto the left thumbnail was also recorded. This pressure was
applied in 5 s intervals with 1 s resting period during a total duration of 40 s. This approach
aimed at reducing temporal summation when applying pressure onto the left thumbnail 2.
The weight that evoked a moderate pain level during sustained application of painful
stimulus was recorded and used as the conditioning stimulus while the Smax was used as

the capsaicin concentration for inhalations during the fMRI session.

fMRI testing session

The fMRI imaging protocol involved a block design incorporating two different
contingencies during scanning. These were a contribution of capsaicin inhalation during
either the presence or absence of painful stimuli. Testing during these blocks involved
random inhalation of nebulised capsaicin with or without painful stimuli. The first block
involved inhalation of capsaicin for a duration of 20 s combined with the application of a
moderate level of painful stimuli for a total duration of 40 s onto the left thumbnail. Painful
stimulus was applied 10 s prior to inhalation of capsaicin and concluded 10 s after
inhalation (Figure 10). The second block only involved capsaicin inhalation for a total
duration of 20 s. Participants were informed via a projector running Presentation software
of an impending presentation of a stimulus 3 s before stimulus onset. Participants were
then required to rate their UTC and pain ratings 5 s following stimulus offset. There was a
resting period of 28 s between the two blocks. The two blocks were repeated on three
occasions in a randomised order for each run totalling a duration of 7.50 minutes per scan
run (Figure 10). Rating was performed using the Borg scale via a trackball of the mouse
placed on the right hand of each participant. Each participant underwent testing for a total
of four runs. Painful conditioning was averaged across the session such that a no

conditioning event was not followed by another no conditioning event.
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Figure 10. fMRI protocol during scanning.
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(A) Participants underwent four fMRI scans for a total duration of 7 minutes and 30
seconds each. Conditioning stimulus was applied in the form of thumbnail pressure for a
period of 30 seconds on three occasions during each scan. Capsaicin was inhaled as test
stimuli for a period of 20 seconds on six occasions. The expanded panel shows one of the
three cycles of stimuli delivered during an fMRI scan. Participants prepared for capsaicin
challenges of three seconds via visual cue (P) to ensure commencement of inhalations
were consistent throughout the sequence. Visual cues also prompted participants to
provide ratings of UTC (R) and pain intensity (PR) in which numerical rating scales (0-10)
appeared on the screen. The sequence of capsaicin inhalation was different for each of
the four fMRI scans. The sequence in the figure corresponds to the first fMRI scan. (B)
Sagittal cross section showing the field of view (in red) optimized for brainstem imaging
(overlaid on a standard MNI template) during the fMRI session.

Image acquisition parameters

Scanning was performed at Monash Biomedical Imaging (Melbourne, Australia) using a
MAGNETOM Skyra 3 T scanner (Siemens, Erlangen, Germany) with a 32-channel head
coil. Structural T1-wieghted images were acquired in the sagittal plane (192 slices, 1 mm
slice thickness, 1 x 1 mm? in plane resolution, echo time (TE) 2.07 ms, repetition time (TR)
1900 ms, flip angle 99). BOLD contrast images were acquired in trans-axial plane (34
slices, 4.5 mm slice thickness, 3 x 3 mm? in plane resolution, TE 31 ms, TR 2000 ms, flip
angle 90°), producing a total of 222 sequential volumes in 7.50 minutes of scanning time.
A total of four whole brain echo planar imaging (EPI) volumes were collected from all

participants. The mean of these volumes was used during analysis for registration
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purposes. Furthermore, additional phase and magnitude images of the BO field were

acquired to create fieldmaps.

Analysis
Psychophysical analysis

Statistical analysis of behavioural responses was performed using SPSS version 25.0
(IBM, Armok, NY, USA) for the behavioural results in both the psychophysical and fMRI
scanning sessions. The capsaicin concentration values of C2, C2+1, C2+2 and C2+3 were
tested for stimulus response to determine the effect of pain on the ratings of UTC and
cough frequency as a form of behavioural measure using a repeated measure statistical
analysis (ANOVA) and post hoc dependent t-tests. ANOVA and post hoc dependent t-tests
were also used to test whether the stimuli (capsaicin), presentation order of stimuli during
fMRI scans and scan order had an effect on the variance of UTC ratings. ANOVA was also
used to assess the interaction between the test stimulus and the conditioning stimulus
(moderate pain) and whether it had an effect on the magnitude of UTC ratings during

scanning.

fMRI registration & analysis

fMRI analysis was carried out using the FMRIB suite of software tools including the fMRI
Expert Analysis Tool (FEAT) 266, Anatomical and functional images were stripped of non-
brain voxels using the brain extraction tool (BET) 25¢. The outcome of BET was manually
assessed for quality with necessary adjustments made if required. This approach allowed
for extending the BET outcome caudally to include the full extent of the brainstem distal to
the obex which is not invariable retained by the automated BET processing. Pre-
processing of functional EPI. FUGUE (FMRIB’s utility for Geometrically Unwarping EPI)
was employed to correct the geometric distortion of functional data and mean EPI images
at the brainstem level. This process involved production of two fieldmaps using additional
phase and magnitude images taken from the BO field during image acquisition. Brainstem
fieldmaps were created to enable unwarping of the 4D data while whole brain fieldmaps
were created for unwarping of the mean EPI images which was to be used later in analysis

for initial registration.

Pre-processing of functional EPI data involved two stages. The first stage involved motion

correct using MCFLIRT. The second stage involved unwarping the motion correct data

using the brainstem fieldmap produced earlier. Functional data acquired during scanning
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was then spatially smoothed with a 4mm full-width half maximum Gaussian kernel and
high pass filtered with a 100s cut-off.

A multiple stage registration approach was used to transform partial brainstem volumes to
the standard MNI152 template brain. This was performed using FLIRT (FMRIB linear
registration tool). Each individual’s motion corrected and functional (unwarped) EPI data
was linearly registered to the whole brain (unwarped) mean EPI. The whole brain mean
EPI was then registered with the individual’s high resolution T1 volume and the resultant
volume later registered to the standard MNI152 space template brain (1 mm resolution). A
transformation matrix of the resultant image was also created. Since registration using
FLIRT was originally developed for the cerebral hemispheres, an additional registration
step was undertaken to aid in optimized registration of the brainstem. This was achieved
by registration of the high resolution T1 images to the standard MNI template brain with
weighting of the brainstem 267, This method incorporated a custom-made mask of the MNI
template brain with voxels of the brainstem giving a weighting of 2 while other brain and
outside voxels were weighted 1 and O respectively. The resultant transformation matrix
from this step was concatenated with the initial transformation matrix for use in the second

and third (group) level analysis 6.

The first level of image analysis involved constructing regressors for events of interest
such as CP and CN. These regressors and their derivatives were convolved with a
hemodynamic response function and used to generate a model for each run in the general
linear model. Regressors for other events such as prepare to inhale (P), prepare to rate
UTC (PR), rate urge to cough (R), prepare to rate UTC (R) and pain (PR) were also
constructed. In addition, other regressors of no interest were included to account for noise
such as residual respiratory motion as previously described 21, These included time-
courses from cerebrospinal fluid (CSF) within the lateral ventricles, motion correction
parameters, voxels of high standard deviation in the sagittal sinus and mean global signal
from non-activated areas of the brain 258, Planned contrast resulting from the included two
events (CN, CP) were analysed as well as CN>CP and CP>CN. Second level analysis
involved fixed effects to amalgamate results from all four runs for each subject. Mixed
effects analysis incorporated in the group analysis used “FSL’s Local Analysis of Mixed
Effects” (FLAME) across individuals to generate a final group result. All fMRI group image

analyses were determined using a single voxel inclusion of Z>2.3 and a cluster-wise family
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error (FEW)-corrected threshold of pcor<0.05 based on the FMRIB software library expert

analysis Tool (FEAT) implementation of random field theory 26°

The localisation of ROI for the nTS and Pa5 were inferred using the Duvernoy (for rostral
areas) and Paxinos (for ventral areas) atlases of the brainstem 279271, Corresponding
functional regions to ventral areas of activation were interpreted with caution as the
horizontal slices from the atlases were cut at a different angle to that of the standard
MNI152 brain template. This was not an issue for rostral areas of the brainstem as the
Duvernoy atlas incorporated the same horizontal slice angle as the standard MNI152 brain
template. The regions that were defined were further analysed using FEAT query. Mean
activation of ROIs during each event (CN or CP) were expressed as BOLD signal changes
from the baseline (Figure 12 and Figure 13). Finally, fMRI power calculations based on the
BOLD signals between the two events were obtained to determine sample and effect size

that may yield regional brainstem responses based on CN>CP (Table 5).

Results
Psychophysical results

The geometric means of Cu, C2, C2+1, C2+2, C2+3 and Smax were 0.13 uM, 0.64 uM,
0.94 uM, 1.24 uM, 1.55 pM and 0.50 pM respectively. Levels of stimuli for conditioning

pain during the psychophysical and fMRI session were 4.02+0.35 kg/cm? and 3.33+0.26
kg/cm?. Individual threshold levels for the different capsaicin concentrations (C2, C2+1,
C2+2, C2+3) to test the effect of painful conditioning on UTC and cough during the
psychophysical session is shown in Table 1. The Smax concentrations including the weight
to evoke moderate painful stimulus administered during the psychophysical and fMRI

session are also shown in Table 1.

Both UTC (F(1,22)=22.6, p<0.001) and cough (F(1,22)=20.6, p<0.001) showed
conditioning related decreases during the psychophysical session that averaged
19.9+3.15% and 42.5+33.9% respectively across all concentrations which was showed
significant differences between the two outcome variables (t(22)=4.0, p<0.001) (Figure
11A & 11B). Painful conditioning reduced cough frequencies by 64.7+21.2%, 54.9+25.0%,
50.9+£35.2% and 24.0+26.8% for the C2, C2+1, C2+2 and C2+3 concentrations
respectively. For UTC ratings, painful conditioning was associated with reductions of
35.2+0.71%, 25.31£6.4%, 23.3£15.4% and 7.6+£9.9% for the C2, C2+1, C2+2 and C2+3
concentrations respectively. In addition, test concentration and conditioning interacted for
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cough frequency (F(3,20)=4.05, p<0.05) for higher test concentrations showing greater
conditioning related decreases (Figure 11A & 11B) while UTC ratings showed no
significant interaction for the two factors (F(3,20)=1.83, p=0.25). There were no significant
differences between males (UTC CN=4.88; CP=3.82, Cough CN=1.51; CP=0.95) vs
females (UTC CN=4.48; CP=3.67, Cough CN=1.47; CP=0.78) for UTC ratings (t(22)=0.62,
p=0.54) and cough frequencies (t(22)=1.2, p=0.25) as a result of painful conditioning
during the psychophysical session. In addition, gender differences were not significant
between male (Cu=0.10; C2=0.62) & females (Cu=0.10; C2=0.68) for the Cu (t(22)=2.5,
p=0.91) and C2 (t(22)=1.2, p=0.67) thresholds. UTC ratings showed conditioning related
effects during scanning (F(1,22)=15.4, p<0.001). Decreases in UTC ratings averaged
0.85%0.21 on the Borg scale (average 21.0+1.4%) during conditioning pain compared to
no pain events (t(22)=3.9, p<0.001) (Figure 11C).

Figure 11. Psychophysical results of the UTC and cough frequency.
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(A) Ratings of UTC after capsaicin inhalation for concentrations of C2, C2+1, C2+2, C2+3
were averaged during the psychophysical session. The average ratings of UTC during the
concurrent application of conditioning (pain) is represented by circles and solid line.
Average ratings of UTC during the no pain contingency is represented by triangles and
broken line. All concentrations of capsaicin showed significant reduction in UTC ratings as
a result of painful conditioning after capsaicin inhalation. (B) Coughs were recorded after
inhalation of all four concentrations of capsaicin with and without conditioning during the
psychophysical session. The average cough frequency during conditioning (pain) is
represented by circles and solid line while the no pain contingency is represented by
triangles and broken line. The reduction in cough frequency becomes more prominent as
the concentration of capsaicin increases. (C) UTC ratings were recorded during each
capsaicin challenge with and without conditioning during the fMRI scans. Concurrent
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application of painful conditioning was associated with a significant decrease in UTC

ratings. The average reduction in UTC ratings across all participants is represented by
triangles and broken line.

Error bars represent standard errors of the mean. * p<0.05 **p<0.01
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Table 1. Individual psychophysical data.

Subiject C2 C2+1 C2+2 C2+3 Smax Weight Weight
# (UM) (UM) (LM) (UM) (UM) (kg)* (kg)*
1 7.81 15.63 31.25 62.5 -0.31 3.25 2.25
2 3.91 7.81 15.63 31.25 0.59 6 4.75
3 7.81 15.63 31.25 62.5 0.29 5 4.00
4 15.63 31.25 62.5 125 1.19 6 3.75
5 7.81 15.63 31.25 62.5 0.89 3 2.63
6 7.81 15.63 31.25 62.5 0.89 8 6.00
7 7.81 15.63 31.25 62.5 0.29 55 4.00
8 1.95 3.91 7.81 15.63 -0.09 1.25 1.19
9 3.91 7.81 15.63 31.25 0.89 2 2.00
10 15.63 31.25 62.5 125 1.49 4 3.25
11 3.91 7.81 15.63 31.25 0.59 3.5 2.88
12 3.91 7.81 15.63 31.25 0.59 5 4.00
13 7.81 15.63 31.25 62.5 1.19 1.69
14 3.91 7.81 15.63 31.25 0.29 4.5 3.88
15 7.81 15.63 31.25 62.5 0.89 6 5.50
16 0.98 1.95 3.91 7.81 0.29 2 2.00
17 3.91 7.81 15.63 31.25 0.59 6 5.00
18 1.95 3.91 7.81 15.63 -0.01 4.5 4.25
19 3.91 7.81 15.63 31.25 0.89 3 2.63
20 1.95 3.91 7.81 15.63 -0.01 2 2.00
21 1.95 3.91 7.81 15.63 -0.31 3 3.00
22 3.91 7.81 15.63 31.25 0.59 4 4.00
23 7.81 15.63 31.25 62.5 0.29 3 2.50
24 0.98 1.95 3.91 7.81 -0.01 4 2.75

Mean 0.64 0.94 1.24 1.55 0.50 4.02 3.33

* Weight used as painful stimulus during the psychophysical session.

** Weight used as painful stimulus during the fMRI session.

Individual data for the different capsaicin (log uM) concentrations used during the

psychophysical session to test the effect of painful conditioning on UTC and cough. Smax

was the capsaicin concentration given to participants during the fMRI session and is the

maximum concentration that elicits a strong UTC without coughing. The weights used for

the application of painful stimulus during both the psychophysical and fMRI session is also

illustrated.
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fMRI results

Regional brainstem activation during capsaicin inhalation

Capsaicin-evoked activations were widely distributed at almost all rostrocaudal levels of
the brainstem during no pain events (CN) (Figure 12A, 12B and 12D and Table 2). At the
level of the obex (z = - 58), capsaicin related activations were equally distributed bilaterally
and mainly confined to the dorsal half of the medulla. These regions likely encompass
structures including the spinal trigeminal (Sp5) and its par interpolaris (Sp5l1) and pars
caudalis (Sp5C), nTS and the DRt (dorsal reticular nucleus). Rostrally, activation was
observed bilaterally distributed across the medullary midline encompassing regions such
as the nTS, Pab, Sp5, Sp5I and hypoglossal nucleus. Similar regions were activated
during conditioning pain events (CP). Below the obex (z = < -58), medullary activation in
response to capsaicin inhalation were observed in the region that encompasses the DRt.
There were no regions that showed increased responses during no pain events compared

to conditioning events (CN>CP) or vice versa (CP>CN).
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Figure 12. Regional brainstem responses elicited during capsaicin inhalation
challenges.
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(A) Sagittal view of the brainstem region areas activated during capsaicin inhalation (CN)
without conditioning are rendered in red-yellow. Axial slices rendered in red-yellow
showing regional activations of the nTS (B) and Pa5 (D) during capsaicin inhalation
without conditioning. There were no regions where capsaicin inhalation responses were
significantly reduced during pain conditioning compared to the no pain contingency
(CN>CP). Line graphs showing the mean percentage BOLD signal change within boxed
regions of the nTS (Ci and Cii) and the Pa5 (Ei and Eii) for all participants during pain and
no pain events. Activations are rendered in the Montreal Neuroscience Institute template

of the brain (1mm resolution).
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Table 2. Regional brainstem activations during capsaicin inhalation (CN).

Peak voxel coordinates*

Possible

Region X y z Z-score structures
Medulla -1 -43 -60 3.43 DRt, Spb5, Sp5C

-41  -58 3.31 Pa5, Sp5

-42  -54 3.22 nTS, Xlin

-1 -43 -58 3.25 Pa5, Sp5

2 -43 -56 3.57 nTS, Xlin

Pons 10 -37 -44 4.27 Rp

-36 42 2.84 Rp, Abd

8 -35 -40 3.14  Vlin, Sp5, Sp50

Definition of abbreviation: BA = Brodmann area

*The coordinates correspond to the Montreal Neuroscience Institute standard brain
template where x values are distance in millimetres to the left (negative x values) or right
(positive x values) from the anterior commissure; y represents millimetre distance anterior
(positive) or posterior (negative) from the anterior commissure, and z is millimetre distance
superior (positive) or inferior (negative) from the anterior commissure.

Abbreviations: Abd — nucleus abducens, DRt — dorsal reticular nucleus, nTS — nucleus of
the solitary tract and solitary tract, LF — longitudinal fasiculus (medial & dorsal parts), Mes5
— mesencephalic trigeminal tract and nucleus, Pa5 — paratrigeminal nucleus, Pon —
pontine nuclei, Rp — midline raphe, Sp5 — spinal trigeminal tract and nucleus, Sp5C —
spinal trigeminal nucleus pars caudalis, Sp50 — spinal trigeminal nucleus pars oralis, VlIn
— facial motor nucleus, XlIn — hypoglossal motor nucleus, 5thal — trigeminothalmic tract.

Regional higher brain activations during capsaicin inhalation

Regional brain responses during (CN) within the restricted field of view were widely
distributed bilaterally in the cerebrum and included the operculum (OP), insula (In),
precentral gyrus (PreCG) and the primary somatosensory cortex that corresponds to
Brodmann area 44 (BA44) (Figure 13 and Table 3). Regions that showed increased
responses to capsaicin inhalation during no pain events compared to conditioning pain
events (CN>CP) included the bilateral OP, PreCG, primary somatosensory cortex (BA44)
and the bilateral In (Figure 13 and Table 4).
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Figure 13. Brain responses within the field of view for CN and CN>CP.
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Brain regions where responses to capsaicin inhalation during no pain are rendered in red-
yellow (CN). Regions where capsaicin inhalation responses were significantly decreased
during pain conditioning compared to the no pain contingency (CN>CP) are rendered in
blue. (A) Bilateral operculum showed a decrease in capsaicin inhalation during the
application of thumbnail pressure. Conditioning-related decreases in capsaicin inhalation
activation were also seen in the (B) insula, (C) precentral gyrus and the (D) primary
somatosensory cortex corresponding the Brodmann area 44 (BA43). Line graphs showing
significant decrease in the mean percentage BOLD signal intensity within the CN>CP
regions.

Activations are rendered in the Montreal Neuroscience Institute template of the brain (1mm
resolution).

Error bars represent standard errors of the mean. * p<0.01

Page | 83



Table 3. Regional higher brain activations during capsaicin inhalation with no pain

(CN).
Peak
coordinates*
Region BA X y z z-score
Precentral 44 -60 1 18 7.23
44 64 4 12 5.7
Paracingulate 6 5 10 53 6.38
6 -4 14 49 5.13
Supplementary motor
area 6 5 2 63 6.19
6 -2 -3 60 5.03
Postcentral 3 62 -7 16 5.33
3 -59 -7 15 4.29
Insula 13 35 4 14 3.54
13 -34 -9 14 3.07
Central Operculum 44 52 4.01
44 -46 3.11

Definition of abbreviation: BA = Brodmann area

*The coordinates correspond to the Montreal Neuroscience Institute standard brain

template where x values are distance in millimetres to the left (negative x values) or right

(positive x values) from the anterior commissure; y represents millimetre distance anterior

(positive) or posterior (negative) from the anterior commissure, and z is millimetre distance

superior (positive) or inferior (negative) from the anterior commissure.
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Table 4. Regional higher brain activations for CN>CP.

Peak coordinates*

Region BA X y z Z-score
Precentral 3 -58 -2 34 4.43
6 53 5 38 2.84
Supplementary motor area 6 -2 -5 61 2.7
6 2 1 63 3
Postcentral 1 -59 -10 38 3.07
Insula 13 -35 7 13 3
Central Operculum 44 -36 8 11 2.71

Definition of abbreviation: BA = Brodmann area

*The coordinates correspond to the Montreal Neuroscience Institute standard brain

template where x values are distance in millimetres to the left (negative x values) or right

(positive x values) from the anterior commissure; y represents millimetre distance anterior

(positive) or posterior (negative) from the anterior commissure, and z is millimetre distance

superior (positive) or inferior (negative) from the anterior commissure.
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Table 5. fMRI power calculation table for sample and effect size for regions of
interest.

Region Sample Size Effect Size
Left nTS 267 0.13
Right nTS 2494 0.04
Left Pa5 1690 0.07
Right Pa5 864 0.08
Left Op 10 0.30
Right Op 17 0.28
Left Insula 20 0.14
Right Insula 12 0.31
Left PreCG 11 0.45
Right PreCG 20 0.20
Left BA44 10 0.53
Right BA44 10 0.62

Power calculations indicating the sample and effect (Cohen’s d) size required to elicit a
difference in regional brain responses as a result on painful conditioning (Cohen’s d: 0.2 =

small effect size; 0.5 = medium effect size; 0.8 and greater = large effect size).

Discussion
This study has demonstrated that painful conditioning can interact with and modify cough

and the UTC sensations during capsaicin-evoked inhalations. Painful conditioning was
associated with significant reductions in UTC ratings and cough frequencies for a wide
range of capsaicin concentrations (C2, C2+1, C2+2 and C2+3). Differential effect in
decreases associated with painful conditioning on the UTC and cough was observed
across a stimulus response function. These psychophysical outcomes were also
consistent with decreased BOLD signal responses in higher brain regions that were within
the field of view during fMRI scanning. However, the same outcome was not observed in
regional brainstem responses providing no evidence of a spinal-medullary-spinal
modulation of UTC and cough at the subcortical level. The absence of regional brainstem

responses indicate that activations associated with changes in the sensory processing or
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coding of airway inputs is most likely not well represented at the subcortical level using the

current methodological approach.

Psychophysical results

The findings of the present study confirmed previous reports that painful conditioning
significantly reduces the sensory perception of the UTC and the motor act of cough in
humans 100260 |n addition, the results showed a disproportionate reduction in UTC ratings
compared to cough frequency for the different concentrations of capsaicin. This is evident
where conditioning pain led to an average reduction of UTC by 19% compared to the
42.5% reduction in cough frequency across the four concentrations of capsaicin. Individual
results also showed a similar pattern whereby pain resulted in a reduction of 25% versus
55% for UTC rating and cough frequency respectively for the C2+2 capsaicin
concentration. It is apparent from these findings that a small alteration in the sensory
processing of UTC leads to a larger proportionate alteration in the motor act of cough.
Increases in UTC ratings with doubling concentrations (from C2 to C2+3) followed a linear
path across the stimulus response function compared to the exponential increases in
cough frequencies in the present study. Similarly, reductions in UTC ratings and cough
frequencies followed a similar linear versus a non-linear pathway across the stimulus
response function respectively. This narrative is parallel with previous data where the
increase in UTC ratings were linear compared to the non-linear increase in cough
frequencies based on the same doubling concentrations of capsaicin 4276, It is also
worthwhile to note that such observations may be as result of the differences in scale
between actual cough frequencies compared to UTC ratings. The smaller cough frequency
may have led to the disproportioned differences in values compared to the larger ratings of
UTC. Also, the conditioning effects of pain appear to saturate for the motor act of cough at
the highest concentrations of capsaicin (C2+3). This suggests that the modulation of
airway inputs may have a saturation point at which the DNIC effect of the UTC may
become exhausted. Collectively, these outcomes may suggest a differential effect of
conditioning pain on sensory versus motor neural activity that resulted in disproportionate
conditioning related effect on the behavioural outcomes of the UTC and cough. It is also
possible that subjective (UTC) and objective (cough frequency) measures may not be

tightly regulated in humans.
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Cough and pain neural interactions

Regional activations of capsaicin-induced inhalations observed in the present study were
widely distributed within brainstem networks. These regions are consistent with previous
reports of this network in brainstem studies associated with responses to inhaled chemical
irritant stimulus in humans 76:7882.99.272 Fyrthermore, activations were observed in the nTS
and Pa5 which are known to be the primary sites for receiving airway afferents before this
input is relayed to higher brain regions for processing. The pattern of regional activations
in the higher brain within the field of view were similar to those observed in previous cough
related whole brain studies 37.76.80.82,260,273274 'Notably, many of these regions are also

involved in the sensory neural processing of somatic and visceral pain 07275,

Widespread changes were observed within the restricted field of view (FOV) in regional
higher brain responses as a result of painful conditioning. These changes within the
capsaicin inhalation network were also consistent with reductions in BOLD signal
intensities during painful conditioning compared to the absence of painful conditioning
events. These outcomes are highly consistent with results of the previous study (Chapter
2) regarding the effect of pain on capsaicin evoked regional brain responses in a fMRI
study 269, This widespread effect is consistent with the notion that there is a putative
descending inhibition of incoming sensory information most likely at the level of the
brainstem. Given that the reduction in pain-related regional brain responses is steady
throughout the higher cortex suggests that the modulation of airway sensory input is likely
representative of a DHSC-medullary-DHSC descending inhibition as that observed in
DNIC studies. However, the present study was optimized for the brainstem region and
thus, the findings of the present study does not allow for the same contentions to be made
in relation to the previous study (Chapter 2). Therefore, careful consideration should in
interpreting the outcomes of higher brain regions in the present study. Also, the limited
field of view of higher brain regions means that other networks in the hemispheres may
have different activation patterns associated with conditioning related effects that was not
measurable due to the exclusion of such regions in the fMRI analysis. The present study
aimed at identifying conditioning related responses at the brainstem level making it difficult
to derive similar conclusions as those observed in the previous study (Chapter 2).
Nevertheless, conditioning related activations observed in the hemispheres is consistent
with the notion that painful conditioning does lead to widespread changes in neural activity

in the capsaicin inhalation network.
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Regional brainstem responses for both the no-pain and pain events showed similar
activation patterns during fMRI scanning. However, regional brainstem responses as result
of the difference between the pain and no pain contingencies were not observed (CN>CP)
neither for CP>CN. This was an unexpected finding given that higher brain responses that
were within the field of scanning in the present study including the outcomes of the
previous study (Chapter 2) suggest that DNIC-related modulation of incoming airway
inputs is most likely at the level of the brainstem 2%°. Furthermore, BOLD signal changes
extracted from regions of interest such as nTS and Pa5 showed mixed results. The
majority of individuals showed a decrease in activation during painful conditioning with
some showing an increase in BOLD signal intensity. In addition, bilateral fMRI power
analysis of BOLD signal intensity from these two nuclei showed that the effect size (left
nTS = 0.13; right nTS=0.04, left Pa5=0.07; right Pa5=0.08; Cohen’s D effect size analysis)
required to show conditioning related differences statistically were very small to non-
existent (Table 5). On the contrary, fMRI power analysis of selective higher brain regions
within the field of view showed moderate and larger effect sizes required to show
conditioning-related activations (Table 5). For instance, the effect size for left and right
PreCG was 0.45 and 0.20 respectively. These are moderate effect sizes required to show
differences in activations between the pain and no pain contingencies. These outcomes
discourage the proposition that the absence of a significant effect between the no-pain and
pain events was related to the smaller than requisite sample size but rather consistent with
the absence of DNIC-related effect at the brainstem level under the experimental
conditions. Notably, fMRI analysis was not confined to the nTS and Pa5 giving that other
nuclei within the brainstem are also known to be involved in the processing of airway
inputs. A positive outcome in the form of changes in regional brainstem responses
associated with painful conditioning would have yielded other brainstem regions that may

have been involved in the DNIC-related modulation of airway inputs.

The absence of regional brainstem responses described above raises several questions
regarding the conditioning-related modulation of airway inputs in humans. One possibility
is that the findings of the present study is an accurate interpretation of the DNIC-related
modulation of airway inputs. This may suggest that the modulation of airway inputs may
not necessarily involve brainstem regions giving that changes in activations were only
observed in the hemispheres of the brain in the present and previous study (Chapter 2).
However, this is not in line with how the circuitry employed by a DNIC effect operates
within the brainstem. The mechanism involved in this circuitry is well established in animal
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and human studies where activations of certain nuclei lead to the inhibition of nociceptive
input in the spinal cord 193257, The current literature strongly suggests that the DNIC-
related modulation of noxious inputs is confined to the DRt regions of the brainstem 12,
Therefore, it is highly unlikely that the pain interaction effect observed in the current study
is due to higher order processing which is more consistent with other forms of modulation

such as placebo or distraction .

Another explanation for the lack of differences in regional brainstem responses between
the pain and no pain contingency could be due to the limitations of fMRI in the present
study. The findings could be misleading in that the output of brainstem responses were
modulated but were not detectable under the current methods. This raises two possibilities
that lead to the absence of regional brainstem responses associated with limits of fMRI
scanning. One possibility could be that there is indeed a physiological change in the neural
activity in the brainstem that leads to changes in activations observed in higher brain
regions. However, the BOLD signal measures were not sufficiently sensitive enough to
detect such changes in neural activity. This may be due to the small or subtle change in
the sensation of UTC (19% decrease) is unable to be detected by BOLD signal measures
at the brainstem level. Another possibility could be that the absence of regional brainstem
responses may represent both a reduction in brainstem nuclei activity, but also a
presumptive increase in the local inhibitory inputs to the nuclei. The sum total of reductions
and increases in neural activity (less in output neurons and more in local inhibitory
influences) could be similar to the activity in the absence of a DNIC scenario. In other
words, the sum total of reductions as well an increase in neural activity at the same time
could lead to the hemodynamic response and BOLD signal intensity to be unchanged
leading to absence in activations associated with differences between pain and no pain
events. These assumptions are supported by recent studies regarding variations in BOLD
signal responses during fMRI. Indeed, BOLD signal responses obtained during fMRI data
acquisition are believed to be as a result of alterations in neural activity mainly associated
with postsynaptic activity of principal cells within local brain regions 276-281, However, recent
findings have shown that substantial postsynaptic activity of cells within the field of image
acquisition do not necessarily generate significant BOLD responses 276282 |n addition, it
was also reported that contributions of pre-synaptic and post-synaptic neural activity was
accompanied by variations in the resultant BOLD signal responses in fMR] 61.276,278,279
Moreover, several studies have provided evidence of the disproportionate relationship
between neurophysiological outcomes and hemodynamic responses in fMRI BOLD signals
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responses in certain brain regions 277283284 For instance, one study conducted by Hill et al
(2021) showed that fMRI BOLD signal responses were negatively correlated with neural
activity in the hippocampus 283, This outcome was consistent with prior research reporting
the functional dissociation between BOLD signal responses and encoding-related brain
activity in the form of intracranial electrophysiological recordings in local field potentials
that were measured during the administration of high and low gamma-band frequencies
284290 However, the same study reported a robust and positively correlated relationship
between BOLD signal responses and neural activity across much of the neocortex (mainly
the frontal and parietal cortices) which is consistent with findings reported in several other
studies 283291294 |t js evident that changes in neural activity within nuclei in the
hippocampus of the human brain does not necessarily correlate with changes in fMRI
BOLD signal responses. The findings from these investigations may have implications for
the negatively covaried relationship between the BOLD signal responses and neural
activity in the brainstem region as observed in the present study. It may therefore explain
the absence in DNIC-related differences in the BOLD signal intensities in the nTS and the
Pa5 despite reported significant DNIC-related differences in the behavioural outcomes for
the UTC ratings and the DNIC-related neural outcomes observed in the hemispheres of

the brain.

Alternatively, fMRI studies of the bulbar region can be challenging due to several technical
factors. The relatively small sizes of bulbar nuclei in the brainstem and small voxel sizes
used in functional imaging may lead to spatial constraints 2°52%_ Geometric distortion
related to the front-to-back phase coding may give rise to activation patterns that are not
necessarily symmetrical in either side of the midline and have a negative influence on the
signal-to-noise ratio 2°7. Brainstem motion originating from cardiac and pulmonary activities
may also lead to geometric distortions in the form of displacements between caudal and
rostral structures of the brainstem 29298299 These factors could lead to signal loss in
regions of interest including poor signal to noise ratio of BOLD signals resulting in
differential outcomes of regional fMRI brainstem responses 2%:390-302 However, this claim
can be refuted on the basis that primary capsaicin inhalation activations for both
contingencies (CN and CP) were observed in the present study. The activations were
consistent with expectations of neuroanatomy observed in previous capsaicin inhalation

brainstem studies 4999,
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Despite additional steps taken to optimise registration of the brainstem in order to improve
the outcome of data analysis, it still proved difficult to identify activations in several regions
with high precision. Therefore, it is noteworthy that some degree of caution should be
taken in the interpretation of regional brainstem activations in the present study as a result
of the interaction between image distortion and precision of regional anatomy. Future
imaging studies with better image optimization of the brainstem to minimize image
distortion during registration may be beneficial in gaining a better understanding of the

neural modulation of UTC and cough in humans.

In light of the outcomes of the present study, it is imperative to endeavour in further
investigations of brainstem regions in a capsaicin-evoked UTC protocol to advance our
knowledge of the mechanisms involve in cough modulation and suppression. This can be
achieved by incorporating a protocol that explores regional brainstem responses based on
the differences in the intensity of capsaicin concentrations. Future imaging studies may
benefit from identifying regions showing altered activations associated with differences in
regional brainstem activity as a result of inhaling high versus low concentrations of
capsaicin. In human experiments related to pain paradigms, activations associated with
functional connectivity based on fluctuating pain intensity manifested in changes in local
brainstem regions typically involved in pain processing 3°3. Another study also showed
significant CPM related reductions in BOLD signal responses compared to non-CPM
subjects 193, However, whether these changes in neural activity related to pain modulation
will also be observed for airway modulation is yet to be known. Nevertheless, combining
this approach with the use of ultrahigh field strengths and improved optimisation of the
brainstem regions during fMRI data registration will certainly aid in this investigation and
provide precise and improved accuracy in the interpretations of BOLD signal responses.
The results of such investigation may provide further evidence whether the modulation of
airway sensory inputs manifest as changes in neural activity at the level of the brainstem.
Future therapies targeting cough suppression mechanisms could benefit from the outcome

of such findings.

Conclusion
Overall, the findings of this study show that pain has a strong influence on both UTC and

cough. Substantial reductions in UTC and cough were matched with parallel decrease in
regional higher brain responses as previously reported consistent with the DNIC-related

modulation of inputs at the brainstem level. However, the evidence of a DNIC-related
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modulation of airway inputs consistent with the DHSC-DRt-DHSC pathway was not
observed in the brainstem. These outcomes suggest that limitations associated with fMRI
of the brainstem are most likely to result in the absence of regional brainstem responses
associated with the DNIC-related modulation of airway inputs. Therefore, the findings of
the presented warranted further investigation of brainstem regions using different methods
that may yield an appropriate analysis of modulation of neural activity involved in airway
processing. With improved imaging protocols, further brainstem investigations may benefit
from intensity-related modulations of airway inputs similar to those observed in pain
studies. This approach has the potential to expand our understanding of the circuitry
involved in the inhibitory modulation of UTC in humans. From a clinical perspective, such
outcome may prove useful in developing novel therapies that target brainstem regions to

reduced unwanted cough especially in sufferers of chronic pulmonary disease.
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Chapter 4 - Regional brainstem responses of urge to cough based
on the intensity of capsaicin concentration.

Preamble

The neural outcomes presented in Chapter 3 showed a lack of differences in the regional
brainstem responses between the no pain and pain events. Interestingly, higher brain
responses that were within the field of view showed significant reductions in neural activity
during pain events compared to no pain events. This observation of higher regional brain
responses was consistent with the findings in Chapter 2. The absence in regional
brainstem responses between the two contingencies was unexpected and resulted in the
lack of credible evidence of a DNIC related modulation of airway inputs. One conclusion
was that absent regional brainstem responses between the two contingencies (CN>CP)
observed in Chapter 3 were an accurate outcome leading to suggestions that DNIC
modulation of airway inputs may not necessarily involve in brainstem and instead, DNIC in
humans can only manifest as changes in neural activity in the hemispheres. Since DNIC
disappears in animals with sectioned spinal cord including studies showing that DNIC is
confined in the most caudal part of the medulla, it is most likely that the underlying DNIC
mechanisms in humans should also involve inhibition of inputs at the brainstem level
103,140.143,144 ~ Alternatively, this outcome might be misleading suggesting that the absence
of activations related to differences for CN>CP may be due to technical factors associated
with the limits of fMRI of the brainstem. One possibility is that the BOLD signal measures
may be unable to detect small behavioural differences in UTC (21% reduction) ratings
between CN and CP at the brainstem level. In a previous study by Youssef et al (2016),
painful conditioning led to a 29% reduction in the behavioural outcomes of pain ratings
including significant reduction in BOLD signal intensity in several key brain regions
involved in processing pain inputs such as the DRt 1°7. Whether the small reduction in UTC
ratings observed in Chapter 3 may have had an effect on the outcome of BOLD signal
responses remains unknown. Alternatively, the sum total of all neural activity associated
with the modulation of airway inputs in terms of BOLD signal intensity may be null and
present as an absence of DNIC as a result of DNIC-related reductions in the activity of
brainstem nuclei occur simultaneously with increases in local inhibitory inputs to the nuclei.
This may suggest that the fidelity of BOLD signals to detect inhibition-related synaptic
activity is rather ambiguous. This narrative is supported by numerous studies where it was
shown that changes in neural activity do not correlate with variations in fMRI BOLD signal

responses in brain regions such as the hippocampus 276277:283,284,304 /gy ch findings may
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also relate to the brainstem in that changes in DNIC-related neural activity of several
brainstem nuclei does not manifest as changes in BOLD signal intensity as observed in
the previous study (Chapter 3). The most likely hypothesis was therefore that the absence
of DNIC-related modulation of airway inputs is likely to be as a result of null changes in the
hemodynamic response and BOLD signal intensity due to the simultaneous DNIC-related

reductions and increases in the local inhibitory inputs to the nuclei.

In order to gain further insight into any limitations, Chapter 4 aimed at gathering evidence
that might help explain the absence of regional brainstem responses associated with
differences between pain and no pain events that were observed in the previous brainstem
study (Chapter 3). The present study involved data acquisition of regional brainstem
responses by incorporating a different method that may yield an appropriate analysis of
the modulation of airway processing in humans. The aim of the present study (Chapter 4)
was to explore the neural modulation of the UTC based on the differences in the intensity
of the UTC evoked by inhalations of high and low capsaicin concentrations. The
concentrations of capsaicin were manipulated in order to determine whether the large and
significant behavioural differences in UTC ratings between the two concentrations would
be reflected in regional brainstem responses. Activations associated with differences
between capsaicin inhalation of high versus low concentrations were expected to show up
in the primary regions commonly involved in the relay of airway inputs i.e., the nTS and
Pab5. It was expected that inhalations of high concentration of capsaicin would elicit
significantly larger BOLD signal responses compared to inhalations of low concentrations
of capsaicin. However, an absence in activations associated with differences in the
intensity-related modulation of the UTC would likely indicate that variation in neural activity
in the brainstem are not well represented in the form of BOLD signal responses under the
current experimental conditions. This hypothesis is supported by several studies that
showed negative correlation between varied neural activity and BOLD signal responses in
certain brain regions such as the hippocampus 193.276.277.283,303 |nyestigating fMRI BOLD
signal outcomes related to regional brainstem responses associated with intensity-related
changes may provide acknowledgment that variations in neural activity in brainstem nuclei

is not positively correlated to changes in BOLD signal responses.
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Introduction

The findings of the first study concluded that the DNIC-related modulation of the UTC is
likely as a result of endogenous inhibition of neural inputs at the brainstem level due to
widespread reduction in neural activity within the UTC network in the higher cortex of the
brain. This endogenous inhibition of sensory inputs most likely arose from nuclei
embedded in the brainstem since this is the site that receives airway afferent inputs from
the respiratory tract before projecting information into higher brain circuits. This is
consistent with the DHSC-DRT -DHSC pathway associated with the DNIC-related
modulation of inputs at lower levels of the brainstem 104120142303 The second study
(Chapter 3) further investigated the effects of painful conditioning on the UTC with
optimized imaging of the brainstem. However, the findings showed an absence in the
regional brainstem responses between the no pain and pain events. inconsistent with the
well-established brainstem mechanisms associated with the DNIC phenomenon in animal
and human studies 103107142 Therefore, it was concluded that the result was likely due to
the limitations of fMRI of the brainstem and the protocol in the previous study (Chapter 3)
including various challenges associated with optimized imaging of the brainstem. This led
to two possibilities of what might explain the absence in activations between the two
contingencies (CN>CP). One possibility could be that the BOLD signal measures were
unable to detect physiological changes in the neural activity of brainstem nuclei. Another
possibility was that the absence of activations for CN>CP was most likely as a result of the
BOLD signal intensity being unchanged due to both conditioning-related reductions in
neural activity in conjunction with increases in the local inhibitory influences at the same
time. This hypothesis is supported in pain studies where brainstem regions showed no
changes in absolute levels of activity but rather that these changes are associated with
changes in brainstem coupling 3. It is possible that detecting BOLD signal changes
associated with intensity coding for “inhibition related” synaptic activity in the brainstem via
fMRI is ambiguous as suggested by recent studies 9. This narrative is consistent with
reports in several studies that showed a weak and negative correlation between variations
in electrophysiological neural activity and BOLD signal changes within local nuclei of the
hippocampus region of the brain 276:277.283_ This finding may also be true for the brainstem
in that changes in neural activity within brainstem nuclei does not manifest into meaningful

changes in fMRI BOLD signal responses.
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Despite the outcomes of Chapter 3, the present study (Chapter 4) aimed at exploring the
regional brainstem responses of UTC by manipulating the intensity of the capsaicin
concentrations (High versus low) inhaled by participants. This would lead to large and
significant behavioural differences in the intensity of the UTC ratings between the two
concentrations. The aim of the present study was to determine whether the substantial
differences in the behavioural responses will also be reflected in regional brainstem
responses. There is some evidence in one study that showed significant changes in BOLD
signal intensity associated with the gradual changes in the frequency of the stimulus (2Hz,
10Hz, 25Hz, 100Hz) in several pain-processing brainstem regions 3%, The painful stimulus
used during the study was aimed to be a moderately strong but not painful sensation. This
moderate painful stimulus was constant during respiratory gated auricular vagal afferent
nerve stimulation (RAVANS) across the different frequencies 3%, Results showed that the
highest frequency (100Hz) was associated with the highest fMRI responses and activation
clusters in several brainstem regions such as the locus coeruleus (LC), dorsal and median
raphe nuclei (DR, MR), PAG, and the nTS 3%, Notably, the painful stimulus was constant
while the frequencies were varied during the study suggesting that the outcomes may not
necessarily be described as intensity related changes in the brainstem. Furthermore, a
recent brainstem study has shown intensity-related changes associated with inter-subject
variance for capsaicin inhalation activations that was explained by the relative UTC ratings
% However, these regional brainstem responses were observed at higher levels of the
brainstem where the PAG nucleus is located rather than lower levels of the brainstem
where primary airway nuclei are typically located °°. If regional brainstem responses in the
present study manifest as a result of the differences in the intensity of the UTC (High
versus low), then it could be hypothesized that the neural outcomes of the previous study
(Chapter 3) may be due to BOLD signal measure’s inability to detect the small behavioural
reductions in UTC ratings (21%) compared to the large behavioural differences in UTC
between the two concentrations. However, an absence of regional brainstem responses
will support the alternative hypothesis that intensity coding in the form of changes in local
synaptic activity may not necessarily lead to changes in fMRI BOLD signal responses at
lower levels of the brainstem as suggested in several studies 193277303 This might also
explain the lack of regional brainstem responses for CN>CP observed in the previous
study (Chapter 3) compared to the profound changes in BOLD signal responses for
CN>CP in the hemispheres.
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Methods

Participant recruitment and experimental protocol

Fifteen healthy individuals were recruited to participate in the study at the Murdoch
Children’s Research Institute (Melbourne, Australia) (6 males; mean age +SD 24.20 +
4.80). The exclusion criteria included any history of smoking, chronic respiratory disease
or infections, claustrophobia, pregnancy and the presence of any neurological
abnormalities in the brain. Written consent was obtained from all participants. All aspects
of the study were approved by the Melbourne Health Human Research Ethics Committee
(2011.100).

Capsaicin Sensitivity Testing

Participants underwent a series of capsaicin challenges in the form of inhaled vapour via
pressure-driven nebulizers. Capsaicin concentrations were prepared in doubling
concentrations (0.12 uM to 125 uM). Participants were asked to rate their UTC on a
modified Borg scale (0 — 10) after each single vital capacity inhalation to determine their
individual sensitivity. The capsaicin concentrations that elicits a low (2 -3) and high (8-10)
UTC rating on the Borg scale were recorded. The two capsaicin concentrations were
inhaled by participants in a random order during fMRI trials via a MRI compatible pressure-

driven nebulizers.

fMRI session

During fMRI data acquisition, participants lay on the scanner bed with their head
immobilized with foam padding. Participants were fitted with hearing protection as well as
a facemask connected to a nebulising apparatus via which either capsaicin (high or low) or
saline were delivered. The addition of a line fixed to the nebulisers and connected to a
syringe allowed for the delivering of capsaicin concentrations or saline during scanning.
Each participant underwent a series of trials where they inhaled test stimuli in the form of
either nebulised saline (Sal), high (Hi) or low (Lo) concentrations of capsaicin in a pseudo-
randomised order (Figure 14). This meant that no subsequent trial involved the same test
stimulus from the previous trial. Each test stimulus was inhaled for a total duration of 15
seconds and administered on three occasions during each run of fMRI acquisition.
Participants were asked to indicate their UTC ratings 6 seconds after the conclusion of
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each trial using the fingers of their right hand (scale 0-10). The duration for participants to
rate their UTC lasted for 4 seconds followed by a resting period of 15 seconds before the
next trial of test stimulus. Each participant completed two scanning runs that lasted a total
of 6 minutes and 90 seconds during the fMRI session. Instructions were given via a
computer screen before the commencement of each trail to prepare participants for

inhalations and before they rate their UTC.

Image acquisition parameters

Images of the brain were acquired using a Siemens Trio 3T scanner (Siemens, Erlangen,
Germany) at the Murdoch Children’s Research Institute (Melbourne, Australia). T1-
weighted images in a sagittal plane were obtained for registration purposes (TR 1900 ms,
TE 2.59 ms, 192 slices with 0.9mm thickness, 0.9 x 0.9 mm? in plane resolution).
Functional BOLD images were obtained in trans-axial plane (TR 2000 ms, TE 32 ms, 4.5
mm slice thickness, 1.88 x 1.88 mm? in plane resolution, flip angle 90°) producing a total of
216 sequential volumes in 6 minutes and 9 seconds. A total of two functional runs
optimized for the brainstem were obtained. Additional phase and magnitude images of the
BO field were acquired to create fieldmaps.

Analysis (Behavioural & fMRI)

Statistical analysis of UTC ratings was performed using SPSS version 25.0 (IBM, Armok,

NY, USA). Paired t-test were used to determine whether the behavioural differences
between the average UTC ratings of high concentrations of capsaicin versus low

concentrations was significant during the fMRI session.

fMRI analysis was performed using FEAT version 6.0 based on the FMRIB software 259,
Pre-processing of functional EPI data involved several steps with the first step using BET
to remove non-brain tissue. The outcome of BET was manually assessed for quality with
necessary adjustments made if required. This approach allowed for extending the BET
outcome caudally to include the full extent of the brainstem distal to the obex which is not
invariably retained by the automated processing. FUGUE was then employed to correct
geometric distortion of functional data and mean EPI images. This process involved the
production of two fieldmaps using the additional magnitude and phase images obtained
from the BO field during fMRI scanning. A brainstem fieldmap was created to enable
unwarping of functional 4D data while whole brain fieldmap was created for unwarping of
the mean EPIl image. Furthermore, realignment of the EPI images to correct motion using
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rigid body transformation (MCFLIRT) was done. This step was followed by “unwarping” the
motion corrected data using the brainstem fieldmap produced earlier. Functional data then
underwent spatial smoothing with a 4mm full-width half maximum Gaussian kernel and

high pass filtered with a cut-off of 0.5Hz.

The brainstem EPI images were transformed to the standard MNI152 template brain
(Imm) using FLIRT in a multistage registration approach. Firstly, each individual’s motion
corrected mean functional EPI data was linearly registered to the whole brain mean EPI.
The resultant mean EPI was then registered to the individual’s high resolution T1 volume.
The outcome of this transformation was then registered the standard MNI152 template
brain (Imm resolution). Additional registration was undertaken to aid in optimized
registration of the brainstem where the high resolution T1 image was registered to the
standard MNI152 template with weighting of the brainstem as previously described
(Chapter 3) 99267,

Regressors were constructed for the inhalation of each test stimuli (Sal, Hi and Lo)
including the rating and resting periods. The first level of analysis involved these
regressors being convolved with a hemodynamic response function in order to generate a
model for each run. Additional regressors for events of no interest such as motion
correction parameters, time-courses for CSF within the ventricles, the sagittal sinus and
the mean global signal from non-activated areas of the brain were also included in the
general linear model. This allowed for any residual respiratory noise to be accounted for
within the model of each run 261268 Contrasts for each of the main events (Sal, Hi and Lo)
including contrasts between the differences of the main events such as high capsaicin
concentration inhalation greater than saline (Hi>Sal), low concentration inhalation of
capsaicin greater than saline (Lo>Sal), high concentration of capsaicin greater than low
concentration of capsaicin inhalation (Hi>Lo), low concentration of capsaicin greater than
high concentration of capsaicin inhalation (Lo>Hi) were obtained in the first level analysis.
Fixed effect analysis was used in the second level analysis to amalgamate results from the
two runs of each subject. Group level analysis involved transformation of each individual’s
T1 weighted images to the standard MNI152 template. The group results incorporated
mixed effect analysis using FLAME across all subjects. All group analysis covering the
entire FOV was determined using a single voxel inclusion of Z>2.3 and a cluster
probability of p<0.05 269,
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Figure 14. fMRI imaging protocol during scanning.
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(A) Participants inhaled test stimulus of either saline, high or low concentrations of capsaicin via a
nebulizer for a duration 15 seconds during stimulus trials for each run of fMRI brain image
acquisition lasting 6 minutes and 90 seconds. Each test stimuli were administered on three
occasions during each fMRI scanning run. All participants completed two scanning runs. The
expanded panel shows one of the two cycles of stimuli delivered during an fMRI scan. At the
conclusion of each trial, participants were asked to indicate their UTC ratings (scale 0-10) for the
preceding test stimulus using the fingers of the right hand. The duration for rating their UTC was for
4 seconds followed by a resting period of 15 seconds before the next inhalation challenge. (B)
Sagittal cross section showing the field of view (in red) optimized for brainstem imaging (overlaid

on a standard MNI template) during the fMRI scanning runs.

Results

Psychophysical results

The geometric means of high and low concentrations of capsaicin were 1.66uM and
0.39uM respectively during the fMRI scanning runs. The average UTC ratings for saline,
low and high capsaicin concentrations were 0.9, 2 and 5.7 respectively during fMRI image
acquisition. Paired t-tests showed a significant decrease in UTC ratings from high to low
concentrations of capsaicin (F(1,14)=8.13, p<0.001) (Figure 15). On average, there was

66% reduction in UTC ratings from high to low concentrations of capsaicin.
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Figure 15. Behavioural results between high and low capsaicin concentrations.
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Ratings of UTC after capsaicin challenges for both the high and low concentrations of
capsaicin were averaged across the two cycles of fMRI scans for each participant. The
graph shows individual UTC ratings for both concentrations of capsaicin. The average
reduction in UTC ratings from high to low concentrations of capsaicin was significant and

is represented by the triangles and broken line in red color.

Error bars represent standard errors of the mean. **p<0.001
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fMRI results

Regional brainstem activations during high and low capsaicin concentrations

Hi>Sal outcomes were associated with widespread activations at almost all levels of the
brainstem (Figure 16 and Table 6). At the level of the obex (z = -58), Hi>Sal related
activations were distributed in the nucleus of solitary tract (nTS), paratrigeminal nucleus
(Pab), spinal trigeminal (Sp5) and the hypoglossal nucleus (XIIN). There were no regional
brainstem activations for Lo>Sal at the level of obex. Above the level of the obex (z = >-
58), medullary activations in response to both Hi>Sal and Lo>Sal were distributed
bilaterally similarly (between z = -50 & z = -12) (Figure 17 and Table 6). These regions
include the bilateral nucleus abducens (Abd), left mesencephalic trigeminal tract and
nucleus (Mesb5), bilateral trigeminothalmic tract (5thal), bilateral midline raphe (Rp),
bilateral longitudinal fasiculus (LF), bilateral facial motor nucleus (VIin). Regional higher
brain responses for Hi>Lo were observed in regions as those shown in the previous study
(Chapter 2) (Figure 18 & 19 and Table 8). There were no regions that showed increased
responses throughout the brainstem as a result of the differences between inhalation of
high concentrations of capsaicin events compared to low concentrations of capsaicin

events (Hi > Lo).
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Figure 16. Regional brainstem activations during capsaicin inhalation challenges.
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(A) Sagittal view of the brainstem showing regions activated during inhalation of high
concentration of capsaicin greater than saline (Hi>Sal) are rendered in red-yellow. Axial
slices rendered in red-yellow showing activations of the nTS and Pa5 including other
nuclei such as the Sp5 and Xlin (B, D, E) during inhalation of high concentrations of
capsaicin. Line graphs showing the mean percentage BOLD signal change within boxed
regions of the nTS (Ci) and Pa5 (Cii) for all participants during high compared to low
inhalations of capsaicin concentration. Similar regional brainstem activations were
observed for the low inhalations of capsaicin concentration.

Activations are rendered in the Montreal Neuroscience Institute template of the brain (1mm
resolution).

Abbreviations: nTS — nucleus of the solitary tract and solitary tract, Pa5 — paratrigeminal

nucleus, Sp5 — spinal trigeminal tract and nucleus, XlIn — hypoglossal motor nucleus.
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Table 6. Regional brainstem activations during inhalation of high concentration of
capsaicin.

Peak voxel coordinates*

Possible
Region X y z Z-score structures
Medulla 3 -40 -58 3.07 DRt, Sp5, Pa5
5 -40 -57 2.74 nTs, Sp5
2 -40 -56 3.60 nTS, XlIn, SP5
-2 43 54 2.93 nTS, Xlin
-36  -45 2.83 Rp
Pons 0 -37 -42 4.27 Rp
-1 -36 -35 2.94 Rp, LF
-6 -33 -18 3.00 Mes5, LF
-5 -18 -14 3.26 VTA
-7 24 -14 2.91 Mes5, 5thal

Definition of abbreviation: BA = Brodmann area

*The coordinates correspond to the Montreal Neuroscience Institute standard brain
template where x values are distance in millimetres to the left (negative x values) or right
(positive x values) from the anterior commissure; y represents millimetre distance anterior
(positive) or posterior (negative) from the anterior commissure, and z is millimetre distance
superior (positive) or inferior (negative) from the anterior commissure.

Abbreviations: Abd — nucleus abducens, DRt — dorsal reticular nucleus, nTS — nucleus of
the solitary tract and solitary tract, LF — longitudinal fasiculus (medial & dorsal parts), Mes5
— mesencephalic trigeminal tract and nucleus, Pa5 — paratrigeminal nucleus, Pon —
pontine nuclei, Rp — midline raphe, Sp5 — spinal trigeminal tract and nucleus, VIin — facial

motor nucleus, Xlin — hypoglossal motor nucleus, 5thal — trigeminothalmic tract.
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Figure 17. Brainstem regional response for Hi>Sal.

Regional brain activations as a result of inhalations for the high concentrations of capsaicin
were widespread across the remainder of the brainstem. These regions likely include the
Mes5, VTA, Rp, VlIn, Abd, LF and the 5thal and are rendered in red-yellow. Similar
activations were observed for low concentrations of capsaicin.

Abbreviations: Abd — nucleus abducens, DRt — dorsal reticular nucleus, nTS — nucleus of
the solitary tract and solitary tract, LF — longitudinal fasiculus (medial & dorsal parts), Mes5

— mesencephalic trigeminal tract and nucleus, Pa5 — paratrigeminal nucleus, Pon —
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pontine nuclei, Rp — midline raphe, Sp5 — spinal trigeminal tract and nucleus, VIIn — facial

motor nucleus, XlIn — hypoglossal motor nucleus, 5thal — trigeminothalmic tract.

Figure 18. Regional higher brain responses for Hi>Sal and Hi>Lo.
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Figure 19. Regional higher brain responses for Hi>Sal and Hi>Lo.
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Regional higher brain activations for Hi>Sal and Hi>Lo. Regions where responses for high

concentration of capsaicin inhalation were greater than saline (Hi>Sal) are rendered in

red-yellow. The blue regions represent regions where high concentration of capsaicin

inhalation were greater than the low concentration of capsaicin (Hi>Lo). The regions

showing greater activation during Hi>Lo include the (A) bilateral paracingulate gyrus (Fig

23). Other regions include (A) right cerebellum, (B) bilateral insula cortex, (C) bilateral

operculum and (D) and bilateral precentral gyrus (Fig 24).

Table 7. Regional higher brain activations during high capsaicin concentrations
greater than saline inhalations (Hi>Sal).

Peak coordinates*

Region BA X y z z-score
Precentral 3 61 -13 31 3.50
3 -59 -5 31 3.47

Paracingulate 6 -1 12 48 4.16
6 7 9 48 3.30

Supplementary motor area 6 -1 10 55 3.61
6 -4 -3 55 3.35

Postcentral 2 58 -20 a7 3.16
3 -47 -18 40 3.15

Insula 13 36 14 3.11
13 -31 14 3.17

Central Operculum 44 36 7 11 3.23
44 -35 11 11 3.47

Cerebellum 38 -46 -34 3.44
-36 -56 -31 3.79

Definition of abbreviation: BA = Brodmann area

*The coordinates correspond to the Montreal Neuroscience Institute standard brain

template where x values are distance in millimetres to the left (negative x values) or right

(positive x values) from the anterior commissure; y represents millimetre distance anterior

(positive) or posterior (negative) from the anterior commissure, and z is millimetre distance

superior (positive) or inferior (negative) from the anterior commissure.
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Table 8. Regional higher brain activations during high capsaicin concentrations

greater than low concentrations of capsaicin (Hi>Lo).

Peak coordinates*

Region BA X y z z-score
Precentral 44 58 10 24 3.19
44 -60 -4 27 3.54

Paracingulate 6 -3 9 43 3.10
6 5 16 43 3.20

Supplementary motor area 6 3 8 52 3.30
6 -1 9 52 3.74

Postcentral 3 62 -19 20 3.79
3 -59 -15 22 2.97

Insula 13 36 -5 8 3.24
13 -33 9 8 2.93

Central Operculum 44 36 9 11 3.11
44 -31 13 11 3.71

Cerebellum -38 -52 -32 3.00
38 -48 -32 3.1

Definition of abbreviation: BA = Brodmann area

*The coordinates correspond to the Montreal Neuroscience Institute standard brain

template where x values are distance in millimetres to the left (negative x values) or right

(positive x values) from the anterior commissure; y represents millimetre distance anterior

(positive) or posterior (negative) from the anterior commissure, and z is millimetre distance

superior (positive) or inferior (negative) from the anterior commissure.
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Table 9. fMRI power calculations showing sample and effect size required to elicit
difference for selective regions of interest.

Region Sample Size Effect Size
Right nTS 26 0.21
Left Pa5 75 0.20
Left Op 36 0.47
Right Op 14 0.47
Left Insula 10 0.60
Right Insula 12 1.00
Left PreCG 13 1.07
Right PreCG 13 0.70
Left ParCG 10 0.71
Right ParCG 15 0.80
Left Cerebellum 51 0.48
Right Cerebellum 17 0.70

Power calculations indicating the sample and effect (Cohen’s d) size required to elicit a
difference in regional brain responses for high versus low concentrations of capsaicin (0.2

= small effect size, 0.5 = medium effect size; 0.8 and greater = large effect size).

Discussion

The present study investigated regional brainstem responses associated with the
differences in the intensity of the UTC stimulus (Hi>Lo) in the form of capsaicin
concentrations in a group of healthy individuals. Acquired brain images were optimized for
the brainstem including the use additional technical parameters to improve analyses of
regional brainstem responses. The resultant analysis has identified primary capsaicin (Hi,
Lo) and saline (Sal) inhalation-related activations in regions throughout the midbrain, pons
and the medulla of the brainstem. Notably, low inhalations of capsaicin did not show
primary activations at the level of the obex. No regional brainstem responses were
observed for the differences between the two capsaicin concentrations (Hi>Lo0).
Additionally, the study also identified primary regional responses in the higher cortex of the

brain that were within the FOV of the fMRI scanning protocol. Interestingly, regional
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responses for Hi>Lo were widely spread amongst the capsaicin inhalation network in the

hemispheres.

Regional brainstem & higher brain responses

Primary regional brainstem and higher brain activations for both the Hi and Lo capsaicin
inhalations including Hi>Sal were observed in regions known to be involved in the neural
encoding of afferent sensory airway information. Brainstem regions included nuclei such
as the nTS, Pa5 and the Sp5 including several other nuclei of the pons and the midbrain
with the exception for Lo inhalations of capsaicin and Lo>Sal where no activations at the
level of the obex and regions below this level were observed. These regions were
consistent with previous reports of brainstem activations related to airway processing in
humans and animal studies 38429°, Activations observed in regions of the higher brain
limited to the FOV were also consistent with those reported in Chapter 2 and previous
findings 76788283 Regional responses in the higher brain as a result of the difference
between Hi and Lo (Hi>Lo) was widespread amongst the capsaicin inhalation network.
This change in neural activity in capsaicin related activations was consistent with the
significant reductions in BOLD signal intensity for Lo inhalations compared to Hi. The
identified regions were consistent with the regions showing activations associated with
conditioning-related changes responses in the previous findings (Chapter 2 and 3) and
suggest that the neural modulation of airway inputs related to UTC observed in the higher
brain as a result of differences between Hi and Lo was most likely to occur at lower levels

of the brain 38260,

Brainstem fMRI analysis showed no regional brainstem responses as a result of the
differences between Hi and Lo capsaicin inhalations (Hi>Lo). Such findings were
unexpected giving the significant differences in the intensity of the UTC ratings between
the two capsaicin concentrations. It was expected that intensity related-differences
between Hi and Lo (Hi>Lo) would yield regional brainstem responses especially in nuclei
such as the nTS and Pa5 giving that these are apparent sites known to encode and relay
sensory inputs during mechanical irritation of the airways. Surprisingly, the lack in
activations for Hi>Lo amongst the nTS and Pa5 nuclei were also consistent with the
absence of regional brainstem responses observed in our previous study involving painful
conditioning (Chapter 3). In the case of the first pain study (Chapter 2), it was concluded
that the DNIC-related modulation of airway inputs as a result of painful conditioning was
most likely to occur at the level of the brainstem which is consistent with the DNIC
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mechanism 101-103,137,146,306,307 Thjs |ed to further investigation of the brainstem region in
the next study to provide evidence of a DNIC-related modulation of airway inputs (Chapter
3) that may explain the neural outcomes observed in the first study (Chapter 2) 104120142,
However, the findings of the study showed no regional brainstem responses (Chapter 3)
associated with the DNIC-related modulation of airway inputs. Similarly, the present study
(Chapter 4) also showed an absence in regional brainstem responses associated with the

intensity-related modulation of airway inputs.

The absence of regional brainstem responses in the present study could be related to
several factors. As previously mentioned, technical challenges and limitations related to
fMRI of the brainstem may be one explanation for the outcomes observed in the present
study. The small sizes of brainstem nuclei including the relatively small voxel sizes used in
fMRI may lead to spatial constraints 2%. Geometric distortion associated with the right to
left phase coding may lead to unsymmetrical distribution of activation patterns from the
midline 2°7. Physiological noise related to cardiac and pulmonary activities including
brainstem motion may also lead to significant geometric distortions which can influence the
sensitivity of brainstem fMR| 298300302 These technical limitations may lead to signal loss
and thus, diminishing the ability for fMRI to detect small changes in regional brainstem
responses despite the large differences in UTC ratings between Hi and Lo 2°62%97, A similar
outcome was thought to be the case in the previous brainstem study related to painful
conditioning (Chapter 3). However, this claim can be refuted based on the fact that primary
activations were observed in several brainstem regions for the main events ie, Hi, Lo in the
present study and activations for CN and CP in the previous study (Chapter 3). This
makes it highly unlikely that technical factors such as brainstem nuclei size, geometric
distortion and spatial constraints contribute to the absence of regional brainstem

responses in both the present and previous study (Chapter 3).

In addition, fMRI power analysis of BOLD signal intensity from the right nTS and left Pa5
showed that the effect size (right nTS = 0.21,; left Pa5=0.20; Cohen’s D effect size
analysis) required to show conditioning related differences statistically were very small to
non-existent (Table 9). On the contrary, fMRI power analysis of selective higher brain
regions within the field of view showed moderate and larger effect sizes required to show
conditioning-related activations (Table 9). This suggests that brainstem fMRI may not

necessarily represent changes in neural activity in the form of variations in BOLD signal
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responses associated with intensity-related changes under the current experimental

conditions.

Another explanation for the lack of regional brainstem responses observed in the previous
and present study may due to the fact that BOLD signal measures may not be sensitive
enough to detect physiological change in brainstem nuclei. The differences in UTC ratings
between Hi and Lo capsaicin concentrations were considerably large (66%) compared to
DNIC-related reductions in the UTC ratings in the previous study (21%) (Chapter 3).
Despite this large behavioural difference in the UTC ratings between the Hi and Lo, the
behavioural outcomes did not manifest into regional brainstem responses. This suggests
that BOLD signal measures are not dependent on the size of the of behavioural difference
and that differences in the intensity of airway inputs may not necessarily result in neural
outcomes at the brainstem level. Therefore, the alternative hypothesis that was earlier
presumed to result in the absence of regional brainstem responses may likely be the most
logical and accurate explanation for the neural outcomes observed in the previous
(Chapter 3) and present brainstem studies. It was hypothesized that the fidelity of BOLD
signals measures to detect inhibition-related synaptic activity in local brainstem nuclei is
ambiguous during BOLD fMRI data acquisition. In other words, the sum total of all neural
activity associated with the modulation of airway inputs in terms of BOLD signal may be
null and present as an absence of differences between two contingencies (Hi>Lo and
CN>CP) as a result of related reductions in activity in brainstem nuclei occur at the same
time as increase in local inhibitory inputs of airway information to the nuclei. This narrative
is supported by recent studies where it was shown that changes in neural activity in the
hippocampus is not positively correlated to changes in BOLD signal responses in this
region 277284304308 |t was suggested that the neural activity derived by BOLD signal
responses in the hippocampus may be representative a combination of constant
presynaptic and post-synaptic activity in nuclei leading which could also be the case for
the brainstem region 278302310 This hypothesis is also supported in a recent study where
no change in the absolute levels of activity in brainstem regions was observed during pain
intensity fluctuations suggesting spontaneous changes in pain are rather associated with
changes in coupling of brainstem regions and not overall activity levels 3°3, Similar findings
were observed in another recent study which led to further calls into question of what
exactly fMRI signal intensity is measurement. The study refuted the prevailing thought that
BOLD fMRI is a measure primarily of post-synaptic transmission due to the absence of
regional brainstem responses associated with changes in the intensity of noxious stimuli
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193311 The findings from these studies combined with brainstem outcomes from the
present (Chapter 4) and previous study (Chapter 3) indicate that BOLD fMRI may not be
the adequate tool to assess or show intensity-related differences for inhibition-related
synaptic activity. However, further investigations of regional brainstem responses using
different protocols or methods compared to those used in the present studies is required

before making such conclusions.

Nevertheless, the present study (Chapter 4) and previous pain studies (Chapter 2 and 3)
used a 3T MRI scanner and therefore, it remains unknown whether an ultra-high field
strength MRI scanner such as a 7T may yield a different outcome due several differences
in the technical aspects between the two scanners. For instance, the typical in-plane fMRI
spatial resolution is 2 to 4mm at 3T compared to the spatial resolution in the order of 1mm
isotropic for 7T 312-322_ The effectiveness in the superiority in spatial resolution for 7T has
been shown in several pain studies where activations in several pain-processing brainstem
regions was only found in 7T compared to 3T for painful vs innocuous stimulation 312:323.324,
Therefore, future brainstem imaging studies investigating the modulation of UTC may
benefit from the use of such ultra-high field MRI scanners as they provide images with
higher resolution, decreased relative noise level and improved sensitivity of fMRI

responses as described in several studies 31°:325.326

Despite the outcomes of the present study, further investigation of regional brainstem
responses associated with the neural modulation of UTC in humans is needed. Till now,
little is known regarding which nuclei may be involved in this neural modulation of airway
inputs at the brainstem level before it is relayed into higher brain circuits. With improved
optimization of brainstem regions, the incorporation of suitable experimental protocols and
the use of ultra-high field strength MRI scanners will help aid in providing better analysis
and precise interpretations of this regional responses of this delicate region. The results
will advance our understanding of the neural regulation of UTC in humans which can lead

to therapeutic implications in the near future.

Conclusion
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Collectively, the outcomes of the present study suggest that differences in the intensity of
airway inputs has neural implications in humans. Inhalations of low concentrations of
capsaicin was matched with decreases in neural activity when compared to high capsaicin
inhalations in the higher brain regions within the UTC network. Such findings were
consistent with previous reports related to regions associated with the modulation of the
UTC via painful conditioning at higher levels of the brain as observed in the previous
studies (Chapter 2 and 3). However, no differences in regional brainstem responses were
observed between the two capsaicin concentrations (Hi>Lo) consistent with the absence
of activations for CN>CP observed in the previous pain study (Chapter 3). It was assumed
that brainstem fMRI is limited in its ability to detect BOLD signal response associated with
intensity-related changes in neural activity. Therefore, the findings of the present study
suggest that a different approach such as the use ultra-high field MRI scanners may
benefit from investigating differences in regional brainstem responses associated with the
changes in the intensity of airway inputs. An outcome of such study may lead to gaining a
better understanding of the brainstem nuclei involved in the regulation and modulation of
UTC in humans. This could lead to novel therapies being developed in order to address
unwanted cough amongst individuals suffering from chronic pulmonary conditions

worldwide.
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Chapter 5- Discussion

Summary

The cough reflex acts a protective mechanism to prevent damage to the airways and lungs
in response to irritant stimuli within the respiratory system 36:38.77.327 The sensation of
perceived airway irritation is known as the UTC 2429.31-33.328 Thjs sensory experience may
or may not result in a cough reflex 3133, Investigations regarding the modulation of the UTC
have been limited to few studies (placebo) with no therapeutic outcome yet to be achieved
8283 Given that airway afferents are subject to placebo modulation, then it was deemed
reasonable to test the proposition that other modulatory influences observed for
nociceptive inputs may also be operable for airway inputs. There is preliminary evidence
that DNIC does modulate the UTC and cough reflex in an experimental setting 841, This
modulation was in the form painful conditioning that lead to significant reductions in the
UTC ratings and cough frequencies amongst participants 8419, However, the neural
mechanisms involved in this conditioning related modulation remained unknown.
Therefore, the present studies aimed at providing the first insight into the DNIC-related
neural modulation of the UTC and cough. This investigation also provided evidence that
pain-related modulation of airway irritation involves the inhibition of airway inputs most
likely at the level of the brainstem. However, the studies of the brainstem presented in this
thesis were unable to provide evidence of a DNIC-related modulation which encompasses
a DHSC-DRt-DHSC pathway including regions involved in this inhibition of airway inputs;
this suggests that BOLD fMRI may not be a suitable tool in showing intensity-related
changes in neural activity of brainstem nuclei. Identifying these regions would have been
beneficial in that they may act as potential targets for future development of therapeutic

treatments that may aid in addressing chronic cough disorders.

Painful conditioning was associated with significant reductions in the behavioural
outcomes for cough and the UTC. This decrease was associated with widespread
reductions in the neural activity within the capsaicin-inhalation network which is normally
involved in the processing of sensory airway irritation. These findings imply that pain can
cause the inhibition of afferent airway inputs at the subcortical level of the brain leading to
reduced perception of UTC in higher brain centres associated with coding airway
information. However, neither painful conditioning, nor capsaicin intensity-related changes
manifested in regional brainstem responses in the subsequent brainstem-related studies

(Chapter 3 and 4).
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Behavioural response of cough and the UTC

Significant decreases were observed behaviourally for both the UTC and cough as a result
of painful conditioning (Chapter 2 and 3). Interestingly, there was a disproportionate effect
of pain on the perception of the UTC compared to the motor act of cough. Cough
frequency was reduced by 47% compared to 19% for UTC scores in the first study
(Chapter 2). A similar outcome was observed in the second study (Chapter 3) where UTC
scores were reduced by 19% compared to 42.5% for cough frequency. These findings
suggest a differential effect of conditioning pain on the sensory experience versus the
motor act of cough. This is also consistent with previous reports where ratings of UTC
increase linearly with increased doubling concentrations of capsaicin while the increase in
cough frequency was exponential %76, These outcomes imply that the regulation of cough
and the UTC in humans may not be tightly regulated giving the differential effect of DNIC
on cough and the UTC. Such findings suggest the existence of a complex model involved
in the processing of sensory input versus the motor output of airway irritation. Additionally,
it was observed that the capsaicin concentrations required to elicit a cough reflex (C2)
were higher than concentrations required to detect perceived sensation of an UTC (Cu).
For instance, the average C2 concentration was 0.64 uM compared to the average Cu
concertation of 0.13 pM. In pain studies, similar findings were observed whereby the RIII
reflex (withdrawal reflex) is only activated at higher levels of pain compared to the sensory
threshold for pain in humans (initial sensory experience of pain) 2°1. Additionally, the
present studies showed no significant differences in the behavioural outcomes of the UTC
and cough as a result of painful conditioning between the two genders (male vs female).
This is in line with several reports of no DNIC-related differences between the two genders
106,188,225-228 Gender differences for the Cu and C2 thresholds were also not significant

which is consistent with previous reports 32

The DNIC-related behavioural outcomes observed in the present studies support the
hypothesis that nociceptive pathways of somatic and pulmonary tissues functionally
interact to induce meaningful changes in sensory evoked behaviour. The findings also
reinforce the notion that painful conditioning was likely to exert an influence on the sensory
processing of airway inputs. Importantly, conditioning pain resulted in differential DNIC-
related effect on the sensory experience of the UTC versus the motor act of cough. This
differential modulatory influence of DNIC on the UTC and cough observed in the present
studies could be exploited without enlisting DNIC protocols to substantially reduce
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persistent cough in an individual. Future therapeutic interventions could be designed to
similarly engage in DNIC-related mechanisms without applying conditioning pain. From a
clinical perspective, individuals suffering from chronic cough may benefit from such

interventions to reduce their UTC and cough frequency without impairing the cough reflex.

Neural interaction between pain and the UTC

Painful conditioning was associated with widespread reductions in activity within the
capsaicin-inhalation network in the higher brain regions (Chapter 2). This pattern of
reduced neural activity pointed towards the descending inhibition of airway inputs at the
brainstem level. These reductions in activations were consistent with reduced BOLD signal
intensity for the capsaicin related changes during conditioning pain compared to no pain
events. This is consistent with how the DNIC mechanism operates in animals and other
human studies, whereby brainstem regions act as gateways that incorporate the inhibition
of sensory inputs before reaching higher brain centres 17120, This implies that the
perception of the UTC reaching higher circuits for processing is reduced and thus leads to
the reduced motor act of coughing. In placebo studies, regions within the capsaicin-
inhalation network showed both decreases and increases in neural activity during placebo
conditioning which is highly consistent with the acknowledged prefrontal limbic-PAG-RVM-
DHSC pathway of placebo-related modulation. However, no regions of increased activity
were observed in the present studies during painful conditioning. This suggests that the
presence of only-reduced activations in the higher brain is likely as a result of a DNIC-
related inhibition of airway inputs at lower levels of the brainstem without the need for
intervention from higher order circuits. In animal studies, the supraspinal loop sustaining
DNIC was confirmed to be confined to the DRt 120.136.142. The neural outcomes of the
present thesis confirmed that the DNIC-related modulation of airway inputs is distinct to
that of placebo-related modulation and is consistent with the known DHSC-DRt-DHSC

pathway of the DNIC mechanism as observed in animal studies 194120142,

The neural findings of the first study (Chapter 2) led to further investigation of the
brainstem mechanisms involved in the DNIC-related modulation of airway inputs in the
subsequent study (Chapter 3). However, there were no regional brainstem responses as a
result of the differences between the pain conditioning and the no pain contingency
(CN>CP) (Chapter 3). One explanation for the lack of regional brainstem responses for

CN>CP was that the outcomes of the brainstem study may be an accurate and that DNIC-
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related modulation may only manifest as changes in higher brain regions. However, this is
inconsistent with the findings of the previous study (Chapter 2) and in contrast with how
the DNIC mechanism operates in animals and humans. These results were also
unexpected and point towards assessing the modulation of neural inputs at the level of the
brainstem using a different approach. However, a similar outcome was also observed
where no regional brainstem responses were identified as a result of differences between
high and low concentrations of capsaicin (Chapter 4). The large behavioural differences
between the two concentrations (66%) did not manifest as changes in BOLD signal
responses at the brainstem level. Higher brain regions within the field of view showed
intensity related differences between pain vs no pain events “CN>CP” (Chapter 3) and
high vs low “Hi>Lo” concentrations of capsaicin inhalation (Chapter 4) suggesting that
BOLD signal measures associated with intensity-related changes are not detectable at the
lower levels of the brainstem. fMRI power analysis showed minimal to non-existent effect
sizes required to elicit intensity-related activations in several brainstem nuclei of interest
such as the nTS and Pa5. It was therefore hypothesized that the fidelity of BOLD signal
measures to detect inhibition-related synaptic activity in local brainstem nuclei is
ambiguous during BOLD fMRI data acquisition. Several pain studies support this
hypothesis where no change in the absolute levels of activity in brainstem nuclei were
observed during pain intensity fluctuations 193303, QOther studies have also shown
electrophysiological activity to be negatively correlated with changes in BOLD signal
responses in the hippocampus region compared to the robust and positively correlated
variations in BOLD signal responses with changes in neural activity in the hemispheres of
the brain 276277.283.287 Thjs could also be the case for the brainstem region in that
encoding-related differences in the neural activity of local brainstem nuclei does not
positively correlate to changes in fMRI BOLD signal responses. This narrative is most
likely to be a suitable explanation for the lack of regional brainstem responses associated
with intensity-related changes in neural activity in the brainstem region observed in the

brainstem studies of the present thesis.

Another narrative that may explain the absence of regional brainstem responses observed
in the present thesis could be related to the state of activation of different sensory inputs
that generate an UTC. Fundamental to the gating of an UTC or cough is the integration of
multiple sensory inputs which may be active or inactive depending on the state of
activation of different types of afferent inputs 8. Alteration in the activity of the different
afferent modalities changes the integrated state of the gate nucleus which is at the level of
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the brainstem 8. Therefore, the net activity of the brainstem may not change but the
specific integrated signal that opens or closes the gate nuclei may change leading to the
alteration of the neural input that reaches higher brain centres that that are involved in the
processing of the sensory input of an UTC. This may help explain the absence of changes
in the form of BOLD signal intensities at the brainstem level while the gating nuclei is
changing state and signalling an interoceptive event. However, this narrative is yet to be
proven and thus, further investigation is required before reaching to such conclusions

regarding the brainstem outcomes observed in the present thesis.

Despite the brainstem outcomes of the present studies (Chapter 3 and 4), further
investigation into the neural mechanisms involved in the modulation of airway inputs is
needed. Studies showing gradual intensity related activations at the brainstem level are
lacking. With current treatments for chronic cough disorders being widely ineffective,
increased interest in research that may yield future therapeutic outcomes is needed. The
outcomes of such investigations may lead to the development of new medications that
may alleviate persistent cough without impairing the cough reflex. The present studies
used 3T for data acquisition and thus, future studies may benefit from the use of ultras-
high field strength such as 7T giving superiority in spatial resolution including increased

BOLD signal to noise ratio attributes 312.323:329,330,

Conclusion

Painful conditioning leads to significant decreases in the sensory experience of the UTC
and the motor act of coughing. It is also associated with significant reduction in neural
activity within the capsaicin-inhalation network in the hemispheres. The results of the
present studies show that the neural implications of the DNIC effect on the UTC is most
likely as a result of descending endogenous inhibition of brainstem regulatory regions
related to the control of airway inputs. Further research into the functional processing of
airway sensory inputs at the level of the brainstem may lead to novel insights into of the
neural mechanism associated with the modulation and regulation of the UTC. These
regions could be targets for developing effective antitussive therapies aimed at addressing

persistent UTC and chronic cough disease in the future.
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Chapter 6 -Conclusion

Summary of Findings

Persistent UTC is a common medical symptom that accompanies chronic cough in
disease. Treatment is via antitussive drugs have been widely ineffective in dealing with
chronic cough and its associated symptoms. Previous research has provided insight into
the neural regulation of UTC and cough in humans 37:49.76.77,82,99,260274 Recent studies
have also explored the neural modulation of UTC in experimental settings involving
placebo and painful conditioning . Placebo was shown to manipulate and reduce the
behavioural outcome for UTC and cough frequency in humans. This was accompanied
with changes in neural activity at higher brain regions as a result of placebo conditioning
82 However, placebo is regarded as a form of deception leading to limited therapeutic
outcomes in a clinical context. Additionally, pain studies have shown that painful
conditioning in a DNIC setting reduces both the UTC and cough behaviourally 8419,
Despite this advancement in knowledge regarding the modulation of UTC and cough via

painful conditioning, the neural outcomes involved in this process remained unknown.

The present experimental studies in this thesis aimed at investigating the behavioural and
neural outcomes of painful conditioning on cough and the UTC. It also provided the first
evidence of the DNIC-related neural modulation of the UTC that is associated with
intensity related changes at the cortical level. The neural outcomes from the present thesis
showed that DNIC-related modulation of the UTC is distinct from placebo-related
modulation of cough related processing 2%°. The findings of the present thesis also
highlight the difficulty of brainstem fMRI in showing variations in intensity-related changes

in neural activity amongst brainstem nuclei in the form of BOLD signal responses.

Implication of Studies

The outcomes of the present studies in this thesis reaffirm the notion that pain has a
strong influence on the behavioural and neural outcomes on cough and the UTC. The
substantial decreases in the neural outcomes of the UTC due to painful conditioning
further illustrates the ability of the central nervous system to employ cough suppression
mechanisms in humans. These findings suggest that afferent airway inputs can be
subjective to DNIC-related modulation via an endogenous inhibitory and/or facilitatory

mechanism before they reach higher circuits of the brain 104.107,303,312
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The targeting of the central nervous system as a novel approach to reduce coughing in
humans is arguably not a novel concept. Previously, opiates such as morphine and
codeine including dextromethorphan have been widely used as cough suppressants.
However, they have been shown to be ineffective and have proven to be no better than
placebo conditioning *>8, Furthermore, there is evidence that pharmacological
approaches associated with the management of pain can also be effective in reducing
cough. This approach involves the administration of drugs that target higher order circuits
associated with the processing of pain. Treatments have been trialled using gabapentin
and amitriptyline with results showing significant reduction in cough frequency amongst
chronic cough patients 331-334, However, the absence of a notable effect on the UTC ratings
and thresholds of capsaicin challenges from the gabapentin trials raised doubts regarding
its effectiveness. It was concluded that gabapentin could lead to the sensitisation of
circuits that would normally be involved in the down-regulation of sensory inputs.
Combining the outcomes of these trials and the results of the present studies in this thesis
lament the concept of central targets for cough reduction in humans. Further investigations
of the brainstem regions showing altered activation as a result of reduced UTC could
present opportunities for the development of novel therapies. These regions could be
localised and used as targets for selective drug trials with possible implication for novel

drug developments.

Limitations of Experimental Methods and Future Directions for Research

There were several limitations in the current studies that warrant mentioning. Firstly, the
studies were limited to experimental cough and the UTC induced via the inhalation of
capsaicin. Other tussive substances such as ATP (Adenosine Tri-Phosphate) and citric
acid are available airway irritants that can evoke similar cough and UTC responses
observed during capsaicin challenges 33°. Contrasting the influence of pain on other forms
of inducible cough stimuli would be helpful in determining whether these substances also
share similar behavioural and neural outcomes compared to those observed in the present
capsaicin studies. Previous studies have shown that different airway irritants activate
different fibres within the respiratory system. For instances, it was shown that the
inhalation of ATP results in brainstem activations limited to the nTS #°. The findings of such
investigations would further our understanding of how other airway irritants interact with

pain. Similarly, there is no evidence of the neural outcomes associated with intensity
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related changes for other cough irritants. It could be that the regional higher brain and
brainstem responses observed in the present studies may be different when using other
airway irritant such as ATP or citric acid are inhaled. These contrasting outcomes may
shed light on other underlying mechanisms involved in the inhibition and modulation of

sensory airway inputs.

Additionally, the second and third studies (Chapters 3 and 4) did not yield regional
brainstem response as a result of painful conditioning nor for capsaicin-related intensity
changes. It is evident that significant behavioural differences in UTC ratings may not
necessarily translate into regional brainstem responses. One explanation for these
outcomes is likely related to the technical challenges associated with fMRI imaging of the
brainstem. The brainstem comprises of small nuclei which may lead to spatial constraints
due to the relatively small voxel sizes. Geometric distortion combined with noise could
mean that small changes in airway inputs are not detectable using the current data
acquisition methods °°312, However, primary activations for events of interest (CN, CP,
Hi>Sal, Lo>Sal) were shown in both brainstem studies suggesting that geometric distortion
and spatial constraints may not necessarily be related to the absence of intensity-related
regional brainstem responses. Power analysis of BOLD signals from regions of interest
such as the nTS and Pa5 also indicated effect sizes from the differences were small to
non-existent. Therefore, repeating similar experiments with larger sample sizes may not be
a viable option. It was therefore concluded that changes in the neural activity of local
brainstem nuclei does not correlate to variations in fMRI BOLD signal responses of this
region compared to higher brain regions. This hypothesis is supported by numerous
findings related to the negative correlation between changes in electrophysiological neural
activity and BOLD signal responses in the hippocampus region which was not the case for

higher brain regions 276:283.292,

Despite the absence of regional brainstem responses observed in the present thesis,
future brainstem investigations related the modulation of airway inputs may benefit from
the use of ultra-high field strength MRI scanners for better imaging acquisition and
analysis of brainstem responses. There is evidence that 7T MRI scanners yield better
regional brainstem responses in human studies due to superior spatial and temporal
resolution including increased BOLD signal-to-noise ratio 305:312.319.326  |n pain studies, 7T
has shown better regional activations in brainstem medullary components of the
descending pain modulatory system such as the PAG, nTS, RVM when compared to 3T
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812,316,323 |t could be that a 7T scanner may be able to detect inhibition-related synapse
activity in brainstem nuclei involved in the descending inhibition of neural inputs which

could be beneficial for future research.

Notably, the present studies assessed the conditioning-related DNIC effects in healthy
individuals. Whether the findings in the present thesis also translate to similar outcomes in
chronic cough patients remain unknown. Chronic, idiopathic and neuropathic pain
syndromes have been associated with less efficient or impaired DNIC 194, King et al (2009)
showed deficient DNIC in patients with IBS where the pain felt by individuals is a form of
visceral pain 7. This was supported with evidence of reduced brainstem inhibition during
anticipated visceral pain in women with IBS 3%, These findings suggest that pain
syndromes decrease the activity of endogenous inhibition pathways. This may well be the
case in the chronic cough population whereby deficiency in the pain modulating system
may lead to persistent UTC and uncontrollable cough in these patients. Future studies
may benefit from investigating the behavioural outcomes of DNIC in chronic cough
patients in conjunction with fMRI protocols to identify the regions of impaired or reduced
neural activity. The findings may enlist brainstem regions that be targets for therapeutic

interventions in the future.

Another interesting finding of the present thesis is the lack of bilateral painful conditioning-
related responses within the insula cortex. In the first study (Chapter 2), the right insula
showed pain-related reduction in neural activity which was not observed in the left insula.
This disparity in bilateral pain-related activations was not observed in other brain regions.
The DNIC-related inhibition of neural inputs is known to be diffuse leading to bilateral
effects in the hemispheres of the brain. One explanation for such finding could be related
to the unilateral application of painful stimulus on the left thumbnail. We know that the right
hemisphere of the brain receives and processes somatic sensory inputs from the left side
of the body 3%7. This could potentially explain the unilateral DNIC-related effects of the right
insula cortex. However, previous animal studies have suggested that the ascending
pathways involved in triggering DNIC are mainly crossed but have a significant uncrossed
component 12°, The application of thumbnail pressure bilaterally in a similar experimental
design employed by the current studies (Chapters 2 and 3) would further explore whether
DNIC-related effects of the insula region are side dependent. Furthermore, exploring the
spatial summation of painful conditioning might be of interest. It could be that increasing
the surface area of a conditioning stimulus may lead to greater effects on the behavioural
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and neural outcomes of cough and the UTC in humans. In the field of pain, it has been
shown that increasing the surface area of stimulation by a painful stimulus amplifies the
pain experience 33342, These outcomes will further our understanding regarding the

modulation, interaction and influence of pain on cough and the UTC.

Conclusions

The findings of the present studies provided novel outcomes regarding the interaction
between pain and airway processing. For the first time, the neural outcomes associated
with the endogenous inhibition of airway inputs have been identified. In addition, there is
substantial evidence that the DNIC-related modulation of airway inputs results in changes
in the neural activity within the airway processing network in the hemispheres. This
modulation is most likely as a result of DNIC-related inhibition of airway inputs from
brainstem regions. However, the present brainstem studies were unable to provide
evidence of a DNIC-related modulation of airway inputs. It is also clear that the perception
of airway irritation involves a complex process and employs several circuits at the
subcortical and cortical levels. Furthermore, the lack of regional brainstem responses
indicates that the modulation of airway inputs at the subcortical level is difficult to prove
using the current methods. Although the present thesis has not provided substantial
brainstem outcomes, this body of work has yielded impetus towards better image
acquisition and analysis of the brainstem region. Future experiments investigating the
endogenous inhibitory mechanisms associated with reduced perception of the UTC should
provide novel insights into the factors that proposed therapies for chronic cough and other

respiratory disorders should address.
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Supplementary Material (Chapter 2)

EXTENDED METHODS SECTION
Image acquisition

Scanning was performed at Monash Biomedical Imaging (Melbourne, Australia) using a
MAGNETOM Skyra 3 T scanner (Siemens, Erlangen, Germany) with a 32 channel head
coil. Structural T1-wieghted images were acquired in the sagittal plane (192 slices, 1 mm
slice thickness, 1 x 1 mm? in plane resolution, echo time (TE) of 2.07 ms, repetition time
(TR) 1900 ms, flip angle 9°). BOLD contrast images were acquired in the transaxial plane
(34 slices, 4.5 mm slice thickness, 3 x 3 mm? in plane resolution, TE 31 ms, TR 2000 ms,
flip angle 90°), producing a total of 253 sequential volumes during 8 minutes and 26
seconds of scanning time. A total of three BOLD contrast scans were acquired for each

participant.

During image acquisition, participants were supine on the scanner bed with their head
immobilized with foam padding. Participants were fitted with hearing protection and a
facemask connected to two nebulizers via which either capsaicin or saline were delivered.
A hydraulic stimulator was used to apply pressure to the left thumbnail. An MRI compatible
track ball mouse was placed under the right hand of participants. Participants were

instructed to breath normally throughout the scanning session.

Visual stimuli generated with Presentation software (Presentation® V 21.1, Neuro
Behavioral Systems 2019) were shown to participants on an MRI compatible screen
outside the bore of the scanner that was visible through a mirror mounted on the head coil.
Participants were informed of impending deliveries of tussive stimuli 3 s before each
stimulus onset (the stimulus type was not disclosed). An 11 point numerical rating scale
(0-10) appeared on the screen after each stimulus block. Participants were instructed to
point and click on the number representing their rating of urge-to-cough or pain intensity
using the MRI compatible mouse. Prompts for urge-to-cough ratings appeared six seconds
after the conclusion of all stimulus blocks and remained on screen for five seconds.
Prompts for pain ratings, also of five seconds duration, appeared on screen eleven

seconds after the conclusion of stimulus blocks that included painful thumbnail pressure.

Page | 142



Image analysis

fMRI analysis was carried out using the fMRI Expert Analysis Tool (FEAT) in version 6.0.3
of the FMRIB Software Library (FSL). Anatomical and functional images were stripped of
non-brain voxels using the Brain Extraction Tool (BET) 2. Briefly, pre-processing of
images consisted of realignment to correct for motion using a rigid body transformation,
spatial smoothing with a 5Smm full-width half maximum Gaussian kernel, and masking to
remove non-brain tissue and high-pass temporal filtering with a cut-off of 0.01Hz.
Regressors were constructed for each of the four conditions (capsaicin without pain “CN”,
capsaicin with pain “CP”, saline without pain “SN”, saline with pain “SP”) as well as the
rating, go and rest periods. For the first level of analysis, these regressors and their
derivatives were convolved with a hemodynamic response function and used to generate a
model for each run in the general linear model. In addition, other regressors of no interest
were included to account for noise such as residual respiratory motion as described by
Birn 261, These included time-courses from CSF within the lateral ventricles, motion
correction parameters, voxels of high standard deviation in the sagittal sinus and mean
global signal from non-activated areas of the brain 261, Contrasts were obtained for each of
the four contingencies as well as the differences between CN>SN, CN>CP, SN>SP and
SP>SN. Second level analysis involved fixed effects to amalgamate results from all three

runs for each subject.

Group level analysis involved transforming individual’s high resolution T1 weighted images
into a standard space (2mm resolution) based on MNI152 (Montreal Neurological Institute)
template. Mixed effects analysis was then performed using FLAME across individuals to
generate a group result. All statistical maps used thresholds to include voxels with a Z-
value>3.09 and a cluster probability of p<0.05, corrected for a multiple comparisons using
Gaussian random field theory cluster-based correction as implemented in FEAT 259,

Supplementary Data

Multi-variate analysis

Analyses of urge-to-cough ratings and cough frequency reported in the manuscript
included values there were averaged across multiple presentations. This analysis strategy
was based on the absence of interactions between the repeated measures and the main

experimental factor of conditioning when a full factorial model was used. The following
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tables report the outcomes of the full factorial multivariate model for a) urge-to-cough
ratings during the psychophysical session, b) cough frequencies during the psychophysical
session, ¢) urge-to-cough ratings during the fMRI scanning sessions. The additional
factors included in these models are “Order” (15, 2" presentation of stimulus) and Scan
(1%, 2" and 3, fMRI scan). Estimated marginal means (+standard deviation of the mean)
are provided for all significant factors and interactions between factors. Where required,

post hoc tests of significance are provided to indicate the nature of interaction effects.

Psychophysical session
(Table 1A)

Full factorial multivariate model of urge-to-cough ratings associated with concentration,

presentation order and conditioning including interactions between these factors are

reported in this table.

Degrees of | F-value | p-value

Freedom
Concentration (1,15) 113.50 |2.16x10°
Order (1,15) 5.00 0.041
Conditioning (1,15) 22.20 2.88 x 104
Concentration*Order (1,15) 11.94 0.004
Concentration*Conditioning (1,15) 1.88 0.191
Order*Conditioning (1,15) 0.17 0.684
Concentration*Order*Conditioning (1,15) 0.16 0.700

(Table 1B)
Mean urge-to-cough ratings and standard deviations (in brackets) associated with the two

levels of capsaicin concentration.

Concentration | Urge-to-cough
C2 2.80 (1.27)
C2+2 5.22 (1.46)
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(Table 1C)

Mean urge-to-cough ratings and standard deviations (in brackets) associated with the

presentation order of capsaicin inhalations.

Order Urge-to-cough

First 4.31 (1.59)

Second 3.70 (1.19)
(Table 1D)

Mean urge-to-cough ratings and standard deviations (in brackets) associated with the two

levels of conditioning stimulus.

Conditioning Urge-to-cough

No pain 4.38 (1.18)

Pain 3.63 (1.47)
(Table 1E)

Mean urge-to-cough ratings and standard deviations (in brackets) associated with the

presentation order for the two concentration levels of capsaicin inhalations. Paired t-tests

indicate the nature of the interaction between the factors of order and concentration.

Concentration | Order Urge-to-cough | p-value (posthoc
paired t-tests)
C2 First 3.51(1.78) p = 0.003
Second 2.08 (1.17)
C2+2 First 5.11 (1.56) p = 0.498
Second 5.33 (1.62)
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(Table 1F)

Full factorial multivariate model of cough frequency associated with concentration,

presentation order and conditioning including interactions between these factors are

reported in this table.

Degrees of | F-value | p-value

Freedom
Concentration (1,15) 30.32 6.0 x 10°
Order (1,15) 3.66 0.075
Conditioning (1,15) 30.30 2.0 x 104
Concentration*Order (1,15) 5.25 0.037
Concentration*Conditioning (1,15) 23.80 0.006
Order*Conditioning (1,15) 3.27 0.091
Concentration*Order*Conditioning (1,15) 1.27 0.276

(Table 1G)

Mean cough frequency and standard deviations (in brackets) associated with the two

levels of capsaicin concentration

Concentration | Cough

C2 0.36 (0.48)

C2+2 1.59 (1.10)
(Table 1H)

Mean cough frequency and standard deviations (in brackets) associated with the two

levels of conditioning stimulus

Conditioning Cough
No Pain 1.28 (0.74)
Pain 0.67 (0.77)
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(Table 11)

Mean cough frequency and standard deviations (in brackets) associated with the

presentation order for the two concentration levels of capsaicin inhalations. Paired t-tests

indicate the nature of the interaction between the factors of order and concentration.

Concentration | Order Cough p-value (posthoc
paired t-tests)
C2 First 0.66 (0.91) p =0.018
Second 0.06 (0.17)
C2+2 First 1.59 (1.10) p = 1.000
Second 1.59 (3.82)
(Table 1J)

Mean cough frequency and standard deviations (in brackets) associated with the level of

conditioning for the two levels of concentration stimulus. Paired t-tests indicate the nature

of the interaction between the factors of concentration and conditioning.

Concentration | Conditioning | Cough p-value
(posthoc
paired t-tests)

C2 No Pain 0.47 (0.62) p=0.186

Pain 0.25 (0.52)
C2+2 No Pain 2.09 (1.16) p=28.7x107°
Pain 1.09 (1.16)
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fMRI session
(Table 2A)

Full factorial multivariate model of urge-to-cough ratings frequency associated with the

type of stimulus, conditioning, presentation order and scan including interactions between

these factors are reported in this table.

Degrees of | F-value | p-value

Freedom
Stimulus (1,15) 153.64 |2.77 x 10°
Conditioning (1,15) 5.90 0.044
Order (1,15) 5.12 0.039
Scan (1,15) 1.14 0.347
Stimulus*Conditioning (1,15) 19.50 0.001
Stimulus*Order (1,15) 3.77 0.071
Conditioning*Order (1,15) 0.73 0.407
Stimulus*Conditioning*Order (1,15) 0.04 0.852
Stimulus*Scan (1,15) 0.92 0.422
Conditioning*Scan (1,15) 1.12 0.354
Stimulus*Conditioning*Scan (1,15) 0.37 0.698
Order*Scan (1,15) 1.86 0.192
Stimulus*Order*Scan (1,15) 2.35 0.132
Conditioning*Order*Scan (1,15) 1.14 0.349
Stimulus*Conditioning*Order*Scan (1,15) 0.80 0.471

(Table 2B)

Mean urge-to-cough ratings and standard deviations (in brackets) associated with the type

of inhaled substance (Stimulus).

Stimulus Urge-to-cough
Capsaicin 3.34 (0.82)
Saline 0.41 (0.41)
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(Table 2C)

Mean urge-to-cough ratings and standard deviations (in brackets) associated with the two

levels of conditioning stimulus.

Conditioning Urge-to-cough

No Pain 2.07 (0.55)

Pain 1.68 (0.60)
(Table 2D)

Mean urge-to-cough ratings and standard deviations (in brackets) associated with the

presentation order of inhaled stimuli.

Order Urge-to-cough

First 2.02 (0.54)

Second 1.73 (0.48)
(Table 2E)

Mean urge-to-cough ratings and standard deviations (in brackets) associated with the level

of conditioning for the two types of test stimulus. Paired t-tests indicate the nature of the

interaction between the factors of stimulus and conditioning.

Stimulus Conditioning | Urge-to-cough | p-value
(posthoc
paired t-tests)

Capsaicin No Pain 3.91 (1.30) p =0.004

Pain 2.75 (1.30)
Saline No Pain 0.24 (0.34) p =0.001
Pain 0.57 (0.52)
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Table 2. Brain regions activated during capsaicin inhalation with saline used as a

contrast.
MNI coordinates*
Region X y z Z-score
Operculum -44 4 16 7.14
42 20 2 6.40
Cerebellum 36 -60 -26 4.68
36 -48 -28 4.85
18 -64 -18 4.92
6 -50 -8 4.70
-4 -60 -32 475
Thalamus -6 -16 4 4.42
8 -4 12 4.29
Insula -36 10 4.89
40 10 4.57
Postcentral -54  -12 28 4.27
60 -16 32 4.82
Occipital Fusiform
Gyrus 18 -64 -18 4.92
Lingual Gyrus 20 -62 -12 4.69
Frontal Lobe -36 46 24 5.00
-28 48 38 5.53
24 50 40 4.95
28 50 26 7.40
36 48 30 5.11
32 50 30 487
Paracingulate -6 10 46 3.86
6 10 46 497
Cingulate Cortex -4 -12 40 6.34
56 2 46 6.28
Stopplementary Motor
Area -4 0 58 4.87
4 62 4.94
Stopramarginal Gyrus -62 -24 32 6.23
64 -24 32 4.74
Precentral Cortex -52 -10 36 6.53
56 2 46 6.28
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* The coordinates correspond to the Montreal Neuroscience Institute standard brain
template where x values are distance in millimetres to the left (negative x values) or right
(positive x values) from the anterior commissure; y represents millimetre distance anterior
(positive) or posterior (negative) from the anterior commissure, and z is millimetre distance
superior (positive) or inferior (negative) from the anterior commissure. The magnitudes of
the peaks of clusters are represented by Z statistics. The coordinates of the voxel with the

highest level of activation within the cluster are listed.

Supplementary Figures
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Figure 1. Experimental protocol for fMRI scanning session. The topper panel shows
one example of the three fMRI scans that were performed for each participant. A 2 x 2
factorial design involving the factors of conditioning (pain/no pain) and test stimuli
(capsaicin/saline) was used in association with measurement of regional brain BOLD
signal changes. The expanded panel shows one of the four cycles of stimuli delivered
during an fMRI scan. A visual cue of three seconds duration was used to prepare
participants prior to the onset of all inhaled stimuli (RG - ready to go). This strategy
reduces the risk of uncontrolled coughing. Go cues (Go) for capsaicin and saline
challenges ensured that participants initiated their inhalations at consistent time points
throughout the sequence. Visual cues prompted participants to prepare to provide ratings
(RR — ready to rate), after which numerical rating scales (0-10) appeared on screen.
Participants rated urge-to-cough (UTC) and pain intensity (PI). (A) Sequences of stimuli for
each of the three scans are shown. This approach in sequencing was used to achieve
randomization. There was a 20 second resting period after each cycle of stimuli delivered
during the fMRI scan. (B) The sequence of capsaicin challenge for C2 and C2+2 were
used as test stimuli in a conditioning pain experiment. Urge-to-cough ratings and cough
frequency were recorded after each challenge. (Abbreviations: “SN”: saline without pain,
“SP”: saline with pain, “CN’: capsaicin without pain, “CP”: capsaicin with pain, “NP”:
without pain, “P”: with pain, “C2”: thresholds for two coughs, “C2+2”: two dose increments
above C2).
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Figure 2: Brain regions activated during capsaicin inhalation compared to saline
inhalation (CN>SN). Such regions include the cerebellum (Ce), insula cortex (In),
operculum (OP), precentral gyrus (Pre), postcentral gyrus (Po), cingulate gyrus (C),
paracingulate gyrus (PC), superior frontal gyrus (SFG), frontal lobe (FL), thalamus (Th)
and the supplementary motor area (SMA). These regions were warped to the standard

dimensions of the Montreal Neuroscience Institute template brain.
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Figure 3: Correlations between regional CN>CP activations and conditioning pain-
related changes in UTC. Regions within the CN>SN network showed levels of CN>CP
activation in the participants that were positively correlated with differences in UTC levels
for the two contingencies (CN-CP). Regions showing a correlation between activation and
behavior were found bilaterally in the PreCG, SFG, SMA and the left ParCG. These
regions were warped to the standard dimensions of the Montreal Neuroscience Institute

template brain.
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Figure 4A: Brain regions showing negative interaction between CN, CP, SN, SP.
Regions within the CN>SN network showed a negative interaction between conditioning
and inhalation stimuli, whereas no regions showed a positive interaction. Regions showing
a negative interaction included the bilateral OP, SMA and In, right ParCG and SFG, and
left PosCG. These regions were warped to the standard dimensions of the Montreal

Neuroscience Institute template brain.
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Figure 4B: Brain regions showing negative interaction between CN, CP, SN, SP.
Regions within the CN>SN network showed a negative interaction between conditioning
and inhalation stimuli, whereas no regions showed a positive interaction. Regions showing
a negative interaction included the bilateral OP, SMA and In, right ParCG and SFG, and
left PosCG. These regions were warped to the standard dimensions of the Montreal

Neuroscience Institute template brain.
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