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ABSTRACT 

Cardiopulmonary control relies on local and central integration of sensory inputs and reflex efferent 

signaling. Heart and lung sensors, integrators, and effectors are routinely studied in a reductionist manner 

to elucidate molecular mechanisms. This is accompanied by a need to explore mechanisms of 

cardiopulmonary integration within the autonomic nervous system. I focused on two elements of 

cardiopulmonary regulation: in vivo afferent signaling from the lung, and the use of whole animal heart 

rate variability (HRV) as a window into cardiac control in mammals and an aquatic invertebrate. In the 

former I characterized the mechanosensitivity of 85 single murine slowly-adapting receptors (SARs) to 

address the hypothesis that polymodal neuroepithelial bodies (NEBs) are linked with mechanosensitive 

SARs via a common vagal afferent population by assessing the impact of: i) chemostimulation (10% O2 

or 10% CO2); ii) pharmacologic blockade (serotonergic - tropisetron or purinergic-suramin); and iii) loss 

of the calcium-sensing receptor (CaSR) on quasi-static SAR signaling. Expression of CaSR is reported in 

murine NEBs and implicated in asthma pathogenesis. Loss of CaSR increased NEB size and proliferative 

markers (immunohistochemical staining); however, we found no evidence for NEB-SAR interactions 

based on Na
+
/K

+
-ATPase staining. Murine SARs possess greater mechanosensitivity than reported for 

large mammals, and loss of CaSR reduced SAR mechanosensitivity by > 35%. 

Chemostimulation/pharmacologic antagonism had minor effects on SAR behaviour, consistent with 

minimal NEB-mechanosensor interactions. To address the later, I applied in vivo HRV analysis to assess 

autonomic (ANS) control in the development of murine airway hyperresponsiveness. Sensitization 

decreased HRV prior and subsequent to antigen challenge, suggesting that HRV reflects early changes in 

ANS function and may be useful in the detection of early lung disease. I also applied HRV analysis for 

the first time in juvenile Pacific oysters using a novel, non-invasive video-microscopy method developed 

to assess HR/HRV during acute temperature changes in oysters acclimated to 22°C or 10°C. Acclimation 

to 10°C reduced the incidence of asystole and increased HRV vs. warm-temperature acclimation. HRV 

increased as temperature (and HR) decreased in both acclimation groups. Application of HR/HRV 
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analyses in oysters may provide a new tool to optimize aquaculture rearing protocols and explore the 

ontogeny of cardiac control in a simple model organism.   
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INTRODUCTION 

Preamble 

This dissertation provides an overview of studies exploring two facets of the cardiopulmonary system: i) 

the sensory afferents of the airways (AWs), which respond to stimuli in their functional environment by 

sending appropriate afferent signals; and ii) the summative convergence and integration of diverse 

afferent information into efferent output by the autonomic nervous system (ANS), which dynamically 

modulates respiratory and cardiovascular activity via the sympathetic and parasympathetic nervous 

systems (SNS and PSNS) as well as local reflex and paracrine mechanisms (Figure 1.1; (Zwiener et al., 

2002)). Both the lungs and heart receive substantial autonomic input, and heart rate variability (HRV) 

analysis provides an indirect measure of ANS control.   

I chose to present the two overarching themes of my dissertation in the reverse-chronological order in 

which they were conducted. This provides an order of progression from small-scale integration at the 

level of individual afferent sensors to the concept of feedback from the local environment resulting in 

large-scale integration and impacting on in vivo heart rate (HR) control and variability.   

Sensory Pathways in Respiration 

Though the classification of respiratory sensors continues to evolve, at least four vagal afferent airway 

(AW) receptors have been described (Widdicombe, 2001;Zwiener et al., 2002;Widdicombe, 

2006;Widdicombe, 2009;Lee & Yu, 2014). They are implicated in the regulation of breathing and the 

generation of respiratory sensations, such as lung inflation or deflation, AW irritation, nociception, and 

dyspnea or air hunger, which are associated with normal respiratory sensation as well as numerous 

respiratory pathologies, including asthma (Boulet et al., 1999;Gilman & Banzett, 2009;Burki & Lee, 

2010). Classically defined receptors comprise: a) slowly-adapting receptors (SARs); b) rapidly-adapting 
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Figure 1. 1 Schematic diagram illustrating autonomic cardiopulmonary control via muscarinic (M), 

nicotinic (N), and β adrenergic receptors.  

 

The heart and airways are modulated by the vagal parasympathetic nervous system (PSNS; acetylcholine 

– ACh) and sympathetic nervous system (SNS; epinephrine – Epi, norepinephrine – NE) in humans. 
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receptors (RARs); and c) unmyelinated C-fibre afferents or nociceptors (Krauhs, 1984;Yu, 

2000;Widdicombe, 2001;Undem & Nassenstein, 2009). The subject of whether these represent distinct 

populations, or comprise several subgroups within the broader C-fibre or myelinated afferent populations, 

is an ongoing area of high interest. For the myelinated SAR and RAR groups, a continuum of variable 

mechanosensitivity has been suggested (Lee & Yu, 2014). Fibres included in the SAR and RAR 

classifications possess myelinated axons, whereas C-fibres are non-myelinated (Krauhs, 1984;Yu, 

2000;Undem & Nassenstein, 2009). A fourth AW receptor, which is often overlooked in discussions of 

AW afferents due to having an as-yet undiscovered in vivo action potential discharge profile, is the 

pulmonary neuroepithelial body, or NEB. NEBs are polymodal, vagally innervated clusters of amine-

/peptide-producing pulmonary neuroendocrine cells (PNECs) found in the AW mucosa, especially at AW 

bifurcations (Adriaensen et al., 2003;Cutz et al., 2003;Linnoila, 2006;Cutz et al., 2007b). NEB 

innervation is heterogeneous and not easily classified into any of the currently defined nociceptive or 

mechanoreceptive nerve fibre receptor categories, and the functional implications of its heterogeneity 

remain unexplored (Taylor-Clark & Undem, 2006). Both effector functions and auto-regulation of NEBs 

are modulated by neurotransmitters, including 5-HT and ATP, with expression of functional ionotropic 

nicotinic ACh (nAChR), serotonergic type 3 (5-HT3R) and purinergic P2X2 and P2X3 receptors 

demonstrated in NEB cells in neonatal hamster and rabbit lung (Fu et al., 2001;Cutz et al., 2003;Fu et al., 

2003;Fu et al., 2004;De Proost et al., 2008b). There are no experiments characterizing NEB action 

potential profile in vivo. The following sections explore the structure, function, and proposed mechanistic 

pathways of two of the aforementioned receptor types, which are the foci of Chapters 2 and 3: SARs and 

NEBs.  

Lung Mechanosensation by Slowly-Adapting Receptors 

Hering and Breuer’s 1868 publication described the first known physiological ‘Selbststeuerung’ or “self-

steering” feedback system that established the role of the vagus nerve in control of inspiration. It was 6 

decades until Adrian performed the first single-fibre action potential (AP) recordings from the afferents 
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responsible for the reflex (Adrian, 1933), in which he examined their activation during alterations in lung 

volume and classified them as SARs (Adrian, 1933). These were distinguished from fibres with more 

rapid adaption in response to maintained, constant-volume inflations, namely RARs, by Knowlton and 

Larrabee (Knowlton & Larrabee, 1946), who correctly reported that SARs provide “volume-related” 

feedback since SAR discharge during constant volume ventilation was altered by changes in pulmonary 

compliance. Subsequent work by Widdicombe (Widdicombe, 1954a) and Davis (Davis et al., 1956) 

ultimately led to the accepted paradigm that transpulmonary pressure (manifesting as transverse or 

circumferential tension), especially in the large AWs (Bartlett, Jr. et al., 1976a), provides the primary 

input for SAR stimulation, conferring both a static and dynamic (rate of change) sensitivity to pressure  

(Sant'Ambrogio, 1982).  

Since then, numerous electrophysiological studies in models ranging from in vivo to ex vivo, have sought 

to characterize the behaviour of these receptors in response to predominantly mechanical stimuli. Less 

emphasis has been placed on characterizing the morphology of these receptors, due in part to the 

difficulty of determining precise receptor fields for dissection, especially in the peripheral airways, and 

challenges in correlating functional data with morphological findings. Accordingly, features of SAR 

structure (e.g. diameter) are often inferred or determined from functional studies (e.g. conduction velocity 

of myelinated vs. unmyelinated fibres of varying diameters or local probing during AP recording), with 

few studies explicitly undertaking investigation of SAR structure (von Duering et al., 1974;Krauhs, 

1984). Until rather recently, the vast majority of studies of SAR behaviour relied on larger species, such 

as the dog (Miserocchi & Sant'Ambrogio, 1974a;Bartlett, Jr. & Sant'Ambrogio, 1976;Sant'Ambrogio & 

Mortola, 1977;Trenchard, 1977;Mitchell et al., 1980;Fisher & Sant'Ambrogio, 1982a;Fisher et al., 

1983;Krauhs, 1984), cat (Widdicombe, 1954c;Sant'Ambrogio & Miserocchi, 1973;Kalia & Richter, 

1985;Ravi, 1986), and rabbit (Mustafa & Purves, 1972;Bartlett, Jr. & St John, 1979;Matsumoto, 1988). 

The recent explosion of murine genetic and disease models has created a palpable need for thorough 

characterization of murine SAR, as well as for lung afferent, properties. 
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It is generally accepted that nodose-derived SARs (Donoghue et al., 1982) are found throughout the 

bronchopulmonary tree in most species. They often present as knob- or leaf-like terminal varicosities, and 

show higher density of expression in the central AWs vs. the peripheral AWs (Larsell, 

1922;Sant'Ambrogio, 1982;Yu et al., 2003;Yu, 2005;Lee & Yu, 2014).Vastly outnumbering RARs in 

both the cat and rabbit (Widdicombe, 1954a;Roumy & Leitner, 1980), SARs are myelinated for much of 

their axonal length, as reflected by their rapid conduction velocity (Coleridge et al., 1965), with loss of 

myelination often occurring at their distal end where significant clear vesicles and some dense-cored 

vesicles (DCV) are found alongside numerous mitochondria (Krauhs, 1984). In the trachea, both 

electrophysiological and morphological studies have found them to be localized exclusively to the 

trachealis muscle (Bartlett, Jr. et al., 1976a;Krauhs, 1984), where their varicose endings (Elftman, 1943) 

are activated by transverse stretch (Sant'Ambrogio et al., 1980). While predominantly encapsulated by 

Schwann cells, sections of the receptor endings have been shown to be free and exposed to the 

extracellular space, but rarely in direct contact with ASM in the dog (Krauhs, 1984), contrasting findings 

of intimate muscle-nerve fibre interactions as documented in the guinea pig trachea (Hoyes & Barber, 

1980). The various receptive fields of SARs in the peripheral AWs can terminate throughout the AW wall 

(Lee & Yu, 2014).  

SARs typically discharge during inflation and, as their name implies, slowly adapt to maintained stimuli 

(Widdicombe, 1954b;Widdicombe, 2001), with reports of sustained activity lasting up to an hour 

(Davenport et al., 1981). A hallmark feature of SARs is their regular, or minimally variable, frequency of 

discharge (as measured by inter-spike interval) for a given stimulus, i.e. transpulmonary pressure 

(Bystrzycka & Nail, 1980). Within this framework, two sub-populations of SARs are frequently 

referenced: ones exhibiting low thresholds, often appearing to have “tonic”-like activity at end expiration 

(functional residual capacity; FRC) during eupneic breathing; and ones exhibiting high thresholds, which 

have “phasic” activity and become active solely during inflation in eupneic breathing (Coleridge & 

Coleridge, 1986a). Although SARs in the canine lung were originally categorized as either Type I 
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(discharge plateau at inflating pressures > 10-15 cmH2O) or Type II (linear relationship between inflation 

pressure and discharge even at high pressures; (Miserocchi & Sant'Ambrogio, 1974b)), subsequent 

reports showed that response plateaus can occur at widely varying pressures. Thus, the scheme was 

abandoned since it has yet to be linked to specific morphologic or physiologic outcomes (Ogilvie et al., 

1989;Lee & Yu, 2014).  

Though relatively little is known about the molecular mechanism for SAR activation, it has been 

proposed that the activities of several stretch-activated channels throughout a receptive field are 

integrated (both spatially and temporally) into generator potentials (GP), which are capable of encoding 

the action potentials (AP) required for the central transmission of afferent information (Yu, 2005). The 

signal is thought to terminate as a result of Na
+
/K

+
-ATPase activity restoring resting electrochemical 

gradients across the membrane, and evidence for this is found in the increase in SAR activity in the 

presence of the Na
+
/K

+
-ATPase antagonist, ouabain (Matsumoto et al., 2000b;Winner et al., 

2005;Guardiola et al., 2007). The tendency for individual mechanosensors to have multiple, potentially 

heterogeneous receptors illustrates how integration is present at the single-unit level (Yu, 2005). This 

mirrors phenomena observed in the skin (Chambers et al., 1972;Horch et al., 1974) and muscle spindles 

(Carr et al., 1998), where the receptor with the highest discharge frequency acts as a dominant pacemaker, 

setting the overall unit discharge frequency (Grigg, 1986). Evidence for the coexistence of multiple 

receptors integrating at a single afferent unit is two-fold: it is seen in ‘pacemaker (or ‘encoder’) 

switching’, or the rapid switch of certain high-discharging SARs to lower discharge frequencies when 

maintained at a high level of activation (e.g. inflation pressure of 30 cmH2O) for a sustained time 

(Guardiola et al., 2007), and in continued but phenotypically altered activity of a single SAR unit (e.g. 

initially responsive to tactile stimuli, subsequently responsive to inflation/deflation) after physical or 

chemical disruption of a superficially-located receptor (Sant'Ambrogio et al., 1978;Yu & Zhang, 2004). 

Such diversity of receptive fields could also account for the existence of seemingly RAR-like SARs or 

apparent SARs displaying irregular patterns of discharge, which resemble a spectrum of 
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mechanosensitive fibres, with classic or typical SARs and RARs falling at either end of the continuum 

(Yu, 2000). In addition to the abrupt alterations in firing frequency during pacemaker switching, “the 

Wedensky effect” is a phenomenon associated with deactivation, particularly of high-frequency 

discharging fibres, at high stimulus pressures; this is thought to occur due to exhaustion of the Na
+
/K

+
-

ATPase required to maintain neural activity (Farber et al., 1983;Winner et al., 2005;Guardiola et al., 

2007). To our knowledge no one has addressed these properties in the murine SAR population.            

Functionally, the activation of SARs is linked with the suppression of inspiration and the activation of 

expiratory muscles (Marek et al., 2008), and vagal blockade abolishes this expiratory muscle activation 

by SARs during eupneic breathing (Ainsworth et al., 1992). SAR activation additionally causes reflex 

bronchodilation of the ASM and relaxation of the upper AW musculature (Bailey & Fregosi, 2006;Lee & 

Yu, 2014), in direct contrast with the bronchoconstrictive effects of C fibre activation (Coleridge & 

Coleridge, 1986b;Coleridge et al., 1989); the latter has been implicated in the bronchoconstriction 

observed in response to warm air inhalation in asthmatic patients (Aitken & Marini, 1985;Hayes, Jr. et al., 

2012).      

Mechanosensors, such as SARs, are generally described as insensitive to direct stimulation by 

neurotransmitters, such as 5-HT, ACh, and histamine; however, these can induce SAR activation 

secondary to bronchoconstrictive effects (Widdicombe, 1954c;Coleridge & Coleridge, 1986a). By 

contrast, vasodilatory substances, such as epinephrine, decrease SAR activity secondary to their 

bronchodilatory effects (Widdicombe, 1954c). This observation additionally provides functional evidence 

for a physical association between the ASM and SARs, with altered bronchial tone, especially isometric 

in nature, influencing SAR activity (Widdicombe, 1954c;Bartlett, Jr. et al., 1976a;Bradley & Scheurmier, 

1977). It is worth noting that vagal afferent modality or phenotype has the potential to change. This is 

based on observations of a switch from capsaicin-nonresponsiveness to capsaicin-responsiveness, 

accompanied by expression of the transient receptor potential vanilloid type 1 (TRPV1) receptor, in 



9 
 

nodose-derived, large-diameter SARs secondary to allergic inflammation of the AWs (Zhang et al., 

2008a).  

Typically, chemo- and mechanosensors can also be differentiated on the basis of their excitatory vs. 

inhibitory responses to intravenous lidocaine injection, respectively (Li et al., 2009), and by the selective 

inhibition of SARs by sulphur dioxide (Davies et al., 1978). The observation of a depressed ventilatory 

response to CO2 subsequent to vagotomy has led to the search for the responsible CO2-sensitive element 

within the afferent vagus (Guz et al., 1966). While reports of modest SAR inhibition in the presence of 

transiently increased CO2 exist in a variety of species (e,g, rats (Schoener & Frankel, 1972), rabbits 

(Mustafa & Purves, 1972), cats (Kunz et al., 1976), dogs (Bartlett, Jr. & Sant'Ambrogio, 1976;Bradley et 

al., 1976;Coleridge et al., 1978), and brush-tailed possums (Bystrzycka & Nail, 1980)), this seems to be 

amplified when baseline conditions are hypocapnic, while the introduction of additional CO2 into 

ventilatory gas at or over normocapnic levels has little effect (Mustafa & Purves, 1972;Sant'Ambrogio et 

al., 1974;Bradley et al., 1976;Coleridge et al., 1978).  

Similarly to CO2, early studies offer no evidence for a direct effect of hypoxia on SAR activity (Adrian, 

1933;Whitteridge & Bülbring, 1944). These studies treated SARs as an independently-functioning 

category of mechanosensors, uninfluenced by nearby afferent populations. This is in contrast to the 

emerging integrative approach that acknowledges potential connections between lung afferent 

populations, and that behaviour in one group may influence another (Adriaensen et al., 2006a;Brouns et 

al., 2009). Thus, there remains a need to explore and expand the links between putative chemosensory 

afferents and SARs.    

Multimodal Neuroepithelial Bodies 

The pulmonary neuroendocrine cell (PNEC) system is comprised of both solitary PNECs and innervated 

clusters of 5-15 PNECs (i.e. NEBs) and is part of the diffuse neuroendocrine system first described by 

Feyrter in 1938 (Feyrter, 1938). In conjunction with Clara-like cells, NEBs form the so-called “NEB 
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microenvironment” (De Proost et al., 2008a). The PNEC system derives its name from its constituent 

neural and endocrine cell phenotype, and the general morphologic, immunohistochemical, and 

ultrastructural features of PNECs/NEBs have been the subject of several recent reviews (Brouns et al., 

2009;Domnik & Cutz, 2011;Burnstock et al., 2012;Brouns et al., 2012;Cutz et al., 2013). PNECs and 

NEBs produce amines (serotonin; 5-HT), a variety of peptides (i.e. bombesin in humans, calcitonin gene-

related peptide (CGRP) in rodents), and express a host of neuroendocrine markers (i.e. chromogranin A, 

synaptic vesicle protein 2 (SV2); Table 1.1; (Domnik & Cutz, 2011;Cutz et al., 2013)). They are highly 

conserved and found in the respiratory systems of amphibians, birds, reptiles, and fish (Song et al., 

2012;Zachar & Jonz, 2012). In mammals, PNECs are distributed from the nasal respiratory mucosa 

(Johnson et al., 1997) to the terminal airways and alveoli (Adriaensen & Scheuermann, 1993). By 

contrast, NEBs are confined to the intrapulmonary airways, frequently at bifurcation points (Cutz et al., 

2007b). NECs are heterogeneously distributed in the epithelium of adult human lungs at densities of 60-

250/mm
2 

(Weichselbaum et al., 2002), which is higher than previously reported (Gosney et al., 1985); 

however, relative NEB density decreases with age (Gosney et al., 1985). 

PNECs are the first cell type to differentiate within the primitive airway epithelium and form innervated 

NEBs by mid-gestation; they originate from the endoderm that lines the tubules in the fetal lung early in 

gestation (Cutz et al., 1985;Sorokin & Hoyt, 1989;Pan et al., 2004;Cutz et al., 2007b;Song et al., 2012). 

Labeling studies in CGRP
CreER

 mice have shown that, while PNECs never co-label with Clara or ciliated 

cells, co-labeling with alveolar type I and type II cells does occur between E12.5 and E14.5, suggesting 

that PNECs and alveolar cells may share a common origin or may be derived from separate but similar 

progenitors; PNECs seem to be well differentiated compared to other cell types by approximately E15.5 

(Song et al., 2012). The initiation of PNEC differentiation is critically dependent on the proneural basic 

helix-loop-helix (bHLH) gene, mammalian homolog of the achaete-scute complex (Mash-1), which is 

uniformly expressed by PNECs by E15 and without which (as observed in Mash-1 knockout mice) 

PNECs fail to develop (Borges et al., 1997;McGovern et al., 2010). 



11 
 

Table 1. 1 Secretory Products of Mammalian PNECs/NEBs.  

Immunohistochemical and molecular markers (left panel) and some of their putative roles in physiology 

and pathology (right panel) are shown. Modified from (Cutz et al., 2008). 

 
Products and Markers Putative Roles in Health & Disease 

Amines: 

Serotonin (5-hydroxytryptophan, 5-HT) 

 

 

Acetylcholine (ACh) (indirect evidence only) 

Adenosine triphosphate (ATP) 

 

Amine metabolizing enzymes: 

Tryptophan hydroxylase (TH) 

Aromatic amino acid decarboxylase 

Vesicular acetylcholine transporter (VAChT) 

Acetylcholine esterase 

 

 

(Auto)Regulation of excitability, O2 sensing, SIDS*, asthma, 

NEHI/DIPNECH*  

 

O2 sensing 

Regulatory Peptides: 
Bombesin/Gastrin releasing peptide (GRP) 

 

 

Calcitonin  

Calcitonin gene related peptide (CGRP) 

Substance P (SP) 

Cholecystokinin (CCK) 

Somatostatin 

Endothelin 

Peptide YY 

Helodermin 

Pituitary adenyl cyclase activating protein 

 

 

Growth factor, bronchoconstrictor, vasodilator, inflammation 

(eosinophils, mast cells), asthma, NEHI/DIPNECH* 

 

 

Inflammation (CGRP) 

 

Neuroendocrine/Neurosecretion Markers: 

Neuron specific enolase 

Protein gene product 9.5 (PGP9.5) 

Chromogranin A 

Neural adhesion molecules (NCAM/M) 

Neu 7/NHK 

Go alpha 

Synaptophysin 

Synaptic vesicle protein2 (SV2) 

Calbindin D28K (CB) 

 

 

 

 

Correlated to dyspnea sensation/1-yr mortality in ER patients 

with acute dyspnea  

Functional Proteins: 

NADPH oxidase (gp 91phox/ NOX2, p22phox, 

p47hpox, p67phox, rac2) 

 

 

Primary means of hypoxia sensing 

 

 

* SIDS = Sudden Infant Death Syndrome, NEHI = Neuroendocrine Hyperplasia of Infancy, DIPNECH = Diffuse 

Idiopathic Neuroendocrine Cell Hyperplasia 

Note: products/markers subject to inter-species variability 
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Interestingly, development of the polymodal Type I (glomus) cells of the carotid body is similarly 

critically dependant on Mash-1, with Mash-1 null mice specifically lacking Type I (but not Type II, i.e. 

sustentacular) cells, expressing decreased markers of proliferation, and having hypoplastic CBs as 

compared with Mash-1 wildtype mice (Kameda, 2005). Expression of Mash-1 peaks at birth and often 

occurs simultaneously with expression of synaptophysin and CGRP (Guillemot et al., 1993;Borges et al., 

1997;Ito et al., 2000). Mash-1 is additionally expressed in small cell lung cancer (SCLC) presenting with 

neuroendocrine features (Borges et al., 1997), but is not generally expressed by mature, differentiated 

neuronal cells (Linnoila et al., 2000). Differentiation via Mash-1 is influenced by oxygenation status, with 

hypoxia (5% in fetal mouse lung organ culture) enhancing branching morphogenesis and resulting in 

hyperplasia, but reducing both overall PNEC numbers as well as Mash-1 expression. The effects of 

hypoxia on the airway epithelium appear to be both PNEC/NEB-specific and temporal in nature, as 

hypoxia did not change the expression or frequency of differentiating Clara cells, and did not impact on 

PNECs/NEBs in samples taken subsequent to E15 (McGovern et al., 2010). Downstream of Mash-1, the 

transcription factor Prox-1 correlates with, but is not required for, PNEC differentiation and maturation 

(McGovern et al., 2010). Deficiency of another bHLH transcription factor, NeuroD, results in an increase 

in NEB number concomitant with a decrease in solitary PNEC number (Neptune et al., 2008). The 

essential nature of Mash-1 in the respiratory system is further underlined by the lethal nature of 

homozygous loss of Mash-1 within approximately 12 hours due to hypoventilation, and which presents 

with complete loss of PNECs/NEBs, consistent with a role in the control of breathing for these cells ex 

utero (Guillemot et al., 1993;Borges et al., 1997;Ito et al., 2000;McGovern et al., 2010).  

Studies of the ontogeny of the aortic arch across vertebrates (mammals, amphibians and fish) point to a 

common phylogenetic origin of O2 sensing cells and their locations (for review, see: Zachar & Jonz, 

2012). It has been suggested that the change from a diffuse system of isolated chemosensory cells (e.g. 

NECs of fish) to a more focal chemosensory system (e.g. the carotid body of mammals) may reflect the 

transition from water-breathing to air-breathing (Milsom & Burleson, 2007). Chemosensation in fish, for 
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example, is performed by innervated single neuroendocrine cells (NECs), which may monitor both 

environmental and physiologic changes in gas composition due to their placement in gill arch filaments 

and lamellae (Zachar & Jonz, 2012). It is interesting to speculate whether NEBs, which are proposed to be 

of particular importance in the perinatal period prior to carotid body maturation, might represent an 

intermediary sensor, displaying features of both diffuse and focal chemosensory approaches. In week-old 

hamsters, the total volume of the NEBs is approximately equivalent to that of the carotid body and 

parathyroid glands, suggesting an important regulatory role (Bolle et al., 1999), and PNEC/NEB density 

is at a peak during the perinatal period in most species (Cho et al., 1989;Van Lommel & Lauweryns, 

1997). 

Solitary PNECs can be flask-shaped, reaching from the basement membrane to the airway lumen (“open” 

type), or elongated, with lateral cytoplasmic processes extending along the basement membrane that may 

not contact the airway lumen (“closed” type); select PNECs exhibit both types of processes (Cutz et al., 

2007b). Similarly, both “open”- and “closed”-type NECs have been reported in the gills of fish (Zaccone 

et al., 1997). It is speculated that PNEC morphology may reflect specific functions, with flask-shaped 

PNECs detecting luminal stimuli (e.g. O2, CO2, or volatile substance) while lateral PNECs are well 

located to detect mechanical stimuli, such as stretch  (Pan et al., 2006a;Cutz et al., 2007b). PNEC/NEB 

cells show wide species variation in their profile of bioactive amines and peptides, particularly as 

concerns CGRP, chromogranin A and bombesin (Polak et al., 1993). The NECs of fish gills display a 

similar, albeit heterogeneous (e.g. variably expressing 5-HT and the purinergic P2X3 receptor), profile 

(Jonz & Nurse, 2003;Jonz & Nurse, 2012), with 5-HT the dominant neurotransmitter in these cells (Perry 

et al., 2009). 

The polymodal nature of PNECs/NEBs is further supported by recent observations of select PNECs being 

capable of sensing volatile compounds in the epithelium of human trachea and bronchi, but apparently not 

in other species (Gu et al., 2014). This was determined via the expression of different olfactory receptors 

at the gene and protein level in PNECs in primary cell culture of airway epithelium. The expression of 
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olfactory receptors in some, but not all, PNECs, and their absence from NEB cells, emphasizes the 

heterogeneity in the functional PNEC/NEB cell subtypes. Additionally, the capacity of PNECs to respond 

to volatile agents (e.g. perfumes, industrial solvents, pollutants) expands the repertoire of external stimuli 

acting on these polymodal airway chemosensors (Gu et al., 2014) (Figure 1.2). 

Intraepithelial NEBs are thought to represent hypoxia-sensitive chemoreceptors (Figure 1.2; (Lauweryns 

et al., 1977;Youngson et al., 1993;Fu et al., 2002;Fu et al., 2007)), particularly in the perinatal period, 

since an O2–sensitive K
+
 channel coupled to an O2-sensing protein has been demonstrated in the cell 

membranes at the luminal surface (Youngson et al., 1993). Similarly, K
+
 current through KB channels has 

been shown to dominate NEC responsiveness to hypoxia in zebrafish (Jonz et al., 2004). This critical O2 

sensor has been identified to be an NADPH oxidase complex in mice, and in oxidase-deficient mice 

hypoxia responsiveness is lost in vitro (Fu et al., 2000) and in vivo (Kazemian et al., 2001). Further, 

exposure to hypoxia evokes action potentials and reversibly reduces outward K
+
 current in monkey NEBs 

(Fu & Spindel, 2009). In an ex vivo rabbit lung slice preparation (neonatal), exposure to hypoxia (15-20 

mmHg PO2) elicited an almost 50% (~47%) decrease in the whole cell, slowly inactivating current in Kv 

3.4 and Kv 4.3-expressing NEB cells (Fu et al., 2007). Of note, nicotine also supressed this A-type K
+
 

current in neonatal rabbit NEBs, suggesting a potential mechanism or explanation for the correlation 

between early nicotine exposure and subsequent pulmonary pathology (Fu et al., 2007). The evidence for 

a potential role for NEBs as airway O2 sensors has been recently reviewed (Cutz et al., 2007b;Cutz et al., 

2009;Cutz et al., 2013). It bears mention that evidence showing hypoxia responsiveness of NEBs is 

derived from studies in neonates due to the higher relative NEB density and presumed importance of 

NEBs as a chemosensor during that period. It is possible that, similar to the adrenal medulla, hypoxia 

sensing by NEBs is temporal in nature, occurring early in development before becoming quiescent (Jonz 

& Nurse, 2012). 
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Figure 1. 2 Schematic of a NEB showing its location within the airway epithelium. 

Also shown are: CLA: Clara-like cells, CI: Ciliated cells, BM: basement membrane, ASM: airway 

smooth muscle, CAP: capillary, as well as innervation by a vagal afferent nerve fibre and the complement 

of stimuli to which PNECs and NEBs are known to respond (hypoxia, hypercarbia/acidosis, mechanical 

stretch, and in the case of solitary PNECs only, volatile substances). Activation by a stimulus leads to 

degranulation of PNEC/NEB dense core vesicles (containing, for example, 5-HT or ATP; shown as black 

circles with white edge), and one of three types of signalling: (1) paracrine (i.e., direct interaction with 

neighbouring cells, such as the illustrated Clara-like cells); (2) neural (e.g., with vagal afferents contacting 

the base of the NEB or ramifying between NEB cells); (3) endocrine (i.e., via the release of bioactive 

substances into the circulation). (This figure is reproduced from (Domnik et al., 2015))  
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Further support for a functional role for (P)NEC O2 sensing comes from studies in zebra fish, which 

exhibit mature hypoxic responses only after extrinsic innervation of their NECs (Jonz & Nurse, 2005). 

Signaling via dopaminergic, nicotinic, serotonergic type 5-HT2 and, of particular relevance to the current 

work, serotonergic type 5-HT3 receptors  is implicated in hypoxia signaling in zebrafish (P)NECs 

(Shakarchi et al., 2013;Jonz et al., 2015).   

Lauweryns et al. originally reported hypoxia- and hypercapnia-sensitive NEBs in neonatal rabbit lungs 

(Lauweryns et al., 1977). Subsequent investigations by others reported that hypercapnia/acidosis has 

significant effects on the secretory response of NEB cells and on the proliferation of NEB cell-derived 

tumour lines (Ebina et al., 1997). Indeed, recent studies provide direct evidence that CO2/[H
+
] stimulates 

5-HT release from intact NEB cells in neonatal hamster lung, an effect that is potentiated in the presence 

of hypoxia and also independently induces 5-HT secretion from NEBs (Livermore et al., 2015b). Further, 

CO2/[H
+
]-evoked 5-HT secretion requires hydrolysis by carbonic anhydrase (CA), and voltage-gated 

entry of extracellular Ca
2+

 ([Ca
2+

]o). Expression of CA II isozyme mRNA and protein in NEBs was 

reported in NEBs and CA inhibition by acetazolamide suppressed CO2/[H
+
]-induced release of 5-HT, 

confirming the critical role of CA in mediating CO2/[H
+
] effects in these cells (Livermore et al., 2015b). 

Comparative evidence for a polymodal chemosensitive role for NECs come from experiments 

demonstrating inhibition of fish NEC KB current (Qin et al., 2010;Perry & Abdallah, 2012), as well as 

increased intracellular Ca
2+

 concentration ([Ca
2+

]i; (Abdallah et al., 2012)), in response to hypercapnia. 

Overall, these studies suggest that NEB cells likely belong to a specialized group of excitable cells 

(analogous to carotid body glomus cells) representing polymodal airway sensors monitoring the gas 

composition (PO2/PCO2/pH) of the airway lumen.  

PNECs and NEBs are also implicated in the regulation of epithelial cell growth (5-HT release during fetal 

breathing movements may impact on lung fluid reabsorption (Chua & Perks, 1999) and epithelial and 

mesenchymal cell growth (Seuwen & Pouyssegur, 1990)) and regeneration through paracrine mechanisms 

(Reynolds et al., 2000a;Linnoila, 2006;Cutz et al., 2007b). It has been further suggested that PNECs/ 
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NEBs form a related stem-cell niche (Reynolds et al., 2000a;Reynolds et al., 2000b). In addition to 5-HT, 

the PNEC/NEB-derived products gastrin-releasing peptide (GRP), bombesin, and CGRP have also been 

demonstrated to have mitogenic roles during pulmonary development (Sunday et al., 1993;Pan et al., 

2006a;McGovern et al., 2010).    

The physiologic role of PNECs and NEBs has begun to emerge, although the specifics of NEB afferent 

innervation are not well understood. Although never tested experimentally, it has been proposed that the 

nerve endings at the base of the NEC subserve an axon reflex, presumably in the NEB itself, and possibly 

to deeper tissues such as ASM (Stahlman & Gray, 1984). There may also be local reflex connections 

through peripheral ganglia. Hypoxia detected by the O2 sensor in the PNEC releases mediators that 

stimulate vagal afferents, but no central reflexes have been identified and it is unclear what the 

neurotransmitter(s) mediating activation of afferent fibres by NEBs is/are. Recordings from single 

afferent fibres from NEBs have not been made, and previous studies on the effect of hypoxia on vagal 

afferent C-fibres, RARs, and SARs have been negative (Coleridge & Coleridge, 1986a). While advances 

in microscopy have paved the way for numerous studies, particularly in adult animals, that have shed light 

on the morphological basis for many of the suggested functions of NEC innervation. The coupling of 

morphology with functional data and studies of afferent discharge in neonates are critically needed in 

order to elucidate the role of NECs and NEBs in vivo. 

Studies of a variety of neonatal/pediatric and adult pulmonary disease conditions have revealed 

abnormalities in the number and distribution of PNECs/NEBs, including hypo- and hyperplasia (Table 

1.2). These changes have been described in several perinatal conditions, including: pulmonary hypoplasia 

(Cutz et al., 2007b), bronchopulmonary dysplasia (BPD) (Ambalavanan & Carlo, 2004;Cutz et al., 

2007b), congenital central hypoventilation syndrome (Cutz et al., 2007b), sudden infant death syndrome 

(Cutz et al., 2007a;Cutz et al., 2007b), cystic fibrosis (CF) (Yeger et al., 2001;Cutz et al., 2008), and 

neuroendocrine cell hyperplasia of infancy (Cutz et al., 2007b;Doan et al., 2009;Young et al., 2011).  
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Table 1. 2 Summary of pediatric and adult pulmonary disorders with associated PNEC/NEB hyperplasia 

and/or dysfunction.  

Adapted from (Cutz et al., 2008) (updates to references given in the original table included below).  

 

Perinatal/Pediatric 

 

Pulmonary hypoplasia due to congenital diaphragmatic hernia  

Congenital pneumonia  

Bronchopulmonary dysplasia (BPD) 

Wilson-Mikity Syndrome (pulmonary dysmaturity) 

Congenital central hypoventilation syndrome  

Sudden Infant Death Syndrome (SIDS) 

Neuroendocrine hyperplasia of infancy (NEHI)  

Cystic fibrosis  

Pediatric asthma  

Pulmonary hypertension  

 

Adult 

 

Chronic bronchitis 

Emphysema  

Interstitial pneumonitis  

Eosinophilic granuloma  

Diffuse idiopathic neuroendocrine hyperplasia (Davies et al., 2007) 

Pulmonary neoplasms with neuroendocrine features (small cell lung carcinoma, SCLC) 
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In the adult, conditions include the pre-neoplastic diffuse idiopathic PNEC hyperplasia (Coletta et al., 

2009;Gosney et al., 2011)), the presumed origin of small cell lung cancer (Song et al., 2012), for which a 

causal link has been established via the PNEC inactivation of multiple tumor suppressors (p53, Rb, Pten). 

Transgenic/mutant mouse models are useful tools to further define the pathobiology of PNECs/NEBs and 

their role in various pulmonary disorders. Specific models and their impact on NEB morphology and 

morphometry are summarized in Table 1.3, and an overview of the model employed in Chapter 3 is 

provided in the following section. Loss of function models include Mash-1 knockout mice that fail to 

develop PNECs/NEBs, but their usefulness is limited as homozygous mice die shortly after birth (Borges 

et al., 1997). Interestingly, heterozygous mice (Mash-1
+/-

) are viable, show a significantly reduced 

number of PNECs/NEBs, and exhibit an abnormal pattern of breathing (Dauger et al., 1999;Ito et al., 

2000). The previously noted NADPH oxidase deficiency model (gp91 phox
-/-

 mice), representative of a 

loss of function of the NEB cell-based O2 sensor protein, shows abrogated O2 sensing properties both in 

vitro and in vivo, while NEB cell structure and numbers remain intact (Kazemian et al., 2001). A possible 

gain of function model is the Prolyl-hydroxylase (PHD-1) knockout mouse model, which shows 

hyperplasia of NEBs that persists into adulthood, though this hyperplasia becomes somewhat diminished 

during development (Pan et al., 2012). PHDs regulate the stability of hypoxia-inducible factors (HIFs) in 

an O2-dependent manner, and function as intrinsic O2 sensors, with enhanced hypoxic secretion of 5-HT 

in PHD-1 KO mice versus WT controls (Livermore et al., 2015a). Abnormalities in PNEC/NEB number 

and distribution have also been described  in a cystic fibrosis transmembrane regulator knockout (Cftr
-/-

) 

mouse model, which is characterized by significantly reduced ASM mass and airway innervation as well 

as prenatal NEB hypoplasia (Pan et al., 2006b).  
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Table 1. 3 Select up- or down-regulating genetic models of NEBs in the mouse. 

Upregulating Downregulating 

CaSR knockout:  

- present work, showing increased size 

and number of NEBs 

Mash-1 knockout:  

- absence of PNEC/NEBs, lethal 

homozygous (Borges et al., 1997;Ito et 

al., 2000)  

PHD-1 knockout:  

- increased number and size of NEBs 

(Pan et al., 2012)  

TrkB knockout:  

- absence of NEBs (Garcia-Suarez et al., 

2009)  

Hes-1 (hairy and enhancer of split1) 

knockout: 

- increased number and precocious 

development of NEBs (Ito et al., 

2000)  

Cftr (cystic fibrosis transmembrane 

conductance regulator) knockout:  

- decreased presence of NEBs in 

development (until E20); postnatal 

NEBs similar to wildtype (Pan et al., 

2006b)  

NOX2 (gp91phox) knockout: 

Normal morphology; however: 

- In vivo: tachypneic versus WT (in 

norm- and hypoxia); depressed 

maximum hypoxic ventilatory 

response (Kazemian et al., 2001) 

- Ex vivo/cell: NOX2 downregulation 

reduces hypoxia-induced 5-HT release 

by suppressing hypoxia-sensitive 

outward current (Fu et al., 

2000;Buttigieg et al., 2012) 
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A Role for the Calcium-Sensing Receptor 

The metabotropic calcium-sensing receptor (CaSR; Brown et al., 1993), best known for its role in 

extracellular Ca
2+

 regulation, is a multimodal G protein-coupled receptor that responds to diverse 

chemosensory signals, including polycations (particularly, but not exclusively, [Ca
2+

]o), polyamines, 

acidity, and salinity (Brown & MacLeod, 2001;Lopez-Fernandez et al., 2015;Yarova et al., 2015). Its 

expression has been reported in cells of the diffuse neuroendocrine system (Wang et al., 2011;Lopez-

Fernandez et al., 2015), and it plays an important role in the development of branching organs such as the 

gut, kidney, and respiratory system (Ward et al., 2012).  Recent evidence from RT-PCR as well as 

immunocytochemical staining has demonstrated expression of CaSR specifically in mouse NEBs 

beginning at postnatal day 14; CaSR was not expressed on the general epithelium or in nerve fibres 

innervating NEBs (Lembrechts et al., 2013). CaSR’s role in the regulation of proliferation and 

specification of adult stem cells, in developmental cell growth and differentiation (Riccardi & Kemp, 

2012), and its multimodal nature, makes it an attractive candidate for the integration of various signals in 

the NEB microenvironment (Lembrechts et al., 2013).  

Despite reports of pulmonary CaSR expression in select periods of fetal development prior to the 2013 

work of Lembrechts et al., CaSR expression had not been reported during the terminal saccular or 

postnatal periods in the mouse lung (Finney et al., 2008;Lembrechts et al., 2013). These initial negative 

findings were attributed to indiscriminate, rather than NEB-targeted, sampling of lung tissue; given the 

relative density of NEBs in the whole lung, such sampling could have masked the expression of CaSR by 

means of dilution (Lembrechts et al., 2013). In contrast, recent studies using laser-microdissected NEBs 

in the murine lung now suggest a postnatal expression profile of CaSR localized to NEBs, and 

immunohistochemical studies in rats employing retrograde labelling of vagal afferents, including sensory 

pulmonary afferents, show CaSR expression both in the cell bodies of bronchopulmonary vagal afferent 

fibres, as well as the trachea and lung parenchyma (Gu et al., 2013;Vysotskaya et al., 2014). Subsequent 

studies similarly reported expression of CaSR on ASM and epithelium samples from adult murine and 
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human lungs (Yarova et al., 2015). These findings of more global CaSR expression in the lung are 

perhaps more intuitive when one considers the role of the lung as a significant source of calcitonin in 

addition to the primary calcitonin source of the body: the thyroid C-cells. Indeed, PNEC/NEB populations 

in particular are upregulated subsequent to (para)thyroidectomy, and these procedures result in minimal 

alteration to circulating calcitonin concentrations or [Ca
2+

]o (Becker et al., 1980;Becker & Silva, 

1981;Kasacka et al., 2001). Potential reasons for the seemingly contradictory reports of CaSR expression 

in the lungs require further investigation; however, it is increasingly apparent that bronchopulmonary 

CaSR may play an important regulatory role, perhaps extending to AW afferents.  

A functional role for CaSR in NEBs, as well as vagal C-fibres, has been suggested, although the question 

of a role in mechanoreception (e.g. via SARs or RARs) remains unanswered.  Increases in [Ca
2+

]o cause a 

selective increase in NEB [Ca
2+

]i; interestingly, extracellular ATP-mediated activation (measured by 

increased [Ca
2+

]i) of Clara and Clara-like cells exclusively results in similar activation ([Ca
2+

]i) of NEBs 

in the presence of a calcimimetic agent (NPS-R568). This suggests a CaSR-dependant interaction 

between these cell types (Lembrechts et al., 2013) and is akin to the proposed role for CaSR as a universal 

mediator of intercellular communication, whereby the Ca
2+

 status of neighbouring cells would provide the 

basis for interactions within the epithelium (Hofer et al., 2004). Further, blockade of the TRPC family of 

channels inhibited the observed NEB/Clara-like interaction, suggesting a modulatory role for TRPC 

channels, including the TRPC5 channel implicated in the osmo- and mechano-sensation of NEBs 

(Lembrechts et al., 2012;Lembrechts et al., 2013). Although CaSR has not been reported on the 

innervation directly contacting NEBS, it is expressed by peripheral neurons (e.g. superior cervical 

ganglion sympathetic fibres (Vizard et al., 2008) and C-fibres (Gu et al., 2013)) during the peri- and post-

natal periods. In C-fibres, both strong activation and blockade of CaSR modulate the capsaicin-, but not 

ATP- or 5-HT-, evoked whole-cell inward current (Gu et al., 2013). An additional functional role for 

CaSR is based on observed interactions of CaSR with BKCa2+ currents in jugular-derived 

bronchopulmonary neurons in the rat (Vysotskaya et al., 2014). Supporting Lembrechts et al.’s negative 
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finding for CaSR on NEB-innervating fibres (presumably including the nodose-derived vagal afferent 

population; (Lembrechts et al., 2013)),  modulating CaSR activation had no impact on ion currents within 

nodose-derived neurons (Vysotskaya et al., 2014).  

Integrative Paradigms of Pulmonary Chemo- and Mechanosensation 

In the last decade, the vagal afferent innervation contacting NEBs has been more fully elucidated. While 

based exclusively on morphologic studies, this work has resulted in the proposal that NEBs and 

mechanosensitive afferents (such as SARs or RARs) may be functionally linked (Brouns et al., 

2006a;Adriaensen et al., 2006a;Adriaensen et al., 2007;Lembrechts et al., 2012); however, this proposal 

has also been challenged (Yu, 2007). An appreciation of the complexity of fibres innervating NEBs is a 

first step in addressing this hypothesis.  

While earlier studies investigating NEB innervation focussed on the rabbit (Lauweryns et al., 

1977;Lauweryns & Van, 1982;Lauweryns et al., 1985) and rat (Brouns et al., 2000;Brouns et al., 

2003;Brouns et al., 2006a), recent efforts have increasingly concentrated on the mouse (Brouns et al., 

2009), due to the usefulness of mutant murine models in both structural and functional studies. These 

studies have shown three dominant NEB innervation subtypes: a sensory, vagal component; a dorsal root 

ganglia (DRG)-derived component (Springall et al., 1987), and an intrinsic, intraepithelial, nitrergic 

(neuronal nitric oxide synthase-positive; nNOS) component (Figure 1.3, Table 1.4; Adriaensen et al., 

2003;Brouns et al., 2000). Further heterogeneity exists within each of these populations, with respect to 

the expression of markers. For example, the vagal afferent component is divided into two subpopulations: 

i) nerve fibres staining positive for vesicular glutamate transporters VGLUT 1 (predominant in mice) and 

VGLUT 2 (predominant in rats), Na
+
/K

+
-ATPase α3, and Calbindin D-28 (CB), which ramify between 

and form basket-like structures surrounding NEBs; and ii) nerve fibres staining positive for P2X2 and 

P2X3 purinergic ATP receptors (Brouns et al., 2009;Lembrechts et al., 2011).  
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Figure 1. 3 Schematic diagram illustrating the innervation of the airways.  

 

Heterogeneous populations of extrinsic neurons of the vagi (blue, to jugular ganglion; green, to nodose 

ganglion) and dorsal root ganglia (purple) are shown alongside intrinsic neurons (I.N.; orange). The latter 

are, in turn, also innervated by extrinsic neurons (not shown). Both the airway smooth muscle and 

epithelial cells, such as the neuroepithelial bodies (shown as non-ciliated cells in green (Clara-like cells) 

and purple (neuroendocrine cells), receive innervation from both intrinsic and extrinsic sources. (This 

figure is reproduced from (Domnik et al., 2015)) 
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Table 1. 4 Summary of murine NEB innervation divided by origin, including known interspecies 

differences (footnotes).  

(Table adapted from Cutz et al., 2013)  

 

Origin Location of Terminals 
Markers (NM), Transmitters (NT) and 

Receptors (NTR) 
Proposed Function 
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Arborisations within and 

surrounding NEBs 
(Brouns et al., 2006b;Brouns 

et al., 2009)  

 1TRAAK (NM) (Lembrechts et al., 2011)  

 2VAChT (NM) (Brouns et al., 2009)  

 VGLUT1 (NM) (Brouns et al., 2006b;Brouns et al., 

2009)  

 VGLUT2 (NM) (Brouns et al., 2004;Brouns et al., 

2006b;Brouns et al., 2009)  

 3Either PxX3 (NTR) (Brouns et al., 2000;Brouns et al., 

2003)   
or Na/K-ATPase (α3 subunit) (Brouns et al., 

2000;Adriaensen & Timmermans, 2004;Brouns et al., 

2006b;Lembrechts et al., 2011) 

 CB (Brouns et al., 2003;Adriaensen & Timmermans, 

2004;Brouns et al., 2006b;Brouns et al., 2009)  

Sensory (Brouns et al., 

2006b;Brouns et al., 2009) 

 Chemoreceptive 

 Mechanoreceptive 

4
Arborizations within 

NEBs (Brouns et al., 2009) 
 1TRAAK (NM) (Lembrechts et al., 2011)  

 1VAChT (NM) (Brouns et al., 2009)  

 P2X2 (NTR) (Brouns et al., 2009)  

 P2X3 (NTR) (Brouns et al., 2009)  

Sensory (Brouns et al., 

2006b;Brouns et al., 2009) 

 Chemoreceptive 

 Mechanoreceptive 

Subepithelial plexus at 

base of NEB; synapses 

on intrinsic nitrergic 

fibres (V) (Brouns et al., 

2009) 

 CGRP (NT) (Brouns et al., 2009)  

 ± SP (NT) (Brouns et al., 2009)  

These fibres can be delicate (smooth) or varicose 

Sensory (Brouns et al., 

2006b;Brouns et al., 2009) 

 Chemoreceptive 

 Mechanoreceptive 
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Nerve plexus at base of 

NEB (subepithelial) 

(Adriaensen & 

Timmermans, 

2004;Brouns et al., 

2006b;Brouns et al., 

2009) 

 CGRP (NT) (Adriaensen & Timmermans, 2004;Brouns 

et al., 2006b;Brouns et al., 2009) 

 ± SP (NT) (Adriaensen & Timmermans, 2004;Brouns et 

al., 2006b;Brouns et al., 2009) (In the mouse, DRG-

originating fibres may/may not express SP ; all 

other characteristics remain unchanged) 

In the rat, this population expresses: 

 VGLUT2 (NM) (Brouns et al., 2006b)  

 TRPV1 (NTR) (Brouns et al., 2006b)  
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 Mechanoreceptive 
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Mouse: Subepithelial (base 

of NEB); Rat: within NEB 
(Brouns et al., 2006b;Brouns et 

al., 2009) 

 nNOS (Brouns et al., 2006b;Brouns et al., 2009)  

and/or  

 VIP (Brouns et al., 2006b;Brouns et al., 2009) 

(NT) 

 

1
Only mice were tested; 

2
VAChT present in select VGLUT/CB-ir fibres in the mouse (Brouns et al., 2009); 

3 
In rat, 

PxX3 [(Brouns et al., 2000;Brouns et al., 2003)] or Na/K-ATPase (α3 subunit) can be expressed on VGLUT/CB-ir 

fibres (Brouns et al., 2000;Adriaensen & Timmermans, 2004;Brouns et al., 2006b;Lembrechts et al., 2011). In mouse, Na/K-ATPase 

(α3 subunit) seems to be expressed by TRAAK-ir fibres.; 
4
This category pertains to mice only 

Legend: CB = Calbindin D-28k, CGRP = Calcitonin Gene-Related Peptide, DRG = Dorsal Root Ganglion, ir = Immunoreactive, nNOS = 

Neuronal Nitric Oxide Synthase, P2X = Purinergic ATP receptors, SP = Substance P, TRAAK = TWIK-related, arachidonic-acid-stimulated 

K+ ion channel (K2Psubfamily), TRPV1 = Transient Receptor Potential Channel (Vanilloid Family, Type 1), VAChT =  Vesicular 

Acetylcholine Transporter, VGLUT =  Vesicular Glutamate Transporters, VIP = Vasoactive Intestinal Peptide    
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Though P2X2 and P2X3 receptors are expressed by NEBs (Fu et al., 2004), these markers have also been 

associated with mechanoreception (Brouns et al., 2006a;Brouns et al., 2009), with Na
+
/K

+
-ATPase α3 

being potentially associated with electrophysiologically-characterized SARs (Yu et al., 2003;Yu et al., 

2004). Both the VGLUT/CB positive (innervating ~ 20% of NEBs)  and the P2X-positive (innervating ~ 

24% of NEBs) populations, which are myelinated in the adult but lose myelination immediately 

approaching the NEB (Van Lommel et al., 1998), display variable expression of vesicular acetylcholine 

transporter (VAChT; (Brouns et al., 2004;Brouns et al., 2009)); the developmental profile is unknown. 

Further, both the VGLUT- and P2X-positive populations express the mechanosensitive, inhibitory K2P 

channel, TRAAK (Lembrechts et al., 2011), which suggests a role in termination or adaptation of 

mechanoreceptor action potential firing during lung inflation. The expression of markers (VGLUT) 

associated with excitatory glutamatergic signalling may also indicate dual afferent/efferent or 

afferent/regulatory function in these vagal nerves (Brouns et al., 2009). While rat vagal fibres have been 

traced to the nodose ganglion, the jugular-nodose complex of the mouse has prevented their origins from 

being specifically defined to date (Brouns et al., 2009). Any individual NEB may be contacted by any 

combination of the nerve populations described above, supporting the hypothesis that NEBs are a 

heterogeneous population of multimodal sensory receptors (Table 1.4).  

Fibres similar to the P2X3-positive vagal fibres innervating NEBs are also found innervating receptor-like 

structures in AW smooth muscle, so-called smooth muscle-associated receptors (SMARs) (Brouns et al., 

2006a;Adriaensen et al., 2006a). According to Brouns et al, SMARS, which additionally express Na
+
/K

+
-

ATPase (as do a proportion of the P2X3-positive NEB-innervating fibres), are often found in close 

proximity to NEBs and may represent the morphological counterpart of electrophysiologically-

characterized mechanosensors, such as SARs (Brouns et al., 2006a;Adriaensen et al., 2006a). However, 

Yu et al., who performed double immunostaining on peripheral lung samples selected for SAR activity on 

the basis of electrophysiology, did not find co-localization of SARs with NEBs (Yu et al., 2004). This 

issue is being disputed, with suggestions that the labelling approach was insufficient to categorically rule 
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out the possibility of NEB-mechanosensor interactions (Yu, 2007;Adriaensen et al., 2007). Recently, Yu 

et al. suggested that the release of NEB products, such as 5-HT, may act either directly or through 

paracrine means on nociceptive sensory fibres belonging to either the family of C fibres or to a similar, 

but myelinated (conduction velocities of 1.5-20 m/s) and newly proposed category of so-called “high 

[mechanical] threshold A-delta receptors”, or HTARs (Yu et al., 2006).  

As alluded to in the opening paragraph of this section, evidence suggesting a mechanosensitive role for 

NEBs is based primarily on the morphological studies of the Belgian group (Brouns et al., 

2006a;Adriaensen et al., 2006a;Brouns et al., 2006b;De, I et al., 2009). However, earlier in vitro studies 

(Pan et al., 2006a) reported release of 5-HT via mechano-sensitive channels in cultures of PNECs/NEBs 

isolated from rabbit fetal lung subjected to cyclic stretch simulating fetal breathing movements. This is 

consistent with the important role of mechanical forces in lung development, which may be partially 

mediated by PNECs/NEBs and their amine and peptide products (Kitterman, 1996). Recent studies have 

demonstrated the release of ATP from NEB cells via a [Ca
2+

]i-dependant mechanism in the mouse lung 

slice preparation using a hypoosmotic stimulus (De, I et al., 2009;Lembrechts et al., 2012). It is believed 

that the ATP signal generated by NEBs in the presence of stretch is received and mediated via P2X2/3 

ATP receptors on NEB innervation (discussed in more detail below; (Brouns et al., 2009)). In mice, 

myelinated NEB innervation of vagal origin (fibres and terminals) also expresses the intrinsically 

mechanosensitive, two-pore K
+
 channel (K2P) TWIK-related arachidonic-acid-stimulated K

+
 channel, 

TRAAK (Maingret et al., 1999;Lembrechts et al., 2011), further suggesting a role in mechanosensation. 

Thus, based on the literature, antagonism of purinergic signaling via P2X receptors should abolish 

mechanoreceptive interactions between the PNECs of NEBs and vagal afferent innervation in the 

presence of such a connection. One way of assessing this putative interaction would be to record SAR AP 

mechanosensitivity before and after neurotransmitter blockade or during exposures that alter NEB 

activity. 
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Vagal Integration amongst Different Organs: Analysis via Heart Rate Variability  

The cardiovascular and respiratory systems, modulated by reflex pathways from arterial baroreceptors 

and AW afferent receptors, respectively, are interactive; for example, SAR-derived input results in 

inspiration-linked withdrawal of vagal tone to the SA node, causing cyclic increases in HR during 

breathing, a phenomenon known as respiratory sinus arrhythmia (Horvath et al., 1995;Galletly & Larsen, 

1999;Mortola et al., 2015). Further, peripheral afferent and central input both impact on the 

cardiovascular and respiratory systems. In the respiratory system, Richardson et al. reported the joint 

effects of central output (i.e. phrenic nerve inspiratory output) and peripheral stimuli (e.g. inflation) on 

resultant ASM tone and sensory activity (i.e. SAR firing rate; (Richardson et al., 1984)). Whether these 

changes in bronchial vagal tone directly translate into changes in cardiac vagal tone is controversial, with 

evidence for and against enhanced cardiac vagal activity in high bronchial vagal activity.  

The autonomic balance between tachycardic SNS and bradycardic PSNS input at the sinoatrial (SA) node 

is thought to be qualitatively reflected by heart rate variability (HRV). The analysis of these beat to beat 

variations in HR is centred around examination and manipulation of inter-beat interval (IBI), otherwise 

denoted as R-R interval (the time between consecutive R waves of an ECG tracing; (E.S.C & 

N.A.S.P.E.Task Force, 1996;Fisher et al., 2004;Billman, 2013).  

Though early concepts related to homeostasis often likened optimal health to a ‘steady state’ condition, 

HR is constantly subject to routine changes (reflecting gross autonomic balance), and robust HRV reflects 

dynamic cardiac health and the ability of the ANS to respond to environmental or internal perturbations 

(Zwiener et al., 2002;Sandercock & Brodie, 2006;Chattipakorn et al., 2007;Thireau et al., 2008). Indeed, 

decreased HRV is generally associated with worse patient prognosis, presumably due to a compromised 

regulatory capacity, and is an independent predictor of cardiac morbidity/mortality (Sandercock & 

Brodie, 2006;Chattipakorn et al., 2007). This was noted as early as the 1960’s, when alterations in HRV 

were reported to precede overt symptoms of fetal distress (Hon & Lee, 1963). HRV is useful for non-
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invasively measuring changes in SA autonomic activity in health and disease (Tarkiainen et al., 

2005;Parati et al., 2006;Thireau et al., 2008), and HRV analysis is increasingly utilised to shed light on 

the ANS changes accompanying chronic respiratory diseases with known cardiovascular co-

morbidity/mortality, such as chronic obstructive pulmonary disease (COPD) (Huiart et al., 2005). It has 

been suggested that ANS/inflammatory changes in chronic respiratory disease may be causally linked to 

observed cardiovascular changes (Joos et al., 2000a), although the mechanisms behind this 

cardiorespiratory co-morbidity are poorly understood. 

In mammalian species the PSNS predominates at rest, as evidenced by a resting HR that is lower than the 

intrinsic rate of the SA node pacemaker cells (Opthof, 2000;Billman, 2013). Increasing PSNS input to the 

heart causes further bradycardia, whereas withdrawal of PSNS tone and/or increased SNS tone has a 

tachycardic effect. The timescale on which these changes occur varies between the two arms of the ANS, 

with short-acting (1-2 cardiac cycles) PSNS changes occurring in less than a second while longer-acting 

(up to 5-10 seconds) SNS changes occurring after a delay of up to 5 seconds subsequent to signal 

initiation (Nunan et al., 2010). Though the complimentary influences of the PSNS and SNS are the focus 

of most discussions concerning HRV analysis, lower frequency factors (e.g. circadian variation in 

hormones or the renin-angiotensin system, thermoregulation, metabolism etc.) also play a role, especially 

when performing continuous 24-hour measurements (Kleiger et al., 2005).  

Initially pioneered in humans, HRV analysis has been successfully translated for use in animals, including 

murine models (Thireau et al., 2008). HRV analyses are most commonly divided into two broad 

categories reflecting those used in the initial analytic paradigm for human subjects: i) frequency-domain 

analysis (i.e. power spectral density, PSD); and ii) time-domain analysis (Table 1.5; (E.S.C & 

N.A.S.P.E.Task Force, 1996)). These are performed subsequent to the removal of ectopic beats from the 

raw data, and sometimes accompanied by correction for overall HR, a practise which is becoming more 

popular.  
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Table 1. 5 HRV parameters employed.  

Those given for mice were employed in the analyses in Chapter 4 while time-domain indices for 

determining HRV in HR similar to humans were employed in Chapter 5. Adapted from E.S.C & 

N.A.S.P.E.Task Force, 1996;Thireau et al., 2008. 

 

Time Domain 

Parameter Definition Equation Can Approximate 

Mean R-R 

Interval 

Mean R-R (N-N; i.e. inter-beat, 

IBI) interval 
(x1 + x2 + x3 … xn) / n Average heart rate 

SDNN 
Standard deviation of all normal 

R-R intervals 
√ [∑ (x – xav)

2
 /(n – 1)] 

Net autonomic 

variability 

RMSSD 

Root mean square successive 

differences between successive 

normal intervals 

√ [∑ (xn – xn-1)
2
/n] 

Short-term heart rate 

variations 

pNN6 
Percentage of consecutive R-R 

intervals differing by > 6 ms 
n/a 

Cardiac 

parasympathetic 

activity 

Frequency Domain 

Parameter Range (Human) Range (Mouse) Can Approximate 

HF 0.15-0.4 Hz 1.5-5 Hz PSNS modulation 

LF 0.04-0.15 Hz 0.15-1.5 Hz SNS ± PSNS modulation 

LF/HF n/a n/a See preceding text 
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HR influences HRV through a complex, inverse relationship and accounts for up to 30% of perceived 

variability; thus, identical absolute changes in HR (beats per minute, bpm) can having dramatically 

altered impacts on relative variability depending on basal HR (e.g. ±5bpm at a resting HR of 60bpm 

would represent higher variability than ±5bpm at a resting HR of 300bpm; (Billman, 2013;Sacha et al., 

2013a;Sacha et al., 2013b)). Such differences in baseline HR further necessitate appropriate translation of 

HRV parameters when applied in species with different resting HR (Thireau et al., 2008).  

Frequency domain, or PSD, analyses provide information on both the frequency and amplitude of the 

signal (E.S.C & N.A.S.P.E.Task Force, 1996;Thireau et al., 2008;Shaffer et al., 2014). In humans, this 

approach is broken down into three power categories for short-term monitoring of HR, or four when long-

term measurements (24h, ambulatory) are made: high frequency (HF; 0.15-0.4 Hz), low frequency (LF; 

0.04-0.15 Hz), very low frequency (VLF; 0.003-0.04 Hz), and ultra-low frequency power (ULF; < 0.003 

Hz, used for long-term recordings; (E.S.C & N.A.S.P.E.Task Force, 1996)). Most commonly, HF and LF 

power are reported alongside LF/HF ratio and the total power (PSD < 0.4 Hz). The significantly higher 

HR of mice vs. humans translates these ranges to: HF, 1.505 Hz; LF, 0.15-1.5 Hz (Thireau et al., 2008).  

Earlier reports of PSD associated specific frequency ranges with specific control elements. The HF band 

was sometimes referred to as the “respiratory band” due to its strong reflection of RSA, with vagal 

blockade markedly abrogating HR oscillations and also decreased LF power (Pomeranz et al., 

1985;Malliani et al., 1991). Occasionally referred to as the “baroreceptor range”, LF power is influenced 

by the activity of the baroreceptors responding to oscillations in blood pressure due to cardiac contraction, 

out of phase with the beating of the heart due to the transit time required for circulation, and thus leading 

to a type of resonance frequency within the cardiovascular system (Shaffer et al., 2014). While the SNS is 

regularly reflected in the LF band, HF power can also be reflected within this range, especially during 

slow respiration; thus, caution should be exercised when attributing LF to any particular component of the 

ANS or attempting to use the HF/LF ratio to reflect the balance between these two components (Lehrer et 

al., 2003;Parati et al., 2006;Taylor & Studinger, 2006a;Taylor & Studinger, 2006b). VLF power, which is 
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more strongly correlated with mortality than LF or HF power and also intimately linked to inflammation 

(Schmidt et al., 2005;Lampert et al., 2008), is thought to represent long-term regulatory mechanisms such 

as the renin-angiotensin system and thermoregulation  as well as an intrinsic rhythmicity of the heart; it is 

unaltered by sympathetic blockade (Akselrod et al., 1981;E.S.C & N.A.S.P.E.Task Force, 1996). The less 

frequently used ultra-low frequency band is thought to primarily reflect circadian-level processes (E.S.C 

& N.A.S.P.E.Task Force, 1996).     

Time-domain HRV analysis is statistical in nature and provides a broad overview of variability within the 

ANS at the heart, but does less to tease out the variable oscillations produced by diverse physiologic 

systems (E.S.C & N.A.S.P.E.Task Force, 1996;Shaffer et al., 2014). The standard deviation of normal R-

R intervals, SDNN, correlates well with both total power and ULF power indices of frequency-domain 

analysis HRV and is strongly influenced by RSA in short-term recordings (Umetani et al., 1998). Beat to 

beat variations in HR are reflected by the root mean square of successive differences of successive normal 

R-R intervals (RMSSD). RMSSD is used as a surrogate for HF power, and has been referred to as 

predominantly related to PSNS activity (Kleiger et al., 2005); however, its susceptibility to respiratory 

modulation remains uncertain (Penttila et al., 2001). The percentage of normal intervals differing from 

their preceding interval by > 50 milliseconds (human; > 6 ms in the mouse (Thireau et al., 2008)), known 

as pNN50, represents bradycardic PSNS input and, as such, is related to both RMSSD and HF power 

(Otzenberger et al., 1998).  

Analysis of HRV parameters provides a valuable tool for qualitatively assessing alterations in ANS tone, 

so long as measures are taken to ensure that appropriate data are being compared and that undue emphasis 

is not placed on ascribing causal physiologic mechanisms to observed changes in certain parameters 

(Parati et al., 2006;Taylor & Studinger, 2006a;Taylor & Studinger, 2006b;Billman, 2013).    
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Allergic Airway Hyperresponsiveness: assessment of its integrative effects via HRV  

Among the respiratory diseases that may lead to alterations in HRV, asthma is an attractive therapeutic 

target since it is both a common condition (Pearce et al., 2007;Marciniuk et al., 2013) and intimately 

linked to alterations in autonomic control (Barnes, 1986;Lewis et al., 2006). Allergic asthma is an 

inflammatory AW disease characterized by airway hyperresponsiveness (AHR) and inflammatory cell 

infiltration (especially eosinophils in patients with both early and late asthmatic reactions (EAR, LAR)), 

which presents acutely with reversible bronchoconstriction and leads to chronic AW remodeling (Figure 

1.4; (Cockcroft et al., 1977;De Monchy et al., 1985;Boulet et al., 1999;Holgate, 2008)). AHR is linked to 

dysregulation of bronchoconstrictive and bronchodilatory input, including increased PSNS release of 

acetylcholine (ACh) providing the dominant tone in the AW and causing mucous secretion and increased 

sensitivity of bronchoconstrictive muscarinic (M3) receptors to ACh (Coulson & Fryer, 2003;Fisher et 

al., 2004;Lewis et al., 2006). This is supported by evidence of increased AW tone, bronchoreactivity to 

cholinergic input, and vagal activity in asthmatic subjects (Joos et al., 2000a), as well as altered HRV 

profiles (Tokuyama et al., 1985;Lewis et al., 2006;Chattipakorn et al., 2007). Early studies reported 

increased HRV in pediatric patients with asthma (Tokuyama et al., 1985), and high resting HR has been 

documented in asthmatic patients, suggesting increased cardiac SNS tone, higher levels of circulating 

catecholamines, PSNS withdrawal, or some combination of the aforementioned (Lewis et al., 2006). 

Reports of heightened cardiac vagal reactivity have also been reported (Lewis et al., 2006). The 

mechanisms behind the time-course of these alterations, including when they become detectable after the 

onset of disease, are unknown.  

  



34 
 

 

 

Figure 1. 4 Schematic of nervous/immune system interactions in asthma.  

 

Asthma is an inflammatory disease of the airways, characterized by AHR (decreased bronchoconstrictive 

threshold and increased response for any allergic or non-allergic stimulus) as a result of: 

- Increased ACh release from post-ganglionic parasympathetic nerve terminals (blue circles) acting 

directly on smooth muscle 

- Antagonism of autoinhibitory muscarinic (M) receptors on post-ganglionic parasympathetic 

nerves by eosinophils-derived major basic protein (MBP; black circles) resulting in increased 

ACh release (blue circles) 

- The direct effects of substance P (SP) on smooth muscle via NK2 receptors (red circles) 

- SP-triggered release of serotonin (5-HT; purple circles) from mast cells in turn acting on post-

ganglionic parasympathetic nerves to potentiate ACh release 

- Release of histamine from mast cells activated by IgE-cross linked antigen, causing direct smooth 

muscle contraction via H1 receptors 

- Increased muscarinic receptor sensitivity 

Chronically, this is augmented by decreased bronchodilatory input as well as airway remodeling, 

including AW smooth muscle (SM) proliferation.  
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Improved genetic technology, and the ability to create mutant or knockout (KO) models, has ushered in a 

mechanistic era in asthma and other areas of research. Animal models are invaluable in pursuing 

methodologic and/or genetic modifications that allow investigators to examine the effects of individual 

variables, which are hard to isolate from environmental or genetic factors in human populations (Epstein, 

2004;Chang & Mitzner, 2007;Allen et al., 2009). Further, they offer the potential for insight into the early 

stages of asthma/disease acquisition and onset, which are impossible to assess in the established disease 

present in patient populations (Allen et al., 2009).  

Asthma is often modeled in animals via allergic induction of AHR (antigen sensitization & challenge; 

(Kumar et al., 2008;Allen et al., 2009;Walker et al., 2012)). Models such as the ovalbumin (OVA) model 

of allergic AHR are characterized by their unique responsive, inflammatory, and remodeling profiles, 

which allow researchers to address specific differences between humans and other species, e.g. AW size 

relative to overall mass, innervation, and SM orientation (Persson et al., 1997;Gersch et al., 

2002;Schroder & Maurer, 2007;Zosky & Sly, 2007;Allen et al., 2009). Sensitization of mice via 

intraperitoneal injection of OVA/adjuvant followed by inhaled OVA exposures to generate 

inflammation/respiratory exacerbations similar to those in acute asthma is the most common model of 

AHR in use, and can be tailored to acute and chronic timelines (Matsumura, 1970;Epstein, 2004;Kumar et 

al., 2008;Allen et al., 2009). Sensitization is confirmed by AHR (respiratory system/lung resistance (RRS) 

during bronchoprovocation challenge) and inflammation (blood/bronchoalveolar lavage (BAL) 

net/differential white blood cell (WBC) analysis; (Epstein, 2004;Zosky & Sly, 2007;Zosky et al., 

2008;Walker et al., 2012)). Animal models of allergic asthma may also contribute to the investigation of 

HRV phenotypes between health and disease (Boulet et al., 1999;Kumar et al., 2008;Holgate, 2008;Allen 

et al., 2009), with implanted radiotelemetry technology enabling the chronic recording of cardiovascular, 

physiological and behavioural parameters (Thireau et al., 2008).  
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In addition to enabling the investigation of the potential usefulness of HRV as an early diagnostic 

measure, models of respiratory disease allow researchers to explore the mechanisms behind disease 

pathogenesis and symptom generation in a targeted manner. For example, many of the symptoms of 

respiratory disease, such as dyspnea, may be attributed at least in part to heightened sensitivity of airway 

sensors in these pathologies. One possible mechanism proposed for the OVA model is enhanced C-fibre 

afferent activity, which is increased both at baseline and in response to chemical and mechanical stimuli 

in sensitized vs. control mice (Kuo & Lai, 2008;Zhang et al., 2008a). This is accompanied by the 

induction of capsaicin-sensitivity in certain myelinated vagal afferents, including mechanoreceptors 

normally insensitive to capsaicin, which show expression of TRPV1 secondary to chronic inflammation 

in long-term OVA models (Zhang et al., 2008a).  

A clear role for PNECs/NEBs and their secretory products in AHR and its associated sensory symptoms 

remains undefined; however, NEB-derived secretory products have been proposed to be involved in the 

development and symptoms of the disease. This theory was initially based on observations of increased 

incidence of solitary PNECs subsequent to antigen immunization or sensitization (Marchevsky et al., 

1984;Bousbaa & Fleury-Feith, 1991;Bousbaa et al., 1994), and of preferential co-localization of immune 

cells close to NEBs (Van et al., 1995). OVA sensitization, independent of subsequent OVA challenge, 

appears to enhance biosynthesis and secretion of NEB products and is accompanied by an increased 

number of exocytic profiles and DCVs (Van Lommel et al., 2009). Additionally, NEB and submucosal 

nerve fibre CGRP is depleted in OVA sensitized mice displaying AHR; however, normalization or rescue 

of the AHR phenotype during methacholine (MCh) challenge can be achieved through the application of 

exogenous CGRP prior/subsequent to OVA antigen challenge (Dakhama et al., 2002). Bombesin, the 

principal peptide in human PNECs/NEBs, may also be involved in asthma pathogenesis in a direct 

(bronchoconstrictive) or indirect (interactions with inflammatory eosinophils and mast cells) manner 

(Sunday et al., 2004;Gonzalez et al., 2008). While specific tachykinins, such as neurokinin A, can elicit 

5-HT release from AW mast cells (Joos et al., 1997), spikes in systemic 5-HT plasma concentration 
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during acute asthma exacerbations may also support NE cell involvement in asthma pathology (Lechin et 

al., 1996). Taken in concert with the considerable overlap between stimuli resulting in dyspnea and those 

to which NEBs respond, including hypoxia and hypercarbia  (Lauweryns & Cokelaere, 

1973;Schwartzstein et al., 1990;Fu et al., 2002;Burki et al., 2008;Schweitzer & Marchal, 2009;Burki & 

Lee, 2010;Livermore et al., 2015b), these findings suggest that a mechanisms independent of, or 

supplemental to, traditional peripheral arterial chemoreception may be at play in the generation of certain 

types of pathologic dyspnea.  

A role for CaSR in the pathogenesis of allergic respiratory disease has also recently been suggested, 

following findings of increased CaSR expression in the ASM of asthmatic patients and allergen-sensitized 

mice versus healthy controls (Yarova et al., 2015). This upregulation had functional implications, as 

activation of CaSR with polycations resulted in bronchial hyperreactivity that could be abrogated by 

pretreatment with a calcilytic or in mice with selective CaSR ablation; AW inflammation was also 

decreased in allergen-sensitized mice lacking ASM CaSR (Yarova et al., 2015). This is particularly 

pertinent when considering previous findings of increased polyamine production in asthmatic populations 

or interactive effects of the experimental application of polycations on asthmatic symptom production in 

experimental populations (Kurosawa et al., 1992;Jones et al., 2001;North et al., 2013). The potential 

involvement of CaSR in cellular proliferation or remodeling in allergic asthma remains unexplored.   

Integrative Approaches across Phyla: Application to Bivalve Invertebrates  

Investigations into the comparative physiology of so-called “non-model” organisms are attractive for 

multiple reasons, two of which are addressed in this dissertation. The first is the conserved nature of many 

key organ systems, including the cardiovascular system, between evolutionarily diverse organisms, and 

the ability to use lessons learned in one organism as the foundation for gathering knowledge about 

another. The second is knowledge transfer, and the applicability of principles garnered in one field of 
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study (e.g. biomedical research) to other, superficially unrelated areas of research (e.g. economically-

important biological industries, such as the fisheries and aquaculture). 

 The invertebrate Pacific oyster, Crassostrea gigas (Thunberg; meaning “thick oyster, huge”), has a 

cardiovascular system that conserves a remarkable number of similarities with that of mammals. For 

example, the oyster has a pericardium-encapsulated heart featuring two types of chamber: the two auricles 

(akin to mammalian atria), and a single ventricle (Quayle, 1969). The oyster heart contains 

electroconductive myocardial cells, although they are have a lower density than found in vertebrate hearts 

(Hawkins et al., 1980). The oyster nervous system features two defined ganglia, the cerebro-pleural 

(located near the mouth), and the visceral (located under the adductor muscle, in close proximity to the 

heart; (Quayle, 1969)). This nervous system is implicated in the regulation of oyster responsiveness to 

environmental changes, which, due to the stationary nature of the species, are limited to actions such as 

changes in gill figuration and altered ciliary activity. While these changes can be metabolically regulated 

in the long term, short term changes, which are often accompanied by overshoot periods when faced with 

increases in temperature, are effected by brachial nerve integrating input from mechano- and 

chemosensors (Bernard, 1983). While studies on specific neuromodulation in bivalves are sparse, 

modulation by both cholinergic and serotonergic inputs have been reported (Greenberg, 1965;Greenberg 

et al., 1980), with cholinergic input increasing Pacific oyster HR but decreasing cardiac contractility in an 

in situ preparation (Park et al., 2004).  

Similar to what is observed in hibernation or estivation, oysters and other marine invertebrates are capable 

of entering periods of metabolic quiescence, which are characterized by valve closure and a decline or 

cessation of functions such as HR and are often observed in the presence of stressors such as poor food 

availability, exposure to air, or cold temperature (Bayne et al., 1976;Newell & Branch, 1980;Bernard, 

1983). In fact, periods of complete cessation of HR have been reported in the pressure- and osmo-

sensitive oyster heart during sudden and large external pressure swings or after introduction to a 

hypoosmotic environment (Pierce & Greenberg, 1972;Clarke, 1978a;Clarke, 1978b). It’s fascinating to 
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note that one of the species studied in the vast 1913 publication of M. Eiger, which sought to determine 

the electrophysiological basis for the ECG patterns that Willem Einthoven’s string galvanometers made 

possible to record, was the oyster (Eiger, 1913). Eiger’s work and subsequent studies by others suggested 

a clear P wave and QRS complex in the oyster ECG (Taylor & Walzl, 1941). Similar to the human heart, 

the auricles and ventricle possess different intrinsic contraction rates (Hiroyuki et al., 1987). One century 

after these initial findings, a recent report has challenged the previously-accepted concept of an 

intrinsically contractile and conductive oyster heart, hypothesising instead that it is a stretch-driven organ 

(Batista et al., 2015). Batista et al. reported supposed electrophysiological tracings of ECG in their in vivo 

preparation, but suggested that rather than an index of intrinsic activation, they may be more precisely 

defined as artefacts of the physical movement of the pericardial cavity subsequent to depolarization by the 

visceral ganglion, (Batista et al., 2015). Whether this hypothesis is true remains to be confirmed. In 

concert with findings of relatively low oyster cardiac tissue conductance (less than one quarter that of 

mammalian cardiac tissue) and histology showing high epithelial and connective tissue/low ventricular 

wall myocardial tissue, they proposed a stretch-driven versus pacemaker-driven mechanism for the oyster 

heart beat (Batista et al., 2015). Clearly, more work is needed to fully understand the structure and 

function of these invertebrate species. 

In addition to the potential as a reduced cardiac model, Pacific oysters are a major aquaculture species for 

human consumption, with Pacific oyster farms extending far beyond the species’ original habitat 

(2012;Skirtun et al., 2013). This presents oyster farmers with environmental challenges unique to each 

geographical location where bivalve aquaculture occurs and, coupled with increasing influences of 

climate change and pollution, necessitates a detailed knowledge of oyster physiology in order to ensure 

the health of the oysters and the productivity and viability of the industry they support (Doney, 

2010;Ruckelshaus et al., 2013). Intertidal oysters, in particular, are exposed to a wide variety of 

conditions, from water salinity and temperature to exposure to air (Quayle, 1969;Newell & Branch, 

1980;Bernard, 1983). These are amplified in commercial settings, where oysters are frequently reared in 
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controlled hatchery environments prior to being put out into outdoor oyster farms, a transition which is 

associated with significant mortality of the juvenile oyster spat (Mann, 1979). These hatcheries are 

maintained at temperatures optimising scope for growth (approximately 20-22°C; (Quayle, 

1969;Widdows, 1973b;Malouf & Breese, 1977;Newell & Branch, 1980;Buxton et al., 1981;Albentosa et 

al., 1994;Beiras & Perez Camacho, 1994;Beiras et al., 1995)), as temperature is the key determinant of 

metabolism and, by extension, growth in poikilotherms (Jorgensen, 1943;Bernard, 1983;Jorgensen et al., 

1990). While intertidal species have an inherently enhanced ability to acclimate to environmental changes 

(Bernard, 1983) and regularly experience temperatures ranging from 5-25°C ((Bougrier et al., 1995) and 

own observations), there is a paucity of information on the impact of acclimation to hatchery conditions 

on the physiologic responses of oyster upon introduction to their natural intertidal habitat. The spat stage 

in oyster development warrants study as it is, in the natural oyster life cycle, the stage when energy is 

exclusively directed towards somatic growth. By contrast, adult oysters invest significant amounts of 

energy into spawning and the maturation of gametes, potentially confounding studies investigating basal 

energetics in these species, especially as it pertains to the triploid animals increasingly used in aquaculture 

(Rodhouse, 1978;Bougrier et al., 1995).   

HRV analyses are increasingly widely used in biological applications to measure the impact of altered 

physiology, phenotype or environment in both terrestrial and aquatic invertebrate models (Pandolfo et al., 

2009;Guadagnoli et al., 2011;Khan et al., 2012); however, to our knowledge, no studies have examined 

HRV in the invertebrate oyster spat model. Many invertebrate models offer the advantage of being able to 

non-invasively monitor HR. Previous techniques have included HR in response to increases in ambient 

temperature in worms through oxisensor/single-patient pediatric sensors (Khan et al., 2012), grass shrimp 

HR and contractility by video through the transparent exoskeleton (Guadagnoli et al., 2011), and HR in 

vineyard snails exposed to stressors including temperature, as measured by reflection of light from a 

source (Renwrantz & Spielvogel, 2011). A common theme of these techniques is the need to either 

restrain the model being studied (worm and grass shrimp), or disrupt the integrity of their exoskeleton or 
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shell (e.g. snail shell puncture required to visualize the heart; (Renwrantz & Spielvogel, 2011)). 

Physically tapping on and/or puncturing  the shell, however, is a stressor that has been shown to cause 

irregular HR (Renwrantz & Spielvogel, 2011), skewing the distribution of gathered data. A truly non-

invasive and non-restrictive technique for monitoring HR in order to enable the study of HRV would be 

an invaluable methodologic asset. Studies investigating bivalve HR have been similarly limited, either 

relying on the disruption of  one or both valves due to the thick shell of the adult (Veitch, 1974), or 

necessitating the large size of the adult in order to enable the affixing of a sensor (Depledge & Andersen, 

1990;Depledge et al., 1996a;Curtis et al., 2000a). To the best of my knowledge, no technology for 

measuring HR in juvenile oysters in a non-invasive manner exists, preventing the characterization of their 

cardiac phenotype, either at rest or during environmental challenge.   

Hypotheses 

The hypotheses of this dissertation emerge from the two contextual foci reviewed above: 

Cardiorespiratory Sensation 

i. That murine SAR activity, as measured over the course of a quasi-static inflation from end-

expiration (functional residual capacity; FRC, 0 cmH2O) to total lung capacity (TLC; 20 

cmH2O), displays an enhanced mechanosensitivity (action potential frequency, AP f vs 

transpulmonary pressure, PTP) compared with that reported for larger mammals with lower 

breathing rates. 

ii. That mechanosensitive SARs are linked to polymodal NEBs. This will be assessed by: 

a. Examining the impact of hypoxic or hypercarbic ventilation as well as blockade of 

serotonergic and purinergic signaling on the SAR discharge profile during quasi-static 

inflation.  

b. Examining the impact of loss of the calcium-sensing receptor, CaSR, on SAR 

mechanosensitivity during normoxia and hypoxia. 
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Cardiorespiratory Integration 

iii. That the alterations in autonomic tone required to elicit AHR in early-stage allergic 

sensitization would be sufficient to cause a decrease in HRV.  

iv. That, through the application of a novel, non-invasive approach to measuring oyster spat HR, 

temperature acclimation history will be reflected in differential cardiac phenotype. I 

anticipate that cool-acclimated oysters will maintain improved cardiac activity during an 

acute temperature ramp (cooling, then warming) protocol versus warm-acclimated spat.   

  



43 
 

CHAPTER 2: Characterization of Murine Pulmonary Slowly-

Adapting Receptors: Putative Links to Neuroepithelial Bodies 

via Chemosensation and Serotonergic and Purinergic Signaling 
 

Nicolle J. Domnik, Sandra G. Vincent, Ernest Cutz, John T. Fisher 
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ABSTRACT 

Lung mechanosensitive slowly-adapting receptors (SARs) are a classic, electrophysiologically-

characterized pulmonary afferent population. They have traditionally been characterized morphologically 

as the free nerve endings of myelinated vagal fibres localized within the airway smooth muscle (ASM) 

and are characterized functionally by an augmenting nerve discharge frequency in response to lung 

inflation and a sustained discharge in response to a maintained volume (i.e. pressure) of inflation. Murine 

SARs provide volume-related feedback (Burnet & Hilaire, 1999); however, the fundamental 

mechanoreceptive properties of murine SARs has not been reported. A new development in SAR biology 

is the recently-proposed link between a population of smooth muscle-associated receptors (SMARs), 

reminiscent of SARs, thought to be the morphological equivalent of SARs, and vagal fibres innervating 

pulmonary neuroepithelial bodies (NEBs) (Brouns et al., 2006b). The neurophysiological link is based 

primarily on their similar expression of mechanosensitive markers, such as Na
+
/K

+
-ATPase (ibid). 

Densely-innervated NEBs are multimodal clusters of pulmonary neuroendocrine cells responsive to 

hypoxia, hypercarbia, and mechanical stimuli. They produce neuroamines and numerous peptide 

products, notably including serotonin (5-HT) and ATP, which are proposed to act as the primary signaling 

molecules between NEBs, their surrounding cellular environment, and their innervation. The afferent 

fibre(s) responsible for relaying sensory information from NEBs to the central nervous system (CNS) 

remain unknown. We investigated the hypothesis that NEBs are functionally linked to SARs (or SMARs) 

by examining the impact of altering known NEB-related chemosensory stimuli or pharmacologic 

signaling pathways on SAR mechanosensitivity. We measured SAR action potential frequency (AP f) 

during a quasi-static inflation from 0 to 20 cmH2O before and after serotonergic receptor blockade (5-

HT3R via 4.5 mg/kg tropisetron), purinergic receptor blockade (P2R via 50 mg/kg suramin), and in 

response to hypoxia (FIO2 = 0.1) and hypercarbia (FICO2 = 0.1). Tropisetron, Suramin, and hypercapnia 

all caused small but statistically significant decreases in SAR AP f (Trop: -7.6±1.8%, P = 0.005; Sur: -

10.6±1.5%, P = 0.01; CO2: -6.2±0.9%, P < 0.001). Conversely, hypoxia caused a small but statistically 
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significant increase in SAR AP f (O2: +9.3±1.9%, P < 0.001). Given that the magnitude of the impact on 

SAR mechanosensitivity was routinely < 10%, our findings support a primary SAR functionality as being 

mechano- and not chemo- sensory in nature, with neither serotonergic nor purinergic signaling exerting a 

meaningful physiologic impact on afferent discharge of lung SARs. We conclude that a strong functional 

link between NEB vagal innervation and SARs in unlikely.     

INTRODUCTION 

Classic electrophysiology experiments identified three primary populations of pulmonary vagal afferent 

fibres: myelinated, mechanosensitive slowly- and rapidly-adapting receptors (SARs and RARs, 

respectively) and non-myelinated, nociceptive C-fibres (Widdicombe, 2001). The former two are 

distinguished from one another on the basis of their phasic activation and adaptability (maintenance or 

adaptation of nerve discharge to a sustained level of inflation, measured by the adaptation index), though 

the existence of fibres with intermediate rates of adaptation (Widdicombe, 1954a) may suggest a 

spectrum, rather than binary, system of pulmonary mechanoreceptors (Paintal & Anand, 1999;Yu, 2000). 

SARs exhibit a characteristic slowly-augmenting action potential frequency (AP f) during inflation 

(increasing lung volume, i.e. airway (AW) pressure) and maintain discharge frequency at a given, 

sustained inflation pressure (Widdicombe, 2001). Despite a strong contemporary reliance on murine and 

mutant murine models in cardiopulmonary research, the vast majority of studies investigating SAR 

mechanoreceptor function have been performed in larger species (e.g. (Widdicombe, 1954c;Mustafa & 

Purves, 1972;Miserocchi et al., 1973). To the best of our knowledge, only one existing study addresses 

the mechanoreceptor profile of murine SARs, and it  examined SAR activity with respect to tidal volume, 

rather than the more direct stimulus of AW pressure, and used strains other than the commonly employed 

C57BL/6 or BALB/c strains (Burnet & Hilaire, 1999).  

Morphological studies investigating SARs are more limited, often relying on receptor field stimulation 

subsequent to electrophysiologic recordings to approximate the location of SAR nerve endings in the lung 
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parenchyma, enabling the targeted application of histologic techniques such as immunohistochemistry 

(Yu et al., 2003). SARs are described as free nerve endings terminating primarily in the airway smooth 

muscle (ASM) layer especially in larger airways of the bronchial tree (Bartlett, Jr. et al., 1976a;Fisher & 

Sant'Ambrogio, 1982b;Krauhs, 1984;Widdicombe, 2001), though reports of SARs  in the alveoli, in the 

absence of smooth muscle, have, on occasion, been made (Yu et al., 2003). 

Recently, SARs have been linked to a morphologically identified subset of lung afferents described as 

neuroepithelial bodies (Brouns et al., 2006a;Adriaensen et al., 2006a). Neuroepithelial bodies (NEBs) are 

clusters of pulmonary neuroendocrine cells (PNECs) located exclusively within the airway epithelium 

(Lauweryns & Cokelaere, 1973;Linnoila, 2006;Domnik & Cutz, 2011;Cutz et al., 2013). They are heavily 

innervated by nerves from a variety of populations, the majority of which are vagal afferent fibres (for a 

thorough summary of characterized NEB innervation in Swiss and C57BL/6 mice, see (Brouns et al., 

2009)). First described as hypoxia sensors, NEB cells respond to hypoxia by increasing their synaptic 

release of serotonin (5-HT) (Lauweryns & Cokelaere, 1973;Lauweryns et al., 1977;Fu et al., 2001;Pan et 

al., 2006a). This is proposed to occur via detection of hypoxia by the membrane-delimited O2 sensor, 

NADPH oxidase 2 (NOX2) coupled with the hypoxia-sensitive K
+
 channel, Kv3.3a (Youngson et al., 

1993;Wang et al., 1996;Fu et al., 2000;O'Kelly et al., 2001). Analogous to the polymodal peripheral 

chemosensor, the carotid body, NEBs are presumed to be multimodal and are reported to be responsive to 

hypercarbia/acidosis and mechanical stretch in vitro (Pan et al., 2006a;Lembrechts et al., 2012;Livermore 

et al., 2015b). The in vivo functional implications of the dense innervation of these multimodal sensors 

are yet to be determined. 

Though early work focused on the hypoxia-sensing potential of NEBs, more recently a potential role as 

pulmonary mechanosensors has been suggested (Adriaensen et al., 2006b;Lembrechts et al., 

2011;Lembrechts et al., 2012) based on studies of the mechanosensitive potential of NEB cells, as well as 

the characteristics of NEB innervation. Cultured NEBs have been shown to release 5-HT in response to 

cyclic stretch akin to that expected to occur during fetal breathing movements (Pan et al., 2006a). 
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Application of a mild hypoosmotic stimulus, mimicking mechanical deformation, causes a rise in [Ca
2+

i] 

in NEB cells (Lembrechts et al., 2012). Other evidence of a potential mechanoreceptor link includes a 

subpopulation of vagal fibres innervating NEB that express a mechanosensitive exchanger, Na
+
/K

+
-

ATPase (Brouns et al., 2006a), and the fact that both subpopulations of vagal fibres innervating NEBs 

express the mechanosensitive 2-pore K
+
 channel, TRAAK (Lembrechts et al., 2011).  

Since Na
+
/K

+
-ATPase is expressed on a population of free vagal afferent nerve terminals innervating the 

ASM, so-called SMARs (‘smooth muscle-associated receptors’) (Brouns et al., 2006a;Adriaensen et al., 

2006a;Brouns et al., 2006b), the morphologic similarity between the Na
+
/K

+
-ATPase-positive aspects of 

NEB-innervating vagal fibres and SMAR vagal fibres raised the question of whether NEB-innervating 

vagal fibres and SMARs may be functionally linked (ibid.). Based on their similar location within the 

airways and expression of mechanosensitive markers, SMARs are proposed to be a morphologic 

counterpart of electrophysiologically-characterized mechanoreceptors, such as SARs. 

Two molecules have been proposed as the primary means of NEB signaling to adjacent cells (to both their 

innervation and their neighbouring Clara-like cells): serotonin (5-hydroxytryptamine; 5-HT) and ATP (De 

Proost et al., 2008b). PNECs/NEBs express the 5-HT type 3 receptor (5-HT3R), thought to have an auto-

excitatory role (Fu et al., 2001). While to the best of our knowledge vagal fibres innervating NEB have 

not been directly tested for 5-HT3R expression, 5-HT3R expression has been documented on nodose-

derived vagal fibres in the rat (Rosenberg et al., 1997) and dissected cat and rabbit vagal fibres (Hoyer et 

al., 1989). NEBs also express P2X2 and P2X3 receptors (Fu et al., 2004) and produce significant 

quantities of ATP, the release of which has been implicated in cell-to-cell signaling between NEB cells 

(ATP-releasing) and Clara-like cells expressing P2Y2 in the NEB microenvironment (De Proost et al., 

2008b). Notably, the purinergic receptors P2X2R and P2X3R have also been identified on vagal afferent 

fibres innervating NEBs in the mouse (Brouns et al., 2000;Brouns et al., 2006a;Brouns et al., 2009).   
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Based on the literature implicating the morphologic communication between SARs and NEBs, we 

examined the hypothesis that NEBs are functionally linked to SARs by performing electrophysiologic 

single-fibre SAR afferent recordings to characterize murine pulmonary SAR AP f profiles during slow, 

quasi-static inflation from 0 to 20 cmH2O of transrespiratory pressure (PTR). These trials compared 

baseline mechanosensitivity to that obtained following an alteration of four factors implicated in NEB 

signaling that would putatively influence SAR AP f during slow inflation were SARs linked to SARs. 

These factors included: i) 10% O2; ii) 10% CO2; iii) 5-HT blockade (5-HT3R antagonist, Tropisetron); 

and iv) purinergic ATP blockade (P2R antagonist, Suramin).  

METHODS 

The following protocol was approved by the Queen’s University Animal Care Committee.  

Surgical Preparation  

Male adult C57BL/6 mice were anaesthetized using 60 mg/kg, 30 mg/mL sodium pentobarbital (Ceva 

Santé Animal, Libourne, France) and underwent tracheal cannulation followed by mechanical ventilation 

(120 breaths/min; Harvard Rodent Ventilator Model 683, Harvard Apparatus, South Natick, MA, USA) 

and catheterization of the left jugular vein for i.v. administration of maintenance anaesthetic and 

pharmacologic agents.  For hypercarbia and hypoxia trials, 0.25 mg/kg of pancuronium was administered 

to ensure respiratory efforts were absent. All procedures were performed on a heating pad set to 37°C to 

maintain body temperature. The right vagus nerve was isolated in the cervical region and transected high 

in the neck; subsequent dissection was exclusively performed on the peripheral cut end (afferent signals 

only) using watchmaker forceps, iridectomy scissors and a surgical microscope. The nerve was immersed 

in a pool of mineral oil, formed by the boundaries of the surgical site. Single SARs were isolated and 

identified based on their AP f pattern as recorded via extracellular, bipolar platinum electrode (Figure 2.1) 

connected to a headstage (x10, AI 401 x10 Amplifier, CyberAmp Smart Probe; 20 000 samples/second).  
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Figure 2. 1 Tracing of a single slowly-adapting receptor.  

 

Action potentials (AP f, Potential (Volts); second channel from top, both panels) of a single, slowly-

adapting receptor (SAR) during tidal breathing (top panel) and quasi-static inflation to 20 cmH2O (bottom 

panel) are shown.  The SAR demonstrates characteristic augmenting discharge frequency during inflation 

(panels 1 and 3 of upper tracing) and sustained discharge frequency at a maintained pressure (panels 1 

and 2 of lower tracing). Bottom trace is ECG.   
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Transrespiratory pressure (PTR) was sampled via via a Motorola pressure transducer and AI 490 amplifier 

(1000 samples/second; CyberAmp 380 Signal Conditioner - Axon Instruments, USA). ECG signal was 

obtained from subcutaneous needle electrodes coupled with a differential AC amplifier (A-M Systems 

Model 1700; 1000 samples/second). AP f, ECG signal, and PTR were recorded by an analogue to digital 

data acquisition system (CED Micro 201 MK II and Spike 2 Version 7.02 software; Cambridge 

Electronic Design Limited, Cambridge, UK) and AP waveform recognition analysis performed in order to 

identify the single nerve fibres.  

Experimental Set-Up 

A schematic of the ventilatory apparatus is provided in Figure 2.2. Tidal breathing was achieved by 

mechanical ventilation (Harvard Rodent Ventilator, see Surgical Preparation); PTR at end expiration was 

0 cmH2O, with peak PTR during tidal breathing approximating 7-8 cmH2O. Slow, quasi-static inflations 

were achieved by stopping mechanical ventilation and switching (stopcock) the ventilator line to a 10 L 

drum pressurized to 20 cmH2O. A 27 gauge needle placed within the tubing leading from the pressurized 

drum to the ventilator line provided sufficient resistance to ensure a slow inflation of approximately 2 

cmH2O/second. Subsequent to the slow inflation, the stopcock was switched and ventilation via the 

mechanical ventilator recommenced.  

Protocol 

Naïve baseline recordings consisted of two volume history inflations to total lung capacity (TLC) 

followed by a period of tidal breathing (90 seconds) preceding a slow, quasi-static inflation from 0 to 20 

cmH2O over approximately 10 seconds; target pressure (20 cmH2O) was then maintained for an 

additional 10 seconds before tidal breathing was resumed for either 90 seconds or 3 minutes 

(chemosensory vs. pharmacologic challenges, respectively). Naïve recordings were conducted with a 

ventilatory mixture of 40% O2, 60% N2 to ensure hemoglobin saturation.  
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Figure 2. 2 Schematic of experimental set-up (not to scale). 

 

The experimental set-up comprises two circuits: one used during tidal breathing (right side) and one for 

slow inflation (left side). Tidal Breathing: ventilation was achieved via a volume-ventilator supplied with 

experimental gas mixture. The slow inflation components were excluded from the circuit during tidal 

breathing by closure of a 3-way stopcock (see black T-shaped connection between manometer/slow 

inflation gas/animal). Slow Inflation: During slow inflation, the ventilator was turned off and the line to 

the animal clamped. Rotation of the stopcock connected the slow inflation system to the animal. The 

lungs were inflated slowly to the desired pressure (pressurization of the drum by compressed air was 

calibrated via manometer prior to the trial). 
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Gaseous, chemosensory challenges were comprised of two volume history inflations and a 90 second 

ventilation period with the test gas (hypoxia: 10% O2, 90% N2; hypercarbia: 10% CO2, 90% O2), followed 

by a quasi-static inflation as per the naïve protocol. This was followed by an additional 60 seconds of 

tidal breathing with the test gas, followed by 60 seconds of ventilation with the naïve gas concentration. 

Preliminary experiments were conducted in which the time course for desaturation during hypoxic 

ventilation was determined by means of oximetry. Mice displayed 98% saturation at baseline (FIO2 = 0.4) 

as compared with 35-40% saturation within one minute of hypoxic (FIO2 = 0.1) ventilation (MouseOx, 

STARR Life Sciences Corp., Oakmont, PA, USA; data not shown).  

Pharmacologic challenges consisted of a 90 second baseline of tidal breathing, i.v. drug administration of 

either Tropisetron (Tropisetron hydrochloride, 4.5 mg/kg, Tocris Bioscience, Bristol, UK; (Seynaeve et 

al., 1991)) or Suramin (Suramin hexasodium salt, 50 mg/kg, Tocris Bioscience, Ellisville, MO, USA; 

(Sola et al., 1993;Bouteille et al., 1995)), and 3 minutes of tidal ventilation prior to two volume-history 

inflations and 90 seconds of recorded tidal breathing (akin to the naïve protocol) followed by the quasi-

static inflation to 20 cmH2O. The protocol ended with an additional 3 minute tidal breathing period. Full 

protocol timelines are given in Figure 2.3 and a summary of n per protocol provided in Table 2.1. 

Analysis 

Data files were exported into Excel from Spike 2, with the variables studied summarized in Table 2.2. 

Mice exhibiting tonic baseline activity (defined as a regular AP f at functional residual capacity, FRC, 

where PTR = 0 cmH2O) were not included in the calculation of PTR threshold or first frequency. Statistical 

analyses were performed in SigmaPlot 13 (Systat Software Inc., San Jose, CA, USA) and consisted of 2-

way ANOVA with repeated measures (parametric, ranked testing when necessary), paired T-tests, linear 

regression, and post-hoc analysis where appropriate. Tests performed given alongside Results.   



53 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. 3 Experimental protocol timelines.  

 

Top panel: timeline for chemosensory challenges (hypoxia and hypercarbia). Bottom panel: timeline for 

pharmacologic challenges (serotonergic (tropisetron) and purinergic (suramin) blockade). Volume history 

represents two inflations to total lung capacity (TLC) prior to experiment in order to ensure standardized 

pulmonary compliance between trials.    
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Table 2. 1 Summary of experiments, indicating number of animals and individual afferent fibres.  

 

Protocol Animals (n mice) Nerve Fibres (n fibres) 

Chemosensory 

Hypoxia 14 28 

Hypercarbia 10 40 

Pharmacologic 

Tropisetron 11 (7)* 11 (8)* 

Suramin 6 7 

*  large n used only in baseline SAR characterization; brackets indicate the n used in 

comparisons between naïve and Tropisetron pretreatment 
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Table 2. 2 Summary of variables used in the assessment of nerve activity 

 

Variable Protocol Conditions Where Assessed 

Mean AP f during quasi-static inflation  

Naïve  

Chemosensory or Pharmacologic Challenge 

Percent change vs. Naïve during quasi-static 

inflation 

Naïve  

Chemosensory or Pharmacologic Challenge 

Threshold Pressure (Threshold; cmH2O) 

Naïve  

Chemosensory or Pharmacologic Challenge 

First Frequency (First Freq; Hz) 
Naïve  

Chemosensory or Pharmacologic Challenge 

Maximum frequency (Max. Freq; Hz) 
Naïve  

Chemosensory or Pharmacologic Challenge 

Mean frequency at 20 cmH2O (measured over 1 

second, Hz; Av. at Target) 

Naïve  

Chemosensory or Pharmacologic Challenge 

Mean steady state frequency at 20 cmH2O (over 1 

second, taken 5 seconds after target reached, Hz; 

Av. Steady State) 

Naïve  

Chemosensory or Pharmacologic Challenge 
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RESULTS 

Two aspects of SAR behaviour were assessed before and after chemosensory or pharmacologic challenge: 

their behaviour at their threshold of activation (activation pressure and first frequency; Figure 2.4 and 

2.7), and their AP f discharge throughout inflation (Figures 2.5, 2.6, 2.8, 2.9, and 2.10).  

Intrinsic SAR Behaviour 

The onset of SAR activity and SAR activity at maintained inflation (PTR = 20 cmH2O) were analyzed in 

addition to their behaviour throughout slow inflation from 0 to 20 cmH2O. Of the 85 SARs analyzed, 5 

(5.9%) showed tonic activity at FRC (end expiratory PTR = 0 cmH2O). These SARs were not included in 

the analysis of the PTR threshold for activation (Threshold) or the first firing frequency (First Freq), which 

was obtained from those SARs that displayed a clear onset of activity during inflation. The mean PTR 

threshold for SAR activation was 2.0 ± 0.1 cmH2O, and the mean first frequency was 36.8 ± 2.2 AP/sec 

Figure 2.4). The average of the maximum single frequencies recorded for each SAR (Max. Freq) was 

236.1 ± 11.1 AP/sec when considering all SARs (including tonic SARs).  

SAR behaviour was examined throughout the course of the slow inflation and mean values calculated for 

5, 10, 15, and 20 cmH2O. There was a positive linear correlation between PTR and AP f (R = 0.9764, P < 

0.01; Figure 2.5), which had the highest coefficient of variation compared to a power curve fit (R = 

0.8967, P < 0.05) or an exponential fit to the data (R = 0.9041, P < 0.05). The SAR distribution of AP f at 

each pressure (0, 5, 10, 15, 20 cmH2O) is illustrated in Figure 2.6. The mean dynamic range of SAR 

activity from 45.9 ± 2.3 AP/sec (0 cmH2O, tonically active SARs) to 172.8 ± 6.9 AP/sec (20 cmH2O, all 

SARs) represented a 376% increase in activity during inflation from expiratory PTR to TLC.  
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Figure 2. 4  PTR threshold of activation and first frequency of murine SARs.  

 

Tonic receptors, active at FRC or 0 cmH2O (n = 5), were excluded from analysis. Note that the majority 

of SARs were active at relatively low pressures.   
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Figure 2. 5 Relationship between murine SAR action potential frequency (AP f) and pressure (PTR) during 

slow inflation from 0-20 cmH2O.  

 

The data were best fit by a linear correlation between PTR and AP f (R
2
 = 0.9533, P < 0.01). 
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Figure 2. 6 Distribution of AP f among murine SARs at various PTR.  

 

The number of fibres exhibiting a specific range of AP f is given for 0, 5, 10, 15, and 20 cmH2O. Note the 

change in Y axis ranges, reflecting the n at each pressure.  
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Figure 2. 7 Impact of hypoxia and hypercarbia on onset threshold and steady-state SAR activity.  

 

Hypoxia (top panels) and hypercarbia (bottom panels) had opposing effects on Av. Steady State (mean 

AP f over 1 second measured 5 seconds after target PTR of 20 cmH2O was attained), Max. Freq (maximum 

single frequency) and Av. at Target (mean AP f over 1 second measured when target PTR of 20 cmH2O 

was attained), with hypoxia increasing and hypercarbia decreasing these factors, respectively (left panels). 

Hypoxia and hypercarbia had opposing effects on the threshold, as assessed via measurement of first 

frequency and threshold for nerve activity onset (pressure, PTR required to initiate SAR activity during 

slow inflation - Threshold; right panels), with hypoxia decreasing and hypercarbia increasing the 

necessary threshold for activation (middle panels). There was no impact of either on first frequency (+: P 

< 0.05; *: P < 0.01; **: P = 0.001; ***: P < 0.001). 
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Figure 2. 8 Impact of Tropisetron and Suramin on onset and maintenance of SAR activity.  

 

Tropisetron (top panels) and Suramin (bottom panels) had similar effects on Av. Steady State (mean AP f 

over 1 second measured 5 seconds after target PTR of 20 cmH2O was attained), which was decreased in 

both cases. Pretreatment with Tropisetron additionally caused a decrease in Av. at Target (mean AP f over 

1 second measured when target PTR of 20 cmH2O was attained). There was no impact of pharmacologic 

pretreatment on Max. Freq (maximum single frequency). Threshold was assessed via measurement of 

first frequency and PTR threshold for AP activation. Pretreatment with Tropisetron increased the PTR 

threshold for SAR activation (Threshold, upper middle panel), while Suramin had no effect. There was no 

impact of pharmacologic pretreatment on first frequency (right panels) ( +: P < 0.05; *: P < 0.01).  
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Figure 2. 9 Impact of chemosensory and pharmacologic challenge on SAR activity during slow inflation. 

 

The right-hand Y-axis (small symbols) indicates the number of SARs active (n) at each pressure. In both 

cases hollow symbols represent the naïve trials and filled symbols represent the experimental condition 

trials. Hypoxia (top left): exposure to hypoxia caused a small but statistically significant increase in SAR 

AP f (P < 0.001). Hypercarbia (top right): exposure to hypercarbia caused a small but statistically 

significant decrease in SAR AP f (P < 0.001). Tropisetron (bottom left):  pretreatment with Tropisetron 

caused a small but statistically significant decrease in SAR AP f (P < 0.01). Suramin (bottom right): 

pretreatment with Suramin caused a small but statistically significant decrease in SAR AP f (P < 0.01). 

All data are mean ± SEM. 
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Figure 2. 10 Correlations between PTR and percent change in SAR activity during slow inflation in either 

chemosensory or pharmacologic challenge.   

 

Mean ± SEM percent change in AP f (vs. naïve control) are plotted for each experimental condition 

during slow inflation to 20 cmH2O (large symbols, left Y-axes). The right-hand Y-axes (small symbols) 

indicate the number of SARs active (n) at each pressure. Hypoxia (top left): exposure to hypoxia was 

correlated with a positive change in SAR AP f compared with naïve controls (R = 0.9907; P < 0.01). 

Hypercarbia (top right): exposure to hypercarbia was correlated with a negative change in SAR firing 

compared with naïve control (R = 0.9064; P < 0.05). Tropisetron (bottom left): pretreatment with 

Tropisetron was correlated with a negative change in SAR firing compared with naïve controls (R = 

0.9664; P < 0.05). Suramin (bottom right): pretreatment with Suramin was correlated with a negative 

change in SAR firing compared with naïve controls (R = 0.9126; P < 0.05).  
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SAR Onset and Maintenance in Chemosensory or Pharmacologic Challenge  

The impact of chemosensory or pharmacologic challenge was assessed by comparing Threshold for SAR 

activation, First Freq, Max. Freq, and the averages AP f at Target and Steady State between naïve and 

challenge values. Chemosensory experiments compared naïve trials (40% O2, 60% N2) with either 

hypoxia (10% O2, 90% N2) or hypercarbia (10% CO2, 90% O2). Hypoxia resulted in a small decrease in 

the PTR threshold for SAR activation during slow inflation (naïve: 1.8±0.2 cmH2O, hypoxia:  1.2±0.2 

cmH2O; P < 0.01 – Wilcoxon Signed Rank T-Test) whereas hypercarbia increased the PTR threshold of 

SAR activation (naïve:  1.9±0.2 cmH2O, hypercarbia: 2.4±0.2 cmH2O; P < 0.001 – Paired T-Test; Figure 

2.7). Similar to hypercarbia, pretreatment with Tropisetron caused an increase in the PTR threshold for 

SAR activation (naïve: 2.1±0.4 cmH2O, Tropisetron: 2.6±0.3 cmH2O; P < 0.05 – Paired T-Test, Figure 

2.8). There was no effect of pretreatment with suramin on the PTR threshold for SAR activation. The first 

frequency at the PTR threshold was not different during chemosensory or pharmacologic challenge.     

Av. at Target was slightly increased (< 10%) during hypoxic ventilation (naïve: 165.5±14.1 AP/sec, 

hypoxia: 177.2±15.4 AP/sec; P = 0.001 – Wilcoxon Signed Rank T-Test; Figure 2.7) and slightly reduced 

during hypercarbic ventilation (naïve: 181.4±8.0 Hz, hypercarbia: 175.3±7.6 AP/sec; P < 0.001- Paired T-

Test) or pretreatment with tropisetron (naïve: 174.3±13.2 AP/sec, Tropisetron: 150.3±11.3; P < 0.01 – 

Paired T-Test, Figure 2.8). Pretreatment with Suramin did not alter Av. at Target. Similarly to Av. at 

Target, Av. Steady State was increased during hypoxia (naïve: 151.2±12.6 AP/sec, hypoxia: 159.1±13.8 

Hz; P < 0.05 – Wilcoxon Signed Rank T-Test) and decreased during hypercarbia (164.7±6.7 AP/sec, 

hypercarbia: 155.9±7.2 Hz; P < 0.001 – Wilcoxon Signed Rank T-Test) or after pretreatment with 

Tropisetron (naïve: 152.5±12.7 AP/sec, Tropisetron: 141.9±15.3; P < 0.05 – Paired T-Test). Additionally, 

pretreatment with Suramin resulted in a statistically lower Av. Steady State frequency (naïve: 102.0±27.1, 

Suramin: 92.4±24.5; P < 0.05 – Paired T-Test). Hypoxia and hypercarbia showed similar but opposing 

effects, with hypoxia increasing Max. Freq (naïve: 209.7±19.3, hypoxia: 235.9±22.0; P < 0.001 – 
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Wilcoxon Signed Rank T-Test) and hypercarbia decreasing Max. Freq (naïve: 245.6±16.0, hypercarbia: 

229.9±12.9; P < 0.001 – Wilcoxon Signed Rank T-Test). Neither Tropisetron nor Suramin altered Max. 

Freq. 

Impact of Chemosensory Stimulus or Pharmacologic Blockade on SAR Activity during Slow Inflation 

SAR activity was analyzed during the slow inflation by comparing both mean values between naïve and 

test conditions and the percent change in test conditions (vs. naïve). Hypoxia caused an increase in mean 

AP f (P < 0.001; Figure 2.9). There was also a significant effect of PTR on AP f (P < 0.001) and an 

interaction between naïve vs. hypoxic condition and pressure (P < 0.001, all 2-way RM ANOVA, ranked 

data). This was accompanied by a small but statistically significant percent increase in AP f during 

hypoxia (maximum increase: 9.3±1.9% at 20 cmH2O; R = 0.9907, P < 0.01; Figure 2.10). As only 2 

receptors were active at PTR = 0 cmH2O, PTR = 0 cmH2O was excluded from analysis.  

Hypercarbia caused a decrease in mean discharge frequency (P < 0.001; Figure 2.9). As expected, there 

was a significant effect of PTR on AP f (P < 0.001) during hypercarbic exposure as well as an interactive 

effect of condition (naïve vs. hypercarbia) and pressure (P < 0.05; all 2-way RM ANOVA, ranked data).  

Hypercarbia also had a small but statistically significant impact on the percent change in AP f vs. naïve 

controls (maximum decrease: -5.8±1.1%; R = 0.9064, P < 0.05, Figure 2.10). There were no fibres active 

at 0 cmH2O in the naïve vs. hypercarbia trials.  

The impact of pre-treatment with Tropisetron was analyzed over a pressure range of 5-15 cmH2O since 

SARs in this cohort did not display tonic activity (active at 0 cmH2O) and several fibres routinely ceased 

their AP f as PTR = 20 cmH2O was achieved (4/8 fibres). The latter phenomenon generally presented in 

SARs with a very high overall AP f (e.g. 357 AP/second at 16 cmH2O vs. ~ 150 AP/second mean AP f 

across all fibres at 16 cmH2O). Over the range of 5-15 cmH2O, pretreatment with Tropisetron decreased 

mean AP f compared with controls (P < 0.01; Figure 2.9). Both naïve and pretreated fibres exhibited a 
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significant effect of pressure (P < 0.001) and there was a significant interaction between condition and 

pressure (P < 0.05; all 2-way RM ANOVA, ranked data). Pre-treatment with Tropisetron had a small but 

statistically significant impact on the percent change in AP f vs. naïve controls (maximum decrease: -

6.6±0.6%, R = 0.9664, P < 0.05, Figure 2.10).  

Pretreatment with Suramin was assessed between 5-20 cmH2O and one receptor ( m090714) was 

excluded from percent change analysis as an outlier due to its extremely high overall AP f  and reduction 

in AP/sec at pressures > 15 cmH2O (> 2 StDev from mean across all pressures; e.g. -56% at PTR = 20 

cmH2O, vs. approx. -10% at PTR = 20 cmH2O for all other fibres) due to its extremely high overall AP f 

and reduction in AP/second at pressures exceeding 15 cmH2O). Suramin caused a decrease in mean AP f 

compared with controls (P < 0.01; Figure 2.9). There was a significant effect of pressure upon nerve 

firing in both naïve and test (Suramin) conditions (P < 0.001), as well as an interactive effect between 

condition (naïve vs. Suramin) and pressure (P < 0.05; all 2-way ANOVA, ranked data). Additionally, 

Suramin caused a small but statistically significant reduction on the percent change in AP f vs. naïve 

controls (maximum decrease: -10.6±1.3%, R = 0.9126, P < 0.05; Figure 2.10).      

DISCUSSION 

The current study provides the first characterization of murine SAR mechanosensitivity to inflation 

pressure and addresses the emerging hypothesis that mechanoreceptive pulmonary SARs are functionally 

linked with NEB signaling and function (Adriaensen et al., 2006a;Brouns et al., 2006b). We conclude 

that the mechanosensitivity of SARs to slow inflations from end-expiration to TLC is unlikely to be 

meaningfully linked to exposure to classic NEB stimuli (hypoxia or hypercarbia) or signaling pathways 

associated with NEB function (serotonergic or purinergic). Though we report statistically significant 

influences on SAR AP f, these are minor in magnitude (in the order of 5-10%) and are unlikely to hold 

physiologic relevance for this dynamic class of myelinated mechanoreceptors, which we found modulated 
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receptor AP f by 376% over the studied range of low (FRC) to high (TLC) inflation pressures.  Despite 

the negative nature of our findings, they assist in teasing apart the role of myelinated SAR 

mechanoreceptors from NEBs. Additionally, they provide the first in-depth assessment of SAR 

mechanosensitivity to inflation pressure in C57BL/6 mice, a commonly employed strain in biomedical 

studies. Indeed, we found that murine SARs exhibit greater AP f as compared with larger mammals. 

Further, select SARs reached unsustainably high AP f levels at PTR approaching TLC (see Slowly-

Adapting Receptors: a heterogeneous population for “the Wedensky effect” (Adrian, 1933)), suggesting 

that SARs may be more important for dynamic signaling within the physiologic murine tidal breathing 

PTR range, which reflects the high respiratory frequency of the mouse rather than elevation of lung 

volume.  

Slowly-Adapting Receptors: a heterogeneous population with interspecific variability  

Despite its status as the “best known” pulmonary receptor, significant differences exist in how SARs have 

been described and characterized (von Duering et al., 1974;Sant'Ambrogio, 1982;Krauhs, 

1984;Widdicombe, 1986;Coleridge & Coleridge, 1986a;Widdicombe, 2001). SAR activity has both a 

static (volume) and dynamic component (rate of change) (Bartlett, Jr. et al., 1976b;Bartlett, Jr. & St John, 

1979), with nerve AP f during a rapid inflation exceeding the AP f at an equivalent static pressure 

(Bartlett, Jr. et al., 1976b). We investigated the relationship between PTR and nerve AP f during a slow, 

quasi-static inflation from 0-20 cmH2O in order to assess the static behaviour of murine SARs.   

Murine SARs encoded a wide range of AP f over the inflation pressures studied, with a dynamic range of 

376% increase between mean AP f at end-expiration and TLC (Figure 2.5). Unfortunately, the only other 

report of murine SAR behaviour examined SAR activity relative to volume of inflation, which is an 

indirectly related stimulus for SARs, and only reported SAR AP f in the normal tidal volume range and 

during tracheal occlusion (Burnet & Hilaire, 1999). Our data on the SAR mechanosensitivity across the 
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FRC to TLC range of pressure for a rapidly breathing small mammal provides the basis for comparison to 

larger mammals, as well as provides control data comparison to genetic mutations or experimental 

interventions. Indeed, the maximum frequency at TLC (20 cmH2O) of murine SARs was almost 60% 

greater than that reported for larger mammals (236.1 vs. < 150 AP/sec; (Widdicombe, 

1954a;Sant'Ambrogio et al., 1974;Miserocchi & Sant'Ambrogio, 1974b;Bartlett, Jr. & St John, 1979)). 

Our finding of higher AP f in the mouse vs. larger mammals mirrors patterns of AP f for avian species of 

varying sizes, where smaller species display greater AP f as well as adaptation in their afferent SARs 

(which are CO2 sensors and not mechanosensors), where smaller birds display greater AP f as well as 

adaptation in their afferent signaling (Frappell et al., 2001;Hempleman et al., 2005). This finding occurs 

below the presumed maximal discharge frequencies across all species (~300 AP/sec), which reflects the 

biophysical limitations of ion channel function (Hille, 1992). Such variability is thought to reflect the 

higher innate respiratory frequencies of animals of decreasing size, a phenomenon that is echoed in 

biological rates ranging from heart rate to gait and often analyzed through allometric scaling models 

(Frappell et al., 2001;Hempleman et al., 2005).  

Both tonically active and high-threshold SARs have been described (Yu, 2002), with a minority of rabbit 

SARs exhibiting tonic activity (Yu et al., 2003). We observed few fibres active at end-expiratory lung 

volume (0 cmH2O PTR), with all fibres active by PTR = 5 cmH2O. SAR threshold was previously thought 

to reflect morphology or location, with high-threshold receptors believed to be located in the peripheral 

lung and low-threshold (i.e. tonic) receptors in the larger, central airways (Sant'Ambrogio, 1982). While 

tonic fibre localization to large/extrapulmonary airways could, coupled with relatively few extrathoracic 

receptors ( < 20% in dogs; Bartlett, Jr. et al., 1976a), explain our observation of few tonic receptors, the 

paradigm of geographically distinct SARs has been questioned by findings of high-threshold and tonic 

SARs, with no striking morphological distinctions, in the peripheral rabbit lung (Yu et al., 2003). Thus, 

whether threshold differences (high vs. tonic) reflect natural variation in SAR localization or an 

incomplete appreciation for SAR distribution is unknown.  
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A classic characteristic of SARs is their slow or incomplete adaptation to static or sustained stimuli   

(Adrian, 1933;Knowlton & Larrabee, 1946;Widdicombe, 1954a;Bartlett, Jr. et al., 1976b;Sant'Ambrogio, 

1982). While the vast majority of SARs studied herein acted similarly, a small subset (see Methods and 

Results sections for descriptions) were excluded from analysis at PTR = 20 cmH2O due to an intermittent 

or complete failure of AP f discharge, which yields a marked or complete adaptation to high pressure, 

despite displaying otherwise typical SAR behaviour (e.g. during tidal breathing). First characterized as 

“the Wedensky Effect” (Adrian, 1933), this deactivation has since been reported for SARs in the opossum 

(Farber et al., 1983) and rabbit (Guardiola et al., 2007), occurs more frequently in SARs with high 

discharge frequencies (Farber et al., 1983;Guardiola et al., 2007), and involves complete or partial 

cessation of nerve activity thought to occur via overexcitation, not inhibition, of the nerve (Winner et al., 

2005).   

Potential Chemosensation by Slowly-Adapting Receptors: a minor role  

Hypoxia and CO2 exerted minor and opposing effects on SAR mechanosensitivity as assessed by mean 

nerve AP f (naïve vs. experimental gas) or the percent change in AP f during quasi-static inflation, with 

hypoxia increasing and CO2 decreasing responsiveness, respectively. There was a positive correlation 

during hypoxia exposure between AP f change from baseline and PTR, which peaked at +9.3 ± 1.9% of 

naïve control at 20 cmH2O. This change is minor when compared to the impact of hypoxic exposure on 

hypoxia-sensitive K
+
 current in NEBs (approx. - 47%) in neonatal rabbit lung slices (Fu et al., 2002;Fu et 

al., 2007), as well as in in vivo rabbit studies illustrating a role for NEB innervation in the hypoxic NEB 

response (Lauweryns & Van Lommel, 1986). Further, the magnitude of the apparent hypoxic response 

displayed by the SARs investigated herein is trivial when compared to the approximately twofold increase 

in AP f of the carotid sinus nerve when the CB  is exposed to 12% vs 100% O2 (Kline et al., 2002). 

Investigations into the role of hypoxia on SAR activity are somewhat limited and the results are 

dependent on the presence or absence of ASM efferent innervation. Thus, hypoxia has little or no impact 
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on SAR activity in the denervated airway (Adrian, 1933;Whitteridge & Bülbring, 1944), whereas tracheal 

SARs in newborn and adult dogs with vagal efferent innervation partially intact show an increase in SAR 

AP f secondary to chemoreflex bronchoconstriction (Nadel & Widdicombe, 1962;Fisher et al., 1983).  

Overall, the literature in large mammals agrees with our finding of a minor stimulatory effect for hypoxia 

on SAR activity. It contrasts with our finding that hypercarbic ventilation causes a small but significant 

decrease (max. -5.8 ± 1.1%) in SAR AP f. This may reflect the magnitude of the hypercarbia exposed 

animals to (10% CO2), but our results are consistent with several studies that report a small inhibitory 

effect of CO2 on SARs (Schoener & Frankel, 1972;Mustafa & Purves, 1972;Sant'Ambrogio et al., 

1974;Bradley et al., 1976;Kunz et al., 1976). In an in situ preparation of dog extrapulmonary trachea and 

bronchi, for example, only bronchial SARs decreased their AP f in response to local (luminal) 8% CO2 

(Bartlett, Jr. & Sant'Ambrogio, 1976); this effect was greatest at low PTR but did not vary based on 

stepwise (static) vs. oscillatory (dynamic) inspiratory stimulation (Mustafa & Purves, 1972;Bartlett, Jr. & 

Sant'Ambrogio, 1976). An alternative explanation for this regional variability in CO2 responsiveness 

could depend on an indirect action of CO2 on SAR activity, perhaps through its actions on cells in the 

SAR microenvironment  (Bartlett, Jr. & Sant'Ambrogio, 1976). In this case, NEBs contacted by SAR 

encoders would provide an attractive candidate CO2-sensing arrangement. However, based on our data, it 

is unlikely that such a link between NEBs and SARs explains the apparent inhibitory effect of CO2 on 

SARs, as the magnitude of change due to CO2 in SARs is minor and inhibitory compared to the 

substantial and dose-dependent increase in NEB 5-HT secretion in response to CO2 exposure (Livermore 

et al., 2015b).  

While SAR CO2 responsiveness was proposed to occur indirectly via alterations in airway tone (Ingram, 

Jr., 1975), with a critical role for vagal reflexes supported by an abolished effect of CO2 on tidal volume 

and respiratory frequency after vagotomy (Bartoli et al., 1974), this has been challenged based on 

unaltered PTR in CO2 ventilation (Bartlett, Jr. & Sant'Ambrogio, 1976) and observations that CO2 still 
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decreases SAR activity after β adrenoreceptor agonist, isoprenaline, pretreatment , which should abolish 

modulation of airway tone by CO2 (Mustafa & Purves, 1972;Sant'Ambrogio et al., 1974). It has been 

suggested that direct SAR responsiveness to CO2 may be targeted at responding to decreased local PCO2 

to regulate and maintain appropriate pulmonary CO2, rather than response to overt increase in ambient 

PCO2 (Coleridge et al., 1978). Such a local role, as opposed to a primary one, would be more easily 

reconcilable with our findings of minor alterations in SAR activity as a result of global ventilatory 

hypercarbia.   

It is worth noting that, aside from the influence of hypoxia or hypercarbia on the overall profile of SAR 

AP f during slow inflation (“rate coding”; (Rieke et al., 1999)), these alterations in ventilatory gas also 

decreased and increased the PTR threshold of activation of the nerves, respectively (Figure 2.7). This 

happened without a comparable change in the measured first instantaneous frequency, and likely reflects 

an alteration in “time coded” afferent information or increased/decreased baseline excitability or perhaps 

small reductions in local ASM tension.  

Slowly-Adapting Receptor Neurotransmission: a role for 5-HT or ATP?  

We investigated potential roles for serotonin or ATP signaling via 5-HT3R or P2R receptors in SARs by 

pretreating with either Tropisetron or Suramin during slow inflation to 20 cmH2O. Both antagonists 

resulted in a minor but statistically significant decrease in SAR AP f (<10%) for both Tropisetron and 

Suramin. Thus, despite the descriptions of an important impact of 5-HT receptors on respiration 

(Yoshioka et al., 1992) or their expression on vagal nodose ganglia (Rosenberg et al., 1997) and NEBs 

(Fu et al., 2001), our data do not support a critical role for 5-HT receptors in SAR activation. Further, our 

data do not support the concept of a primary role for 5-HT signaling via a link between NEBs and SARs.  

Expression of P2X2 and P2X3 receptors has been described on NEBs (Fu et al., 2004) as well as on a 

specific vagal afferent population innervating approximately 24% of NEBs in mice (Brouns et al., 2009). 
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P2X2/P2X3 heterodimers are associated with ATP-regulated sensory nerves, especially as concerns 

mechanosensation and the sensation of nociceptive stimuli, and ATP has been implicated as a co-

transmitter in numerous signaling pathways (Burnstock, 2007a;Burnstock, 2007b). Further, ATP is stored 

in and released from NEBs in response to stimulation in an ex vivo lung slice model, suggesting that ATP 

released from NEBs may activate their sensory innervation (De Proost et al., 2008b). Whether respiratory 

stimuli, such as mechanical stretch, act directly on NEBs, their innervation, or a combination of the two in 

vivo remains unknown (Brouns et al., 2009). The small impact of P2R blockade in the current work argue 

against a primary role for P2R-based transmission of SAR signaling during quasi-static inflation, while 

not excluding the possibility of ATP playing a modulatory role. Alternatively, the low impact of Suramin 

pretreatment on recorded AP f could represent an inadvertent sampling bias, as the presence of P2X 

receptors on just less than a quarter of NEB-innervating vagal fibres would make it hard to select for such 

a population without being able to characterize its behaviour. Whether the variability observed in our 

SAR population might be attributable to differential signaling pathways requires further investigation.  

Conclusions 

Investigation of murine pulmonary SARs over the tidal breathing to total lung capacity range exposed a 

receptor population characterized by low PTR thresholds of activation and high discharge frequencies 

compared with those observed in large species, likely reflecting the relatively high breathing rate of mice. 

We explored the recent hypothesis of a functional link between SARs and NEBs. Our findings suggest 

that pulmonary SARs in C57BL/6 mice are not involved in the chemosensory transduction of hypoxia or 

hypercarbia or physiologically linked to serotonergic or purinergic signaling. Hypoxia and hypercarbia 

caused only minor, opposing differences in SAR activity, with hypoxia increasing and hypercarbia 

decreasing SAR AP f. Similarly, Tropisetron and Suramin had small, inhibitory effects on SAR AP f. The 

low magnitude of these interventions compared with the dramatic alteration of SAR activity in response 

to varying degrees of mechanical stretch do not support a significant role for chemosensation by SARs or 
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a link to polymodal NEBs. Rather, our findings suggest that 5-HT3Rs or P2Rs may have a minor or co-

transmissive role in SAR signal transduction, while the primary signaling pathway remains to be 

elucidated.  
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ABSTRACT 

The G protein-coupled extracellular calcium-sensing receptor (CaSR) is expressed throughout the 

pulmonary epithelium during specific prenatal developmental stages, where it is implicated in branching 

morphogenesis and fluid resorption. CaSR was recently reported to be expressed by the cells of 

pulmonary neuroepithelial bodies (NEBs) in the post-natal period (Finney et al., 2008;Lembrechts et al., 

2013). NEBs are polymodal airway sensors that are thought to function as chemosensors, particularly 

during the perinatal period (Cutz et al., 2013). Reported similarities in marker expression on vagal 

innervation to NEBs and the airway smooth muscle (ASM) have generated speculation over a potential 

functional link between NEBs and airway mechanosensors, e.g. slowly-adapting receptors (SARs; 

(Brouns et al., 2006b)). We investigated the impact of loss of CaSR on SAR mechanosensitivity and NEB 

morphology in CaSR-parathyroid hormone mutant mice (CaSR
-/-

/PTH
-/-

, knockout: KO) as compared to 

wildtype (WT) mice. Single SAR action potential discharge frequency (AP f) was measured during a 

quasi-static inflation from 0-20 cmH2O (WT: n = 7; KO: n = 7). Loss of CaSR decreased AP f compared 

with WT in either hyperoxia (FIO2 = 0.4; P = 0.001; max. decrease -35.0%) or hypoxia (FIO2 = 0.1; P < 

0.001; max. decrease -39.5%). Hypoxia had no effect on SAR AP f within either genetic background (KO 

or WT). Immunohistochemical analysis revealed striking hyperplasia and hypertrophy of NEBs in lungs 

of CaSR null mice, with an over two-fold increase NEB size (% immunostained/100mm
2
: KO = 

2.9±0.8%/mm
2
, WT = 1.1±0.4%/mm

2
, P < 0.05; integrated NEB area: KO = 2095±650mm

2
, WT = 

998±216mm
2
, P < 0.001) and a three-fold increase in the number of nuclei observed (nuclear number: KO 

= 140±21, WT = 38±13, P < 0.001). NEB cells in CaSR null mice also showed increased expression of 

the neurogenic gene, mammalian achaete-scute homolog (Mash-1), indicating increased differentiation 

from precursor cells, as well as an increase in the marker of proliferation, Ki-67, suggesting at least a 

partially proliferative response as a basis for observed hyperplasia. We report two novel, apparently 

independent roles for CaSR in murine lungs: reduced SAR mechanosensitivity and hyperplasia of NEBs.   
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INTRODUCTION   

The calcium-sensing receptor (CaSR) is a member of Group C of the G protein-coupled receptors. It was 

originally isolated from bovine parathyroid gland (Brown et al., 1993) and is fundamentally involved in 

extracellular Ca
2+

 signaling and regulation via parathyroid hormone (PTH; (Brown & MacLeod, 

2001;Riccardi et al., 2009;Riccardi & Kemp, 2012)). Expression of CaSR has also been demonstrated in a 

wide variety of tissues not primarily linked to Ca
2+

 homeostasis, including those of the cardiovascular 

system, (Molostvov et al., 2007), central nervous system (CNS; brain (Yano et al., 2004;Tharmalingam et 

al., 2015)), as well as mammary tissue (Mamillapalli et al., 2008), the pituitary gland (Mamillapalli & 

Wysolmerski, 2010), and taste buds (San Gabriel et al., 2009). During development CaSR has been 

linked to cellular proliferation and differentiation in branching lineages, such as the embryologically-

related respiratory and gastro-intestinal systems (Chakrabarty et al., 2005;Finney et al., 2008;Domnik et 

al., 2015;Aggarwal et al., 2015). Initial studies reported widespread expression of CaSR in the prenatal 

pulmonary epithelium between embryonic days E11.5-16.5 (Finney et al., 2008;Riccardi et al., 2009). 

During this developmental period, CaSR is implicated in the regulation of airway branching 

morphogenesis and fluid secretion vs. resorption (Finney et al., 2008;Brennan et al., 2013). In addition, 

they reported decreased expression of CaSR after E16.5 and markedly reduced expression of CaSR in 

whole-lung tissue extracts after E18. Thus, it was concluded that CaSR plays a major role during 

intrauterine development, but not in the post-natal lung. However, Lembrechts et al. subsequently 

demonstrated expression of CaSR in pulmonary neuroendocrine cells (PNEC) forming neuroepithelial 

bodies (NEB) in the murine lung beginning at post-natal day P14 (Lembrechts et al., 2013). Other 

functional and morphologic studies have also identified CaSR in rat bronchopulmonary vagal afferent 

nerve fibres (Gu et al., 2013;Vysotskaya et al., 2014).  

Pulmonary NEBs comprise clusters of 5-15 PNEC localized within the airway (AW) epithelium, often at 

bifurcations. PNEC/NEB cells produce various neuropeptides and amines (for a comprehensive list, see 
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(Cutz et al., 2013)), including serotonin (5-HT), ATP, and calcitonin gene-related peptide (CGRP) (Cutz 

et al., 2007b;Domnik & Cutz, 2011). They receive extensive innervation from vagal, dorsal root ganglion, 

and intrinsic neurons (see (Brouns et al., 2006a) and (Brouns et al., 2009) for detailed descriptions of rat 

and mouse NEB innervation, respectively). Earlier studies by Lauweryns et al. suggested that NEBs may 

function as AW hypoxia sensors (Lauweryns & Cokelaere, 1973;Lauweryns et al., 1977). This hypothesis 

has been confirmed by subsequent cellular and molecular studies (Youngson et al., 1993;O'Kelly et al., 

1998;Fu et al., 1999;Fu et al., 2000;Fu et al., 2002) showing that NEB cells express a membrane-bound 

hypoxia sensor (NADPH oxidase 2, NOX2 (Youngson et al., 1993;Wang et al., 1996;Fu et al., 

2000;O'Kelly et al., 2001)) and hypoxia-sensitive K
+
 channels (Wang et al., 1996;Fu et al., 2000;Fu et al., 

2007). Hypoxia-induced release of serotonin (5-HT) from NEB cells has been demonstrated using carbon 

fibre amperometry (Fu et al., 2002;Livermore et al., 2015b).  

In addition to hypoxia, NEBs demonstrate responsiveness to additional stimuli, including 

hypercarbia/acidosis (Livermore et al., 2015b), nicotine (Schuller et al., 2003;Fu et al., 2007), volatile 

compounds (Gu et al., 2014), and mechanical stretch (Pan et al., 2006a;Lembrechts et al., 2012), 

suggestive of a polymodal phenotype akin to that of the carotid body chemoreceptors (Nurse, 2010). 

These characteristics of NEB are accompanied by a diverse and heterogeneous innervation, with all NEB 

being densely innervated and different NEB receiving different complements of innervating neurons 

(Brouns et al., 2009). The most prevalent type of NEB innervation is vagal in origin and has been shown 

to express mechanosensitive markers, such as Na
+
/K

+
-ATPase or the two-pore K

+
 channel, TRAAK 

(Brouns et al., 2006a;Lembrechts et al., 2011). Na
+
/K

+
-ATPase is also expressed on vagal afferent fibres 

terminating in the airway smooth muscle (ASM) layer as a series of arborisations; these structures are 

reminiscent of an end-organ receptor, and have been termed smooth muscle-associated receptors (SMAR; 

(Brouns et al., 2006a;Adriaensen et al., 2006a;Brouns et al., 2006b)), proposed to be the morphological 

correlates of the classic, electrophysiologically defined slowly-adapting receptors (SAR) of the airways. 

Based on these findings, Adriaensen et al. suggested an alternate function for NEBs as nociceptors or 
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mechanoreceptors that participate in already defined pulmonary reflexes, including those of SARs 

(Brouns et al., 2006a;Adriaensen et al., 2006a;Brouns et al., 2006b). SARs are mechanosensitive to 

inflation, exhibiting slowly-augmenting discharge in response to lung inflation and a sustained, slowly-

adapting discharge in response to maintained inflation (Widdicombe, 1954c;Davis et al., 

1956;Sant'Ambrogio, 1982;Widdicombe, 2006). While they have shown variable and small 

responsiveness to chemical stimuli (e.g. hypoxia, hypercarbia), both in magnitude and direction, in 

different models (e.g. (Adrian, 1933;Whitteridge & Bülbring, 1944;Mustafa & Purves, 1972;Fisher et al., 

1983) and others), they are considered to be primarily mechanosensitive in nature. The evidence for 

expression of Na
+
/K

+
-ATPase both on vagal afferents innervating NEBs in the epithelium and SMARs in 

the ASM is contested; this has led to speculation regarding a possible functional link between NEBs and 

SMARs (Adriaensen et al., 2006b;Adriaensen et al., 2007;Yu, 2007), or Na
+
/K

+
-ATPase-immunopositive 

SARs (Wang & Yu, 2002;Yu et al., 2003).     

Based on the above findings, we tested the following hypotheses: i) Are NEBs linked to SARs? (Tested 

by examining the impact of hypoxia on SAR signaling during a quasi-static inflation in both CaSR/PTH 

knockout (KO) and wildtype (WT) mice); ii) Does loss of CaSR affect the morphology of NEBs, 

including size, distribution, and frequency, in KO mice when compared to WT controls?  

METHODS 

All methods were approved by the Queen’s University Animal Care Committee.  

Electrophysiologic Studies 

Electrophysiology experiments were performed as previously reported (Domnik et al.2015, Chapter 2). In 

brief, single SAR extracellular action potentials (AP) were recorded from adult CaSR knockout (KO, 

CaSR
-/-

/Pth
-/-

: n=6, nfibres=7) and wild type (WT, CaSR
+/+

/Pth
+/+

: n=4, nfibres=7) mice in hyper- and hypoxia 

(FIO2 – 0.4 and 0.1, respectively) during: i) tidal breathing, ii) quasi-static hyperinflation from 0-20 
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cmH2O (sustained hyperinflation for 10 sec at 20 cmH2O, Figure 3.1; experimental set-up as per Chapter 

2 - Domnik et al. 2015). Mice were anaesthetized (60 mg/kg, 30 mg/mL sodium pentobarbital, i.p.; Ceva 

Santé Animal, Libourne, France), mechanically ventilated (120 breaths/min; 120 breaths/min; Harvard 

Rodent Ventilator Model 683, Harvard Apparatus, South Natick, MA, USA), and the left jugular vein was 

catheterized for i.v. administration of maintenance anaesthesia  (12 mg/kg, 5.47 mg/mL, sodium 

pentobarbital). The right cervical vagus nerve was isolated and transected to ensure afferent signal 

recordings from the peripheral cut end during dissection to a single fibre (watchmaker forceps, surgical 

microscope – Olympus SZ61/SZ2-ST41; Tokyo, Japan) in a cervical skin flap pool of mineral oil. Bipolar 

platinum electrodes were connected to a headstage (AI 401 x10 Amplifier, CyberAmp Smart Probe, 20 

000s samples/second) and extracellular AP recorded along with transrespiratory pressure (PTR) (Motorola 

pressure transducer, AI 490 amplifier, 1000 samples/second; CyberAmp 380 Programmable Signal 

Conditioner (all Axon Instruments, USA). ECG was recorded throughout using a differential AC 

amplifier (A-M System Model 1700; 1000 samples/second). All signals (nerve, PTR, ECG) were acquired 

by an analog to digital recording system (CED Micro 201 MK II; Spike 2 Version 7.02 software from 

Cambridge Electronic Design Limited, Cambridge, UK) and AP waveform recognition analysis was 

performed in order to identify the single nerve fibres. A summary of the variables studied is given in 

Table 3.1. Statistical analyses consisted of 2-way ANOVA/RM-ANOVA and t-test/paired t-test; tests 

described, as appropriate, alongside Results. 

Morphologic Studies 

Formalin-fixed paraffin sections (FFP; 7μm) or frozen sections (100μm) were used for 

immunohistochemical analysis of NEBs and their innervation, respectively.  
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Figure 3. 1 Slowly-adapting receptor nerve recording and protocol timeline.  

 

Top Left: sample tracing of single SAR action potentials (AP) during tidal breathing (from top to bottom: 

instantaneous AP discharge frequency (AP f ), transrespiratory pressure (PTR); approximately 7-8 cmH2O 

during tidal breathing, and ECG). Time axis as indicated. Bottom: sample tracing of single SAR AP 

during slow, quasi-static inflation showing recorded parameters as panel A. Inflation from 0-20 cmH2O 

occurred over 10 seconds, followed by 10 seconds of sustained inflation at 20 cmH2O. Top Right: 

timeline of control and hypoxic exposure nerve recording protocols. Time axis as indicated. 
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Table 3. 1 Summary of Electrophysiological Analysis Variables (Domnik et al. 2015, Chapter 2) 

 

Variable Protocol Conditions Where Assessed 

Mean discharge during quasi-static inflation  

Naïve  

Chemosensory or Pharmacologic Challenge 

Percent change vs. Naïve during quasi-static 

inflation 

Naïve  

Chemosensory or Pharmacologic Challenge 

Threshold Pressure (Threshold; cmH2O) 

Naïve  

Chemosensory or Pharmacologic Challenge 

First Frequency (First Freq; Hz) 
Naïve  

Chemosensory or Pharmacologic Challenge 

Maximum frequency (Max. Freq; Hz) 
Naïve  

Chemosensory or Pharmacologic Challenge 

Mean frequency at 20 cmH2O (measured over 1 

second, Hz; Av. at Target) 

Naïve  

Chemosensory or Pharmacologic Challenge 

Mean steady state frequency at 20 cmH2O (over 

1 second, taken 5 seconds after target reached, 

Hz; Av. Steady State) 

Naïve  

Chemosensory or Pharmacologic Challenge 
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Paraffin Sections 

Lung tissue was obtained from WT (n = 5; 4 slides/case) and KO (n = 5; 4 slides/case) CaSR/PTH mice, 

fixed in 10% neutral buffered formalin, and the medial lobes were embedded in paraffin and cut at 7μm. 

FFP sections were de-waxed prior to immunofluorescent labelling.  

i. Immunohistochemistry  

For immunohistochemical studies (IH) we used a newly developed, multilabel immunofluorescence 

method that can be applied to FFP sections and is examined by confocal microscopy (Thoeni et al., 

2014). The advantage of this novel method over conventional frozen sections is that it enables superior 

cellular preservation, detection of multiple epitopes in the same section, and a sharp contrast provided by 

confocal imaging. 

To suppress endogenous autofluorescence of FFP sections, high pH (9.0) EDTA antigen retrieval was 

performed for 10 minutes (high pressure decloaking chamber) followed by one hour of room temperature 

incubation with blocking solution (20% normal donkey serum in 4% BSA in PBS).  Following brief 

washes, slides were incubated with pairs of primary antibodies from different antibody hosts (e.g. Ms 

anti-CGRP mAb mixed with Rb anti-HIF-1α pAB, or Rb anti-CGRP pAb mixed with Ms anti-Mash-1 

mA; see Table 3.2). Pre-immune serum was substituted for the primary antibody to provide a negative 

control. When two primary rabbit antibodies were required for dual or triple staining, the donkey anti-

rabbit IgG (H+L) F(ab’)2 antibody was applied prior to the application of the second rabbit primary 

antibody in order to prevent overlap in its labelling with the first rabbit primary antibody/ donkey anti-

rabbit secondary conjugate. 
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Table 3. 2 Summary of Antibodies  

 

Primary antibodies Dilution Source 

Rb anti-Synaptophysin mAb (SYP) 

Rb anti-Synaptophysin mAb (SYP)* 

Ms anti-Synaptic vesicle protein 2 mAb (SV2) 

Ms anti-Smooth muscle actin-FITC mAb 

Ms anti- α3 Na
+
/K

+
-ATPase mAb* 

Ms anti-MASH1 mAb 

Rb anti-PROX1 pAB 

Ms anti-CGRP mAb 

Rb anti-Ki67 

Rb anti-CGRP
x
 pAb 

Rb anti-HIF1a pAb 

1:20 

1:100 

1:100 

1:250 

1:200 

1:250 

1:400 

1:300 

1:500 

1:2000 

1:1000 

NeoMarkers 

Labvision Corp. 

Hybridoma Bank 

Sigma-Aldrich 

Abcam 

BD Pharmingen 

Abcam 

Invitrogen 

Dako 

Santa Cruz Biotech 

Abcam 

 

Secondary antibodies Dilution Source 

Anti-mouse IgG H+L-biotin 

Anti-rabbit IgG H+L-biotin 

Anti-rabbit IgG H+L-FITC 

Anti-mouse IgG H+L-Texas Red 

Streptavidin-Texas Red X 

Streptavidin-Texas Red X conjugate* 

Anti-mouse Smooth muscle actin (SMA)H+L-FITC* 

RedDot-2 dye (697nm) 

1:200 

1:200 

1:100 

1:100 

1:1000 

1:400 

1:100 

1:1000 

Jackson Laboratories 

Jackson Laboratories 

Jackson Laboratories 

Jackson Laboratories 

Invitrogen 

Molecular Probes 

Sigma-Aldrich 

Biotium 

 

* employed in frozen sections only                 
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Slides were washed three times for 10 min/ea with PBS buffer (pH = 7.6) and two times for 10 min/ea 

with PBS at room temperature before incubation with secondary antibodies (Table 3.2) plus RedDot 2 

(nuclear counterstaining; 1:1000 dilution) for two hours at room temperature. Subsequent to secondary 

incubation, slides were washed three time (10 min/ea, PBS buffer, pH 7.6) plus two (10 min/ea, PBS), 

mounted with Vectashield (Vector Laboratories Inc., ON, Canada), and sealed prior to being stored at 4°C 

overnight or until required for confocal imaging.  

ii. Stripping and Re-Probing 

We developed a novel technique for restaining sections. An advantage of this new IH method is the 

possibility to re-probe epitopes, similar to that offered by Western blot. Stripping and re-probing of slides 

was performed in order to identify multiple targets (e.g. (co)localization of multiple antigens) in identical 

tissue samples and structures while maximizing the efficiency of tissue usage. This was achieved by 

carefully dipping previously-labeled/scanned slides in 100% xylene for a few seconds in order to facilitate 

removal of the coverslip (taking care to not let xylene contact the tissue sample). Slides were washed 

three times (5 min/ea) with PBS prior to application of pre-warmed (30°C) tissue stripping solution 

(0.05% SDS, 0.001% β-mercaptoethanol, and 0.001% Tween 20 in MiniQ water; pH 4.0) and incubation 

at room temperature for 5-10 minutes. The slides were ready for re-probing with different antibodies after 

the tissue stripping solution was discarded and the slides were washed five times in PBS (5 min/ea) before 

high-pH antigen retrieval, decloaking, washing, and blocking were performed as described above. 

Immunohistochemistry on Frozen Sections 

Thick lung tissue samples from the same cases as used for paraffin sections were frozen in OCT 

compound and stored at -80°C in preparation for histology and immunofluorescent labelling. This 

enabled the staining and visualization of NEB innervation, which cannot be performed on the thin FFP 

sections.   
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Thick frozen lung tissue preparation and immunolabeling was performed as per (Pan et al., 2004).  

Briefly, cryostat sections of medial lobes were cut to 100 µm thickness at -14
0
C and immediately 

transferred into room temperature (RT) zinc formalin fixative (Newcome Supply; Middleton, WI) for 

three washes (10 min/wash, RT). Sections were then washed in PBS and stored at 4
0
C. Sections were 

permeabilized (1% Triton X-100 in PBS for 8 min) prior to immunofluorescence labelling. Nonspecific 

binding and endogenous mouse IgG was blocked through 60 min RT incubation in 20% normal donkey 

serum in 4% BSA plus avidin/biotin blocking solution and mouse-on-mouse blocker (M.O.M., Vector 

Labs, Burlingame CA). This was followed by overnight incubation (4°C) with primary antibodies using 

an orbital shaker. Secondary antibody incubation consisted of FITC-/biotin-conjugated donkey anti-

Na
+
/K

+
-ATPase (2 hr, RT). This was visualized using a 1:400 dilution of streptavidin-Texas Red X 

conjugate (Molecular Probes; Eugene, OR). Background staining consisted of mouse monoclonal anti-

smooth muscle actin (SMA) conjugated with FITC (1:100, Sigma-Aldrich, Oakville, ON) incubated for 

30 minutes at RT.  

Confocal Microscopy 

Fluorescent imaging of 20 WT and 20 KO sections (5 cases/genotype, 4 sections/case) was performed 

using a Leica confocal laser scanning microscope (TCS-SPE) and LAS-AF software. Double-/triple-

stained slides utilized CGRP to identify PNECs/NEBs alongside the markers Mash-1, Prox-1, HIF-1α, 

and Ki-67 (paraffin) or utilized SYP to identify PNECs/NEBs alongside the markers SMA and Na
+
/K

+
-

ATPase (frozen). Variable excitation wavelengths of 488 nm for FITC conjugates, 569 nm for Texas Red 

complex, and 695 nm for Alexa Fluor 680 conjugate/RedDot 2 were used.  

Morphometric Analysis 

Quantitative analysis of NEBs was performed using previously reported methods (VanLommel & 

Lauweryns, 1997;Pan et al., 2006b;Cutz et al., 2007a) with confocal images randomly code-labelled prior 

to analysis in order to prevent investigator bias. In brief, 100 mm
2
 sections (medial lobe; minimum 5 
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cases and 4 slides/case used per genotype) were assessed by measuring the surface area of bronchioles of 

different sizes using Image-J (N.I.H.) and Simple PCI (Compix Inc., Imaging Systems, Sewickley, PA, 

U.S.A.). An internal scale bar ensured standardization between images. The number and size of NEBs 

was assessed on lung sections immunostained for CGRP, SV2, or SYP using Simple PCI. Total number 

of PNECs/NEBs per section was divided by the integrated surface area (relative number expressed as 

mean ± SD per mm
2
 of lung tissue) and expressed as a percentage of total airway epithelial area (%IMS). 

The size of the CGRP-immunoreactive NEB clusters within the terminal bronchioles or at bronchiolar-

alveolar junctions was determined by direct measurement of their surface area (integrated area) using 

Image J and the mean size of NEB cells was determined by dividing the total NEB (CGRP-

immunoreactive) area by the number of nuclei per NEB (counted). Statistical analysis was completed 

subsequent to morphometric analysis and breaking of the randomized labelling code in order to perform 

WT vs. KO comparisons. 

Statistical Analysis (Morphometry) 

Analyses were conducted using Prism GraphPad 4.0 (GraphPad Software Inc., San Diego, CA, U.S.A.) 

with P < 0.05 required for significance. One-way ANOVA with repeated measures was used within WT 

or KO groups between the various cases while linear regressions were compared and analyzed with aid of 

a correction plotting curve. Between-group comparisons were performed using Student t-tests (paired 

samples with Welch’s correction). 

RESULTS 

Electrophysiology 

SAR activity was assessed at the onset of nerve firing, throughout the course of slow inflation, and during 

sustained inflation to the target pressure, PTR = 20 cmH2O. 
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SAR activation threshold (Threshold) was assessed from the PTR value required for nerve firing alongside 

the instantaneous AP f upon initiation of nerve firing (First Freq; Figure 3.2). The PTR Threshold of AP 

activation was statistically lower during hypoxia in WT mice (hyperoxia: 2.9±0.6 cmH2O, hypoxia: 

2.5±0.6 cmH2O; P = 0.001, paired t-test), whereas there was no impact of hypoxia on Threshold observed 

in KO mice or of genotype or gas composition on First Freq. 

SAR activity throughout the slow inflation was assessed by comparing mean ± SEM AP f at 5, 10, 15 and 

20 cmH2O between genotypes/with a given gas mixture or within genotypes/with altered ventilatory gas 

(Figure 3.3). Loss of CaSR caused a reduction in nerve AP f throughout the slow inflation, independent 

of gas composition (hyperoxia: max. decrease of -35.0% at 15 cmH2O, P = 0.001; hypoxia: max. decrease 

of -39.5% at 15 cmH2O, P < 0.001; both – 2-way ANOVA). There was no effect of gas composition on 

SAR AP f within a given genotype.  

Maintained SAR activity throughout the sustained inflation at 20 cmH2O was assessed by examining the 

impact of either genotype or gas composition on the average AP f over 1 second when the target PTR of 20 

cmH2O was attained (Av. at Target), at steady state 5 seconds after having reached the target (Av. Steady 

State), and the single maximum frequency recorded (Max. Freq). Loss of CaSR decreased Max. Freq 

independent of ventilatory gas (WT hyperoxia: 257.5±40.4 Hz, KO hyperoxia: 140.0±11.5 Hz, P = 0.011; 

WT hypoxia: 261.3±39.5 Hz, KO hypoxia: 147.0±13.9 Hz, P = 0.026). There was no impact of genotype 

or gas on Av. at Target or Av. Steady State.  
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Figure 3. 2 Impact of loss of CaSR and/or hypoxia on the activation threshold and maintenance of SAR 

activity.  

 

The impact of genotype (WT: green, KO: blue) and ventilatory gas (hyperoxia: dark colour, hypoxia: pale 

colour) on the maintenance of activity at the target pressure (PTR = 20 cmH2O) was assessed by 

monitoring AP f in impulses/second. Loss of CaSR decreased the single maximum frequency attained 

(Max. Freq), independent of gas composition (P < 0.05; Mann-Whitney Rank Sum t-test). There was no 

difference in Av. Steady State (mean frequency over 1 second measured 5 seconds after target PTR was 

attained) or Av. at Target (mean frequency over 1 second measured when target PTR was attained) based 

on genotype or gas composition. Activation threshold was assessed via measurement of the PTR required 

to initiate SAR firing (Threshold) and the first recorded instantaneous frequency during slow inflation 

(First Freq). In WT mice, hypoxia significantly decreased Threshold vs. hyperoxia (P = 0.001). There was 

no impact of genotype or gas composition on First Freq.  
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Figure 3. 3 Impact of loss of CaSR and/or hypoxia on SAR activity during slow inflation.  

 

Mean ± SEM AP f are shown. The right Y axis displays the n for fibres active at each PTR (indicated by 

the hollow symbols). Top panels: impact of genotype (WT = green, KO = blue) on SAR AP f during 

either hyperoxia (top left; solid lines) or hyperoxia (top right; hatched lines). SAR discharge was 

increased (+; hyperoxia – P = 0.001, hypoxia – P < 0.001) in WT vs. KO mice. Holm-Sidak post-hoc 

analyses revealed significant differences at 10 and 15 cmH2O (hyperoxia: 10 cmH2O – P = 0.021, 15 

cmH2O – P = 0.01; hypoxia: 10 cmH2O – P = 0.02, 15 cmH2O – P = 0.004). Bottom panels: impact of gas 

composition within a genotype on SAR AP f (solid line = hyperoxia, 40% O2; hatched line = hypoxia, 

10% O2). WT are shown at bottom left and KO at bottom right. There was no impact of hypoxia within 

either genotype.  
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Morphology and Morphometry 

Gross inspection of lungs from adult KO and WT mice showed no obvious differences in size or 

anatomy. Histologic examination of the lung section using routine haematoxylin and eosin staining 

showed normal microanatomy of AWs, alveoli, and pulmonary vasculature in both KO and WT mice. In 

lung section from both genotypes immunostained for CGRP, SV2, or SYP, NEBs were identified in the 

epithelium of different size AWs. As summarized in Table 3.3 and Figure 3.4, morphometric analysis 

revealed significantly larger and more numerous NEBs in lungs of CaSR KO mice when compared to WT 

controls. Specifically, there was a twofold increase in the integrated area of CaSR
-/-

 (2095±650mm
2
) vs. 

WT (998±216mm
2
) NEBs (P < 0.001). This was accompanied by an almost threefold increase in %IMS 

in KO (2.9±0.8) vs. WT (1.1±0.4) NEBs (P < 0.05). The total nuclear number of NEBs (number of nuclei 

in all NEBs per slide, averaged for each genotype) was increased threefold in KO mice (nnuc = 140±21) 

compared to those seen in WT NEBs (nnuc = 38±13; P < 0.001). The number of NEBs per slide was not 

different between genotypes (KO: 7.5±1.9 NEBs/slide; WT: 5.9±1.2 NEBs/slide; P > 0.05); thus, the 

increase in total nuclear number in CaSR null mice was attributable to increased NEB size (KO: 18.8±6.9 

cells/NEB; WT: 6.6±1.8 cells/NEB).   

Immunohistochemical co-localization of CGRP, used as a marker for NEB cells, and nuclear mammalian 

achaete-scute homolog (Mash-1), hypoxia-inducible factor 1α (HIF-1α), prospero homeobox 1 (Prox-1), 

or Ki-67 showed significant increases in expression of Mash-1 (KO: 105.8±16.1; WT: 5.6±1.9; P < 

0.001), HIF-1α (KO: 83.2±17.4 ; WT: 1.1±1.1; P < 0.001), and Ki-67 (KO: 11.2±4.6; WT: 0.8±0.9; P = 

0.05) in NEB cell nuclei in KO mice vs. WT mice (Figure 3.5). There was no statistically significant 

difference in Prox-1 expression between genotypes; however, there was a tendency for the relative 

number (percent) of NEB cells immunopositive for Prox-1 to be decreased in KO vs. WT mice, despite a 

tendency towards increased overall Prox-1 expression in the airways of KO mice. Multi-label 

immunohistochemistry of individual NEBs positive for the aforementioned markers are shown in Figure 

3.6. Co-localization of Mash-1 with proliferation marker  
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Table 3. 3 Morphometric data for NEBs in CaSR KO and WT lungs (paraffin sections) 

 

Cases Morphometric Analysis 

# Cases 

(Total 

Sections) 

% IMS
1 

NEB Size 
Nuclear 

No.
2
 

Mash-1 

Positive 

(No.) 

HIF-1α 

Positive 

(No.) 

Co-Staining
3
 

(No.) 

Prox1 

(%)
4 

Ki-67 

Positive 

(No.) 

WT 
5 

(20) 
1.09±0.37 998.4±215 38.4±12.6

 
5.6±1.5 1.05±0.05 0.4±0.06 29.6±6.4 0.75±0.05 

KO 
5 

(20) 
2.88±0.84 2094±453 140±20.5 105.8±17.4 83±17 65±16 11.2±3.1 11.2±5 

1.
 % of immunostained area in 100mm

2
 of airway epithelium; 

2.
 Average total number of NEB nuclei per slide; 

3.
 Co-staining 

with Mash-1 and HIF-1α; 
4.
 % of NEB cells showing Prox-1 expression per slide 
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Figure 3. 4 Morphometry of NEBs in CaSR WT and KO mice.   

 

Top panel: Loss of CaSR caused a significant increase in: i) NEB size (top panel), ii) the number of 

NEBs (middle panel), iii) the percent of airway epithelium showing immunostaining for CGRP (NEB 

marker; bottom panel).  
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Figure 3. 5 Major markers of neurogenesis, cell proliferation, and hypoxia regulation in NEBs of CaSR 

WT or KO mice.  

Loss of CaSR caused a significant increase in the number of MASH-1, HIF-1α, MASH-1/HIF-1α co-

staining, and Ki-67-positive cells compared to WT mice. Loss of CaSR also significantly increased the 

average total number of nuclei in NEBs per slide, reflecting NEB size. Percentages (red) show the percent 

of NEB cells within each genotype expressing Prox-1, supplemental to the absolute numbers indicated by 

the graph. 
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Figure 3. 6 Multi-immunostaining for NEB marker CGRP alongside Mash-1, HIF-1α, and Prox-1 in WT 

and KO mouse lung using FFP sections.  

 

Single NEBs are shown by CGRP-immunoreactivity alongside nuclear expression of Mash-1, HIF-1α, 

and Prox-1. CaSR KO mice showed increased NEB size and increased nuclear Mash-1 expression and 

Mash-1/Prox-1 co-expression. Two instances of WT and KO NEBs are shown to highlight the 

reproducibility of the difference in size between NEBs from the different genotypes. 
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Ki-67 in NEBs of KO and WT mice is shown in Figure 3.7. As expected, Ki-67 labelling, indicative of 

proliferation, was apparent within the AW epithelial cells of both CaSR KO and WT mice; however, only 

NEBs in KO mice showed expression of Ki-67.  

Analysis of NEB innervation and its localization was performed on frozen sections by co-staining for 

general neural marker synaptophysin (SYP) and smooth muscle actin (SMA). As expected, numerous 

nerve fibres were observed in the ASM layer, and NEBs within the AW epithelium were contacted by a 

number of nerve fibres. In addition, co-staining with Na
+
/K

+
-ATPase revealed a population of Na

+
/K

+
-

ATPase-positive fibres restricted to the smooth muscle layer in both KO and WT mice; however, no co-

localization of Na
+
/K

+
-ATPase and SYP-positive nerves ramifying between NEB cells was observed 

(Figure 3.8).    

DISCUSSION 

Based on the literature linking the CaSR to SARs and NEB function, we investigated the impact of 

deletion of CaSR on in vivo SAR mechanoreceptivity and NEB morphology in adult CaSR
-/-

/PTH
-/-

 and 

CaSR
+/+

/PTH
+/+

 mice. Loss of CaSR function caused decreased SAR mechanosensitivity during slow 

inflation from end expiration (functional residual capacity) to total lung capacity. Loss of CaSR function 

was also associated with hyperplasia and hypertrophy of pulmonary NEB as well as expression of 

neurogenic differentiation and cellular proliferative markers. The lack of hypoxia responsiveness in SAR 

fibres and the restriction of mechanosensitive Na
+
/K

+
-ATPase-immunopositive fibres to the ASM, 

considered alongside the proposed hypoxia responsiveness of NEBs, suggests two independent 

conclusions resulting from loss of CaSR: decreased sensitivity of mechanosensitive, slowly-adapting 

bronchopulmonary afferents and a hyperplastic phenotype of NEBs. Both observations suggest the 

potential for a powerful physiologic impact on the control of breathing exerted by these pulmonary 

myelinated afferents. 
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Figure 3. 7 Multi-immunostaining for NEB marker CGRP alongside Mash-1 and proliferative marker Ki-

67 in the murine intrapulmonary airway using FFP sections.  

 

Single NEBs are shown within WT (top) and KO (bottom) airways by CGRP-immunoreactivity alongside 

nuclear expression of Mash-1. Localization of nuclear Ki-67 within CGRP-immunoreactive NEBs was 

observed exclusively in KO mice.   
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Figure 3. 8 Multi-label immunostaining for NEB marker SYP (synaptophysin) together with α3 Na
+
/K

+
-

ATPase and SMA (smooth muscle actin) using thick (100μm) frozen sections.  

Single NEBs and innervating fibres are shown in red at 63x magnification above the airway smooth 

muscle layer (blue). Na
+
/K

+
-ATPase-positive fibres (green or, if co-localized with SYP, yellow) were 

restricted to the smooth muscle layer in both WT and KO mice. Ganglia (G, white arrows) were 

occasionally identified in the airway smooth muscle.  
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CaSR: The Calcium-Sensing Receptor and the CaSR
-/-

/PTH
-/-

 model 

Multimodal CaSR is the first G protein-coupled receptor (GPCR) identified as binding an inorganic 

ligand, [Ca
2+

]o (Lopez-Fernandez et al., 2015). It is abundantly expressed in thyroid C cells, the kidney, 

and the parathyroid gland, where its activation inhibits parathyroid cell proliferation as well as the 

synthesis and secretion of PTH (Tfelt-Hansen & Brown, 2005); however, significant expression of CaSR 

has also been detected in smooth muscle, the trachea, and fetal and adult lung (Su et al., 2004;Egbuna & 

Brown, 2008). A prolifically versatile receptor, able to activate different signalling and second-messenger 

pathways in a tissue-dependant manner, it is intimately involved in Ca
2+

 homeostasis, as well as non-Ca
2+

-

related processes, some of which include ion channel activity and cell fate, regulating proliferation, 

differentiation, and cell survival (Brown & MacLeod, 2001;Magno et al., 2011;Ward et al., 2012). 

Expression of CaSR has been demonstrated in the cells belonging to the diffuse neuroendocrine system, 

including that of the gastrointestinal (GI) tract (Wang et al., 2011) and the respiratory system, where 

CaSR has been localized to NEBs (Lembrechts et al., 2013). Deactivating mutations in CaSR can lead to 

pathologies of varying severity. For example, the familial hypocalciuric hypercalcemia (FHH) resulting 

from heterozygous mutations can be managed through appropriate treatment; however, homozygous 

inactivating mutations, such as those causing neonatal severe hyperparathyroidism (NSHPT), can be 

lethal in the absence of parathyroidectomy, because of extreme hypercalcemia, respiratory distress, and 

failure to thrive (Pearce & Brown, 1996;Egbuna & Brown, 2008;Ward et al., 2012). Accordingly, genetic 

models investigating the impact of global loss of CaSR, such as those used in the current study, 

necessitate the double-knockdown of both CaSR and PTH (Ho et al., 1995;Miao et al., 2002;Kos et al., 

2003).   

CaSR and the Role of Ca
2+

 in Mechanosensation 

Vagal afferent fibres can be characterized in various ways, including by their ganglionic origin, activation 

profile in response to chemical agents, and size/conduction velocity (Lee et al., 2004;Undem et al., 2004). 
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Fast-conducting, mechanosensitive SARs are derived from the nodose ganglion, myelinated at maturity, 

and are classified as large, Aβ pulmonary afferents (Undem et al., 2004;Lee et al., 2004). We used a slow, 

quasi-static inflation (0 to 20 cmH2O over 10 seconds) followed by a sustained inflation (10 seconds at 20 

cmH2O), akin to previously-employed ramp-and-hold protocols (McAlexander et al., 1999), to assess 

vagal afferent mechanosensitivity of lung SARs to inflation in CaSR KO and WT mice. SARs from CaSR 

KO mice displayed significantly decreased AP f as assessed by their responsiveness during inflation and 

the maximum frequency of discharge achieved; we measured no difference in the profiles of action 

potential initiation between genotypes at the onset of inflation. In keeping with their traditional 

designation as mechanosensitive vagal afferents (Adrian, 1933;Whitteridge & Bülbring, 1944), there was 

no impact of hypoxia on SARs from mice of either genotype. It is worth noting that the mice in this study 

were all adults, whereas responsiveness of NEBs to hypoxia has thus far only been demonstrated in 

neonates (Youngson et al., 1993;Wang et al., 1996;Fu et al., 2000;Livermore et al., 2015b). Age-related 

differences in oxygen responsiveness have also been reported in mice with NADPH oxidase deficiency, 

where breathing and ventilatory responses to hypoxia are altered exclusively in neonates (Kazemian et al., 

2001). Negative findings for hypoxia responsiveness may thus reflect inherent insensitivity of SARs to 

hypoxia, an age-related insensitivity of SARs to hypoxia, or a combination of the two. While no studies 

have examined SAR hypoxic chemosensitivity throughout development, SAR responsiveness to CO2 has 

been studied in both the newborn and adult dog, where variable CO2 responsiveness (partially linked to 

SAR location) was demonstrated in the newborns, who developed an increasingly mature response with 

increasing age (Fisher & Sant'Ambrogio, 1982a). 

 Although previous studies in the rat identifed Na
+
/K

+
-ATPase-immunoreactive vagal fibres in direct 

contact with NEBs (Brouns et al., 2006a), we found that Na
+
/K

+
-ATPase-positive fibres were exclusively 

restricted to the ASM in both CaSR KO and WT mice. Na
+
/K

+
-ATPase has been commonly used in 

morphologic studies to identify mechanosensitive vagal afferents, with general localization of receptor 
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fields by tactile stimulation preceding dissection and staining of relevant tissue (Wang & Yu, 2002;Yu et 

al., 2003). Evidence for a functional role of Na
+
/K

+
-ATPase specifically in SARs comes from a limited 

number of studies showing an excitatory impact of intravenous injection or topical application of the 

Na
+
/K

+
-ATPase antagonist, ouabain, on SARs (Matsumoto et al., 2000a;Matsumoto et al., 2000b). While 

the discrepancy noted in Na
+
/K

+
-ATPase expression in rat vs mouse NEB innervation may partially be the 

result of interspecies differences or reflect variations in immunostaining protocol (e.g. tangential section 

of tissue showing/not showing Na
+
/K

+
-ATPase-positive fibres), when considered alongside the lack of 

SAR responsiveness to hypoxia, it negates a strong functional link between polymodal NEBs and 

mechanosensitive SARs. 

The activation of metabotropic receptors via their agonists can increase vagal afferent excitability in a 

direct manner or by acting on local tissues (e.g. histamine or methacholine (MCh) contracting ASM) in 

order to elicit indirect responses from C-fibres or stretch receptors (Lee et al., 2004). As such, we 

considered whether changes in airway tone or pulmonary compliance may have had an impact on our 

observed decrease in mechanosensitivity in CaSR-null mice. CaSR is a pro-contractile receptor in the 

vascular smooth muscle; as such, loss of CaSR from vascular smooth muscle results in hypotension 

(Schepelmann et al., 2013). Activation of CaSR results in the mobilization of [Ca
2+

]i in many cells 

(Brown et al., 1993), including ASM from asthmatic or healthy patients, the former showing increased 

CaSR expression (Yarova et al., 2015). Although it is plausible that CaSR-based signalling of [Ca
2+

]o may 

result in increased [Ca
2+

]i and ASM contractility, which would translate into increased signalling by 

mechanoreceptors localized to the ASM, such as SARs, this is unlikely to be the case in our studies. For 

example, loss of CaSR from the ASM did not alter baseline ASM contractility to K
+
 or ACh in the 

absence of additional stimulation of CaSR, indicating that hyperresponsiveness was restricted to CaSR-

specific stimuli or modulation (Yarova et al., 2015). Our protocol did not involve overt 

bronchoconstrictive stimuli and was based on inflation via set transrespiratory pressures (not volumes). 

We noticed no alterations in the PTR response to inflation (tidal or to TLC) between KO and WT mice, 
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suggesting that changes in airway tone did not contribute to the depressed mechanosensitivity observed in 

CaSR mutant mice.  

In addition to its expression on ASM (Yarova et al., 2015), CaSR has been localized to the trachea, lung 

parenchyma, and on excitable tissues such as bronchopulmonary sensory neurons of both jugular and 

nodose origin (Gu et al., 2013) as well as on pulmonary NEBs  (Lembrechts et al., 2013). In both of the 

latter cases, CaSR has been shown to interact with transient receptor potential (TRP) channels, a class of 

Ca
2+

 permeable channels which include canonical (e.g. TRPC5 (Lembrechts et al., 2012)) and vanilloid 

(e.g. TRPV1 (Fisher, 2009)) subtypes, and which are associated with mechanical signalling. While the 

Ca
2+

-permeable, osmo-/mechanosensitive TRPC5 is expressed on the apical surface of NEBs, it is not 

expressed on the vagal fibres innervating NEBs (Lembrechts et al., 2012). By contrast, TRPV1 is 

expressed by bronchopulmonary sensory neurons, where agonism of CaSR either by spermine or the 

calcimimetic, NPS R-568, inhibits the usual whole-cell TRPV1 current evoked by application of 

capsaicin (Gu et al., 2013). The latter was not related to pH and was highly specific to this neural 

population, as neither agonism nor antagonism of CaSR altered the usual whole-cell inward currents 

generated in vagal afferents subsequent to application of the purinergic agonist, ATP, or the serotonin (5-

HT) type 3 receptor agonist, phenylbiguanide (Gu et al., 2013). Thus, while modulation of CaSR 

influencing neuronal excitability through interactions with TRPV1 highlights the possibility of CaSR-ion 

channel interactions in nerve fibres, the potential for such an interaction in TRPV1-insensitive SARs is 

unexplored.  

The observed decrease in overall mechanosensitivity in KO mice may stem from a direct role for CaSR in 

transducing stretch stimuli in excitable cells, such as mechanosensitive vagal afferents. One possibility is 

the modulation by CaSR of Ca
2+

 influx, which has been reported for both large-conductance Ca
2+

-

activated K
+
 channels (BKCa2+) in the peripheral nervous system (Vysotskaya et al., 2014)) and non-

selective cation channels in the central nervous system (Chen et al., 2010). BKCa2+ channels are expressed 
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by many different excitable cells, including rat bronchopulmonary neurons, and regulate action potential 

frequency adaptation (Li et al., 2011;Vysotskaya et al., 2014). Their activation is generally inhibitory, 

decreasing membrane excitability and Ca
2+

 influx, ultimately resulting in decreased neurotransmitter 

release (Vysotskaya et al., 2014). Both nodose-derived and jugular-derived rat bronchopulmonary 

neurons express CaSR, BKCa2+, and TRPV1 mRNA, as measured by RT-PCR and nested PCR 

(Vysotskaya et al., 2014). CaSR interacts with BKCa2+ on jugular-derived rat bronchopulmonary neurons 

in a differentially excitatory manner. In neurons with low baseline BKCa2+ current, CaSR agonism 

potentiates BKCa2+ activity, whereas in neurons with high baseline BKCa2+ current, CaSR agonism inhibits 

BKCa2+ activity. These effects are abolished by intracellular Ca
2+

 chelation via BAPTA-AM, and CaSR 

antagonism universally inhibited BKCa2+ activity in this population (Vysotskaya et al., 2014). While these 

findings indicate a theoretical role for interactions between CaSR and resident ion channels to modulate 

overall excitability, they also noted that CaSR modulation had no effect on nodose-derived neurons, 

making it unlikely that such a direct interaction is responsible for the decreased SAR responsiveness we 

noted herein.  

[Ca
2+

]o has been reported to have varying effects on neurons depending on the neural population, though 

the impact of altered [Ca
2+

]o on vagal afferents remains inconclusive. Decreased [Ca
2+

]o has no impact on 

low-threshold (e.g. nodose RAR) Aδ fibres; however, low [Ca
2+

]o decreases the tonic inhibitory input of a 

non-selective cation channel in a majority of jugular-derived nociceptors, increasing their excitability to 

mechanical stimuli (Undem et al., 2003). We observed no gross changes, suggestive of dysregulated 

[Ca
2+

]o regulation, in our study; however, it is possible that alterations in [Ca
2+

]o contributed to the 

changes in SAR mechanosensitivity and deserve further attention in future studies. 

Impact of CaSR on Pulmonary Neuroendocrine/NEB Cell Proliferation 

The developing lung originates from the outgrowth of a mesenchyme-surrounded endodermal bud from 

the primitive foregut, thus sharing a common embryonic origin with the GI tract (Ball, 2004;Domnik et 
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al., 2015). It then undergoes branching morphogenesis as well as cytologic differentiation, processes 

mediated by both endoderm- and mesenchyme-derived transcription factors. CaSR has been shown to 

play an important role in the development of branching organs, including the gut, kidney and respiratory 

system (Ward et al., 2012). We investigated the expression of various proliferation- and differentiation-

associated factors (Mash-1, Prox-1, HIF-1α, and Ki-67) via immunohistochemistry in order to explore the 

possible impact of loss of CaSR on NEB cell structure.  

In CaSR KO mice we observed significant hyperplasia and hypertrophy of NEBs, implicating a role for 

CaSR in the regulation of NEBs. An anti-proliferative role for CaSR in branching organs has previously 

been discussed both in the context of the respiratory and, to a greater extent, GI system. As concerns the 

former, reduced expression of CaSR concomitant with reduced E-cadherin expression has been 

documented in adenocarcinomatous lung tissue as compared to normal lung tissue (Wen et al., 2015). 

Additionally, small cell lung carcinomas (SCLC, which have NE-like phenotypes) show increasing Mash-

1 but decreased Hes-1 expression (see below) (Borges et al., 1997;Chen et al., 1997). In the gut, CaSR 

has a significant effect on proliferation and tumorigenesis in colonic crypts, where CaSR, which is highly 

expressed in normal crypts, poorly expressed in differentiated tumours, and not expressed in late-stage or 

undifferentiated tumours, signals the switch from proliferation to differentiation (Chakrabarty et al., 

2003;MacLeod, 2013;Fetahu et al., 2014;Aggarwal et al., 2015).  

Dysregulation of CaSR has also been documented in a non-neoplastic lung pathology, allergic asthma, 

with asthmatic individuals showing a threefold increase in CaSR expression in SM22α-positive ASM as 

compared with normal controls (Yarova et al., 2015). Biopsies of human and mouse pulmonary tissue 

also reported the expression of CaSR in the bronchial epithelium, apparently in conflict with the earlier 

findings of no CaSR or NEB-restricted CaSR expression in post-natal lungs (Finney et al., 

2008;Lembrechts et al., 2013;Yarova et al., 2015). Antagonism of CaSR via the calcilytic NPS 2143 

normalized the hyperresponsive increase in [Ca
2+

]i in response to ACh or histamine normally observed in 
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asthmatic ASM and further exaggerated by increase [Ca
2+

]o while, as discussed earlier, CaSR agonism 

increased the ASM response to ACh even in non-sensitized tissue (Yarova et al., 2015). Taken in concert 

with our findings of decreased SAR mechanosensitivity in CaSR null mice, these findings strongly 

suggest a role for CaSR in both the pathophysiologic presentation and symptomatic sensations associated 

with allergic asthma, especially if coupled with [Ca
2+

]o dysregulation.  

Few experimental models replicate the NEB hyperplasia observed in a wide variety of pediatric and adult 

pulmonary pathologies (Cutz et al., 2007a;Cutz et al., 2007b;Cutz et al., 2008;Cutz et al., 2013). To the 

best of our knowledge, only two previous mutant mouse strains have shown increased NEB size or 

quantity: deficiency of prolyl hydroxylase 1 (PHD-1; (Pan et al., 2012)) and knockout of Notch protein 

Hairy and Enhancer-of-Split (Hes1; (Jensen et al., 2000;Ito et al., 2000)). While loss of PHD-1, which 

contributes to the stability of HIFs and is expressed in NE tissue and NE-like tumours in the lung and 

intestine, caused an approximately twofold increase in NEB size and number in neonates, this effect was 

attenuated with increasing age (Pan et al., 2012). The hyperplastic NEB phenotype observed in loss of 

PHD-1 is accompanied by increased hypoxia-induced 5-HT production and release by NEBs (Livermore 

et al., 2015a). By contrast, NEB size observed in adult CaSR KO mice was even greater than that 

observed in the neonatal PHD-1 KO mouse (CaSR KO integrated area= 2095±650mm
2
, CaSR WT 

integrated area = 998±216mm
2
), suggesting the CaSR mutant is a robust model for diseases associated 

with NEB hyperplasia that persists into adulthood.               

The observed increase in NEB size and number in CaSR KO mice in the present study was accompanied 

by significantly increased expression of Mash-1, HIF-1α, and Ki-67. There was also a trend towards 

decreased relative (% of NEBs) Prox-1 expression, though the latter did not reach statistical significance. 

Basic helix-loop-helix (bHLH) transcription factors, such as Mash-1 (Johnson et al., 1990;Borges et al., 

1997), are associated with enhancing transcription (Ball, 2004). Mash-1 is the earliest known PNEC/NEB 

marker, necessary for the initiation of PNEC/NEB differentiation (McGovern et al., 2010).  By contrast, 
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Prox-1 expression occurs downstream of Mash-1 and is associated with PNEC/NEB maturation 

(McGovern et al., 2010), whereas Mash-1 is severely downregulated in terminally differentiated or 

mature neuronal tissue (Linnoila et al., 2000). The maintained high expression of Mash-1 we observed in 

the hyperplastic NEBs of CaSR adult KO mice is consistent with an aberrant, hyperproliferative, 

undifferentiated phenotype. This is supported by increased levels of HIF-1α and Ki-67 in these NEBs. 

While best known for its involvement in O2 sensing and homeostasis across a variety of tissues (Semenza, 

2000;Semenza, 2009), the HIF-1 heterodimeric transcriptional regulator (comprised of HIF-1α and HIF-

1β) is likewise implicated in cellular proliferation (Semenza, 2000). Though HIF-1α is expressed in most 

human and murine tissues (Wenger et al., 1996;Wiener et al., 1996), it is critically involved in alveolar 

epithelium differentiation (Rajatapiti et al., 2008) where loss of HIF-1α (much like loss of Mash-1) leads 

to death within hours of birth due to symptoms mirroring respiratory distress syndrome (RDS; (Saini et 

al., 2008)). A proliferation marker, Ki-67 is a nuclear protein with a half-life estimated at one hour that is 

expressed exclusively during the mitotic stages associated with proliferation (G1, S, G2, mitosis; it is 

entirely absent from cells during G0; (Gerdes et al., 1983;Gerdes et al., 1984;Scholzen & Gerdes, 2000)). 

In contrast with findings in the PHD-1 knockout mouse, where no expression of Ki-67 was found, CaSR 

KO but not WT express Ki-67, supporting a proliferative, mitotic phenotype in the current study’s mice as 

opposed to one based on increased recruitment and differentiation of NE precursors. Thus, overall our 

proliferative markers provide clues for the observed increase in size and number of NEBs in the CaSR 

KO mouse, with potentially significant physiologic ramifications for regulatory control of airway cells 

and possibly chemosensation (Domnik & Cutz, 2011;Cutz et al., 2013). 

Conclusions 

We report that loss of CaSR function alters SAR mechanosensitivity and NEB morphology and 

morphometry in the CaSR/PTH mutant compared to the WT mouse. Loss of CaSR caused a fundamental 

reduction in SAR mechanosensitivity to quasi-static inflation from 0-20 cmH2O regardless of whether 

ventilation occurred with hyper- or hypoxic gas. Considered alongside previous studies documenting 
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altered bronchial reactivity in CaSR-null ASM and enhanced expression of CaSR in asthmatic patients, 

this finding suggests a promising role for CaSR as a therapeutic target in managing both the 

pathophysiology and sensory symptoms of obstructive respiratory disease. Loss of CaSR additionally 

caused a significant increase in both the size and number of NEBs, which is present in adult animals and 

was hyperproliferative in nature, as evidenced by increased expression of the proliferative markers, Mash-

1, HIF-1α, and Ki-67 in CaSR KO mice. This provides a useful new model for investigating diseases 

presenting with hyperplasia of NE cells, potentially elucidating mechanisms of NE-like tumorigenesis and 

a model to explore the putative role of NEBs as chemosensors.     
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ABSTRACT  

Altered autonomic (ANS) tone in chronic respiratory disease is implicated as a factor in cardiovascular 

co-morbidities, yet no studies address its impact on cardiovascular function in the presence of murine 

allergic airway (AW) hyperresponsiveness (AHR). Since antigen (Ag)-induced AHR is used to model 

allergic asthma (in which ANS alterations have been reported), we performed a pilot study to assess 

measurement feasibility of, as well as the impact of allergic sensitization to ovalbumin (OVA) on, heart 

rate variability (HRV) in a murine model. Heart rate (HR), body temperature (TB) and time- and 

frequency-domain HRV analyses, a reflection of ANS control, were obtained in chronically instrumented 

mice (telemetry) before, during and for 22 h after OVA or saline aerosolization in sensitized (OVA) or 

Alum adjuvant control exposed animals. OVA mice diverged significantly from Alum mice with respect 

to change in HR during aerosol challenge (P < 0.001, two-way ANOVA; HR max change Ctrl = +80 ± 10 

bpm vs. OVA = +1 ± 23 bpm, mean ± SEM), and displayed elevated HR during the subsequent dark 

cycle (P = 0.006). Sensitization decreased the TB during aerosol challenge (P < 0.001). Sensitized mice 

had decreased HRV prior to challenge (SDNN: P = 0.038; Low frequency (LF) power: P = 0.021; 

Low/high Frequency (HF) power: P = 0.042), and increased HRV during Ag challenge (RMSSD: P = 

0.047; pNN6: P = 0.039). Sensitized mice displayed decreased HRV subsequent to OVA challenge, 

primarily in the dark cycle (RMSSD: P = 0.018; pNN6: P < 0.001; LF: P < 0.001; HF: P = 0.040; LF/HF: 

P < 0.001). We conclude that implanted telemetry technology is an effective method to assess the ANS 

impact of allergic sensitization. Preliminary results show mild sensitization is associated with reduced 

HRV and a suppression of the acute TB response to OVA challenge. This approach to assess altered ANS 

control in the acute OVA model may also be beneficial in chronic AHR models. 
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INTRODUCTION 

Asthma is an inflammatory condition of the airways (AW) characterized by airway hyperresponsiveness 

(AHR), inflammatory cell infiltration and reversible bronchoconstriction, which, on a chronic basis, 

progresses to AW remodeling (Boulet et al., 1999;Holgate, 2008;Lougheed et al., 2010). Asthma is often 

modeled in animals through allergic induction of AHR, which is characterized by a decrease in the 

bronchoconstrictive threshold and an increase in the maximal response generated for bronchoconstrictive 

stimuli (Boulet et al., 1999;Kumar et al., 2008;Allen et al., 2009). Patients with asthma show altered heart 

rate variability (HRV) profiles (Tokuyama et al., 1985;Lewis et al., 2006). In general, decreased HRV is 

associated with decreased cardiovascular prognosis (Chattipakorn et al., 2007). Although HRV analysis 

has been successfully adopted for use in murine models, to our knowledge this tool has not been applied 

to models of AHR (Thireau et al., 2008). Further, the mechanism(s) responsible for alterations in HRV 

and the time-course of their development in asthma are unknown. We addressed the hypothesis that 

changes in autonomic control, particularly HRV, are initiated early in the development of AHR. We 

assessed the utility of a chronically instrumented murine model of acute ovalbumin (OVA) sensitization, 

in which we investigated the effect of sensitization and antigen (Ag; i.e. OVA) challenge on the 

regulation of heart rate (HR) using time- and frequency-domain HRV analysis of ECG, as well as on core 

body temperature (TB) and activity between groups.  

METHODS 

All experiments were approved by the Queen’s Animal Care Committee and performed according to the 

guidelines of the Canadian Council of Animal Care. 

Protocol 

We employed an OVA sensitization model (Walker et al., 2003;Kumar et al., 2008) in which male 

C57BL/6 mice (five weeks old upon arrival; Charles River Canada) were randomly assigned to either 



110 
 

OVA or aluminum hydroxide adjuvant control (Alum) groups. Mice were surgically implanted with 

sterile i.p. radiotelemetry devices (TA 10 ETA-F20; DSI International, St. Paul, MN) and allowed a two-

week recovery period to reestablish circadian variation (unpublished observations; (Thireau et al., 2008)). 

Body weights prior to OVA inhalational challenge (mean ± SD) were not different between groups; 35.4 

± 2.0 g and 33.4 ± 3.8 g for OVA and Alum groups, respectively (P > 0.05). Animals were housed in a 

12-hour light/dark cycle (08h00-20h00 light, 20h00-08h00 dark) environment with an ambient 

temperature of 22ºC, and ad libitum access to food and water.  

Sensitization, OVA challenge, and data collection were staggered among the mice to accommodate in 

vivo physiologic measurements of AHR. The protocol consisted of three weeks of primary sensitization 

(or Alum control) followed by secondary sensitization and exposure to aerosolized OVA solution or 

sterile saline (Figure 4.1).  

Primary Sensitization: 

Primary Sensitization consisted of i.p. injections (0.2 ml) of OVA suspended in aluminum hydroxide 

adjuvant (OVA group: 50 μl of 1 mg/ml A5503 Albumin Grade V + 80 μl of 13 mg/ml A8222 Aluminum 

Hydroxide Gel “Alhydrogel”, both Sigma-Aldrich Inc., St. Louis, MO, + 870 μl sterile saline) or 

aluminum hydroxide adjuvant in saline (Alum group: 77 μl of 13 mg/ml A8222 Aluminum Hydroxide 

Gel “Alhydrogel”, Sigma-Aldrich Inc., St. Louis, MO, + 923 μl sterile saline) administered once weekly 

for three weeks. Injections were given at consistent times of day and by the same individual to minimize 

intra-procedural variability.  
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Figure 4. 1 Sensitization and experimental protocols.  

 

Primary (i.p. Injection) and secondary (aerosol) sensitizations occurred as indicated in the upper panel; 

expanded view comprises the third aerosol challenge (OVA or saline) on day 23. HR, TB, and activity 

data were collected on day 23 as indicated for 1 h prior to aerosol (light gray arrow), 1 h during aerosol 

(gray arrow), and 22 h post challenge (black arrow). Subsequently, MCh challenge (RRS) was performed, 

and blood and BAL samples collected for analysis of inflammatory cells.   
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Secondary Aerosol Challenge: 

Mice were exposed to aerosolized challenges (60 minutes) on three consecutive days at approximately the 

same time each day (within 40 minutes). Solutions (1% weight/volume A5503 Albumin Grade V OVA in 

sterile saline and sterile saline for OVA and Alum groups, respectively) were aerosolized by an ultrasonic 

nebulizer (Ultrasonic 2000 by Nouvag Dental and Medical Equipment; Goldach, Switzerland; particle 

size = 3.8-4.0 µm, chamber airflow = 700 ml/min). Aerosolized Ag challenges were performed in sealed 

1.6 L Plexiglas chambers.  

On the third aerosol exposure day (day 23 of protocol), telemetry data for ECG waveform, TB and activity 

data were acquired during acclimation to the exposure-chamber (60 minutes prior to OVA/saline 

challenge), aerosolization (60 minutes of challenge) and for a subsequent 22 hours post- challenge. 

Activity represents the relative locomotive activity of each animal, measured on the basis of the strength 

of the transmitted signal (telemetry device) to the Data Exchange Matrix; distance and speed of 

movement (“movement” includes orientation and distance) are considered in the calculation of activity 

units.  

Data were sampled for 3 minutes on a 10 minute interval schedule (ECG at 2k samples/s; TB at 250 

samples/s and activity at 64 samples/s; Dataquest ART Software, DSI International; St. Paul, MN). 

Temporally-synchronized video was monitored to provide visual surveillance of each mouse during the 

hour of aerosol challenge (15 frames/sec).  

In vivo Airway Challenge 

Following the telemetry protocol mice were anesthetized (sodium pentobarbital i.p. 60 mg/kg; dilution = 

30 mg/ml), a tracheal cannula inserted and mechanical ventilation initiated (peak tracheal pressure: circa 

7.5 cmH2O, respiratory frequency: 120 breaths/min; MOD.RV5 Ventilator, Voltek Enterprises Inc., 

Toronto, ON). This level of ventilation abolished respiratory efforts prior to administration of 
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pancuronium bromide. The right jugular vein was catheterized to allow for intra-venous administration of 

supplemental anesthetic, pancuronium bromide (0.25 mg/Kg) and methacholine (MCh). Arterial blood 

pressure was measured via a 1F Mikro-Tip Catheter Pressure Transducer (Millar: Sensors, Systems, 

Solutions; Houston, TX) inserted into the aortic arch via the left carotid artery. 

Logarithmic dose-response curves for MCh were generated for all mice (dosage = 3 μg/kg, 10 μg/kg, 30 

μg/kg, 100 μg/kg). Doses were administered at 15 minute intervals, and were preceded by hyperinflation 

(two breaths) and a two-minute post-inflation period to control volume history. Following 30 seconds of 

baseline recording, MCh was injected via the jugular catheter, and responses over 100 seconds were 

recorded (ECG, blood pressure, transrespiratory system pressure, tidal volume [VT], and flow). Total 

respiratory resistance (RRS) was calculated on a breath-by-breath basis according to the method of Ewart 

(Ewart et al., 1995) as measured using a ventilator technique described by Volgyesi et al. (Volgyesi et al., 

2000). All signals were acquired digitally (SPIKE2 software, Cambridge Electronic Design, Cambridge, 

UK), and RRS was defined as the ratio of the resistive AW pressure (peak PAW – plateau PAW; cmH2O) to 

flow, defined by VT over inspiratory time (VT/ TI; ml/sec). Maximum RRS values for each dose of MCh 

were reported. 

Inflammatory Cell Analysis  

Bronchioalveolar lavage (BAL) samples for total white blood cell (WBC) count were centrifuged (5 min 

at 12,000 RPM), the supernatant removed and red blood cell lysis achieved through resuspension of the 

pellet in 1 ml lysis solution buffer (Tris/Amm. Cl). The solution was re-spun and the supernatant 

discarded. Following resuspension of the pellet in 1 ml sterile, buffered saline, total cell count was taken 

using a hemocytometer (10 μl fluid loaded). Data were reported as cells/ml. 

BAL samples for differential WBC analysis (100 μl resuspended BAL; above) were loaded onto 

assembled cytospin cassettes along with 50 μl debris-free fetal calf serum. Samples were centrifuged (3 

min at 800 RPM; Shandon Cytospin, Thermo Scientific, Kalamazoo, MI) and cells were allowed to dry > 
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15 minutes before staining using the Protocol Hema3 Staining Kit (Fisher Scientific Co., Kalamazoo, 

MI). Differential counts (results reported in percent of total WBC population; minimum 200 cells total) 

were obtained for macrophages, neutrophils, lymphocytes, eosinophils, and AW epithelial cells.  

Blood samples for total WBC count (20 μl) were mixed with 190 μl lysis solution buffer (Tris/Amm.Cl) 

and allowed to react for 10 minutes. Cells were counted through use of a hemocytometer (10 μl loaded) 

and results reported as cells/μl. Standard smears of the differential WBC count samples were made and 

allowed to dry on glass slides using 10 μl of well-mixed blood. Slides were stained using the Protocol 

HEMA3 kit and 100 circulating WBCs were differentiated, with results being reported as percentage of 

total WBCs. 

Statistical Analysis 

Statistical analyses were performed using SigmaStat 3.0 (Systat Software Inc., San Jose, CA). Parametric 

statistical analyses consisted of paired t-tests or one-way and two-way analysis of variance (ANOVA) as 

indicated. If the assumptions for parametric tests were not met, ranked data were used in non-parametric 

analyses. Post-hoc tests (Holm-Sidak) were performed as appropriate.  A significant difference was 

defined as P < 0.05. 

HRV Analysis 

Time- and frequency-domain HRV analyses were based on the standards developed by Thireau et al. for 

murine models (Thireau et al., 2008). Raw ECG data were analyzed manually for peak detection of R 

waves in order to obtain R-R, or inter-beat, intervals (IBI), which were exported into Excel for time 

domain analysis. Please see Chapter 4 - Appendix 2 for the rationale behind manual quantification of 

ECG data rather than use of the Dataquest ART heart rate parameter reporting. Frequency domain 

analyses were performed offline using Matlab (The Mathworks, 1998). Manual selection ensured that 

only true sinus beats were included in analysis and circumvented analytical issues associated with 
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automated software (Torbey et al., 2012). This procedure removed the need to exclude beats outside two 

standard deviations of the mean, a filtering method generally employed to exclude non-sinus events 

(Thireau et al., 2008). 

Time domain analysis was performed for all three-minute segments by calculating SDNN (standard 

deviation of all normal R-R intervals), RMSSD (square root of the mean of the sum of squares of 

successive differences between normal R-R intervals), and pNN6 (percentage of consecutive R-R 

intervals differing by more than 6 ms)(Thireau et al., 2008). Comparisons were made between groups for 

all three-minute segments during acclimatization and aerosolization, and on an hourly basis for post-

aerosolization data spanning hours 3-24 of the protocol (each hour consisted of the mean of the six data 

points; i.e. one three-minute segment per 10 minutes).  

In order to gain insight into the respective contributions of the sympathetic and parasympathetic nervous 

systems to heart rhythm, frequency domain HRV analysis was executed by fast Fourier transformation 

(FFT). R-R interval series were re-sampled to a 20 Hz inter-beat time series, mean-detrended, and 

Hamming windowed. The squared magnitudes of the discrete Fourier transform of the segments were 

averaged to form power spectral density. The frequency domain HRV parameters computed for all three-

minute segments were: low frequency power (LF; 0.15-1.5 Hz), reflecting sympathetic activity; high 

frequency power (HF; 1.5-5 Hz), reflecting parasympathetic activity; and the LF/HF power ratio (Thireau 

et al., 2008). Although an LF band of 0.4-1.5 Hz has been recommended by numerous researchers 

(Wickman et al., 1998;Gehrmann et al., 2000;Pelat et al., 2003;Williams et al., 2003;Duan et al., 2007), 

we selected 0.15-1.5 Hz, as recommended for murine models by Thireau et al. (2008) (Thireau et al., 

2008). 

We performed further experiments on an additional group of mice given identical sensitization and 

exposure protocols to those outlined above. In these mice, the bronchoconstrictive effect of bolus right 
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heart injection of 50 mg/kg OVA, as well as the bronchoconstrictive response to increasing doses of 

inhaled MCh, was measured.  

RESULTS 

OVA sensitization resulted in AHR to MCh in the OVA exposed group compared to the Alum controls 

(Figure 4.2, top panel; P < 0.05). There was a tendency for changes in both the net white blood cell 

content of systemic blood and BAL consistent with pulmonary inflammation in OVA-sensitized mice; 

however, this did not reach statistical significance. Differential white blood cell analysis of the BAL fluid 

is consistent with a predominantly eosinophilic inflammation in OVA-sensitized mice compared with 

Alum controls (Figure 4.2, bottom right panel).  

Systemic (right heart) injections of 50 mg/kg OVA in a separate group of sensitized mice caused a 

62±14% (mean ± SEM) increase in RRS from baseline (1.3±0.4 cmH2O/mL/sec; mean ± SEM), which was 

consistent with the MCh response to 3-10 μg/kg in the same group (RRS increases of 29.±7 and 89±20%, 

respectively).  

Physiologic Impact of OVA Sensitization 

Modest changes in HR, TB and activity observed within each group during challenge were not statistically 

different from pre-aerosol baseline. However, analyses of HR, TB and activity were different between 

groups and revealed that OVA sensitization attenuated the trend towards increased HR and TB relative to 

baseline that was observed in the Alum group (Figure 4.3, P < 0.001; maximum positive change in HR for 

Alum = 80 ± 10 bpm, for OVA = 1 ± 23 bpm, mean ± SEM). There was no difference in the activity 

profiles between the two groups during aerosol challenge (P > 0.05).  
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Figure 4. 2 Effect of sensitization on AHR and pulmonary WBC profile.  

 

Top panel: OVA sensitization resulted in AHR, measured as an increased percent change in RRS in 

response to MCh (t-test; P < 0.05). Bottom panels: Effect of OVA sensitization on systemic blood and 

BAL white blood cell count and BAL differential WBC profile. Non-significant trends towards increased 

localized pulmonary inflammation, as reflected by modest eosinophilia (Eos) in the OVA group, were 

observed in analyses of net WBC (bottom left) and white blood cell population breakdown (right panel; 

percent of population). 
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Figure 4. 3 Change in HR (top panel), TB (middle panel) and activity (bottom panel) during aerosol 

challenge.  

 

The baseline control values (CON) were calculated based on the means of HR, TB and activity for the 40 

minutes directly preceding Ag challenge. OVA-sensitized mice displayed a decreased HR and TB profile 

compared with Alum control mice (both P < 0.001 via 2-way ANOVA, activity: NSD; Holm-Sidak post-

hoc analyses: *: P < 0.05; **: P < 0.01). 
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HRV analysis in both time- and frequency-domains (SDNN, RMSSD, pNN6, LF, HF, and LF/HF) was 

analyzed separately for the acclimation and aerosol challenge (one hour each). During the acclimation 

control period, three of the HRV variables were significantly decreased in the OVA-sensitized mice 

compared with Alum controls; specifically, SDNN (P < 0.05), LF (P < 0.025) and LF/HF (P < 0.05) 

(Figure 4.4). The remaining HRV variables were not significantly different, although they tended to be  

reduced in comparison with Alum control mice. During aerosol challenge, RMSSD (P < 0.05) and pNN6 

(P < 0.05) were significantly elevated in OVA-sensitized mice (Figure 4.4) compared to Alum controls, 

whereas SDNN, LF, HF, and LF/HF did not vary significantly between groups (P > 0.05).  

Analysis of hours 3-24 post-aerosol challenge revealed that HR and activity were elevated in OVA-

sensitized mice compared with Alum mice (P < 0.001 and P = 0.008, respectively; data not shown). 

Separate analysis of the light/dark cycle following sensitization (Figure 4.5) revealed that OVA 

sensitization was associated with an elevation in HR relative to Alum controls during the dark cycle (P < 

0.01). There were no significant differences in TB or activity between groups for either of the 

independently analyzed light or dark cycles (P > 0.05).  

Six HRV parameters were analyzed for both the light and dark cycles (Figure 4.6). During the light cycle, 

LF was decreased in OVA-sensitized mice (P = 0.036), whereas five of the six HRV parameters were 

decreased during the dark cycle for OVA-sensitized mice (RMSSD, P = 0.018; pNN6, P < 0.001; LF, P < 

0.001; HF, P = 0.040 and LF/HF, P < 0.001). 
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Figure 4. 4 Heart rate variability prior to and during aerosol challenge.  

 

The acclimation control period (0-60 min) and aerosol challenge (70-130 min, to accommodate sampling) 

were independently analyzed by 2-way ANOVA and Holm-Sidak post-hoc analyses; *: P < 0.05. During 

acclimation, OVA-sensitized mice displayed decreased SDNN (P < 0.05), LF (P < 0.025) and LF/HF (P < 

0.05) compared with Alum control mice. During aerosolized Ag challenge, RMMSD (P < 0.05) and 

pNN6 (P < 0.05) were significantly increased in OVA-sensitized mice compared to the Alum controls.  
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Figure 4. 5 HR (top panel), TB (middle panel) and activity (bottom panel) during the light and dark cycles 

immediately following Ag challenge.  

 

HR was increased in OVA-sensitized mice during the dark cycle (hours 13-22) following Ag challenge (P 

< 0.01; 2-way ANOVA with Holm-Sidak post-hoc analyses; *: P < 0.05). 
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Figure 4. 6 The effect of OVA sensitization on HRV during the light and dark cycles immediately 

following aerosol challenge.  

 

During the light cycle, OVA sensitization resulted in decreased LF relative to Alum controls (hours 3-10; 

P < 0.05). During the dark cycle, OVA sensitization resulted in decreased RMSSD (P < 0.025), pNN6 (P 

< 0.001), LF (P < 0.001), HF (P < 0.05) and LF/HF (P < 0.001; 2-way ANOVA with Holm-Sidak post-

hoc analyses; *: P < 0.05). 
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DISCUSSION 

The use of telemetered biological signals from chronically instrumented mice, coupled with the 

translation of HRV methodology to murine models (Thireau et al., 2008), provides a powerful 

experimental model to assess autonomic control in vivo. A primary outcome of our study was the 

demonstration of the viability of this approach, which incorporates abdominal implantation of the 

telemetry transmitter, to characterize the integrative biology/phenotype of the OVA allergen sensitization 

model. To our knowledge, the present study is the first to examine the murine integrative phenotype 

associated with the OVA model, as reflected by HR, TB and HRV measurements, which are linked to 

autonomic nervous system (ANS) control (Thayer et al., 2011). We found that OVA sensitization was 

associated with altered control/baseline HRV prior to the aerosol challenge, as reflected by decreased 

SDNN, LF and LF/HF. This suggests that early sensitization, prior to airway remodeling, may already 

exert subtle influences on autonomic control. Control of both HR and TB during aerosol challenge, as well 

as HR in the circadian dark cycle subsequent to aerosol challenge, was altered in OVA sensitized mice 

relative to the alum controls. OVA sensitization was associated with altered HRV (increased RMSSD and 

pNN6) during aerosolization challenge, as well as during the dark phase subsequent to aerosol challenge 

(decreased RMSSD, pNN6, LF, HF and LF/HF compared to controls). Thus, our findings suggest that 

subtle changes in autonomic control are initiated early in the development of Ag sensitization associated 

with airway hyperresponsiveness (AHR). 

Methodological considerations 

The use of a validated method to measure an enhanced RRS response to MCh (Volgyesi et al., 2000;Ewart 

et al., 2001); Walker et al. in this issue) indicated the presence of AHR due to the OVA protocol (Figure 

4.2, top panel; (Kumar et al., 2008)). Since our model required inhalation of OVA aerosol, it is possible 

that the changes we observed in HRV and other variables during and/or after the third and final OVA 

exposure were a consequence of a bronchoconstrictor response to inhaled antigen, rather than overall 
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changes in autonomic control associated with early allergic sensitization/AHR. Several observations 

suggest this may be unlikely in conscious mice. First, OVA-sensitized mice displayed changes in baseline 

HRV that were present prior to the final OVA exposure and the onset of presumed changes in 

bronchomotor tone. Based on the current literature, it is not clear if, when, or to what degree OVA 

inhalation causes bronchoconstriction in the murine model. For example, AHR to contractile agonists has 

been demonstrated to occur prior to the presence of a bronchoconstrictor response to inhaled OVA in 

sensitized mice (Neuhaus-Steinmetz et al., 2000). Additionally, bronchoconstriction to inhaled OVA has 

been shown to require multiple exposures (Zhang et al., 1997;Neuhaus-Steinmetz et al., 2000), with the 

magnitude of bronchoconstriction increasing with additional exposures (Neuhaus-Steinmetz et al., 2000). 

Secondly, putative methods to measure bronchoconstriction non-invasively in conscious animals, such as 

enhanced pause (Penh) or peak expiratory flow measurements, do not provide accurate or robust 

measurements of bronchoconstriction (see Walker et al., this volume, for review). As a result, data do not 

appear to be available to demonstrate that the third OVA exposure caused acute bronchoconstriction. This 

is an important unanswered question in the literature on murine models, which is further complicated by 

the wide array of variable murine OVA models documented in the literature (Holgate, 1999;Pabst, 

2002;Kips et al., 2003;Epstein, 2004;Chang & Mitzner, 2007;Zosky & Sly, 2007;Kumar et al., 

2008;Nials & Uddin, 2008;Zosky et al., 2008;Allen et al., 2009).  

In order to gain some insight into bronchoconstrictor sensitivity to antigen, we performed additional 

studies on sensitized animals in which the RRS response to vascular (right heart injection) delivery of 

OVA (50 mg/kg) was measured in anaesthetized, mechanically ventilated mice. Single high dose OVA 

increased Rrs comparable to that seen for low dose MCh (see Results). This exposure is likely to be far 

greater than the dosage of OVA delivered through inhalation, where upper airway impaction, large airway 

branch-point deposition and the presence of a robust airway epithelial barrier (Hogg, 1982;Turi et al., 

2011) all conspire to reduce the dosage of agonist delivered to submucosal airway smooth muscle sites. 

Thus, it is possible that the final inhaled OVA exposure may not have significantly altered RRS or induced 
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bronchoconstriction. If so, then changes in variables such as HR, HRV, TB and activity, during and after 

exposure (i.e. subsequent 22 h) may be a reflection of the development of sensitivity in the OVA-model, 

and the underlying link between inflammation and the autonomic nervous system. Unfortunately, our data 

do not allow us to address the above questions definitively; however, they identify an important question 

for subsequent investigation.  

Early sensitization and physiologic outcomes 

The functional change in AW responsiveness is accompanied, and arguably caused, by inflammatory 

changes, such as the localized infiltration of eosinophils into the AWs (Jacoby et al., 2001). We observed 

a trend (not statistically different) with respect to inflammatory mediators within the WBC content and 

populations of systemic blood and BAL fluid of OVA-sensitized mice, which is consistent with 

pulmonary inflammation, eosinophilia and the early nature of the sensitization. The statistical outcome 

may have also been influenced by group size.  

 Our acute model of OVA-induced AHR likely recreated the earliest functional stage of disease, prior to 

the remodeling routinely described in chronic asthma (Joos et al., 2000b;Holgate, 2008;Allen et al., 

2009). Although AW function was directly assessed 22 hours subsequent to Ag challenge, as mentioned 

above we did not directly assess the presence or absence of early- and/or late-phase reactions (Boulet et 

al., 1999;Holgate, 2008). However, HRV analysis, in concert with analyses of HR, TB and activity, 

suggests the impact of Ag exposure resulted in an altered overall autonomic profile for OVA-sensitized 

mice. Indeed, OVA-sensitized mice displayed a decreased HR and TB profile during the Ag challenge 

compared to the Alum group (Figure 4.5). These differences were not activity related since the profiles 

were the same between groups. The changes in HR persisted after Ag challenge, with OVA-sensitized 

mice displaying increased HR during the dark cycle, over 10 hours following the aerosolization exposure.   
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HRV analyses 

Quantifiable, integrative measures of end-organ responsiveness, changes in HR (gross autonomic 

balance) and HRV have been suggested to be robust indices of cardiac health in human subjects (Zwiener 

et al., 2002;Sandercock & Brodie, 2006;Chattipakorn et al., 2007;Thireau et al., 2008). We performed the 

two predominant types of HRV analyses: time-domain, which reflects the statistical analysis of IBIs in 

parameters such as SDNN, RMSSD, and pNN6, and frequency-domain, based on the spectral analysis of 

IBIs reflected by LF, HF, LF/HF (Figures 4.4 and 4.6) (E.S.C & N.A.S.P.E.Task Force, 1996;Thireau et 

al., 2008). In humans, decreases in HRV are associated with worse prognoses, and HRV is an 

independent predictor of cardiac morbidity and mortality, and a useful tool for non-invasively measuring 

changes in sinoatrial (SA) ANS activity in health and disease (Tarkiainen et al., 2005;Sandercock & 

Brodie, 2006;Parati et al., 2006;Chattipakorn et al., 2007;Thireau et al., 2008). We adopted the guidelines 

developed by Thireau et al. for HRV analysis without correction for the potential impact of respiration on 

HRV (Thireau et al., 2008). More recently, it has been suggested that the presence of bi-directional cross-

talk between the cardiovascular and respiratory systems, or cardiorespiratory coupling, makes correction 

for respiration less convincing in the examination of HRV (Tzeng et al., 2003;Thayer et al., 2011). 

Nevertheless, additional studies are required to assess the potential changes in pattern of breathing and 

lung volume, which may have occurred during OVA exposure. 

HRV indices may represent specific components of the ANS; some investigators believe that time-

domain HRV parameters can be ascribed to net autonomic activity (SDNN), short-term HRV (RMSSD), 

and PSNS activity (pNN6, or its human equivalent pNN50) (Thireau et al., 2008;Tascilar et al., 2009). 

Others have reported both RMSSD and pNN6 to primarily reflect short-term HR modulation, or PSNS 

activity, with SDNN reflecting the balance between the PSNS and SNS, or a combination of short-term 

(for example: respiratory) and long-term (for example: circadian) factors (Stein et al., 1994). Similarly, 

while HF HRV fluctuations are generally considered to be a reasonable approximation of PSNS activity, 

LF HRV fluctuations have been reported to reflect both SNS as well as a combination of SNS and PSNS 
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activity (Pomeranz et al., 1985;Parati et al., 2006). Despite suggestions that HRV reflects integrated ANS 

activity at the level of the SA node, caution should be exercised in ascribing a link between specific 

components of the ANS and individual HRV parameters variables (Parati et al., 2006;Taylor & Studinger, 

2006a;Taylor & Studinger, 2006b). Interestingly, studies investigating HRV in humans have shown PSNS 

activity to be inversely related to systemic inflammation, as assessed by C-reactive protein levels (Thayer 

& Fischer, 2009). This association was stronger in females than in males. The present study used only 

male mice, and it remains to be seen if such associations are present between sexes for mice. 

Control and aerosol exposure  

We investigated HRV prior to, during, and subsequent to aerosol challenge. During the hour prior to 

aerosol challenge (acclimation), three indices of HRV (SDNN, LF, LF/HF; all P < 0.05) were decreased 

in OVA-sensitized mice. These results suggest that there is a small but significant alteration in ANS 

activity prior to Ag challenge, presumably due to the effects of sensitization alone. This decrease in 

activity may be linked to the sympathetic nervous system, as LF as well as LF/HF and SDNN were 

decreased in OVA mice, while RMSSD, pNN6 and HF were unchanged between groups.  

During Ag challenge, RMSSD and pNN6 were increased (P < 0.05) in OVA mice, which is consistent 

with the time domain HRV results of Tascilar and colleagues for symptomatic pediatric patients with 

allergic rhinitis (Tascilar et al., 2009). We speculate the increase in RMSSD and pNN6 may be linked to 

an increase in pulmonary cholinergic tone, as supported by AHR during the MCh challenge. Reports of 

heightened cardiac vagal reactivity, despite insignificant alteration in basal vagal tone, have been reported 

in asthmatic patients (Lewis et al., 2006). Additionally, early studies reported increased indices of HRV 

in pediatric patients with asthma (Tokuyama et al., 1985). Increases in PSNS activity may reflect the 

increase in cholinergic bronchoconstrictive activity during an acute asthma exacerbation. Whether 

pathogenic changes in bronchial vagal tone can independently translate into changes in cardiac vagal tone 

is somewhat controversial, with evidence in support either enhanced or unaltered cardiac vagal activity in 
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cases of high bronchial vagal activity (Lewis et al., 2006). Our murine model differed from Tascilar’s 

human population in regards to its frequency domain responses; no differences in frequency domain 

parameters were observed in the present study, whereas increased HF and decreased LF/HF were reported 

in the above-mentioned study (Tascilar et al., 2009). It remains to be seen whether the parallelism 

observed in the time domain results is maintained in comparisons with antigen exposures for human 

asthma or AHR.  

HR, TB and activity were further investigated during the light and dark cycles following aerosol 

challenge, with OVA-sensitized mice displaying increased HR compared with Alum mice during the dark 

cycle 13-22 hours after protocol initiation, over 10 hours after aerosolization challenge. This further 

supports the concept of altered ANS control linked to sensitization, not exclusively during acute Ag 

exposure, as sensitized mice displayed persistent changes from Alum controls well after the aerosolization 

period. Analysis of HRV parameters in the light/ dark cycles subsequent to the aerosol challenge period 

revealed that sensitized mice displayed decreased HRV in all but one (SDNN) of the HRV indices during 

the dark cycle (during the light cycle only LF was decreased in OVA-sensitized mice). These results are 

consistent with studies demonstrating a correlation between absolute HR and asthma severity, where HR 

increases compared to controls as asthma severity increases (Kazuma et al., 1997). Further, our results are 

consistent with observations of decreased HRV during high absolute HR (Tascilar et al., 2009) There 

were no differences in activity, TB or light-cycle HR. As HRV has been shown to be influenced by 

physical activity level (e.g. moderate-to-vigorous activity may help normalize HRV profiles in asthmatic 

subjects) the lack of difference in activity profiles of the two groups in the present study suggest the 

changes we observed in HRV are attributable to factors other than physical activity level (Tsai et al., 

2011). The increased HR observed in sensitized animals, which is consistent with high resting HR in 

asthmatic patients, could be due to increased cardiac SNS tone, higher levels of circulating 

catecholamines, withdrawal of PSNS tone, or some combination of the aforementioned (Lewis et al., 

2006). Further studies characterizing the nature and time-course of HRV changes in asthma disease 
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progression or in animal models of asthma, are required to elucidate the physiologic and molecular 

mechanisms responsible. 

Conclusions 

In summary, to our knowledge this is the first study to document the use of chronic instrumentation and 

ANS assessment via HRV in allergically sensitized mice before, during and after aerosol challenge at 

early disease onset. Chronic instrumentation with radiotelemetry devices provides a robust way of 

gathering integrative physiological data to monitor the ANS phenotype of allergic sensitization. In the 

presence of mild sensitization, as evidenced by AHR, sensitized mice exhibit significant changes in HRV 

during acclimation, aerosol exposure and for the 22 hours following aerosol challenge. Most strikingly, 

HRV is depressed in sensitized mice prior to Ag challenge, and exhibits a prolonged reduction in almost 

all indices for 10 hours after aerosol exposure (i.e. during the dark/active cycle of the mice). This suggests 

that sensitization independently impacts on ANS activity, as measured through HRV analysis. Further 

studies are required to elucidate the integrative impact of sensitization, and the putative mechanisms 

responsible for these alterations.   
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ABSTRACT 

We developed a non-invasive method to detect cardiac contraction in oyster spat based on trans-

illumination with a fibre-optic light source within a temperature-controlled chamber. The heart is 

visualized using video microscopy imaging coupled with video edge-detection to digitize cardiac 

contraction, providing inter-beat interval and heart rate (HR). To validate our system we addressed the 

hypothesis that cool temperature acclimation (10°C vs. 22°C – Ta10 or Ta22, respectively; each n = 8) 

would confer an advantageous cardiac phenotype (assessed via presence of asystole, HR, and heart rate 

variability (HRV) analysis) during an acute temperature change. The acute temperature ramp (TR) 

protocol comprised 2°C steps (10 min/experimental temperature, Texp) from 22°C to 10°C to 22°C. HR 

was related to Texp in both acclimation groups. Ta10 spat exhibited equivalent HR at each Texp independent 

of cooling or warming phase, whereas Ta22 spat displayed greater HR during warming than cooling (P < 

0.01). HR was elevated in Ta10 vs. Ta22 spat when asystole was included in analysis (P < 0.0001). Time-

domain heart rate variability (HRV) was inversely related to temperature and elevated in Ta10 vs. Ta22   

spat. Spat exhibited asystole, which was more prevalent and prolonged at low temperatures and more 

common in Ta22 spat (Ta22: 8/8 asystolic at Texp = 10°C, vs. Ta10: 3/8 asystolic at Texp = 10°C). We report a 

new method to assess cardiac phenotype in an invertebrate model. Its application revealed that cool 

temperature acclimation leads to improved maintenance of active HR at cool temperatures as well as 

increased HRV, but leads to depressed HR at a given Texp during acute temperature changes. Elucidation 

of the mechanisms responsible for these physiologic and metabolic changes holds promise for aquaculture 

productivity. 
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INTRODUCTION 

The cardiovascular control system is relatively conserved between phyla, despite inter- and intra-species 

differences; e.g. the myogenic propagation of cardiac electrical impulses, and the excitatory and 

inhibitory regulation of heart rate (HR), retain commonalities even across evolutionarily distant 

organisms (Koester et al., 1979). The study of cardiac control in organisms that evolved prior to 

mammals, such as oysters, provides a convenient model to examine physiologic mechanisms and gain 

insight into conserved cardiac control mechanisms. As a food source, oysters are part of a growing 

aquaculture or sustainable food futures industry that is influenced by changing ocean environments due to 

development, pollution, and climate change (Doney, 2010;Ruckelshaus et al., 2013). Thus, understanding 

the physiology and wellbeing of commercially-farmed species is increasingly relevant and economically 

important. By 2011, over 60 million tonnes of biomass were harvested through aquaculture across 181 

countries (2012); in Australia, $1.1 billion of the $2.3 billion dollars generated by commercial fisheries in 

2011/2012 came from aquaculture, with the State of Tasmania alone accounting for $690 million, of 

which over 90% (by mass produced) was through aquaculture, including oysters (Skirtun et al., 2013). 

The environmental sustainability of increased aquaculture production is a growing focus, with emergent 

emphasis on low-emission/eutrophication species requiring minimal or no additional feed, such as filter-

feeding bivalves (2011;2012). A robust method to obtain non-invasive measurements of cardiac 

contraction during development in oysters would provide practical assessments of the physiology of 

cardiac control, as well as indices of aquatic health in aquaculture environments. 

Environmental temperature is a factor that influences the inter-tidal bivalve mollusc, the Pacific oyster 

(Crassostrea gigas; Thunberg, 1793), which is exposed to varied temperatures, salinities, water 

oxygenation levels, and seston (including nutrient) loads in open aquaculture environments, on semi-

diurnal, diurnal or mixed tidal bases, or seasonally (Quayle, 1969;Newell & Branch, 1980;Bernard, 

1983). These factors impact on Pacific oyster physiology and production by altering growth rates, 

influencing survival, and affecting health (Newell & Branch, 1980;Bernard, 1983;Helm, 2005). 
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Commercially-farmed Pacific oysters are routinely housed in hatcheries during their larval and post-larval 

spat stages, where they are reared in carefully regulated conditions (e.g. consistent temperature, food 

availability) targeted for optimal growth. This is markedly different from the natural environment of the 

Pacific oyster, and from the environment in which the majority of oysters are farmed and reach maturity. 

Thus, hatchery rearing temperature coupled with the environmental transition from hatchery to inter-tidal 

farm challenges juvenile oysters with changes in ambient conditions that may alter growth; however, little 

is known about the impact of acclimation temperature (Ta) on cardiac responses to environmental 

temperature. The juvenile, or spat, stage represents a unique period in the oyster life cycle characterized 

by rapid growth not yet impacted upon by the energy-demanding physiological process of spawning 

(Beiras et al., 1995). As a result spat are an attractive model for investigating fundamental physiologic 

mechanisms, such as cardiac control, as well as investigating the impact of the aquaculture rearing 

environment (e.g. temperature) on cardiac adaptations to acute temperature change. 

There is a paucity of information on oyster spat physiology in the literature. Previous studies investigating 

HR in adult oysters and other bivalves or molluscs have relied largely on invasive imaging techniques, the 

performance of which requires the disruption of the integrity of one of the valves – a stressor that may 

negatively impact on results (Veitch, 1974;Koester et al., 1979). Limited non-invasive methods have been 

tested in mature invertebrates (Dieringer et al., 1978;Depledge et al., 1996b;Curtis et al., 2000b), and 

promising microscopy-based results have been reported for HR in Atlantic salmon alevins 

(Polymeropoulos et al., 2014).  

We describe herein a novel, non-invasive, video-microscopy method to visualize and quantify oyster spat 

HR in vivo, and demonstrate feasibility through its application in a pilot study on the impact of 

acclimation temperature on Pacific oyster spat heart rate phenotype. The impact of cool temperature 

acclimation of spat (10°C vs. 22°C) exposed to acute temperature changes was assessed through analysis 

of the prevalence of asystole, nature of HR responses, and profile of HR variability (HRV) within and 



134 
 

between the two groups. To our knowledge, this is the first report of a video-microscopy technique to 

measure juvenile bivalve HR and its application to HRV analysis in oyster spat.  

METHODS  

Overview 

We designed a customized video-microscopy imaging system to visualize Pacific oyster spat heart 

contractions, while controlling oyster chamber seawater flow and temperature. A commercial edge-

detection system was applied to track cardiac motion and detect the onset of cardiac systole, which, 

coupled with data acquisition software, provided inter-beat interval (IBI; time between consecutive 

cardiac contractions) and HR for subsequent calculation of HRV responses of spat during acute 

temperature change. The system also provided visual (video) and quantitative means to assess the 

incidence of asystole (cessation of cardiac contraction).  

Apparatus and Software 

The experimental set-up consisted of three components: an experimental chamber, a customized 

electronic temperature-controller, and video microscopy coupled with commercial edge-detection 

technology (Figure 5.1).  

The experimental chamber was contained within a custom-fabricated 8 x 4.5 x 5 cm anodized aluminum 

block with a 2.5 cm-diameter bore drilled lengthwise through its centre. At a depth of 2.5 cm into the bore 

(measured from upper block surface) a clear watch-glass was secured and sealed in place. Three small 

(approx. 1-1.5 mm diameter) ports were drilled into three of the block sides (depth of ca. 2 cm from upper 

block surface) to allow for the insertion of a thermocouple and seawater inflow/outflow tubes (catheter 

tubing inserted via permanently-affixed syringe tips).  
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Figure 5. 1 Schematic of Oyster HR Detection Apparatus.  

 

The system comprised an experimental chamber (gray), a Peltier element (white square + fan), a 

thermocouple linked to a servo temperature controller, and video microscopy components. The oyster 

chamber is indicated in light blue (representing the ~ 1 cm of water in the chamber) within the anodized 

aluminum block and is positioned above the fibre optic light source housed within the block. See text for 

additional description.   



136 
 

Seawater was maintained at a depth of ca. 1 cm within the experimental chamber (bounded by the watch-

glass and walls of the aluminum bore), with inflow and outflow rates of approx. 2.5 mL/min (inflow: 

gravity drip; outflow: peristaltic pump and Pressure Servo Control (Living Systems Instrumentation, 

Burlington)). The oyster spat, which were individually placed atop the watch-glass within the water, were  

trans-illuminated via a Microlight 150 fibre optic light source (Fibreoptic Lightguides Australia; AIS 

Optical) contained within the aluminum bore below the watch-glass chamber. A custom servo 

temperature controller maintained chamber water temperature within ±1°C of each desired experimental 

temperature (Texp) set-point by means of a heat sink (fan)-coupled Peltier element; feedback was obtained 

via the thermocouple inserted into the centre port of experimental chamber.  

The trans-illuminated oyster was visualized from above using a microscope (Zeiss Stemi SV6, Zeiss, 

Germany) coupled with a digital video camera (SONY Hyper HAD Color Video Camera, Japan). The 

camera video signal was transmitted in real time to the computer via a video capture device (Roxio Video 

Capture – Roxio Central Fx/Roxio Central4) connected to edge detection hardware/software (V94 Video 

Dimension Analyzer, Living Systems Instrumentation, Burlington, Vermont). Edge detection was used to 

track cardiac motion in real time by comparison of pixel colour at a reference point in the video image 

(stationary area with no colour change over time; see right white line in Figure 5.2 and Video 1) with 

pixel colour at an active area of interest (area of cardiac motion as indicated by significant colour change 

over time; see left white line in Figure 5.2 and Video 1).  

Analog edge-detection and thermocouple data were acquired for analysis via a digital data acquisition 

system (PowerLab 4/20, LabChart®7 Pro; ADInstruments, Bella Vista, NSW, Australia). Occasional 

segments of compromised edge detection (for example: short periods of active valve movement, excretion 

of waste) were noted and excluded from analysis, with only high-fidelity periods of detection analysed.  
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Figure 5. 2 Heart Rate Quantification.  

 

Cardiac contraction detection was performed by a Video Dimension Analyzer (see text) by comparing 

pixel colour at an active point (tip of left white line, positioned above oyster; left panels) with pixel colour 

at a reference point (tip of right white line, positioned external to oyster; left panels), resulting in the 

generation of waveforms acquired by the data acquisition system for analysis (right panel, bottom 

channel). The image directly surrounding the spat heart has been magnified to illustrate the colour change 

of the heart at different points during the contractile cycle. The time between the leading edges of the 

onset of each contraction waveform (green waveform detection dots; right panel) provided IBI and HR. 

Upper channel of the right panel is a record of water temperature as measured by the thermocouple during 

a period of temperature change between Texp. See also Video 1. 
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Detection of IBI (see Figure 5.2, square waveforms) was standardized to the leading edge of the raw edge 

detection waveforms, and quantification was performed using LabChart’s HRV software module with 

manual inspection of all analysed data to confirm accurate detection. The presence of cardiac asystole was 

defined as fewer than 45 cardiac contractions within a particular 10 min Texp.   

Protocol 

Triploid Crassostrea gigas spat (age: 3.5-4 months, length: 1.1-1.7 mm) were obtained from a 

commercial hatchery (Shellfish Culture Ltd., TAS; hatchery temperature ~ 22°C) and acclimated for a 

minimum of two weeks to either 10°C (Ta10, n = 8) or 22°C (Ta22, n = 8) . Spat were maintained in aerated 

housing containers and supplied daily with hatchery-sourced, filtered seawater containing 2-3 million 

cells/mL of Chaetoceros I (TAS) and Skeletonema pseudocostatum (SA), then individually transferred 

into the experimental chamber (placement of upper/right surface towards the video-camera unit). 

The experiment consisted of a temperature ramp (TR) protocol. The experimental chamber was set to Texp 

= 22°C at the onset of the protocol, cooled to Texp = 10°C, and re-warmed to Texp = 22°C. This was done 

in 2°C intervals, with 10 minutes spent at each Texp (Figure 5.3). As described above, perfusion of the 

experimental chamber ensured oxygenation and food supply throughout the protocol.  

Analysis 

Heart rate, Q10, and time- and frequency-domain HRV analyses were calculated from data exported from 

LabChart to Excel. During the TR protocol we noticed that the spat routinely displayed asystole as a 

component of the physiologic response to cool Texp and, therefore, quantified the occurrence of asystole 

for each acclimation temperature (Ta) group.  
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Figure 5. 3 Temperature Ramp Protocol.  

 

The temperature ramp was initiated at Texp = 22°C and cooled to Texp = 10°C in 2°C steps with 10 min 

spent at each Texp. Warming steps were identical in timing to the cooling protocol, immediately following 

Texp = 10 °C.   
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Preliminary HRV analysis was applied in the time and frequency domains using analyses similar to 

human HRV, since spat HR was similar to human values. As a result, the scaled time-domain analysis 

parameter, pNN50, was used across the tested Texp. The four time-domain parameters studied were: mean 

IBI, SDNN (standard deviation of normal IBIs), RMSSD (the root mean square of successive differences 

of successive IBIs), and pNN50 (the percentage of normal IBIs differing from their preceding IBI by 

more than 50 ms). Only oysters with active cardiac contraction (i.e. not in asystole) were considered in 

HRV analyses. 

Frequency-domain HRV analysis of IBIs was performed using Kubios software (Kubios HRV version 

2.1, University of Eastern Finland, Kuopio, Finland (Tarvainen et al., 2014)). However, we noted that 

oyster spat power spectra failed to display clear peaks akin to the low- and high-frequency peaks used to 

justify frequency domain analysis in mammalian species (Thireau et al., 2008) and, as a result, restricted 

our HRV analyses to the time domain.  

Statistical analyses were designed in consultation with the Clinical Research Institute and Critical Care 

Clinical Evaluation Research Unit at Kingston General Hospital and performed in SAS (SAS Institute 

Inc., Cary, NC) by application of a generalized linear mixed effects model (GLIMMIX) with a logit link 

and binomial response distribution (exception: comparison of Q10 values between and within groups; t-

test). Statistical significance was assumed when p < 0.05. Mean values were reported as mean ± SEM. 

SEM was not presented in cases where, due to asystole, n < 4 for a given group.  

RESULTS 

The system provided clear, non-invasive images of the contracting oyster heart during periods of 

controlled temperature exposure. Contraction was routinely identified by the edge detection system, and 

nondetection (due to valve motion, feeding, waste clearance etc.) was easily identified for exclusion. 

Thus, the oyster spat cardiac contraction detection system provided robust detection for the calculation of 

IBI and HR.  
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Cooling-Induced Cardiac Asystole 

The occurrence of asystole was inversely related to Texp (P < 0.0001; Figure 5.4). Ta22 spat displayed a 

higher occurrence of asystole vs. Ta10 spat, especially at lower Texp (i.e. presence of an interaction between 

the effect of Ta and Texp; P < 0.05; Figure 5.4). Interestingly, cardiac activity ceased at higher Texp during 

the cooling phase than the Texp at which it resumed during warming (Figure 5.4) in Ta22 spat.  

Spat Heart Rate Responses within Acclimation Groups 

Mean spat HR within each group at equivalent Texp in each protocol phases was examined in two ways: i) 

including spat exhibiting asystole (HR = 0) and ii) restricting analysis to spat that maintained active 

cardiac contraction (i.e. excluding asystolic spat from analysis). In Ta22 spat, HR was directly related to 

temperature (P < 0.0001), and HR at any given Texp was greater during warming than during cooling (P < 

0.01; regardless of whether asystolic oysters were included in analysis, see Figure 5.5).  Similarly, HR 

was directly related to Texp (P < 0.0001) in Ta10 spat. In contrast to Ta22 spat, Ta10 spat HR did not differ 

between cooling vs. warming when compared at each Texp (Figure 5.5). 

Spat Heart Rate Responses between Ta10 and Ta22 Acclimation Groups  

There was a direct effect of Texp on HR (with or without the inclusion of asystolic spat, P < 0.0001; Figure 

5.6). Inclusion of spat exhibiting asystole resulted in a significant difference in HR between acclimation 

groups due to an interaction between Texp and Ta (P < 0.0001; Figure 5.6), with Ta10 spat exhibiting 

increased HR. When spat in asystole were excluded from analysis the interaction between Ta and Texp was 

just above the critical P value (P = 0.0568, Figure 5.6), suggesting a trend towards an opposite interaction 

between Ta and Texp in the absence of asystole resulting in increased HR in Ta22 spat. Protocol phase 

(cooling vs. warming) had a significant impact on HR when asystole was included in the analysis, with 

HR at equivalent Texp greater during warming than cooling (P < 0.01) and a significant interaction 

between the impact of acclimation and protocol phase (P < 0.01).   
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Figure 5. 4  Prevalence of Asystole during Temperature Ramp Protocol.  

 

Proportion of oysters in asystole or maintaining active cardiac contraction (n/8) is expressed as a 

percentage. Left Panel: Percentage of spat maintaining active cardiac contraction at each Texp. Open 

circles/grey bars represent Ta10 spat; open squares/black bars represent Ta22 spat. Right Panel: Percentage 

of spat displaying asystole at each Texp (< 45 beats/10 min). Both Panels: Prevalence of asystole was 

inversely related to Texp in both acclimation groups (*** horizontal solid grey bar; P < 0.0001). There was 

an interactive effect between Texp and Ta, with greater prevalence of asystole at low Texp, in Ta22 spat 

(*vertical dashed line; P < 0.05). 
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Figure 5. 5 Effect of Protocol Phase (Cooling vs. Warming) on Heart Rate Profile.  

 

Left panels: Mean HR ± SEM of spat showing active cardiac contraction (asystolic spat excluded). Right 

panels: Mean HR ± SEM of all spat (asystolic spat included).  HR was directly related to Texp in both 

acclimation groups (*** horizontal solid bar; P < 0.0001). In Ta22 spat, HR was greater at any given Texp 

during warming vs. cooling, regardless of whether asystolic spat were included in analysis (top panels, ** 

vertical dashed line, P < 0.01; right panels include asystolic spat). HR did not vary based on protocol 

phase in Ta10 spat.  
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Figure 5. 6  Effect of Acclimation Temperature on Heart Rate during Temperature Ramp Protocol.  

 

HR was directly related to Texp in both groups (*** horizontal solid bar, P < 0.0001; open squares black 

line = Ta22 and open circles gray line symbols = Ta10). Left Panel: Mean HR ± SEM of spat showing active 

cardiac contraction only. The interaction of Ta and Texp approached statistical significance when asystolic 

spat were excluded from analysis (vertical dashed line, P = 0.0568).  Right Panel: Mean HR ± SEM of all 

spat, including those exhibiting asystole (HR = 0). There was an interactive effect of Ta and Texp (*** 

vertical dashed line, P < 0.0001) when asystolic spat were included. 
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Impact of Acclimation on Q10 

Q10 values for mean HR were calculated in the cooling and warming phases for each acclimation group 

(mean ± SEM). There were no significant differences in Q10 between Ta groups or between the warming 

vs cooling phases (Q10 values: Ta22 – cooling phase:  2.6 ± 0.3, warming phase: 2.4 ± 0.2; Ta10 – cooling 

phase: 2.4 ± 0.2, warming phase: 2.7 ± 0.3; all P > 0.05).  

Impact of Acclimation on HRV 

There was an inverse relationship between each of IBI, RMSSD, SDNN, and pNN50 with Texp in each 

acclimation group (P < 0.0001; Figure 5.7). IBI, RMSSD and pNN50 were lower at any given Texp in Ta22 

spat than in Ta10 spat due to interactions of Texp with Ta (IBI, RMSSD: P < 0.001; pNN50: P < 0.0001; 

Figure 5.7). There was no difference between acclimation groups for SDNN (Figure 5.7). 

DISCUSSION 

We developed a novel method to non-invasively measure cardiac contraction and HR in trans-illuminated 

triploid Pacific oyster spat (Crassostrea gigas) using a system that coupled video microscopy, edge-

detection technology, and a custom-built experimental chamber. Validation of the method was performed 

by assessing the impact of warm and cool acclimation temperatures (Ta; 10°C vs. 22°C – i.e. Ta10 and Ta22, 

respectively) on cardiac contraction in response to acute temperature change. We provide herein the first 

measurements of the prevalence of asystole, HR response, and HRV profile of oyster spat exposed to an 

acute temperature ramp (TR) protocol spanning 22°-10°C. Cool temperature acclimation resulted in a 

lower incidence of asystole in Ta10 acclimated spat than in the Ta22 acclimated group and was 

accompanied by greater HRV. However, cool temperature acclimation caused a tendency towards 

reduced HR in Ta10 spat compared to Ta22 spat at temperatures when the latter displayed active cardiac 

contraction.   
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Figure 5. 7 Time Domain Heart Rate Variability Analysis.  

 

All four parameters were inversely related to Texp in both groups (***horizontal solid line, P < 0.0001). 

IBI, RMSSD, and pNN50 showed interactions of Texp with Ta, with Ta10 spat displaying increased HRV 

vs. Ta22 spat (vertical dashed lines IBI, RMSSD: ** P < 0.001; pNN50: *** P < 0.0001). SDNN did not 

vary between groups with respect to acclimation. Means (± SEM) are shown for Inter-Beat Interval (IBI; 

top left), Standard Deviation of IBI (SDNN; top right), Root Mean Square of Successive Differences of 

Successive Intervals (RMSSD; bottom left), and Percent of consecutive IBI differing by more than 50 ms 

(pNN50; bottom right). 
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Thus, acclimation temperature is a significant factor for cardiac control that should be considered relative 

to the environmental/ocean temperatures in which spat will subsequently be placed. Further, oyster spat 

provide a novel phylogenetic model to explore fundamental mechanisms of HR control. 

Measuring Juvenile Bivalve/Small Invertebrate Heart Rate – An Automated, Non-Invasive Solution 

Our system for the non-invasive measurement of oyster spat cardiac contraction took advantage of the 

relatively stationary nature of bivalves. The seawater-containing experimental chamber within a small, 

anodized metal block enabled rapid changes in Texp during which cardiac contraction and HR could be 

assessed relative to environmental acclimation temperature. This approach provides the option of rapid as 

well as slow temperature changes and contrasts with others in the literature, where experimental chambers 

are placed or immersed within a large, temperature-controlled water bath for the performance of 

cardiorespiratory metabolic measurements (Frappell & Mortola, 2000;Polymeropoulos et al., 2014).  

Myogenic oyster hearts are regulated extrinsically and intrinsically by neural, biochemical, and 

environmental/physical (e.g. temperature, pressure, salinity) mediators (Koester et al., 1979), and have 

previously been studied in adults using in vitro (e.g. impact of HR on bivalve growth (Greenberg, 

1965;Greenberg et al., 1980)) and in vivo methods. The latter have been performed largely through 

invasive means disrupting valve integrity to view/record from the exposed bivalve heart (Veitch, 

1974;Koester et al., 1979). For example, HR has been reported based on the reflection of an incident laser 

beam directed onto the heart through a several mm diameter (< 10 mm) hole (Ritto et al., 2001;Ritto et 

al., 2003;Hellicar et al., 2014); however, valve disruption is a stressor and likely influences the resultant 

outcomes (Veitch, 1974). Ultrasound stethoscopes to visualize the heart (Dieringer et al., 1978) and 

infrared diodes to measure cardiac contraction (e.g. the Computer-Assisted Physiological Monitoring 

(CAPMON; with or without Automated Interpulse-Duration Assessment (AIDA) (Depledge & Andersen, 

1990;Depledge et al., 1996b;Curtis et al., 2000b)) are previously reported non-invasive bivalve HR 
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techniques. However, the size of the hardware components for both these systems (e.g. the infrared LED 

diode and phototransistor detector of CAPMON’s optocoupler) makes them impossible to use with spat 

(< 2 mm). Further, the fidelity of the resulting HR signal depends strongly on accurate positioning of the 

hardware with little means for verification that only HR is being detected. By contrast, the thin valves of 

young oyster spat are well-suited to our method of visualizing cardiac contractions in a completely non-

invasively manner via trans-illumination, which is devoid of the above-mentioned physical stressors and 

attachments. Visualization also provides an easily verifiable HR signal for the experimenter. We 

anticipate that our method could be applied to older spat, although it remains to be seen what the upper 

limit of shell calcification (i.e. animal model maturity and size) is for HR measurements in various model 

species with our technique. The approach could easily be adapted for bivalves smaller than those 

presented herein by increasing the magnification of the video-coupled microscope. Thus, the trans-

illuminated video microscopy method is capable of noninvasively measuring HR in juvenile bivalves and 

provides an attractive alternative to current HR measurement approaches, which are limited to either 

invasive protocols or large animals.  

The chamber and temperature control components of the trans-illuminated video microscopy method 

provide a robust, versatile, and rapidly-adapting system (e.g. metal chamber of small size and high 

thermoconductivity, Peltier element) in which the inflow/outflow enables the user to alter the composition 

of the water being circulated through the oyster chamber. This provides additional controlled variables, 

such as oxygenation, acidity, algae density, and the presence of toxic compounds (e.g. copper (Curtis et 

al., 2000b)), which can be manipulated to assess impact on cardiac phenotype. The approach may be 

applied to track cardiac contraction or HR (or other physiologic phenomena that can be visualized by 

transillumination) in a variety of other invertebrate species or eggs of either avian or non-avian species, or 

embryos (e.g. chick embryo, where HR has been reported using manual counting and visualization from 

trans-illumination (Mortola et al., 2010)). Although the methodology reported herein measures cardiac 

contraction for IBI/HR in isolated specimens in a controlled environment (the experimental chamber), 



149 
 

future adaptations of the technique could be tailored for use “in the field” in open, aquaculture 

environments.  

Methodology Validation: Pacific Oyster Spat 

Pacific Oyster Spat Cardiac Responses to Temperature Change 

Intertidal Pacific oysters are exposed to seasonal and diurnal fluctuations in many environmental 

variables including temperature (Quayle, 1969;Newell & Branch, 1980), and are necessarily well-adapted 

to acclimate to persistent environmental changes; however, the rapid and abrupt changes characteristic of 

their natural habitat, and modelled herein, may impact on cardiac performance or growth (Bernard, 1983). 

Most cultured oysters are raised in commercial hatcheries, which are maintained at optimal temperatures 

(growth is most rapid at 22°C (Walne & Spencer, 1974)) and which provide consistently high food 

availability and water oxygenation. As a result, understanding the impact of acute changes in 

environmental variables such as Texp that might be encountered upon initial ocean exposure is key to 

successful production. We also investigated the impact of such acute changes on cardiac phenotype in 

spat acclimated to either a “warm”, Ta22 (reflecting hatchery conditions), or a “cool”, Ta10 (reflecting a 

seasonal low of the Tasmanian aquaculture region), temperature. Though HR is not a direct surrogate of 

metabolism (i.e. oxygen consumption) in bivalves, it is intrinsically linked to growth by limiting nutrient 

uptake/distribution, metabolite/waste removal, and impacting upon respiration (Quayle, 1969;Shumway, 

1982). The role of HRV in bivalve health remains poorly understood.  

Spat Heart Rate Responses to Environmental Temperature Changes 

Cool Temperature Acclimation Decreases Asystole Occurrence at Low Temperatures 

To our knowledge, this is the first observation of asystole in rapidly growing oyster spat. Spat hearts 

became asystolic during cooling (Figure 5.4), with asystole inversely related to the acute experimental 
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temperature set-point; a few residual beats were generally observed at the onset of a new, cooler Texp, 

after which complete asystole occurred. Asystole was more prevalent in Ta22 spat, with all animals 

achieving asystole by Texp = 10°C (Figure 5.4). This is consistent with a report for the adult blue mussel 

(Mytilus edulis), where asystole occurred at < 8°C if Ta = 18°C (Kittner & Riisgard, 2005), and cool-

acclimated mussels maintained cardiac activity at lower temperatures than warm-acclimated ones 

(Pickens, 1965;Braby & Somero, 2006). Ta22 spat became asystolic at warmer Texp during cooling than the 

Texp at which they regained active HR during warming, perhaps suggesting a compensatory HR response 

to clear accumulated metabolites/provide tissues with oxygen and nutrients (Koester et al., 1979) or rapid 

acclimation of spat to lower temperatures. This is consistent with studies reporting that positive changes 

in, or alleviations of, a stressor variable (e.g. increases in temperature) are often accompanied by an 

“overshoot” period of “active metabolic rate”, perhaps reflecting physiologically opportunistic utilization 

of an advantageous change in environmental conditions (Bernard, 1983). By contrast with our findings of 

asystole occurring at higher Texp than the Texp at which HR resumes, asystole in the adult clam (Noertia 

ponderosa) was reported to occur beginning at 5°C when exposed to increasingly cool temperatures, with 

cardiac activity (HR) only resuming after a return to 15°C (DeFur & Mangum, 1979); these differences 

may be attributable to inter-species variation or differences in protocol and acclimation timing. It would 

be of interest to examine the time-course of acclimation via the resumption of HR in asystolic Ta22 spat 

during sustained cool temperature (e.g. 10°C) exposure. 

Asystole in oyster spat was accompanied by valve closure, which is typically a period of quiescence, 

cyclic or independent of external factors, that may be influenced by food availability, decreased 

temperature (accompanied by bradycardia (Koester et al., 1979;Higgins, 1980;Curtis et al., 2000b), 

decreased or negligible metabolism, and little-to-no growth (Bernard, 1983)), or environmental stressors 

(Kittner & Riisgard, 2005;Braby & Somero, 2006). Changes in HR in advance of valve closure have been 

taken to suggest a neural mediation for this cardiac phenotype, rather than one in which valve closure 

(and accompanying decreases in ventilation/eventual hypoxia) triggers decreased HR (Trueman & Lowe, 
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1971;Koester et al., 1979). Since we maintained equal food availability and water oxygenation, this 

suggests that oyster spat are sensitive to, or negatively impacted by, temperatures lower than their 

temperature of acclimation. Our observations of sporadic residual beats prior to valve closure due to 

cooling temperature are also consistent with reports of increasingly sporadic, burst-like HR in mussels 

shortly prior to asystole in face of the chemical stressor/pollutant, copper (Curtis et al., 2000b).   

Cool Temperature Acclimation is Bradycardic 

As expected for an ectothermic organism (Widdows, 1973a;Braby & Somero, 2006), HR was related to 

Texp in both groups of spat (Figures 5.5 and 5.6); however, whether temperature is a direct or indirect 

chronotropic regulator of HR in oyster spat has yet to be elucidated. Other stressors that decrease bivalve 

HR include starvation and chemical pollutants (Widdows, 1973a;Curtis et al., 2000b). The impact of Ta 

on HR varied depending on whether asystolic spat were included.  

Including asystolic spat in the mean HR calculation resulted in Ta22 spat displaying a lower HR profile 

throughout the TR protocol compared with Ta10 spat (Figure 5.6, right panel); however, if mean HR was 

calculated only from spat with active cardiac contraction, Ta22 spat displayed a trend towards increased 

HR vs. Ta10 spat (Figure 5.6, left panel). Our results of increased asystole in Ta22 spat represent an 

interesting divergence of adaptive behaviours for Ta22 spat consisting of either asystole or increased HR 

vs Ta10 spat when HR was maintained. This is in contrast with findings across different species of adult 

mussel, where species acclimated to cooler temperatures displayed greater HR than species acclimated to 

warmer temperatures/climates when measured at a common Texp (Braby & Somero, 2006). This 

difference may reflect interspecific differences, short- term (2 weeks) vs. long-term (evolutionary history) 

acclimation periods, or the range of temperatures tested (cold-adaptation would be expected to confer an 

advantage specifically at cold temperatures (Braby & Somero, 2006)). Thus, in juvenile oysters, warm 

temperature acclimation may improve cardiac function, and by corollary growth, in warm, nutrient-rich 
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conditions, while cold temperature acclimation may help maintain growth during suboptimal (e.g. low 

food availability (Malouf & Breese, 1977) or cool temperature) conditions. 

Cool Temperature Acclimation Increases Heart Rate Variability 

We report the first HRV analysis of oyster spat. HRV analysis is frequently used to investigate autonomic 

cardiovascular control in mammals and can be performed via time- and/or frequency-domain analyses  

(E.S.C & N.A.S.P.E.Task Force, 1996;Tarkiainen et al., 2005;Thireau et al., 2008). HRV analysis 

assumes that beat-to-beat variations in HR (i.e. IBIs) are effected by neural modulation in mammals, 

where decreased variability is associated with poor prognoses and outcomes (Sandercock & Brodie, 

2006;Chattipakorn et al., 2007;Domnik et al., 2012). Attempts at applying HRV analysis to invertebrate 

models are rare, with the relative contributions of neural, physical or hormonal modulation of HR in 

oysters yet to be elucidated (Greenberg, 1965;Quayle, 1969;Mayeri et al., 1974;Liebeswar et al., 

1975;Koester et al., 1979;Hill & Yantorno, 1979;Greenberg et al., 1980). Evidence for a neural 

component to molluscan HR control is based on the rapidity of HR change in response to changes in 

temperature (Trueman & Lowe, 1971;Trueman et al., 1973;Lowe, 1974;Koester et al., 1979) similar to 

those observed in our TR protocol (also see (Koester et al., 1979) or (Ritto et al., 2005) for other factors).  

Few studies have explored HRV in  bivalves (Curtis et al., 2000b;Ritto et al., 2005) and those that have 

are preliminary in nature and have used different indices of HRV. Our time domain analyses revealed that 

oyster spat do not display the typical defined spikes in post-spectral density at specific frequencies, which 

is an interesting biologic observation, which also meant we were unable to apply frequency domain HRV 

analysis to our data (E.S.C & N.A.S.P.E.Task Force, 1996;Curtis, 1998;Curtis et al., 2000b;Thireau et al., 

2008). Interestingly, previous investigators reported bivalve frequency-domain HRV to be unlike that of 

mammals, where spectral analysis of IBIs shows clear spikes in defined frequency bands. Mussels, like 
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our spat, have no such spikes in activity; it has been suggested that this is due to independent control of 

HR, distinct from ventilation or other physiological functions (Curtis, 1998;Curtis et al., 2000b).  

Time-domain HRV analysis was performed on data from spat with active cardiac contraction (Figure 5.7). 

Within each acclimation group, and for all four parameters (IBI; SDNN; RMSSD; pNN50), HRV was 

inversely related to Texp. This is consistent with findings in which copper exposure resulted in an inverse 

relationship between variability (measured as coefficient of variation) and HR in mussels (Curtis et al., 

2000b). Our finding of low HRV in both groups at the initial Texp of 22°C is also consistent with reports 

of low HRV (i.e. regular HR) in mussels at control conditions (Depledge et al., 1996b;Curtis et al., 

2000b). This varies from the marked HR variability at rest in mammals (E.S.C & N.A.S.P.E.Task Force, 

1996;Thireau et al., 2008;Domnik et al., 2012), and may reflect a greater scope for beat-to-beat neural 

regulation of HR in mammals. Ta10 spat had increased HRV compared to the Ta22 group (IBI, RMSSD and 

pN50), which is in keeping with our observation of decreased HR in Ta10 vs. Ta22 spat.  

While baseline HRV seems to differ between invertebrates and mammals, the inverse relationship 

between changing HR and HRV remains, regardless of the nature of the HR change (Depledge et al., 

1996b;Kazuma et al., 1997;Curtis et al., 2000b;Gong, Jr. et al., 2004).In mammalian species, HRV 

reflects overall autonomic balance and decreased HRV is a negative prognostic indicator (Sandercock & 

Brodie, 2006;Chattipakorn et al., 2007); our findings of increased HRV at decreased Texp suggest that the 

inverse may be true for invertebrate species. Thus, we propose that cold Texp acts as a physical stressor 

that increases HRV, similar to copper, a pollutant that increases HRV in exposed mussels (Curtis et al., 

2000b), or starvation, which increases HRV in the crab, Carcinus maenas (Depledge et al., 1996b). This 

hypothesis of increased HRV being a diagnostic factor for stress deserves further attention experimentally 

since it complements the investigation of the impact of known stressors (ranging from low food 

availability through to disease processes such as Pacific Oyster Mortality Syndrome (POMS), which often 

targets young (larvae, spat, juvenile) oysters (Duthie, 2014)). HRV also provides a tool to explore cardiac 
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regulatory mechanisms in oysters; for example, to compare cardiac phenotype between triploid and 

diploid spat or other marine invertebrates. Our observations for HR-temperature relationships and HRV 

raise several interesting questions regarding the potential to manipulate the nursery environment to 

enhance spat adaptability to temperature-variable environments, such as those presented by open 

aquaculture oyster farms, and to test for early signs of stress within aquaculture oyster populations prior 

to deterioration of health, or mortality. 

Spat vs. Mature Oysters: Differences in Cardiac Phenotype 

Growing spat represent an interesting model to address the impact of size on temperature sensitivity 

(Beiras et al., 1995). Current studies in bivalves are conflicting, reporting no relationship between HR and 

body size in adult molluscs (DeFur & Mangum, 1979), as well as decreasing HR (and increasing  

temperature sensitivity of HR) with increasing size (Pickens, 1965). Age has previously been shown to 

alter physiological responses to stimuli; for example, juvenile C. gigas show maximum growth at 

temperatures around 20°C (Malouf & Breese, 1977), whereas adult C. gigas show no positive effect of 

temperature on growth when maintained above 12°C (Mann, 1979). Consistent with these observations, 

we report an impact of Ta on the spat cardiac response to temperature change, with Ta22 spat exhibiting 

higher mean HR for given temperature set-points than cold-acclimated oysters. Use of the technique 

presented herein coupled with existing techniques in mature oysters provide an approach to compare 

responses in juveniles to the transition to adulthood. 

Conclusions 

We developed a novel, non-invasive, video-microscopy system to monitor cardiac contraction and 

measure IBI and HR in oyster spat using valve trans-illumination. The system was validated by 

addressing the hypothesis that cool temperature acclimation would alter spat response to a TR protocol. 

While cool temperature acclimation prevented the onset of asystole during decreasing temperature, it had 
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a bradycardic effect (vs. Ta22 spat) at equivalent Texp when only spat with active HR were considered. Ta10 

spat also displayed increased HRV compared with Ta22 spat. Acclimation regimes tailored to the 

aquaculture environment in which spat are placed from the hatchery may improve the resilience of spat to 

environmental stresses  and minimize the cost associated with early spat mortality in open waters (Mann, 

1979). Our data suggest oyster spat represent a unique phylogenic/ontogenic model to address 

evolutionary mechanisms of HR control. Finally, the technique provides a robust, non-invasive means to 

investigate cardiac phenotype and the time course of various acclimation regimes designed to enhance 

spat growth and survival for the aquaculture industry.  
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CHAPTER 6: General Discussion 
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DISCUSSION 

The previous chapters provide an overview of afferent and efferent mechanisms engaged in 

cardiopulmonary regulation. Although diverse in nature, the results of Chapters 2 and 3 test the recent 

hypothesis that SAR and NEB function are linked using an in vivo paradigm. In so doing they also 

provide the first detailed description of murine SAR mechanosensitivity. Subsequently, I apply modern 

HRV analyses to a mammalian allergic lung disease model (Chapter 4) and to an invertebrate (oyster 

spate) model (Chapter 5) to illustrate the wide applicability of the HRV analytic approach and to elucidate 

the cardiac responses to both mammalian lung disease and altered environmental temperature in 

invertebrates. 

Our report of SAR mechanoreceptor sensitivity provides the first description of the range of SAR 

activation from end expiration to total lung capacity. This functional characterization provides the basis 

for inter-species comparison as well as a baseline to assess the impact of disease or genetic mutations in 

murine models. Our work investigating functional SAR links to NEBs negates the suggestion that SARs 

and NEBs are functionally linked while discovering a heretofore unappreciated role for CaSR in 

mediating SAR mechanoreceptor sensitivity in the lung. In addition, CaSR dysregulation had a profound 

effect on the cellular proliferation of a polymodal sensory receptor: the pulmonary NEB. The implications 

of altered local conditions during allergic sensitization, as manifested in alterations in ANS activity, were 

addressed by applying HR and HRV analyses to a model of early allergic lung disease. We further 

addressed the broad utility of characterizing cardiac phenotype and ANS control by applying the HR and 

HRV analyses used in our allergic model reduced model, the juvenile Pacific oyster. Together, the 

contents of this dissertation point towards multiple levels of autonomic integration, both within and across 

organ systems and species, and stress the importance of considering such interactions even when 

examining superficially distinct phenomena.   
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Characterization of Murine SAR Behaviour  

Characterization of murine SAR behaviour illustrates both similarities and differences with SAR 

behaviour in larger species. While the overall SAR profile displayed the same fundamental 

responsiveness to lung inflation coupled with an ability to sustain discharge during maintained stimulus, 

overall, murine SARs possess substantially elevated AP discharge frequencies (172.8±6.9 AP/sec at 20 

cmH2O) as compared with larger mammalian species (< 150 AP/sec; (Widdicombe, 

1954a;Sant'Ambrogio et al., 1974;Miserocchi & Sant'Ambrogio, 1974b;Bartlett, Jr. & St John, 1979)). 

This likely reflects an adaptation to the higher respiratory rates of the mouse, and mirrors trends in other 

genera (e.g. birds of various sizes (Frappell et al., 2001;Hempleman et al., 2005)). In the murine lung, 

very few SARs (only 5 of 85, or 5.9%) are ‘tonically active’, or ultra-low threshold, and show regular 

discharge frequency at PTR = 0 cmH2O. This value is substantially lower than in the cat (Paintal, 1966), 

rabbit (Richardson et al., 1973), or tracheal SARs in the dog (Bartlett, Jr. et al., 1976b) and could be due 

to a combination of reasons. It could reflect intrinsic differences in SAR local mechanical milieu between 

species, greater excitability of murine SARs due to fundamental differences in generator potential 

activation, or alterations in the baseline tension exerted within the underlying ASM in which SARs are 

located. Whatever the reason for low tonic activity at functional residual capacity, the murine SAR has 

high discharge frequencies during lung inflation and a low PTR recruitment threshold, which suggests that 

the rapid respiratory frequency of the mouse is accompanied by afferent feedback early in inspiration and 

of sufficiently high gain to appropriately modulate respiratory reflexes.  

Autonomic Integration into Heart Rate Variability 

HRV analysis as a means of measuring alterations in ANS tone at the level of cardiac control is becoming 

increasingly popular as both a research and clinical tool. Thus, careful evaluation of its strengths and 

weaknesses is necessary in order to determine how best to apply it in a robust, reproducible way. In 

Chapter 4, I showed its powerful ability to detect alterations between allergen-sensitized mice both prior 
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to and subsequent to acute antigen challenge, particularly in the dark or active cycle, with decreased HRV 

in sensitized mice at all periods except for during acute antigen challenge, when HRV was increased in 

sensitized mice. This reversal of HRV during antigen exposure raises interesting questions about the 

potential utility of ambulatory HRV analysis in monitoring asthmatic disease. Such self-monitoring is 

possible given the burgeoning field of wearable commercial physiological technologies, with individuals 

having already applied HRV analyses to predict and intervene in the generation of atrial arrhythmias in 

non-invasive ways (Young, 2014). Clinical possibilities also exist, as measurement of HRV during 

autonomic challenge, somewhat reminiscent of paradigms employed in the early detection of autonomic 

neuropathy in diabetic patients, could provide physicians with an additional screening tool to the current 

complement of pulmonary function tests (Murray et al., 1975;Ewing et al., 1985).   

The means by which allergic inflammatory disease, such as asthma, can cause global alterations in ANS 

tone alongside marked sensory symptomatology are undoubtedly manifold; however, it is becoming 

increasingly clear that changes in afferent signaling from the inflammatory milieu of the lungs is likely to 

be involved. These could be based in gross changes in pulmonary function and mechanics, including the 

remodeling of AWs and alterations in compliance; could have chemical inputs, perhaps due to 

compromised gas exchange; or could be due to alterations in signaling. In our model, changes in HRV 

likely reflect early changes in autonomic function, since the alterations in HRV were recorded well before 

AW remodeling occurs in the OVA model. 

While pulmonary C fibres contribute to sensations of dyspnea in various respiratory diseases (Davies et 

al., 1987;Paintal, 1995), activation of SARs by inflation of the lungs has been found to reduce feelings of 

air hunger (Manning et al., 1992;Flume et al., 1996). For example, decreasing tidal volume (VT) by 50% 

in high-level quadriplegic patients lacking neural input from the chest wall and ventilated with a 

hypercapnic gas increases perceptions of dyspnea, whereas increasing VT at a maintained CO2 stimulus 

alleviates that sensation (Manning et al., 1992). Similarly, rebreathing from a hypercapnic mixture 

produces relief from the feelings of respiratory distress that accompany breath hold at an equivalent level 
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of CO2, an effect which is decreased in lung transplant patients presumed to have less functional 

pulmonary afferent innervation (Flume et al., 1996). Thus, one can speculate that factors decreasing SAR 

responsiveness would decrease the dyspneic relief offered by SAR activation for a given inspiratory 

stimulus. Murine SARs showed only minor modulation by chemical stimuli in the form of altered gas 

composition. This was supported by numerous studies in larger species reporting an inhibitory role for 

hypercarbia (Schoener & Frankel, 1972;Mustafa & Purves, 1972;Sant'Ambrogio et al., 1974;Bradley et 

al., 1976;Kunz et al., 1976), and a negligible role for hypoxia in SAR signaling (Adrian, 

1933;Whitteridge & Bülbring, 1944). While these data do not support the suggestion of a functional link 

between SARs and polymodal NEBs (Brouns et al., 2006a;Adriaensen et al., 2006a), it is possible that 

our recording from adult SARs may have contributed to our conclusion. Studies showing NEB 

chemosensitivity traditionally rely on animals in the neonatal period, the period which has been proposed 

to be most relevant to NEB function due to their high pulmonary density and the resetting of the carotid 

body O2 sensor at this time (Lauweryns et al., 1977;Fu et al., 2002;Ward, 2008;Jonz & Nurse, 

2012;Livermore et al., 2015b). Thus, our findings of minor (Chapter 2) or no (Chapter 3) SAR sensitivity 

to hypoxia may be influenced by the age of the animal. However, additional evidence supporting our 

conclusion that SARs and NEBs are not linked is presented in Chapter 5, where we found no Na
+
/K

+
-

ATPase expressing neurons contacting or arborizing within NEBs. This confirms earlier work showing 

lack of innervation of NEBs by fibres positive for Na
+
/K

+
-ATPase, a marker of SARs(Yu et al., 2004) 

The mechanism(s) behind altered SAR signaling in the presence of increased CO2 remain undefined; 

however, in addition to proposed direct inhibitory actions of CO2 on SARs or SAR inhibition secondary 

to CO2-induced bronchodilation, it has been speculated that altered local pH may play a role. This is 

based on reports showing that blockade of carbonic anhydrase, reducing [H
+
] production, prevented the 

inhibitory effect of CO2 on SARs (Sant'Ambrogio et al., 1974). Interestingly, this is similar to the CO2 

responsiveness of avian intrapulmonary chemoreceptors (IPCs), vagal fibres that inhibit inspiration via 

increased AP f in response to the cyclic decreases in CO2 occurring during breathing (Leitner, 
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1972;Scheid et al., 1978;Hempleman & Pilarski, 2011). Hypercapnia can also alter extracellular fluid ion 

composition (Bartlett, Jr. & Sant'Ambrogio, 1976), causing a release of protein-bound Ca
2+

 that has been 

linked to decreased slowly-adapting mechanoreceptor activity in cat vibrissae (Fitzgerald, 1940). 

Hypocapnia has also been found to decrease the threshold of activation and increase excitability in other 

pulmonary afferent populations (Coleridge et al., 1978), seemingly in proportion to neuronal diameter 

(Tenney & Lamb, 1965).  

The alterations in pH observed during inflammation (e.g. asthmatic inflammation increasing airway 

acidosis as measured by breath condensates (Hunt et al., 2000;Kostikas et al., 2002)) may therefore 

trigger similar afferent signals as observed in response to increased levels of CO2; however, the ability to 

sense CO2 or [H
+
] does not necessarily imply a physiology role doing so. C fibres, for example, are [H

+
] 

sensitive, but do not seem to be active as CO2 sensors at rest in health (Lin et al., 2005). It is worth noting 

that physiologic and pathologic stimuli can vary, and sensitivity to specific stimuli can be acquired in 

pathology. This occurs in OVA sensitization, where C fibre excitability is increased and normally 

TRPV1-negative, capsaicin-insensitive SARs express TRPV1 subsequent to sensitization (Zhang et al., 

2008a;Zhang et al., 2008b). 

Loss of CaSR caused a decrease in SAR mechanosensitivity of over 30%, regardless of ventilatory gas 

composition; it was accompanied by upregulation of NEB cell proliferation, resulting in NEB hyperplasia 

and hypertrophy. These findings are of particular interest when considering the proposed role described 

earlier, where SAR signaling is thought to contribute to the relief of dyspnea when activated through 

appropriate levels of tidal ventilation for a given set of conditions, as well as the demonstration of 

increased CaSR expression on ASM in asthmatic individuals and after allergic sensitization in mice 

(Yarova et al., 2015). While the study by Yarova et al. did not, unfortunately, quantify CaSR expression 

on non-ASM tissue, CaSR was associated with increased bronchial reactivity, which is often 

accompanied by remodeling of the AW in chronic asthma (Fahy et al., 2000;Lloyd & Robinson, 

2007;Kistemaker et al., 2013). We, conversely, examined the impact of CaSR on NEBs, where loss of 
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CaSR led to proliferation (as evidenced by increased expression of Mash-1, HIF-1α, and Ki-67) and 

hyperplasia, similar to what is observed during dysregulated CaSR signaling in the colon (Rey et al., 

2010;Aggarwal et al., 2015). This finding raises a number of questions, as NEB hyperplasia has been 

previously discussed in the context of pediatric asthma (Cutz et al., 2007b;Cutz et al., 2008). More work 

is needed to elucidate the superficially contradictory findings of CaSR upregulation in allergic asthma 

(Yarova et al., 2015) with the hyperplasia of NEBs, reminiscent of pulmonary disease, observed 

secondary to loss of CaSR (Chapter 3).  

Additional evidence against the hypothesis that NEBs and SARs are functionally linked is presented in 

Chapter 2, where blockade of two proposed primary NEB signaling pathways (serotonergic via 5-HT3R 

and purinergic via P2X) had only minor inhibitory effects on SAR activity.  We administered these 

antagonists by i.v. injection into the left jugular vein; thus, excluding their passage through joint 

bronchial/pulmonary capillaries or anastomoses (Verloop, 1948;Rakshit, 1949), they would have entered 

the pulmonary circulation prior to reaching the systemic (including bronchial) circulation, although at 

steady-state both circulations would be utilized for drug delivery to the local receptor milieu. The finding 

that neither 5-HT nor ATP acting through 5-HT3R or P2X, respectively, provides the primary 

neurotransmissive signal in SARs raises interesting questions about the primary peripheral SAR 

neurotransmitter.   

Heart Rate Variability across Phyla 

While mollusks are not typically considered to be evolutionary forerunners of vertebrates, there are 

striking similarities between molluscan and vertebrate hearts, including the presence of myocardial cells, 

weakly contractile filling chambers, and strongly contractile propelling chambers leading to elastic 

conduit vessels (Martin, 1980), making them a useful reduced model of cardiac control. Additionally, 

they are becoming an increasingly relevant aquaculture species, the farming of which is undertaken across 

a wide variety of climates and regions. Chapter 5 outlines a novel method for the non-invasive recording 
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of HR from juvenile Pacific oyster spat and its application to cardiac phenotype responses to temperature 

change after different acclimation protocols. This approach solves a current challenge in bivalve research, 

namely the characterization of internal, metabolically-linked processes, such as HR, in animals too young 

and small to be amenable to contemporary HR recording techniques. While the method currently 

necessitates a video-coupled microscope, making it less directly translatable to long-term use in the field 

than some of the affixable solutions available for adults (CSIRO, 2015), it provides a strong 

complimentary tool to these existing and emerging technologies and provides the first observations on 

spat cardiac phenotype.  

Final Conclusions 

This dissertation explores two levels of vagal integration in the ANS: local integration, through 

characterization of pulmonary receptors, and global integration through analysis of the impact of 

respiratory disease on HRV. The findings at once raise further questions about their mechanistic basis and 

hold promise for the ultimate translation of these findings into both applied biomedical and industrial 

settings.  
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CHAPTER 4 APPENDICES 
 

APPENDIX 1 

 

  

 

 

Appendix Figure 4. 1 Schematic of i.p. radiotelemetry unit implantation.  

 

Including ECG leads for measurement of heart rate. Mice were housed over receiver plates for real-time 

capture of ambulatory data. 
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APPENDIX 2 

Preliminary IBI (HR) values for the study outlined in Chapter 4 were obtained via automated R-wave 

detection and the resulting 24-hour telemetry data parameters automatically produced by Dataquest ART. 

These HR parameters revealed high inter- and intra-mouse variability. Inspection of the annotated ECG 

data showed inconsistent waveform identification by Dataquest ART (Appendix Figure 4.2.), which was 

attributable to several factors, including: high-amplitude noise interspersed within the lower-amplitude 

ECG signal, misidentification of noise as signal by Dataquest ART, failure to resume detection on the 

clean signal after periods of high-amplitude noise (Appendix Figure 4.2C), and failure to detect normal 

IBIs in the absence of noise (Appendix Figure 4.2A and B). This led to the inclusion of artificially long 

IBIs, resulting in underestimation of HR. Automatically-generated HR was compared to HR and inter-

beat interval (IBI; i.e. RR intervals) generated from user-identified R-waves. The impact of misdetection 

is shown in Appendix Figure 4.3., which compares the automatically-generated ECG waveform HR 

parameters for a given segment against equivalent, manually-selected and verified ECG and HR data (two 

hours’ worth of data shown). 

Review of the physical environment revealed that telemetry receivers close to electric outlets/metal 

wiring during hours one/two of the protocol caused most of the unsuccessful detection, presumably due to 

external electrical interference. Its effects on detection can be seen in Appendix Figure 4.4., which shows 

the variable accuracy of detection of Dataquest ART’s automated analysis during “clean” vs. “noisy” data 

segments. In the presence of sporadic interference (“noisy”), software-generated analysis consistently 

underestimated true HR (Appendix Figures 4.3. and 4.4.); however, the disparity between Dataquest ART 

and manually-selected ECG analyses was not always attributable to electrical noise. Intermittent noise 

(most likely of an electromyographic nature) during the final 22 hours of the recording protocol also 

resulted in improper detection and the need to review all data in the subsequent 22 hours of the protocol, 

despite the receiver no longer being near electrical outlets during this portion of the protocol.  
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Appendix Figure 4. 2 Sample ECG data automatically analyzed by Dataquest ART.  

 

Time (A&B: min; C: sec) shown on X axis. R-waves are demarcated by vertical lines. A. Failure of 

automatic detection despite a robust signal and consistent signal-to-noise ratio. B. Filter application (high-

pass shown) did not improve detection accuracy, despite improving signal-to-noise. Such dropped beats 

caused overestimation of IBI, underestimation of mean HR. C. A period of acceptable detection was 

interrupted by high-amplitude noise (likely electromyographic) caused failure to resume detection after 

termination of the noisy signal (presumably due to resetting of the signal threshold). This produced 

inappropriately-identified waveforms in addition to false positives detected within the period of noise 

itself. 
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Appendix Figure 4. 3 Plot of software-identified (y-axis) vs. manually-selected (x-axis) HR obtained from 

nine mice over two hours.  

 

Each HR point was generated based on the mean over a three-minute sampling interval per every ten 

minutes). “Software-detected” HR parameters were generated from Dataquest ART automated waveform 

annotations, while “manually-selected” HR was obtained by manual review and annotation of raw ECG 

waveforms (line of identity indicated). Software-detected HR consistently underestimated true HR (linear 

regression, software-generated HR = 0.8854x – 70.554; R
2
 = 0.0692; R= 0.2631; P < 0.001). The line of 

identity is indicated as y=x. Two clear groups of data appear: one where software-generated data conform 

to manually-selected HR and one where the two are not in agreement. 
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Appendix Figure 4. 4 Effect of ECG signal quality on the accuracy of software-generated data output.  

 

HR data (mean ± SEM) derived from manual selection of quality-controlled ECG waveforms (“manual”) 

or though parameter output of automatic waveform marking by Dataquest ART (“automatic”) are shown 

for mice housed over receivers experiencing or not experiencing high-amplitude noise (“noisy” and 

“clean”, respectively). While automatically-generated HR was consistent with manually-selected HR in 

the absence of noise (clean: automatic vs. clean: manual), automatic detection of signal from receivers in 

the presence of presumed electrical noise consistently underestimated true heart rate and resulted in high 

inter-mouse variability (noisy: automatic vs. noisy: manual). 


