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Abstract 

Low oxygen (hypoxia) evokes the biphasic hypoxic ventilatory response (HVR), in which carotid-

body chemoreceptors trigger a rapid increase in ventilation (V̇E) followed by a centrally-mediated, 

secondary hypoxic depression of respiration (HRD) and metabolic rate (V̇O2) that involves 

adenosine. In adults, V̇E and V̇E/V̇O2 remain above baseline throughout the HRD. However, in 

neonates V̇E can fall below baseline, more than the hypoxia-induced decrease in V̇O2, such that 

neither V̇E nor V̇E/V̇O2 remain above baseline, which can become life-threatening. Astrocytes in 

the preBötzinger Complex (preBötC, brain site that generates inspiratory rhythm) sense hypoxia 

and release ATP, which binds P2Y1 receptors (Rs), increases V̇E and attenuates the HRD. ATP, 

however, is rapidly degraded to adenosine, which, via P1Rs, depresses breathing. Thus, the HRD 

is influenced by an interaction in the preBötC between ATP excitation and adenosine inhibition 

that changes developmentally. Multiple factors, collectively called the purinome, influence this 

balance, including P2Rs, P1Rs, ectonucleotidases that terminate ATP signaling and produce 

adenosine, and transporters and enzymes that terminate the actions of adenosine.  

 

My first aim asked how individual purinome components contribute to postnatal changes in the 

net signaling actions of ATP in the preBötC by comparing how manipulating specific purinome 

components affected baseline preBötC behaviour and its responses to P1 and P2R-related agents 

applied to medullary slices from mice between postnatal day 0 (P0) and P12. My second aim 

assessed whether developmental changes in the purinome identified in Aim 1 shape the HVR in 

vivo and contribute to the blunted HVR of neonatal rodents. My final Aim tested the controversial 

hypothesis that the HVR of neonatal mammals (rodents) is not blunted; i.e., greater reductions in 
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V̇E during hypoxia in neonates reflects a greater depression of V̇O2 such that mammals of all ages 

respond to hypoxia with an adaptive increase in V̇E/V̇O2 (hyperventilation). 

 

Data from Aim 1 revealed that ATP excitation of preBötC frequency increased developmentally 

to match the P2Y1R excitation, which was constant postnatally. Differences between ATP and 

P2Y1R actions were not due to developmental reductions in ectonucleotidase activity or adenosine 

inhibition; ATP degradation by preBötC tissue increased with age and the adenosine-evoked 

decrease in frequency remained constant between P0 and P12. Removing equilibrative nucleoside 

transporters (ENT1 and 2) that clear adenosine prolonged adenosine inhibition in P0–12 slices, 

suggesting ENTs are unlikely to mediate developmental changes. In contrast, expression of 

adenosine kinase (ADK), which metabolizes adenosine and facilitates ENT-mediated adenosine 

clearance, was barely detectable at P0, and reached adult levels by P21. Functionally, ADK 

inhibition only affected baseline frequency in older slices. 

 

To test the role of adenosine clearance mechanisms in the development of the HVR (Aim 2), I 

used plethysmography to measure the development (P0–adult) of ventilatory and metabolic 

responses evoked by 10% O2 in ENT1/2 knockout mice and ADKtg mice. ENT1/2 knockout had 

surprisingly modest effects on the HVR. In contrast, neonatal ADKtg mice that express adult levels 

of ADK responded to hypoxia with an adult-like, sustained hyperventilation, while V̇E/V̇O2 did not 

change in neonatal wild-type mice. These strain differences disappeared by P6, supporting a 

critical role of ADK in development of the HVR. Surprisingly, the adult-like HVR in neonatal 

ADKtg mice was not due to an enhanced ventilatory response but a hypoxia-induced decrease in V̇O2 not seen in wild-types. 
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To test whether the greater HRD in neonates reflects greater hypoxic depression of V̇O2 (Aim 3), I 

measured V̇E and V̇O2 responses of C57BL/6J and FVB mice and SD rats to 10% O2 daily starting 

at P0. Hypoxia never depressed V̇O2 in P0 rodents; nor did it evoke in P0 mice a sustained increase 

in V̇E/V̇O2. Hypoxia-induced reductions in V̇O2 emerged after P3 in C57BL/6J mice and at P1 in 

FVB mice and SD rats, demonstrating that the mechanisms underlying the adaptive depression of V̇O2 by hypoxia develop after postnatally. 

 

These data demonstrate that puringeric signaling in the preBötC network shifts toward excitation 

postnatally, in part due to increased ADK activity and enhanced adenosine clearance. ENT and 

especially ADK activity contribute to a more sustained HVR with development. Most surprising, 

adult-like ADK expression in neonates bestows an ability for hypoxia to inhibit metabolism. Thus, 

purinergic modulation of central networks may impact development of adaptive ventilatory and 

metabolic responses to hypoxia. 
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(Section 1.2 of this introductory chapter has been modified from Reklow et al., 2019. The 

Purinome and the preBötzinger Complex - A Ménage of Unexplored Mechanisms That May 

Modulate/Shape the Hypoxic Ventilatory Response. Frontiers in Cellular Neuroscience 13, 

365) 

 

  



 2 

1.1 Overview 

 

The HVR is a vital homeostatic reflex in which substantial reductions in the partial pressure of O2 

in the arterial blood (PaO2) and brain evoke a biphasic ventilatory response. The term HVR is most 

commonly used to describe how ventilation (V̇E) changes during hypoxia, especially in clinical 

research where it can be difficult to simultaneously measure metabolic rate (V̇O2). However, it is 

also used to describe how the ratio of V̇E/V̇O2, the air convection requirement, changes during 

hypoxia. The importance of distinguishing between these two definitions is discussed below and 

in the final section of the literature review. For clarity, when the HVR is used to describe changes 

in ventilation during hypoxia I will refer to it as the HVRV̇E. When HVR is used to describe changes 

in V̇E/V̇O2 during hypoxia I will refer to it as HVRV̇E/V̇O2. The HVRV̇E comprises an initial, carotid 

body-mediated, rapid (~1 min) increase in ventilation (Phase 1) that is followed by a centrally 

mediated secondary depression during which ventilation falls slowly (4–5 min) to a lower steady 

state Phase 2 level that, in adults, remains above baseline (Bissonnette, 2000; Martin-Body et al., 

1985; Mayer et al., 2006; Mortola, 1996; Moss, 2000; Serra et al., 2001). The mechanisms 

underlying the secondary depression are not fully understood, but it is believed to be mediated by 

the central nervous system (CNS) and involve adenosinergic and GABAergic signaling (Fiore et 

al., 2013; Funk, 2013; Herlenius et al., 2002; Koos et al., 1997; Paolillo and Picone, 2013; Reklow 

et al., 2019). Premature and newborn infants and newborn mammals also show a biphasic HVRV̇E. 

The main difference between the HVRV̇E in the very young compared to mature mammals is that 

the secondary depression of ventilation is much greater in neonates such that ventilation can fall 

below baseline, which can become life-threatening (Bonora et al., 1984; Carroll and Bureau, 1987; 

Cross and Oppe, 1952). Therefore, of significant interest is understanding the mechanisms that 

shape the HVRV̇E, especially those that act after the initial Phase 1 peak and are responsible the 

greater hypoxic respiratory depression in the youngest mammals, including humans.   

 
Over the last 20 years, purinergic signaling, defined as signaling mediated by ATP and its 

breakdown products, adenosine diphosphate (ADP) and adenosine (ADO), has emerged as 

important player in shaping the HVRV̇E (Gourine et al., 2005). Compelling evidence accumulating 

since 2005 has challenged the long-standing view that the only role of the CNS in the HVRV̇E is 

inhibitory – i.e., that CNS mechanisms are responsible for the secondary respiratory depression 
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but do not contribute to the excitatory component of the HVRV̇E underlying the increase in V̇E 

evoked by hypoxia. These data suggest that following peripheral, carotid-body-mediated Phase 1 

excitation, interactions between central excitatory and inhibitory purinergic mechanisms shape this 

key homeostatic reflex (Angelova et al., 2015; Rajani et al., 2017). An objective of this literature 

review is to present our working model of how purinergic signaling modulates inspiratory activity 

in the preBötzinger Complex (preBötC; key site of inspiratory rhythm generation) to shape the 

HVRV̇E. It is based on the perspective that the actions of extracellular ATP are determined by a 

complex signaling system, the purinome, which is described in detail below. Briefly, the purinome 

includes not only the excitatory actions of ATP and ADO at P2 and P1 receptors, respectively, but 

diverse families of enzymes and transporters that collectively determine the rate of ATP 

degradation, ADO accumulation and extracellular ADO (ADOe) clearance (Reklow et al., 2019). 

In this context, the net actions of ATP when released in the preBötC during hypoxia are determined 

by the balance between the excitatory actions of ATP at P2Rs and the inhibitory actions of ADO 

at P1Rs (Huxtable et al., 2009; Zwicker et al., 2011), a balance that is determined by the various 

components of the purinome and how they change during development. I summarize current 

knowledge of the roles played by these different purinergic elements in shaping the HVRV̇E, often 

drawing on examples from other brain regions because little is known of how these elements 

change during development in the brainstem and preBötC. Thus, an additional goal of this review 

is to provide the background and rationale for the aims of this thesis, the overarching objective of 

which is to advance understanding of the role of purinergic signaling within the preBötC in shaping 

the HVRV̇E during development.  

 
The first aim, presented in Chapter 2, is to characterize during the first two weeks of postnatal 

development (postnatal day 0–12, P0–12) how the different components of the purinome affect 

inspiratory-related preBötC rhythm and its modulation by ATP and ADO. To directly assess the 

signaling actions of these compounds on preBötC-generated inspiratory rhythm, experiments were 

performed in vitro using preBötC-containing medullary slices that continue to generate an 

inspiratory-related rhythm “in a dish” where the preBötC can be studied in isolation (Funk and 

Greer, 2013; Smith et al., 1991). These experiments were designed to identify the purinergic 

elements most likely to underlie developmental changes in the HVRV̇E to inform the design of in 

vivo studies to explore the role of those elements in shaping the HVRV̇E. My observation in Chapter 
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2 that the duration of the inhibition evoked by ADO in the preBötC decreases with development 

identified ADOe clearance mechanisms, specifically ENTs and ADK, as the most likely 

candidates. Thus, the second aim of my thesis, described in Chapter 3, is to test the hypothesis in 

vivo that the immature HVR (HVRV̇E and HVRV̇E/V̇O2); i.e., the inability to produce a sustained 

increase in ventilation during hypoxia, is due to the limited capacity of newborns to clear ADOe. 

 

The third and final aim of my thesis, described in Chapter 4, is to re-visit a decades-old, but 

unresolved debate about the functional maturity of the HVR and its underlying network. The HVR 

is operational at birth but not fully mature, as demonstrated by developmental differences in the 

temporal profile of the HVRV̇E and the HVRV̇E/V̇O2. Thus, a key question is whether the network that 

underlies the HVR is sufficiently developed at birth to maintain O2 homeostasis. Simultaneous 

measurement of the HVRV̇E/V̇O2 and blood gases is required to directly address this question, but 

technical limitations (multiple blood samples from neonatal mice) and ethical concerns (exposing 

premature infants to hypoxia) are challenges. Nevertheless, inferences can be made from careful 

measurement of adaptive hypoxic responses. In fact, developmental measurements of HVRV̇E/V̇O2 

using C57BL/6J mice (Chapter 3) and the observation that hypoxia did not evoke an increase in 

V̇E/V̇O2 until animals are between 4–6 days old strongly suggests that the HVR, whether reported 

as HVRV̇E or HVRV̇E/V̇O2, is compromised in neonates. Chapter 4 was therefore designed to more 

thoroughly assess whether neonatal rodents have a compromised HVR by comparing in two strains 

of mice and SD rats daily changes in the HVRV̇E and HVRV̇E/V̇O2.  

 

Chapter 4 is then followed by a general discussion that integrates the data from Chapters 2–4 to 

summarize the contributions of this thesis, provide an updated overview of the role played by the 

purinome in shaping the HVR during development and discuss clinical implications and next steps. 

 

The remainder of this chapter (Section 1.2) is a modified version of a first-authored review 

published in 2019 entitled “The Purinome and the preBötzinger Complex – A Ménage of 

Unexplored Mechanisms That May Modulate/Shape the Hypoxic Ventilatory Response” (Reklow 

et al., 2019). The published review has been updated here to include relevant research published 

since 2019 and to integrate into relevant sections the specific aims of my thesis to clarify the 

rationale for each aim. This review also includes a new section, Section 1.3 that provides the 
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background and rationale for my third aim that reopens an old but unresolved debate about whether 

it is most appropriate to report the HVR as HVRV̇E or HVRV̇E/V̇O2 and whether premature and neonatal 

mammals actually have a compromised/inadequate response to hypoxia. 

 

1.2 The purinome and the preBötzinger Complex - a ménage of unexplored mechanisms that 

may modulate/shape the hypoxic ventilatory response. 

1.2.1 Introduction 

The mammalian brain depends on a constant supply of O2 to meet its energy needs, and a host of 

adaptive responses have evolved to protect brain O2 levels. Prominent among these is the biphasic 

HVRV̇E (Mortola, 1996) in which a fall in arterial O2 detected at the carotid body chemoreceptors 

triggers, within the first minute of exposure, an adaptive (Phase 1) increase in breathing. If this 

increase does not immediately restore arterial O2, the brain becomes hypoxic, triggering changes 

in brain chemistry and a maladaptive secondary hypoxic respiratory depression during which 

ventilation gradually decreases (4–5 min) to a lower steady-state (Phase 2) level. The secondary 

depression is especially pronounced in premature mammals, where ventilation falls below baseline 

and can become life-threatening (Bissonnette, 2000; Mortola, 1996; Moss, 2000). 

 

Mechanistically, the biphasic HVRV̇E has been viewed for decades as the result of just two 

interacting processes; an initial peripheral, carotid body-mediated (Phase 1) excitation and a 

slower, centrally-mediated hypoxic respiratory depression to a steady-state Phase 2 level of 

breathing (Mortola, 1996; Moss, 2000). The mechanisms underlying this depression are not fully 

understood, but adenosine is strongly implicated (Bissonnette, 2000; Mortola, 1996; Moss, 2000). 

The key point is that according to this conventional view of the HVRV̇E, excitation of breathing 

during hypoxia derives solely from the peripheral nervous system; i.e., the only contribution of the 

central nervous system to the HVRV̇E is depression. 

 

New evidence from key cardiorespiratory control sites is challenging this dogma. In relation to the 

cardiovascular system, C1 noradrenergic neurons involved in control of heart rate and blood 

pressure are powerfully excited by hypoxia and this excitation is important for homeostatic control 

(Guyenet, 2006). In the respiratory network, while the Phase 1 component of the HVRV̇E is 

mediated peripherally, our data from rodents strongly suggest that during hypoxia, astrocytes in 
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the preBötC detect hypoxia and release ATP, which, via P2Y1 receptors, excites inspiratory 

neurons and increases ventilation, thereby attenuating the hypoxic respiratory depression 

(Angelova et al., 2015; Gourine et al., 2005; Rajani et al., 2017; Sheikhbahaei et al., 2018). Thus, 

unlike the majority of brain regions where hypoxia has depressant actions, the astroglial network 

of the preBötC appears to mount an excitatory response that partially counteracts the hypoxic 

respiratory depression, contributing to a vital homeostatic reflex.  

 

The effects of extracellular ATP (ATPe), however, are not determined solely by its actions on P2 

receptors. ATPe is rapidly broken down by ectonucleotidases (e.g., Cd39, CD73) into extracellular 

adenosine diphosphate (ADPe), adenosine monophosphate (AMPe) and ultimately adenosine 

(ADOe), a transmitter in its own right that signals via 4 types of P1 receptors, A1, A2A, A2B and A3 

(Haas and Selbach, 2000; Sebastião and Ribeiro, 2009). Indeed, a predominant effect of hypoxia 

(and ischemia) on brain chemistry is a widespread increase in the concentration of extracellular 

adenosine (ADOe) (reviewed by (Dale and Frenguelli, 2009) that can derive from multiple sources 

including vesicular release of ATP as a transmitter/co-transmitter that is subsequently degraded, 

and export of intracellular ADO (ADOi) (reviewed by Latini and Pedata, 2001). In the brain ADOe 

acts primarily through low affinity A1 and A2A receptors to elicit a host of region-specific effects, 

largely by modulating glutamatergic transmission. A1 receptor-mediated inhibitory mechanisms, 

pre- and postsynaptic, are widespread and can be considered neuroprotective (Boison, 2013a, 

2016; Wei et al., 2011). A2A receptors are primarily excitatory and engaged in adaptive processes, 

as heralded by their key role in synaptic plasticity in different brain areas (Canas et al., 2018; 

Cunha, 2016; Lopes et al., 2019; Pedata et al., 2001; Thauerer et al., 2012; Yacoubi et al., 2001, 

2009). Within the brainstem network that generates and controls breathing, ADOe is largely 

inhibitory, which in this network is maladaptive; i.e., for the body/brain to recover from hypoxia 

and restore O2 homeostasis, ventilation and cardiac activity must increase. ADOe inhibits 

breathing most potently in premature and newborn mammals via A1 receptors in the preBötC 

(Herlenius et al., 1997; Herlenius and Lagercrantz, 1999; Huxtable et al., 2009; Zwicker et al., 

2011) and A2A receptor-mediated excitation of brainstem GABAergic neurons (Koos et al., 2001, 

2004; Mayer et al., 2006; Wilson et al., 2004). Indeed the inhibitory actions of ADOe on the central 

respiratory network are strongly implicated in the respiratory depression that is life-threatening in 

apnea of prematurity (AOP) (Burnstock and Dale, 2015; Funk, 2013; Martin and Abu-Shaweesh, 
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2005; Paolillo and Picone, 2013), and fatal in sudden infant death syndrome (SIDS) and sudden 

unexpected death in epilepsy (SUDEP) (Boison, 2013b; Richerson et al., 2016). 

 

Thus, the actions of ATP in the preBötC are likely determined by the balance between the 

excitatory actions of ATP (and ADP) at P2 receptors and the inhibitory actions of its main 

metabolite, ADO, at P1 receptors (Fig. 1.1). Indeed, this balance, which is controlled by a complex 

signaling system referred to as the purinome (Volonté and D’Ambrosi, 2009) (Fig. 1.2), is 

emerging as important in determining the degree of hypoxic respiratory depression (Angelova et 

al., 2015; Funk, 2013; Funk and Gourine, 2018a; Gourine and Funk, 2017; Rajani et al., 2017). 

The purinome includes: ATPe and P2 receptors (1,2 in Fig. 1.2), ADOe and P1 receptors (4); 

ectonucleotidases that degrade ATP into ADO (3); equilibrative and concentrative nucleoside 

transporters (ENTs and CNTs, respectively) (King et al., 2006; Parkinson et al., 2011; Young et 

al., 2013) that move ADO across membranes down (ENTs) or against (CNTs) the ADO 

concentration gradient (5); and intracellular metabolic enzymes such as adenosine kinase (ADK) 

(Boison, 2013b) that keep ADOi levels low and control the direction of ADO transport by ENTs 

(7) (Boison, 2013b). Astrocytes also contribute through their ability to release and respond to ATP 

and ADO, degrade ATP and remove ADOe. This integrated view of the purinome has influenced 

epilepsy researchers in the development of novel strategies for manipulating endogenous levels of 

ADOe to combat seizures (Boison, 2012a; Richerson et al., 2016). Previous work exploring the 

contribution of purinergic signaling to the HVRV̇E has been neurocentric and focused primarily on 

the actions of ADO at P1 receptors. Thus, contrary to the long-held view that the biphasic HVRV̇E 

is due to two competing processes, we propose at least three processes, a peripheral carotid body 

mediated excitation that underlies Phase 1, as well as central excitatory and inhibitory processes 

that interact to determine the time course and magnitude of the secondary depression; we also 

propose a key role for glia in this central excitation. Here we first discuss the clinical significance 

of understanding the HVRV̇E. We then present our working hypothesis of the significance of 

purinergic signaling in the HVRV̇E from the broader perspective of the purinome, summarize what 

is known about the roles played by each component of the purinome in this response and highlight 

some of the important challenges/questions that remain. Our purpose is not to provide an 

exhaustive review of all purinergic mechanisms and their influence on information processing in  
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the CNS, but to focus on those most relevant to understanding purinergic signaling in the preBötC 

and its contribution to the HVRV̇E. We draw from the insights about purinergic signaling that come 

from other systems, especially the Schaffer collateral-CA1 pyramidal neuron synapse in the 

hippocampus and consider potential implications of identified mechanisms in the context of what 

is known in respiratory control. For those interested in the control of breathing, the goal is 

familiarity with the complexities of purinergic systems and potential implications for respiratory 

control in health and disease. For those with expertise in purinergic signaling, the goal is an 

appreciation of the unique opportunities for advancing understanding of purinergic signaling that 

might come with analysis of the central neuro-glial networks that control breathing (the 

contribution of purinergic signaling to hypoxia sensing in the carotid body is reviewed elsewhere) 

(Conde et al., 2017; Lahiri et al., 2007; Leonard et al., 2018; Nurse et al., 2018). 

 

1.2.2 Clinical significance of the Hypoxic Ventilatory Response  

Hypoxia and the secondary hypoxic respiratory depression are most severe and life threatening in 

infants born prematurely. This reflects that the brain circuits responsible for the generation and 

control of ventilation are immature and produce a breathing pattern that is interrupted by frequent 

apneas (periods where breathing stops; apnea of prematurity). Thus, a potentially fatal positive 

feedback loop can develop in which an apnea causes hypoxia, hypoxia evokes the HVRV̇E that 

features a strong secondary respiratory depression that can exacerbate the hypoxia…and so on. 

Apnea of prematurity affects ~1% of all births in Canada; ~3000 babies/year (Statistics Canada, 

2022). Risk decreases dramatically with gestational age; ~15% of infants are affected at 32–33 

weeks gestational age but nearly 100% at < 29 weeks (Paolillo and Picone, 2013). The mechanisms 

underlying the hypoxic respiratory depression and the greater depression in prematurity are not 

fully understood. The literature is confusing because the hypoxic respiratory depression varies 

greatly between species, changes developmentally, and likely involves multiple mechanisms. 

Hypoxia also affects metabolic rate, which is homeostatically linked to ventilation, therefore this 

is an important consideration when examining the hypoxic respiratory depression (Section 1.3). It 

also depends on whether the experimental apparatus used to deliver the hypoxic gas can deliver a 

rapid, step change in oxygen. The hypoxia-evoked, Phase 1 increase in ventilation peaks within 

the first minute. If the transition from normoxia to hypoxia produced by the gas delivery system is 

too slow, the hypoxic stimulus will peak after secondary depressive mechanisms have been 
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activated. The result is that the magnitude of both the Phase 1 increase in ventilation and the 

secondary depression will be underestimated. Nevertheless, it is clear that while the secondary 

depression is not entirely due to ADOe, ADOe plays a significant role (Burnstock and Dale, 2015; 

Funk, 2013; Martin and Abu-Shaweesh, 2005; Paolillo and Picone, 2013). Blockade of the 

respiratory depression by ADO receptor antagonists in a host of species suggests a causative role 

for ADOe (Burnstock and Dale, 2015; Funk, 2013; Martin and Abu-Shaweesh, 2005; Paolillo and 

Picone, 2013). Virtually all infants born prematurely who have apnea are treated with 

methylxanthines, purine based respiratory stimulants that antagonize the inhibitory actions of 

ADO (Schmidt et al., 2012, 2007). At higher doses that may be relevant clinically, methylxanthines 

may also inhibit phosphodiesterase activity (preventing cAMP breakdown) and voltage-gated 

calcium channels (Comer et al., 2001); i.e., the actions of caffeine may not all be mediated by P1 

receptors. 

 

Caffeine is the preferred methylxanthine for treatment of apnea of prematurity, due to its better 

safety profile, and efficacy (Shrestha and Jawa, 2017). However, there is still a need for alternate 

treatment strategies. First, ~20% of apnea of prematurity patients do not respond to caffeine 

(Schmidt et al., 2012, 2007). On average such infants will spend an extra week on ventilator 

support and face greater rates of lung pathology, cognitive delay and cerebral palsy (Schmidt et 

al., 2012, 2007). Second, while generally a very safe drug, acute side effects include tachycardia, 

hypertension and tremors. In addition, while high concentrations (which are more effective at 

reducing apneas) in preterm infants increase the incidence of cerebellar hemorrhage two years 

later, are associated with significant changes in motor performance (McPherson et al., 2015) and 

status epilepticus (Boison, 2011; Shrestha and Jawa, 2017). There is also the potential for long-

term effects on sleep (Montandon et al., 2009). Hypoxia and hypoxic respiratory depression are 

also implicated in SUDEP, the sudden, unexplained death of persons with epilepsy (Boison, 

2013b; Richerson et al., 2016; Vilella et al., 2018). SUDEP is a catastrophic event for which all 

persons with epilepsy are at risk; most deaths occur in middle age, but it can happen at any age. 

The risk for SUDEP is not trivial. A cohort of children with epilepsy was observed for 40 years; 

SUDEP occurred in 9% of all patients and accounted for 38% of all deaths (Boison, 2012b; Matti 

and Shlomo, 2010). Respiratory arrest appears to be the major cause for SUDEP (Devinsky, 2011); 

a leading hypothesis, the ADO hypothesis of SUDEP, proposes that hypoxia and accumulation of 
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ADOe during a seizure causes a fatal depression of the brainstem respiratory networks (Shen et 

al., 2010). No preventative strategies exist for SUDEP. 

 

Intermittent hypoxia is also common in various forms of sleep disordered breathing in which a 

combination of a collapsible airway, high arousability, and high loop gain in chemosensory control 

systems give rise to cyclic apneas (Dempsey et al., 2012) and a dramatic increase in the risk of 

cardiovascular disease (Leung and Bradley, 2001; Punjabi, 2008; Young et al., 1993; Young and 

Peppard, 2000). While the HVRV̇E and hypoxic respiratory depression are not directly implicated 

in the cyclic apneas of obstructive sleep apnea, understanding all chemosensory systems, including 

the novel central hypoxia sensing mechanism under discussion here, is essential to resolve how 

central and peripheral chemosensory systems interact to cause high loop gain and cyclic apneas 

that are common in sleep disordered breathing (Dempsey et al., 2012, 2010; Dempsey and Smith, 

2019). 

 

Efforts to understand purinergic signaling in the HVRV̇E have largely focused on the inhibitory 

actions of ADO at P1 receptors, primarily because ADO is so strongly implicated in the profound 

hypoxic depression in apnea of prematurity (Burnstock and Dale, 2015; Funk, 2013; Martin and 

Abu-Shaweesh, 2005; Paolillo and Picone, 2013). Given the emerging picture that the balance 

between ATP and ADO signaling in the preBötC is important in determining the degree of 

respiratory depression during the HVRV̇E, this focus on ADO receptors needs to expand to other 

components of the purinome. Understanding how the various components of the purinome affect 

the balance between ATP and ADO signaling is key to manipulating purinergic signaling to 

modulate breathing. Indeed, the therapeutic potential of the purinome lies in the diversity of its 

ATP and ADO receptors, transporters, and enzymes. This is fertile ground that has led to clinical 

drug trials for cardiac arrhythmias, pain, thrombosis, Parkinson’s disease, psoriasis, dry eye, cystic 

fibrosis, glaucoma and cancer (Boison, 2013b; Burnstock, 2006; Gendron et al., 2002; Jacobson 

et al., 2012; Koles et al., 2005). 
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1.2.3 Working model of purinergic signaling in the preBötC inspiratory synapse during 

hypoxia 

We first provide a brief summary of our working model of how the various components of the 

purinome in the preBötC might shape the HVRV̇E; note that not all of the indicated pathways have 

been demonstrated. This summary is followed by a detailed discussion of the data supporting 

involvement of purinergic signaling in each step of the proposed model that focuses on the types 

of preparations from which data were derived (culture, in vitro, or in vivo 

anesthetized/paralyzed/freely moving). When relevant data are not available from analysis of the 

respiratory network, we draw on insights made from analysis of glutamatergic synapses in other 

brain regions, in particular the hippocampus, where the modulation of glutamatergic signaling by 

purines (and all components of the purinome) is more completely understood. 

 

At the core of the model (Fig. 1.2) are three preBötC cells including an astrocyte, a presynaptic 

inspiratory glutamatergic neuron, and a postsynaptic, inspiratory glutamatergic neuron. During 

inspiration a volley of action potentials arrives at the presynaptic terminal, triggers the release of 

glutamate that acts at ionotropic (primarily AMPA) and metabotropic glutamate receptors and 

evokes an inspiratory burst. Modulation of rhythm by ATP and ADO during hypoxia is 

hypothesized to occur through modulation of excitability at multiple synapses like this one 

between key inspiratory, preBötC neurons that generate rhythm based on their excitatory 

connections with each other (Del Negro et al., 2018). During hypoxia, astrocytes in the preBötC 

respond with an increase in intracellular Ca2+ and vesicular release of ATP (1). ATPe has two 

fates. It binds to P2, primarily P2Y1, receptors on inspiratory neurons causing excitation and 

increased inspiratory frequency, at least in part via activation of Gq proteins and increasing 

intracellular Ca2+ (Rajani et al., 2017) (2). ATPe, once released into the extracellular space, also 

immediately begins to undergo degradation by ectonucleotidases (3), producing extracellular 

ADPe (which is excitatory at P2Y1 receptors), AMPe and finally ADOe, which binds to pre- and 

postsynaptic A1 receptors that inhibit inspiratory rhythm (4). This sets up the very dynamic 

interaction between the excitatory actions of ATPe (and ADPe) at P2 receptors (2) and inhibitory 

actions of ADOe at A1 receptors (4). The dynamics will be determined by the elements of the 

purinome that likely vary between brain regions, with development and also between the same 

brain region in different species (see discussion below comparing rat vs mice (Zwicker et al., 
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2011)). Excitation will be determined by the amount of ATP released, local P2 receptor expression 

patterns and levels, their downstream signaling cascades, as well as the expression level and local 

complement of ectonucleotidases that determine the rate of ATP removal. In addition, because 

different ectonucleotidases have different substrate affinities and reaction products with some 

preferentially producing ADP (which is excitatory via P2Y1 receptors) while others preferentially 

produce ADO, the mixture of agonists that develops following ATP release depends on the local 

complement of ectonucleotidases. Inhibition will be determined by local P1 receptor expression 

patterns and levels, their downstream signaling cascades and the local concentration of ADOe. 

ADOe accumulates from ectonucleotidase-mediated degradation of adenine nucleotides but it can 

also come from ENT-mediated transport of ADOi (5) if the concentration of ADO accumulating 

inside cells from ATP hydrolysis (6) during hypoxia exceeds ADOe. Importantly, the availability 

of ADOe and hence the level of neuronal ADO receptor activation is largely under the control of 

ADK (7), expressed in astrocytes (at least in adults). Intracellular phosphorylation of ADO into 

AMP in astrocytes keeps ADOi levels sufficiently low to drive the influx of ADOe into astrocytes 

via ENT facilitated transport. Thereby, astrocytes assume a role as a metabolic sink for ADOe and 

for the termination of ADO receptor activation. The main points of Fig. 1.2 are first that the balance 

between P2 and P1 receptor signaling is very dynamic and determined by multiple factors, many 

of which remain to be examined for their impact on the HVRV̇E. Second, in contrast to the long-

held view that the biphasic HVRV̇E results from just two interacting processes (an initial peripheral, 

carotid body-mediated (Phase 1) excitation and a slower, centrally-mediated hypoxic respiratory 

depression (Mortola, 1996; Moss, 2000), we propose that following the Phase 1 increase, central 

purinergic mechanisms, excitatory and inhibitory, interact in the preBötC and perhaps elsewhere 

to shape the remainder of the HVRV̇E.  

 

While the initial increase indeed appears to be mediated by peripheral chemoreceptors, whether a 

central excitatory component helps shape the HVRV̇E during phase 2 remains controversial and 

readers are referred to a recent Cross-Talk debate in the Journal of Physiology for a detailed 

discussion (Funk and Gourine, 2018a, 2018b; Teppema, 2018a, 2018b). Several points of 

consensus came from that Cross-Talk. First, there was general agreement that gradual recovery, or 

lack of recovery, of an excitatory component to the HVRV̇E following carotid body denervation is 

unlikely to be informative as the same data could be interpreted to support or refute either position. 
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For example, while the frequently observed loss of a hypoxia-evoked increase in ventilation after 

carotid body denervation is compelling evidence that there is no central contribution to the 

hypoxia-induced increase in ventilation, there is an alternate interpretation. The lack of response 

could result from the loss of a tonic, non-chemosensory related carotid body input that is necessary 

for central hypoxia sensing mechanisms to be expressed. Indeed, unanesthetized dogs and goats 

with separately perfused, normoxic carotid bodies respond to central hypoxia with a slow onset 

increase in ventilation that is lost once the normoxic carotid bodies are denervated (Curran et al., 

2000; Daristotle et al., 1991). Conversely, gradual recovery of an excitatory ventilatory response 

to hypoxia in carotid body-denervated animals is often cited as strong evidence of a central 

contribution, but this recovered response is also dismissed as the result of plasticity. Indeed, carotid 

body denervation triggers considerable plasticity in peripheral and central neural networks 

involved in the control of breathing (Teppema and Dahan, 2010). Second, the need for reduced 

preparations to delineate cellular/ionic/molecular mechanisms of O2 sensing was acknowledged, 

but so was the importance of acknowledging the limitations of data derived from such preparations. 

Finally, there was consensus that the real arbiter of the physiological relevance of central hypoxia 

sensing mechanisms is what happens in unanesthetized animals with intact carotid bodies when 

putative central oxygen sensing mechanisms are selectively (and reversibly, if possible) perturbed. 

Progress toward this goal, via the application of viral approaches to selectively manipulate central 

purinergic and glial signaling mechanisms in vivo, is summarized below. 

 

1.2.4 Components of the purinome and their role(s) in the hypoxic ventilatory response 

Role for ATP and astrocytes 

Hypoxia-evoked ATP release of unknown origin was first detected using ATP sensors placed on 

the ventral medullary surface of anesthetized rats (Angelova et al., 2015; Gourine et al., 2005; 

Rajani et al., 2017). Hypoxia-induced increases in intracellular Ca2+ fluorescence of cortical 

astrocytes in anesthetized rats suggest that astrocytes are directly sensitive to hypoxia. Direct 

sensitivity was confirmed by isolating astrocytes in culture where they responded to hypoxia with 

an increase in mitochondrial reactive oxygen species that activated PLC, causing an increase in 

intracellular Ca2+ that triggered exocytotic release of ATP (not shown in Fig 1.2); ATP release was 

shown directly using TIRF (total internal reflection fluorescence) imaging to reveal hypoxia-
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induced disappearance of ATP-containing vesicles from the intracellular surface of astrocyte 

membranes (Angelova et al., 2015).  

 

Astrocytic ATP release was also shown indirectly in awake, carotid body-intact animals using viral 

approaches to block astroglial vesicular release mechanisms (injection of adenoviral vectors that 

expressed light chain tetanus toxin in astrocytes) or increase ATP degradation (injection of 

lentiviral vector that increased ectonucleotidase expression on all cells) at the level of the preBötC; 

both treatments consistently reduced the HVRV̇E (Angelova et al., 2015; Sheikhbahaei et al., 2018). 

These treatments in anaesthetized carotid body intact or carotid body denervated rats similarly 

decreased the HVRV̇E (Angelova et al., 2015; Rajani et al., 2017). 

 

These data make a strong case for an ATP-mediated, excitatory contribution to the HVRV̇E. A 

caveat remains regarding the case for an astrocytic contribution. The recent demonstrations that 

disruption of vesicular release mechanisms in astrocytes using the same viral tools attenuates the 

hypercapnic ventilatory response and exercise capacity as well as the HVRV̇E (Marina et al., 2018; 

Sheikhbahaei et al., 2018) have raised the concern that viral injection disrupts baseline astrocyte 

functions and impairs preBötC excitability. We consider this unlikely because control viruses were 

without effect on the HVRV̇E, the hypercapnic ventilatory response and exercise capacity. Thus, 

while it will be important to demonstrate that the viral tools used to disrupt astrocytic signaling in 

vivo do not globally impair preBötC responsiveness, we propose that the attenuation of respiratory 

responses to elevated ventilatory drive or metabolic demand following block of vesicular release 

mechanisms in preBötC astrocytes supports that astrocytes act as brain metabolic sensors (Marina 

et al., 2018).  

 

P2 Receptors 

ATP acts through seven subtypes of ionotropic P2X and eight subtypes of metabotropic P2Y 

receptors (Abbracchio et al., 2009; Burnstock, 2015; Burnstock and Dale, 2015). Our focus is on 

P2Y1 receptors because they are exclusively responsible for the marked frequency increase evoked 

by ATP in the preBötC in medullary slices that generate inspiratory-related rhythm in vitro. 

However, P2Y1 receptor effects are not always excitatory and vary between brain regions. For 

example, in the hippocampus, P2Y1 receptor activation reduces glutamate release (Rodrigues et 
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al., 2005), but also excites inhibitory interneurons (Kawamura et al., 2004). Lamina IX spinal cord 

neurons are also directly excited by P2Y1 receptor activation (Aoyama et al., 2010). In the 

preBötC, MRS 2179 and MRS 2279 (P2Y1 receptor antagonists) completely block the network 

response evoked by exogenous ATP in vitro, while PPADS and Suramin (general P2 antagonists 

with low affinity for P2Y1 receptors) and TNP-ATP (P2X1,3 antagonist) are without effect 

(Huxtable et al., 2010, 2009; Lorier et al., 2007). In vivo, bathing the ventral medullary surface of 

anesthetized rats with PPADS (10 µM) or unilaterally injecting the P2Y1 antagonist MRS 2279 

into the preBötC of paralyzed rats reduces the HVRV̇E, indicating that P2Y1 receptors, and possibly 

other P2 receptors, contribute to the central, hypoxia-mediated increase in ventilation (Angelova 

et al., 2015; Gourine et al., 2005; Rajani et al., 2017). Potentiation of P2Y1 receptor signaling may 

therefore be one approach through which respiratory activity could be enhanced to counteract 

respiratory depression. Developmental changes in P2Y1 receptor activation within central 

respiratory networks have not been characterized past the first days of life. Increases in P2Y1 

receptor sensitivity of the preBötC inspiratory network may also contribute to developmental 

reductions in hypoxic respiratory depression by enhancing the excitatory effects of ATP, therefore 

the effects of ATP and MRS 2365 on preBötC activity are assessed during the first two weeks of 

postnatal life in mice, in vitro (Chapter 2). 

 

These data add to a growing body of evidence that the preBötC is unique. Not only is it key for 

inspiratory rhythm generation (Feldman and Del Negro, 2006), generation of sighs (Li et al., 2016) 

and coordinating multiple orofacial behaviours (Kleinfeld et al., 2014a, 2014b), it also mounts an 

excitatory response to hypoxia (Angelova et al., 2015; Gourine and Funk, 2017; Rajani et al., 

2017). An important remaining task is to define 2nd messenger cascades, ionic mechanisms and 

neuronal phenotype(s) that underlie the ATP excitation of the preBötC that occurs during hypoxia. 

P2Y1 receptors conventionally signal via the Gq cascade (Abbracchio et al., 2006), but the cascade 

activated in the preBötC has not been identified. Candidate ion channels, i.e., those that affect 

preBötC rhythm and are also modulated by P2Y1 receptors, include TASK, KCNQ, L-, P-, Q-, and 

N-type voltage-gated Ca2+ channels, BK and SK, and ICAN (Ca2+-activated non-selective cation 

channels) (Rajani et al., 2016). A key question is whether the subgroup of preBötC neurons that 

respond to P2Y1 receptor activation and mediate the increase in network frequency are excitatory 

(i.e., glutamatergic) or inhibitory (GABA- or glycinergic). The model in Fig. 1.2 depicts 



 18 

glutamatergic neurons as responsible but recent data indicate that preBötC rhythm can be more 

dramatically increased via the activation of inhibitory preBötC neurons (Baertsch et al., 2018).  

 

Ectonucleotidases 

There are seven extracellular ectonucleotidase isoforms in the brain grouped into four families: E-

NTPDase-1-3; E-NPP1 and 3; tissue non-specific alkaline phosphatase (TNAP); and ecto-5’-

nucleotidase (Abbracchio et al., 2009; Langer et al., 2008). This diversity, combined with isoform 

diversity in substrate and end-product preferences and differential distribution in the brain 

underlies significant clinical potential and ongoing efforts to produce selective ectonucleotidase 

agonists/antagonists (al‐Rashida and Iqbal, 2014). There is little doubt that ectonucleotidases help 

determine the balance between ATP and ADO signaling in the preBötC (Funk et al., 2008; 

Huxtable et al., 2009; Zwicker et al., 2011). However, that most ectonucleotidases inhibitors lack 

specificity and have off-target actions that interfere with respiratory network function means that 

most evidence is indirect. Evidence that ectonucleotidases affect preBötC network responses to 

ATP derives primarily from analysis of rhythmically-active medullary slices in vitro and includes 

that: i) hydrolysis-resistant ATP analogs, such as ATPɣS (Lorier et al., 2007) and MRS 2365 

(Huxtable et al., 2009) evoke greater frequency responses than ATP; ii) frequency responses 

evoked by injection of ATP into the preBötC of rat and especially mouse slices are enhanced by 

the A1 receptor antagonist, DPCPX  (Huxtable et al., 2009; Zwicker et al., 2011); iii) diffusion of 

ATP through the preBötC is enhanced in tissue with reduced ectonucleotidase activity (Huxtable 

et al., 2009); iv) ATP degradation, measured as the rate of phosphate produced by preBötC tissue 

punches incubated with ATP, is greatly slowed by the ectonucleotidase inhibitor POM1 (Huxtable 

et al., 2009); v) ATP applied to the saline solution bathing rhythmically-active slices has very poor 

access into the tissue; i.e., for an ATP sensor placed just above the slice surface to record the same 

ATP signal as when the same sensor is placed just 200 µm below the slice surface in the preBötC, 

the concentration of ATP in the bath must be raised 100-fold, suggesting limited diffusion but 

more likely significant ATP degradation (Funk et al., 2008). 

 

Indirect evidence that differential ectonucleotidase expression is an important factor in shaping 

network response dynamics to ATP comes from comparing the responses evoked by injecting ATP 

into the preBötC of slices from rats and mice and correlating these data with real-time PCR data 
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quantifying the relative expression patterns of ectonucleotidase transcripts in the preBötC of the 

two species. When applied to the preBötC of Wistar or Sprague-Dawley rats, a brief injection of 

ATP (10 sec) evokes a two- to four-fold increase in frequency that peaks in the first 20–30 sec 

then falls, typically below baseline between 30–60 sec postinjection before returning to baseline. 

In mice, however, the same ATP injection either has no effect or a much smaller effect on 

frequency (Fig. 1.3A) (Zwicker et al., 2011). Importantly, the response of the mouse preBötC to 

ATP is the same as the rat if A1 ADO receptors are first blocked (Fig. 1.3C). Rat and mouse 

responses to the selective P2Y1 receptor agonist MRS 2365 are also very similar (Fig. 1. 3B). Thus, 

both networks share a common P2 receptor-mediated excitation (Zwicker et al., 2011). In mouse, 

however, it appears that ATP is degraded so quickly to ADO that the ATP excitation and ADO 

inhibition almost cancel each other out. That the complement of ectonucleotidases might be a 

factor in this differential ATP sensitivity is supported by the real-time PCR analysis of mRNA 

extracted from preBötC showing that the protein encoded by the dominant ectonucleotidase 

transcript in mice, TNAP (tissue non-specific alkaline phosphatase; comprises 80% of total 

ectonucleotidase mRNA), converts ATPe directly to ADOe. In rats, however, the dominant 

isoform is ENTPDase 2 (its transcripts comprise 55% of total ectonucleotidase mRNA), which has 

a much higher affinity for ATP than ADP so will preferentially produce ADP, an agonist at 

excitatory P2Y1 receptors. What remains is to determine protein expression (rather than mRNA) 

and enzyme activities in these different species as well as between different brain regions. The 

development of inhibitors that are selective for the different ectonucleotidase isoforms that are also 

devoid of off-target actions will open the door to answering key questions about the significance 

and therapeutic potential of manipulating ectonucleotidase activities. Given the important 

contribution ectonucleotidases have in determining overall excitatory and inhibitory effects 

evoked by ATP, postnatal changes in ectonucleotidase activity within the medulla, including in 

preBötC tissue punches, are assessed in Chapter 2. 

 

Adenosine and Adenosine (P1) receptors 

ADO actions are mediated via four subtypes of G-protein coupled, P1 receptors; these are the A1 

and A2A high-affinity subtypes and the A2B, and A3 low-affinity subtypes (Burnstock et al., 2011; 

Sebastião and Ribeiro, 2009). While dogma holds that A1 and A3 receptors act through Gi/Go to 

inhibit, while A2A and A2B receptors act through Gs to stimulate, the classical adenylate cyclase –  
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Figure 1.3. Differential balance between the actions of ATP and ADO in rhythmic preBötC-

containing slices from neonatal rat and mouse.  

Integrated XII nerve recordings (∫XII) from rhythmic slices of rat and mice showing baseline 
inspiratory-related rhythm in vitro and responses to local injection of ATP (A) or the P2Y1 receptor 
agonist, MRS 2365 (B) into the preBötC. C) Response of a mouse slice to ATP under control 
conditions and after preBotC injection of the A1 receptor antagonist DPCPX. D) Real-time PCR 
analysis showing the percentage contribution of each ectonucleotidase isoform to the total 
ectonucleotidase mRNA extracted from mouse and rat preBötC punches. Error bars indicate SEM. 
*Significant difference between the compared columns. Reproduced with permission from 
Zwicker et al., 2011). 
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cAMP – protein kinase A signaling pathway (Fredholm et al., 2001; Thauerer et al., 2012), in the 

brain cAMP does not appear to be the main transducing system operated by A1 or A2A receptors 

(Cunha, 2016). P1 receptors may also signal through phospholipase C, Ca2+ and mitogen-activated 

protein kinases (MAPKs) (Abbracchio et al., 1995; Calker et al., 1979; Fredholm et al., 2001; 

Linden, 1991; Linden et al., 1991; Schulte and Fredholm, 2003; Tomaselli et al., 2008). A2A 

receptors in the striatum can also couple to Golf rather than Gs (Kull et al., 2000). All receptor 

subtypes are present in the CNS, but the high-affinity A1 and A2A subtypes are functionally the 

most important (Fredholm et al., 2001; Thauerer et al., 2012).  

 

Measurements of ADOe concentrations made using multiple methods, all with limitations, 

underlie estimates of basal ADOe levels between 30–250 nM (Latini and Pedata, 2001). During 

hypoxia, local or global ischemia, or traumatic brain injury the concentration of ADOe is estimated 

to increase up to 100-fold into the µM range (3–30 µM) (Dunwiddie and Masino, 2001; Pedata et 

al., 2001; Wei et al., 2011). When considered in relation to the binding affinity of the different 

subtypes for ADO (calculated from in vitro binding studies; 3–30 nM for A1, 1–20 nM for A2A, 5 

± 20 µM for A2B and > 1 µM for A3 (Fredholm et al., 1994)), ADOe concentration data suggest 

that basal levels of ADOe are sufficient to tonically activate A1 and A2A receptors. However, basal 

ADOe transmission appears to primarily involve A1 receptors (Lopes et al., 2019). Lower affinity 

A2B and A3 receptors may be activated during hypoxia/ischemia/brain injury when ADOe 

concentrations increase pathologically (Latini and Pedata, 2001; Pedata et al., 2001).  

 

A1 receptors are distributed throughout the body with the highest levels of expression in the brain, 

especially the cortex, hippocampus, cerebellum and dorsal horn of the spinal cord (Dixon et al., 

1996; Fredholm et al., 2000; Mahan et al., 1991; Wei et al., 2011), A1 receptor expression is also 

high in brainstem regions essential for respiratory control (Reppert et al., 1991). As reviewed by 

Gomes (2011), neuronal A1 receptors are located pre-, post- and extrasynaptically. A1 receptors 

are highly expressed in presynaptic terminals, especially at excitatory synapses (glutamatergic, 

cholinergic, serotonergic) (Gomes et al., 2011; Thauerer et al., 2012), where their activation 

generally inhibits neurotransmitter release (Gomes et al., 2011; Wu and Saggau, 1994; Yawo and 

Chuhma, 1993) and reduces evoked PSPs and the frequency of mEPSPs. The main mechanisms 

underlying this inhibition include inhibition of voltage-gated Ca2+ channels and reduced sensitivity 
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of the vesicular release apparatus to Ca2+ (Ambrósio et al., 1997; Scanziani et al., 1992; Scholz 

and Miller, 1992; Silinsky, 1984). Postsynaptic A1 receptors are primarily located in the 

postsynaptic density (Rebola et al., 2003) and their activation reduces the responses of 

hippocampal neurons to excitatory inputs via the inhibition of N-type Ca2+ channels, and NMDA 

receptor-mediated (but not AMPA receptor-mediated) synaptic inputs (Mendonça et al., 1995).  

 

At the level of the brainstem respiratory network, particularly the preBötC, A1 receptor actions 

appear dominant (Funk, 2013). A1 receptor antagonists increase basal frequency in vitro and in 

vivo and block the inhibitory actions of ADO in respiratory rhythm (Huxtable et al., 2009; Kawai 

et al., 1995; Kobayashi et al., 2001; Koos et al., 2001, 2004; Schmidt et al., 1995; Wang et al., 

2005; Zwicker et al., 2011). In contrast, A2A and A2B receptor agonists have no effect on basal 

activity of mouse rhythmic medullary slices (Mironov et al., 1999), or brainstem spinal cord 

preparation (Brockhaus and Ballanyi, 2000), nor the ADO-mediated inhibition of mouse slices 

(Mironov et al., 1999). As is well-documented in hippocampus and striatum, A1 receptor activation 

appears to modulate respiratory neuron and network excitability via pre- and postsynaptic 

mechanisms, but effects differ between subtypes of respiratory neuron, species and with 

development. Presynaptic A1 receptor-mediated inhibition of synaptic transmission has only been 

directly shown with miniPSC analysis in phrenic motoneurons in neonatal rats (Dong and 

Feldman, 1995). However, presynaptic A1 receptor mediated inhibition of inspiratory, excitatory 

and inhibitory inputs to rat XII motoneurons in vitro (Bellingham and Berger, 1994), mouse 

inspiratory neurons in vitro (Herlenius et al., 1997; Herlenius and Lagercrantz, 1999; Mironov et 

al., 1999) and cat stage 2 expiratory neurons in vivo (Schmidt et al., 1995) is inferred from A1 

agonist-mediated reductions in respiratory (excitatory and inhibitory), evoked or spontaneous 

synaptic inputs  (Brockhaus and Ballanyi, 2000). A1 receptor-mediated presynaptic inhibition may 

also be input or neuron specific because the inspiratory synaptic inputs to some inspiratory neurons 

in the brainstem spinal cord preparation are not unaffected by ADO while excitatory PSPs arriving 

during expiration are inhibited (Brockhaus and Ballanyi, 2000). Detailed analysis of the effects of 

ADO and A1 receptor agonists on the frequency and amplitude of miniPSCs in the different 

subtypes of respiratory neurons is essential to establish which synapses are under presynaptic A1 

receptor-mediated control. 
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Postsynaptically, A1 receptor activation hyperpolarizes stage 2 expiratory neurons in adult cat in 

vivo via activation of postsynaptic conductance (likely a K+ conductance) that decreases input 

resistance (Schmidt et al., 1995). Similarly, in brainstem spinal cord preparation A1 receptors 

hyperpolarize expiratory neurons and reduce input resistance (effects that persist in TTX), 

suggesting activation of a postsynaptic K+ conductance (Herlenius and Lagercrantz, 1999). The 

membrane potential and input resistance of biphasic expiratory (Herlenius and Lagercrantz, 1999) 

and inspiratory neurons was unaffected by ADO in the absence (Brockhaus and Ballanyi, 2000)  

(or presence) of TTX (Herlenius and Lagercrantz, 1999). In inspiratory preBötC neurons of 

rhythmic mouse slices, A1 receptors inhibit intracellular cAMP production, which results in KATP 

activation and membrane hyperpolarization (Mironov et al., 1999). Similarly, A1 receptor-

mediated hyperpolarization of inspiratory neurons in preBötC island preparations from mice is 

associated with significant reductions in neuronal input resistance (Vandam et al., 2008). 

Developmental and species differences must also be taken into account. For example, the A1 

receptor mediated inhibition of inspiratory rhythm in the rhythmic slice or brainstem spinal-cord 

preparation of rat is gone by postnatal day 2–3 (Herlenius et al., 2002, 1997; Huxtable et al., 2009). 

The preBötC network of neonatal mice (Swiss CD) is very sensitive to the inhibitory actions of 

ADO via A1 receptors, whether the ADO is applied directly or subsequent to the application of 

ATP and its degradation to ADO (Zwicker et al., 2011). Whether this sensitivity diminishes with 

postnatal development, therefore reducing the overall inhibitory effects of the purinome within the 

preBötC as seen in the rat, or remains constant will be explored in Chapter 2.   

 

Postsynaptic A1 receptors are also located at extrasynaptic sites (Tetzlaff et al., 1987). Their 

activation in hippocampal neurons enhances background K+ currents and causes neuronal 

hyperpolarization (Greene and Haas, 1991). Basal ADOe tone in the CSF should be sufficient to 

activate these extrasynaptic receptors and contribute to a tonic, ADO-mediated inhibitory drive. 

The observation that global inhibition of ADO or A1Rs enhances respiratory rhythm in 

anesthetized adult cats (Schmidt et al., 1995), unanesthetized fetal sheep (Koos et al., 2001), lambs  

(Koos et al., 2004), rats in vivo, neonatal rats in vitro (Kawai et al., 1995; Wang et al., 2005), as 

well as fetal breathing movements in embryonic rats in vivo (Kobayashi et al., 2001) and fictive 

breathing in vitro (Huxtable et al., 2009), suggests that the respiratory network is also under tonic 

A1 receptor inhibitory control. However, whether this tone reflects activation of synaptic or 
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extrasynaptic receptors is not known. Whether A1 receptors on astrocytes and microglia (Calker 

and Biber, 2005; Haselkorn et al., 2010) influence respiratory network function also remains to be 

determined.  

 

A2A receptors are expressed widely but more variably throughout the CNS compared to A1 

receptors. Expression levels are greatest in the olfactory tubercle and on medium spiny neurons of 

the striatum (Rosin et al., 1998; Svenningsson et al., 1997b, 1997a). The majority of A2A receptors 

are located in synapses. In the striatum this includes significant pre-synaptic A2A receptor 

expression, but the majority of A2A receptors are postsynaptic (Rebola et al., 2005). While A2A 

expression levels in most other brain regions (including the cortex and hippocampus that show the 

highest levels of A1R expression (Dixon et al., 1996; Svenningsson et al., 1997a) are substantially 

lower than in the striatum, levels are still sufficient to modulate neuronal excitability. For example, 

activation of presynaptic A2A receptors facilitates glutamatergic transmission in hippocampal CA1 

neurons by blocking the inhibitory actions of presynaptic A1 receptors on glutamate release (Lopes 

et al., 2002, 1999). Postsynaptic A2A receptor mechanisms include potentiation of synaptic, but not 

extrasynaptic, NMDA receptor responses in hippocampal CA1 neurons (Mouro et al., 2018) and 

inhibition of the slow AHP in pyramidal neurons of the basolateral amygdala (Rau et al., 2015). 

As reviewed by Cunha (2016) and Wei et al. (2011), the blockade of A2A receptor-mediated effects 

appears to have little impact on synaptic transmission under baseline conditions but 

pharmacological or genetic block of A2A signaling attenuates synaptic plasticity/LTP at specific 

excitatory synapses. Neuronal and glial expression of A2A receptors can also change dramatically 

in response to specific conditions/stimuli such as epilepsy, suggesting an important role in brain 

plasticity (Cunha, 2005).  

 

Within the brainstem and preBötC, A1 receptor mechanisms appear to dominate but at higher levels 

of the CNS, possibly at the thalamus (Koos et al., 2000, 1998), A2A receptors also modulate 

breathing and contribute to the hypoxic respiratory depression. Injection of A2A receptor 

antagonists into the cisterna magna of sheep pigs and rats reduces the hypoxic respiratory 

depression (Koos et al., 2004; Mayer et al., 2006; Wilson et al., 2004). Importantly, in pigs and 

rats the actions of the A2A antagonist on the hypoxic respiratory depression are reversed by the 

GABA receptor antagonist, bicuculline (Mayer et al., 2006; Wilson et al., 2004), suggesting that 
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the A2A receptor-mediated inhibition is indirect via excitation of GABAergic neurons. The site of 

GABAergic neurons that receive the A2A mediated excitation is not known but it is likely rostral 

to the medulla and pons since A2 receptor antagonists have no effect on the actions of ADO in the 

rhythmic medullary slice (Mironov et al., 1999) or brainstem spinal cord preparation (Brockhaus 

and Ballanyi, 2000). Lack of an A2A receptor effect under these conditions does not mean A2A 

receptors have no role in modulation of respiratory networks. Just as A2A receptors appear 

important in plasticity in cortical circuits (Cunha, 2016; Gomes et al., 2011), activation of A2A 

receptors on phrenic motoneurons that drive the main inspiratory pump muscle of mammals can 

induce phrenic motor facilitation (Golder et al., 2008), a form of inducible plasticity in which 

inspiratory inputs to the phrenic motoneurons are potentiated. The critical role of the brainstem 

respiratory network in homeostasis has fueled the long-held view of the respiratory network as a 

hard-wired, immutable structure. This construct is gradually being replaced with the view that 

plasticity is likely key to the network’s ability to adapt throughout life to diverse demands that are 

constantly changing on multiple time scales (e.g., during development, disease, aging, transitions 

to altitude, exercise, phonation, speech). A role for A2A receptors in plasticity at the motor output 

level of this network is clear (Fuller and Mitchell, 2017a, 2017b; Golder et al., 2008; Johnson and 

Mitchell, 2013). Exploration of mechanisms that might underlie frequency plasticity within 

respiratory rhythm generating networks is in its infancy (Johnson et al., 2019).  

 

The actions of high-affinity A2B and A3 receptors on respiratory networks are not known, but both 

have been implicated in modulating synaptic plasticity through actions on A1 receptor signaling. 

A2B receptors are located at glutamatergic terminals of the Schaffer collateral-CA1 pyramidal 

neuron synapse where they counteract the predominant A1 receptor-mediated inhibition of synaptic 

transmission (Gonçalves et al., 2015). Similarly, an A3 receptor antagonist was reported to reduce 

the A1 receptor-mediated inhibition of excitatory inputs at these same synapses (Dunwiddie et al., 

1997a; Lopes et al., 2003). 

 

In summary, multiple lines of evidence indicate that ADOe plays an important role in modulating 

respiratory network activity and in shaping the HVRV̇E [see (Ballanyi, 2004) for review of other 

modulators that may contribute]. ADOe applied exogenously or derived from the hydrolysis of 

extracellular ATP or from accumulated intracellular ADO that is transported to the extracellular 
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compartment via equilibrative nucleoside transporters depresses ventilation in virtually all 

mammals tested, at fetal (Bissonnette et al., 1991, 1990; Koos and Matsuda, 1990), newborn 

(Hedner et al., 1985, 1984; Herlenius et al., 1997; Lagercrantz et al., 1984; Runold et al., 1989, 

1986), and adult stages (Eldridge et al., 1984; Wessberg et al., 1984; Yamamoto et al., 1994). In 

addition, despite significant species differences in the sensitivity of the secondary hypoxic 

respiratory depression to ADO antagonists [reviewed in (Ballanyi, 2004)], ADO receptor 

antagonists consistently attenuate the secondary hypoxic respiratory depression (Bissonnette et al., 

1991, 1990; Koos and Matsuda, 1990; Koos et al., 2004; Koos and Maeda, 2001; Runold et al., 

1989; Yan et al., 1995) and counteract respiratory depression in apnea of prematurity (Bhatt-Mehta 

and Schumacher, 2003). Despite this abundance of data (Burnstock and Dale, 2015; Funk, 2013; 

Koos et al., 2001, 2004; Martin and Abu-Shaweesh, 2005; Wilson et al., 2004), the relative 

contribution of ADOe and the four subtypes of ADO (P1) receptor to the respiratory depression 

and their site(s) of action are not clear. Variations in protocol, drugs, and developmental stage as 

well as species differences confound the animal literature (Funk, 2013; Heitzmann et al., 2016). 

A1 receptor signaling appears to dominate in the preBötC (Angelova et al., 2015; Huxtable et al., 

2009; Lorier et al., 2008, 2007; Zwicker et al., 2011), where it may be the only P1 receptor 

mechanism operating, at least in newborn rodents (rats and mice) (Brockhaus and Ballanyi, 2000; 

Mironov et al., 1999). Even within the confines of the preBötC, the action of A1 receptor activation 

varies developmentally and between species (Herlenius et al., 2002, 1997; Herlenius and 

Lagercrantz, 1999; Huxtable et al., 2009; Zwicker et al., 2011). There is significant need to 

understand in many species, throughout development, how the effects of ADO on preBötC activity 

change, as well as the magnitude of the increase in ventilation that can be achieved by inhibiting 

ADO receptors within the preBötC. Outside the preBötC, the neuroglial substrate responsible for 

the A2A receptor-mediated component of the hypoxic respiratory depression has yet to be defined 

and nothing is known in respiratory networks of the potential actions of A2B and A3 receptors.  

 

Despite the efficacy of ADO receptor antagonists, especially caffeine, as respiratory stimulants 

that are highly effective in apnea of prematurity, ADO receptors may not be the best target for 

long-term manipulation of the balance between ATP and ADO signaling. First, as mentioned 

above, the observation that not all apnea of prematurity patients respond to ADO receptor 

antagonists highlights the need for alternate, non-ADO receptor focused methods of manipulating 
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this balance. Second, P1 receptors are expressed throughout the body and brain, and potential for 

cardiovascular side-effects is high (Stella et al., 1993). Thus, even if more selective, higher affinity 

A1 receptor antagonists/agonists become available, it is unlikely that their oral or intravenous 

delivery would alter breathing without significant side-effects. A2A receptors are less widely 

expressed than A1 receptors but manipulation of their activity as a means to counteract hypoxic 

respiratory depression is not known. Blockade of presynaptic A2A receptor actions (which will 

inhibit glutamatergic transmission) is generally considered as neuroprotective but activation, 

rather than inhibition of post- and extrasynaptic A2A receptors may be beneficial (Gomes et al., 

2011). In the context of Huntington’s Disease, it remains unclear whether A2A agonism or 

antagonism is clinically favourable. In contrast, A2A receptor antagonists improve motor 

performance in animal models of Parkinson’s Disease (Gomes et al., 2011), and are under 

examination for their potential clinical utility as a therapeutic strategy for Parkinson’s Disease 

(Takahashi et al., 2018). In the context of SUDEP, caffeine increases survival time in animal 

models, hypothetically by reducing the inhibitory actions of ADOe on breathing (Shen et al., 

2010). However, caffeine (Chrościńska-Krawczyk et al., 2011), or treatments that reduce ADOe, 

promote seizure (Fedele et al., 2005). 

 

Sources of extracellular adenosine. A key piece of information lacking for the preBötC (and all 

parts of the respiratory network) that is critical for the rational development of alternate approaches 

to manipulate the purinome to enhance P2 and inhibit P1 signaling is the source, or sources, of 

ADOe. The source of endogenous ADOe during normal synaptic activity, during hypoxia or during 

any physiological/pathophysiological process is not known. Clearly the source of elevated 

endogenous ADOe (e.g. via export of ADOi or degradation of ATPe) will dictate the strategies 

that can be used to modify ADOe. ADOe can derive from multiple sources and release mechanisms 

that may differ depending on the nature and severity/duration of the stimulus (synaptic activity, 

hypoxia/ischemia, inflammation, excitotoxicity/traumatic brain injury) brain region and even cell 

type (Latini and Pedata, 2001). That the cellular source of ADOe can vary with stimulus was 

elegantly demonstrated when cultured neurons, astrocytes, and microglia (from rat) were deprived 

of oxygen-glucose (OGD, to model energy failure), exposed to H2O2 (to simulate oxidative stress), 

or given glutamate (to induce excitotoxicity) (Jackson et al., 2017). Cultured neurons were the 

primarily source of ADOe during OGD or glutamate exposure while microglia were the main 
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source during oxidative stress. As reviewed by Latini and Pedata (2001) and in agreement with 

early studies in culture and using hippocampal slices (Brundege and Dunwiddie, 1996; Lloyd et 

al., 1993; Meghji et al., 1989), a majority of studies indicate that during ischemic or hypoxic 

conditions the main source of ADOe is formed intracellularly and exported. Importantly, while 

glia may be a dominant source of ADOe during hypoxia, elevated ADOe during hypoxia could 

come from endothelial cells, glial cells, and also neurons from anywhere along their cell 

membrane; i.e., not limited to synapses (Latini and Pedata, 2001). ADO release during hypoxia is 

only partially sensitive to TTX and Ca2+-independent. This pattern of release differs markedly 

from normoxic conditions when depolarizing stimuli evoke an ADOe increase that is completely 

blocked by TTX, Ca2+-sensitive and derived from presynaptic neuronal release of ATP that is 

subsequently degraded (i.e., ADOe production is sensitive to ecto-5-nucleotidase inhibitors) 

(Brundege and Dunwiddie, 1996; Latini and Pedata, 2001; Lietsche et al., 2016; Lloyd et al., 1993; 

Meghji et al., 1989; Parkinson et al., 2005; Wall and Dale, 2008; Zhang et al., 2012). The proposal 

that ADO can be released via exocytosis from synaptic vesicles (Corti et al., 2013; Klyuch et al., 

2012, 2011; Wall and Dale, 2008, 2007) remains controversial, reflecting in part the speed with 

which ATP can be converted into ADOe and therefore the difficulty of excluding ATP as a source 

of ADOe (Cunha, 2016). It was shown early on that the actions of ATP at P2 receptors in different 

brain regions are followed by inhibitory actions that are caused by the rapid degradation of ATP 

via ectonucleotidases into ADO and activation of P1 receptors (Cunha et al., 1998; Dunwiddie et 

al., 1997b). The kinetics of this biphasic ATP-ADOe signaling action appear strongly influenced 

by the properties of ecto-5’-nucleotidase, the main extracellular enzyme that converts AMP into 

ADO. During periods of intense presynaptic activity and high ATP/ADP levels, it was proposed 

that ADO production from AMP is delayed until activity ceases and ATP/ADP levels decline, 

which removes the ATP/ADP inhibition of ecto-5’-nucleotidase (Dunwiddie et al., 1997b; Latini 

and Pedata, 2001). Such a biphasic response is clearly seen when ATP is applied exogenously into 

the preBötC of neonatal rats, but not in Swiss CD mice where the excitatory actions of ATP and 

inhibitory actions of ADOe more or less cancel each other out (Zwicker et al., 2011). This 

difference may reflect differential expression of ectoATPases in the two species. As mentioned 

above, the dominant ectonucleotidase transcript in mice is TNAP, which converts ATPe directly 

to ADOe, while the dominant isoform in rat is ENTPDase 2 that will preferentially produce ADP 

from ATP (Zwicker et al., 2011). The kinetics of the ATP/ADO interaction that evolves in the 
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preBötC in response to endogenously released ATP, and the involvement of specific ectoATPases 

in this relationship is not known. However, there is evidence that enzyme activity may be 

distributed to achieve spatially specific adenosine receptor activation. In hippocampus, production 

of ADOe by ecto-5’-nucleotidase has presynaptic inhibitory actions but also contributes to A2A 

receptor-mediated long-term potentiation of NMDA EPSCs (Rebola et al., 2008). In the striatum, 

ecto-5’-nucleotidase is localized to astrocytes but also prominently localized to A2A receptor-

containing postsynaptic terminals where it mediates hypolocomotion and modulates working 

memory (Augusto et al., 2013). 

 

Although the majority of studies (primarily in hippocampus) indicate that the main source of 

ADOe during ischemic or hypoxic conditions is formed intracellularly (Brundege and Dunwiddie, 

1996; Lloyd et al., 1993; Meghji et al., 1989), this may not be case for regions involved in 

respiratory control. During hypoxia in fetal sheep, an important source of ADOe in the thalamic 

parafascicular locus, where A2A receptors contribute to the secondary hypoxic respiratory 

depression (Koos et al., 1998), appears to be extracellular; i.e. the hypoxia-induced increase in 

ADOe is unaffected by ENT inhibitors but reduced by inhibitors of ecto-5’- nucleotidase (Koos et 

al., 1997). Within the preBötC we also propose an extracellular source of ADOe during hypoxia; 

i.e. that hypoxia evokes ATP release from astrocytes via exocytosis, which is then degraded to 

ADOe. Whether ATPe released via exocytosis, and the subsequently produced ADOe, will diffuse 

to extrasynaptic receptors and have broad, generalized effects over the entire network, or have 

localized actions on specific preBötC neurons/synapses is not known. However, within the 

framework of the localized, bidirectional communication that is proposed to occur between pre- 

and postsynaptic terminals and astrocytes in the tripartite synapse (Araque et al., 1999; Covelo and 

Araque, 2018), and the observation that preBötC respiratory neurons differ markedly in their 

sensitivity ATP/P2Y1 and ADO receptor activation (Herlenius and Lagercrantz, 1999; Lorier et 

al., 2008, 2007; Mironov et al., 1999; Thomas and Spyer, 2000), neuro-glial interactions in the 

preBötC are likely to be highly specialized, regionally and functionally; i.e., the effects of 

ATP/ADP/ADO released from astrocytes during hypoxia are likely reflect activation of specific 

synapses and neurons. 

 



 30 

Equilibrative nucleoside transporters 

There are four ENT isoforms that move ADO passively, and bidirectionally across cell 

membranes. The direction of ADO transport is determined by the ADO concentration gradient. 

ENT1 and 2 carry out the majority of ADO transport across the outer cell membrane (Parkinson 

et al., 2011). ENT3 is intracellular and irrelevant in determining ADOe while ENT4 appears to 

function primarily in monoamine transport. Three isoforms of concentrative nucleoside 

transporters (CNTs) in the CNS are Na+-coupled and indirectly consume ATP to move ADO 

against its concentration gradient, but there is no evidence that CNTs regulate ADOe under normal 

physiological conditions (Chu et al., 2013; Parkinson et al., 2011). Thus, our focus is on ENT1 

and ENT2, which are widely expressed throughout the brain in both neurons and astrocytes (Chen 

et al., 2023; Jennings et al., 2001; Nagai et al., 2005).  

 
 
Under baseline conditions these transporters play a key role in removing ADOe, as demonstrated 

by significant increases in ADOe in multiple brain areas following transporter inhibition (Ballarín 

et al., 1991; Choi et al., 2004; Tanaka et al., 2011). Conversely, ENT-mediated disruption of 

adenosine tone is associated with a host of neuropsychiatric disorders, including anxiety and 

depression (Cheffer et al., 2018) and neurodegenerative disorders such as Huntington’s Disease 

(HD) and mouse models of HD where the increased expression and activity of ENT1 and/or ENT2 

are associated with reductions in ADOe tone (Kao et al., 2017). Moreover, ENT inhibitors or 

genetic removal of ENT1 enhances survival in mouse models of Huntington’s disease (Kao et al., 

2017). ENTs are increasingly recognized as potential targets in drug discovery, in part because 

ADOe is implicated in a broad range of CNS disorders, including sleep disorders (King et al., 

2006), epilepsy (Boison, 2016), and the examples mentioned above. 

 

ENT transport of ADO is bidirectional. Thus, targeted manipulation of ENTs to increase or 

decrease ADOe requires that the source of the increased ADOe is known (Funk, 2013; Martín et 

al., 2007; Pascual et al., 2005; Pearson et al., 2003). As discussed above (Sources of extracellular 

ADO) if the main source of ADOe during hypoxia is from the ENT-mediated export of ADOi that 

accumulates during hypoxia, then ENT inhibition would be required to reduce ADOe in the 

preBötC. If, however, the main source of ADOe is from degradation of ATPe that is released in 

response to hypoxia, then the objective would be to potentiate inward ENT-mediated transport and 
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the clearance of ADOe. Multiple sources and mechanisms can contribute to a hypoxia-induced 

increase in ADOe. While ENT-mediated export may be a dominant source of ADOe during 

hypoxia/ischemia in some parts of the brain (Brundege and Dunwiddie, 1996; Latini and Pedata, 

2001; Lloyd et al., 1993; Meghji et al., 1989), this may not be the case in the respiratory network. 

For example, in fetal sheep, a major source of ADOe implicated in the hypoxic respiratory 

depression (Koos et al., 1998) is from degradation of extracellular adenine nucleotides (Koos et 

al., 1997), not transport of ADOi.  

 

Our measurements of the HVR (from whole-body plethysmography to record absolute frequency; 

relative VT; relative V̇E) evoked by 10% O2 (10 min) in WT and three strains of adult transgenic 

mice from which ENT1, ENT2 or ENT1 and 2 were knocked out from conception are consistent 

with these observations in fetal sheep (Koos et al., 1997). Hypoxia evoked a biphasic ventilatory 

response in all strains. After the initial increase from baseline to the peak in Phase 1 (reported as 

100%), ventilation fell by ~30% in WT and ENT2 KO mice, ~45% in ENT1 KO mice and 100% 

in ENT1/2 double knockout mice; i.e., ventilation fell back to baseline in the ENT1/2 KO mice 

(Fig. 1.4). These data, which show a progressive increase in the hypoxic respiratory depression 

with reductions in ENT activity, suggest that the main source of ADOe causing the hypoxic 

depression comes from breakdown of ATPe. If ADOe that caused the secondary depression came 

via ENT-mediated outward transport of ADOi, one would expect the opposite – that ADOe would 

not increase in the ENT KOs and there would be no depression. Limitations of these data include 

that measurements of VT and V̇E were not absolute, but relative to baseline. In addition, metabolic 

rate was not recorded. As discussed briefly in Section 1.1 and expanded upon in Section 1.3, 

ventilation serves homeostatic control of blood and brain pH, PCO2 and PO2 and is therefore 

intimately linked to metabolism. Hypoxia not only evokes biphasic changes in ventilation but also 

developmentally-dependent reductions in metabolic rate, which means that V̇E and V̇O2 must both 

be measured to properly interpret whether ventilatory responses to hypoxia are adequate or 

compromised. In hypoxia, the adaptive response is hyperventilation, a disproportionate increase 

in V̇E relative to metabolic rate such that V̇E/V̇O2 increases. This corresponds to delivering a greater 

volume of O2 deficient gas to the exchange surface per unit if O2 is consumed by metabolism. In 

the context of the different ENT KO mouse strains, the greater depression in V̇E in the ENT1/2 KO 

suggests a much greater ventilatory depression and an inadequate ventilatory response. This holds  
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Figure 1.4. Global knockout of ENTs increases the secondary hypoxic respiratory 

depression.  

A) Cartoon showing the biphasic hypoxic ventilatory response, which comprises a Phase 1 
increase followed by a secondary depression to a lower, steady-state level of ventilation in Phase 
2. The Phase 1 increase was reported as 100%. Ventilation during Phase 2 was calculated as a 
percentage of the peak increase during Phase 1. In this mock example, ventilation during phase 2 
was ~45% of the phase 1 increase; i.e., ventilation fell by ~55% from the peak during the hypoxic 
respiratory depression. B) The level of ventilation (measured using whole-body plethysmography) 
during Phase 2 of the hypoxic ventilatory response is reported relative to the Phase 1 peak increase 
for unanesthetized wild type (WT), ENT2, ENT1 and ENT1/2 double knockout mice. *represents 
sig. difference from WT, p<0.05 or ** p<0.01. ANOVA was used in conjunction with Bonferroni 
post hoc multiple comparison test. 
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if hypoxia induced changes in V̇O2 are the same in all strains. However, if the reduction in V̇E of 

each strain is proportionate to the hypoxia-induced reduction on V̇O2 (i.e., ENT1/2 KO mice show 

a proportionately greater reduction in metabolic rate), then all strains are responding appropriately. 

Thus, in Chapter 3, I have repeated these in vivo experiments using ENT1/2 KO mouse and 

plethysmography methods that allow absolute measurements of VT, V̇E and V̇O2 to more 

thoroughly explore the role of ENTs in shaping the ventilatory (and metabolic) responses to 

hypoxia during development.  

 

A final limitation of the ENT data is that ENTs are knocked out globally from birth in these 

animals, including from the carotid body. Thus, additional work with conditional and/or localized 

deletion/inhibition of ENT activity is required to fully evaluate in respiratory networks the source 

of elevated ADOe during hypoxia, and the role of ENTs in the HVRV̇E. Such information is 

required to inform strategies on how to manipulate ENT function to reduce hypoxic respiratory 

depression. The role of ENTs in regulating ADOe during hypoxia has not been examined 

specifically in the preBötC. Under baseline conditions in the brainstem spinal cord of neonatal 

rats, the ENT1 and ENT2 inhibitor, dipyridamole, decreases inspiratory-related burst frequency, 

indicating that at least under these conditions ENT activity is important for clearing ADOe from 

brainstem regions that modulate inspiratory rhythm (Herlenius et al., 1997). Whether ENTs 

specifically within the preBötC of can affect inspiratory rhythm will be examined in Chapter 2 by 

comparing the effects of ENT inhibition on baseline rhythm in vitro, and whether the effect of 

injecting ADO into the preBötC differs between P0–12 WT and ENT1/2 KO mice. 

 

Adenosine kinase.  

The impact of manipulating ENT activity on ADOe emphasizes the importance of ADOe clearance 

mechanisms in regulating ADOe under baseline, hypoxic and pathological conditions. ENT 

activity, however, is only part of the ADOe clearance equation. The direction of ADO transport 

by ENTs is determined by the ADO concentration gradient across the extracellular membrane; 

ADOi must be maintained below ADOe for ENTs to effectively remove ADOe. As demonstrated 

in rat hippocampal slices (Lloyd and Fredholm, 1995), ADOi and ADOe are influenced by several 

intracellular enzymes. These include S-adenosyl homocysteine hydrolase, the low affinity, high-

capacity metabolic enzyme adenosine deaminase, which that converts ADO into inosine, and the 
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high affinity, low-capacity enzyme, adenosine kinase (ADK), that phosphorylates ADOi to AMPi. 

We focused on ADK because it has a higher affinity for ADO than adenosine deaminase, and in 

hippocampal and cortical networks it is the most important enzyme affecting intracellular levels 

of ADO and in controlling neuronal excitability and ADO signaling (Boison, 2013b; Pak et al., 

1994). It is important to note that in the adult cortex ADK is primarily expressed in astrocytes. 

Thus, ADOe and its activation of neuronal P1 receptors is under the control of astrocyte-based 

ADOe clearance mechanisms. Dysregulation of ADK may be causative in some forms of epilepsy. 

The ADK hypothesis of epilepsy posits that acute insults to the brain lead to an initial and transient 

downregulation of ADK and an acute elevation of ADOe that is protective in the short term. 

However, the acute changes trigger maladaptive, long-term changes of the purinome including 

downregulation of astrocytic A1 receptors, upregulation of A2A receptors, astrogliosis in 

conjunction with chronic overexpression of ADK, reduced ADOe and ultimately spontaneous 

focal seizure activity in astrogliotic regions (Boison, 2008). Pharmacological inhibition of ADK 

(Kowaluk and Jarvis, 2000), or ADO augmentation therapies developed to inhibit ADK and raise 

ADOe greatly reduce seizures in animal models of epilepsy (Boison, 2012a), whereas transgenic 

overexpression of ADK triggers seizures (Fedele et al., 2005). A challenge with therapies based 

on inhibition of ADK to increase ADOe and reduce seizure activity is that ADOe inhibits 

breathing. Thus, ADK inhibition has the potential to increase the risk of respiratory depression, 

and possibly SUDEP. For example, global pharmacological inhibition of ADK prolongs the 

depression of phrenic nerve activity (PNA) following kainic acid-induced seizures. Restoration of 

PNA activity with caffeine, a P1R antagonist, supports that the depression of phrenic activity 

following ADK inhibition is due to elevated ADO levels (Ashraf et al., 2021). Blocking ADK 

activity had a positive effect by delaying the onset of induced seizures. However, ADO-mediated 

suppression of breathing following ADK inhibition contributed to sudden death following seizure 

in two mice, supporting the hypothesis that ADK activity reduces the accumulation of ADOe in 

respiratory networks, which has been implicated in both SUDEP and apnea of prematurity. 

 

Most exciting in terms of respiratory control is that the expression pattern of ADK, which comes 

in long nuclear (ADK-L) and short cytoplasmic isoforms (ADK-S), changes dramatically during 

postnatal development (Boison, 2013b). During fetal and the early postnatal period, the 

predominant isoform is ADK-L, which is preferentially distributed in neurons, has an epigenetic 
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role as a regulator of DNA methylation. It also supports DNA synthesis and neuronal proliferation 

(Gebril et al., 2021). ADK-S is barely detectable at birth. With development ADK-S becomes the 

dominant isoform that is preferentially distributed in astrocytes. The cytoplasmic form ADK-S 

converts ADOi into AMP and is responsible for regulating extracellular levels of adenosine and 

therefore ADO receptor activation (Williams-Karnesky et al., 2013, Boison 2013b). While the role 

of ADK seems to transition during development from a dominant role as an epigenetic regulator 

of brain development towards the regulation of ADOe, it is important to note that ADK-L does not 

disappear with development. It persists into adulthood in several brain regions, especially those 

where neurogenesis continues into adulthood, including the cerebellum (Gebril et al., 2021), 

olfactory bulb (Gouder et al., 2004) and hippocampus (Fábera et al., 2022; Gebril et al., 2020; 

Studer et al., 2006). Nonetheless, in the hippocampus (Fábera et al., 2022; Fedele et al., 2005), 

cerebral cortex (Studer et al., 2006), and cerebellum (Gebril et al., 2021), a major system 

responsible for clearing ADOe (ADK-S) is immature at birth. If the maturation of ADK follows a 

similar developmental profile in the brainstem respiratory network, it could contribute to the 

greater susceptibility of premature animals to hypoxic respiratory depression (Moss and Inman, 

1989). Tools developed to study the role of ADK in epilepsy, including transgenic mouse lines 

(Boison et al., 2002; Fedele et al., 2004; Tronche et al., 1999) and adeno-associated viral vectors 

that knockdown ADK specifically in neurons or astrocytes (Theofilas et al., 2011), should be very 

instructive in advancing our understanding of the role played by ADK in respiratory control and 

the HVRV̇E. In this thesis, I test the hypothesis that developmental changes in ADK-S activity, 

which increases developmentally to set ADOe tone in other regions of the brain, influences 

preBötC activity and contributes to maturation of the HVR. In Chapter 2, I characterize the 

developmental profile of ADK-S vs ADK-L expression in medulla compared to the cortex and 

cerebellum, then functionally assess its role in determining baseline preBötC activity during 

development and its impact on shaping responses to exogenous ADO in vitro. Based on these 

observations, in Chapter 3, I will test the hypothesis that lack of ADK-S at birth contributes to the 

immature HVR, in vivo. 
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1.3 Understanding development of the hypoxic ventilatory response must also consider 

developmental changes in the effects of hypoxia on metabolic rate. 

Characterization of the HVR and its development has largely focused on changes in minute 

ventilation (V̇E) during hypoxia, without also characterizing changes in V̇O2 and their contribution 

to an animal’s capacity to overcome hypoxic challenges. The biphasic nature of the HVRV̇E and the 

consistent observation in multiple species that the increase in V̇E evoked by hypoxia in neonates 

is transient, returning to or below baseline during the hypoxic exposure, but sustained in adults 

strongly suggests that this key homeostatic reflex is immature at birth (Bissonnette, 2000; Bonora 

et al., 1984; Carroll and Bureau, 1987; Cross and Oppe, 1952; Fiore et al., 2013; Moss, 2000). For 

example, most recently Zannin et al. (2023) showed that reductions in FIO2 during sleep decreased 

V̇E after 4–5 minutes in nearly two-thirds of premature infants studied and produced periodic 

breathing that increased SpO2 variability in about one-third of these infants. This supports the 

notion that premature human infants cannot sustain increases in V̇E as is usually observed in most 

adult mammals. 

 

However, a major limitation of reporting the HVR only in terms of how V̇E changes over time is 

that hypoxia also causes reductions in metabolic rate (V̇O2) that are greater in neonates and decrease 

thereafter. V̇E is inextricably linked to V̇O2 through homeostatic feedback loops, such that a 

hypoxia-induced change in V̇O2 will have direct effects on V̇E over and above the effects of hypoxia 

on V̇E. Thus, the greater depression of V̇E that occurs during hypoxia in neonates could reflect a 

greater depression of V̇O2. Defining the HVR in terms of how hypoxia affects the relationship 

between V̇E and V̇O2 (V̇E/V̇O2, air convection requirement) is therefore considered more informative 

than reporting HVRV̇E. When assessed from this perspective, most mammals increase V̇E and 

depress V̇O2 to produce a sustained increase in V̇E/V̇O2 (Barros et al., 2001; Cross et al., 1958; 

Frappell et al., 1992; Gill and Pugh, 1964; Mortola, 2004). i.e., neonates do not appear to have a 

compromised ventilatory response to hypoxia. The magnitude of this depression in V̇O2 is 

proportional to the resting metabolic rate, i.e. smaller animals or those studied below their 

thermoneutral zone with a higher resting V̇O2 have larger decreases in V̇O2 during hypoxia (Barros 

et al., 2001; Dzal and Milsom, 2021; Frappell et al., 1991; Mortola and Dotta, 1992; Saiki et al., 

1994). This is consistent in newborn animals that have a higher resting V̇O2 (Dzal et al., 2020; 
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Moore and Underwood, 1963; Mortola and Dotta, 1992). Generally, neonates that have smaller 

HVRV̇E exhibit greater reductions in metabolism during hypoxia compared to adults (Cross et al., 

1958; Frappell et al., 1991; Hill, 1959; Mortola, 1999; Mortola et al., 1989). Thus, a majority of 

data from multiple species indicate that hypoxia evokes a sustained increase in V̇E/V̇O2 at all ages; 

i.e., neonates do not appear to have a compromised ventilatory response to hypoxia (Dzal et al., 

2020; Frappell et al., 1992, 1991; Mortola, 1999; Mortola and Dotta, 1992; Mortola et al., 1989; 

Waters and Gozal, 2003). 

 

These data, however, have their own limitations. Most significant is that the developmental 

window examined in these studies did not start at birth, sometimes including animals as old as 2 

weeks in the neonatal group (Fahey and Lister, 1989; Frappell et al., 1991; Mortola et al., 1989; 

Rohlicek et al., 1998). Rodent studies did not include neonates before P2. The few studies in 

rodents that have measured V̇E and V̇O2 from P0 or premature infants suggest that hypoxia does 

not depress V̇O2 at these very early stages (Cross et al., 1958; Liu et al., 2009; Liu and Wong-Riley, 

2013). For example, premature infants examined a few days after premature delivery show smaller 

decreases in V̇O2 during hypoxia than when at two-weeks post birth. Premature infants in general 

do not depress metabolic rate in hypoxia as much as full-term newborns (Cross et al., 1958). Recent 

data from rats show that P0–1 rats do not respond to hypoxia with a fall in metabolic rate (Liu et 

al., 2009; Liu and Wong-Riley, 2013). These results challenge the hypothesis that all neonates 

depress V̇O2 in hypoxia, and that the magnitude of hypoxic hypometabolism decreases monotically 

with development. Instead, these data suggest that the capacity to depress metabolic rate in 

response to hypoxia changes biphasically during development (Cross et al., 1958). During early 

development, including fetal life, hypoxia does not decrease metabolism. Then, at some point 

during the early postnatal period the capacity to decrease metabolism in response to hypoxia 

emerges very quickly before gradually decreasing or disappearing in adulthood. In Chapter 4, I 

will explore this possibly by measuring on a daily basis the V̇E and V̇O2 responses of different 

rodents from birth until hypoxia depressed V̇O2.    

 

1.4 Specific Aims  

In summary, the literature review presented in Section 1.2 describes literature underlying my 

hypothesis that postnatal changes in the purinome within CNS respiratory networks contribute to 
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developmental changes in the HVR. Purinergic signaling in other brain regions may contribute to 

this reflex, but our discussion has focused on the preBötC because it is within this region that we 

have the strongest evidence that P2 and P1 receptor signaling and ectonucleotidase activity shape 

the HVRV̇E. Of particular interest, the preBötC inspiratory network is sensitive to the excitatory 

actions of astrocyte-released ATP during hypoxia and the inhibitory actions of ADO that 

accumulates in the brain during hypoxia. The modulatory actions of ATP and ADO in the brain, 

including within the preBötC network, affect breathing during the secondary phase of the HVRV̇E 

(Angelova et al., 2015; Funk, 2013; Funk and Gourine, 2018b; Gourine and Funk, 2017; Rajani et 

al., 2017; Reklow et al., 2019). Less is known about the impact of ATP and ADO in modulating 

the HVRV̇E/V̇O2, since V̇O2 was not consistently measured in vivo. Section 1.3 details the importance 

of measuring V̇E and V̇O2 in studies of the HVR, since the reduction of O2 consumption in response 

to hypoxia is another adaptive strategy to counteract hypoxia, particularly in young mammals. It 

is also the basis of the argument that the HVRV̇E/V̇O2 is not compromised in the neonatal mammals 

(Mortola et al., 1989). However, closer scrutiny shows that analysis of rodents did not include 

animals younger than P2 and other species were not examined immediately after birth (Mortola et 

al., 1989). In addition, more recent data suggest that both the HVRV̇E and HVRV̇E/V̇O2 are immature 

in newborn rodents younger than P2 (Liu et al., 2009; Liu and Wong-Riley, 2013). Therefore, the 

overall objective of my research is to explore in vitro how purinergic signaling in the preBötC 

inspiratory network changes during postnatal development and how these changes contribute to 

the postnatal development of the ventilatory and metabolic responses to hypoxia. I describe three 

specific aims designed to help achieve this objective.  

 

Specific Aim 1. To characterize during postnatal development how different components of the 

purinome affect baseline inspiratory-related preBötC rhythm and its modulation by ATP and ADO 

and whether these changes underlie a shift in the ATP–ADO balance from inhibitory ADO 

signaling at birth to excitatory ATP/P2Y1 signaling (Chapter 2). 

I will test the following hypotheses: 

(i) Excitatory actions of ATP and P2Y1Rs in the preBötC inspiratory network increase 

postnatally (in vitro, Chapter 2); 

(ii) Inhibitory actions of ADO via P1Rs in the preBötC inspiratory network decrease 

postnatally (in vitro, Chapter 2), and; 
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(iii) Postnatal changes in the activity of different elements of the purinome, including ECTOs, 

ENTs, and ADK, contribute to developmental changes in the overall effect of purinergic 

signaling in the preBötC inspiratory network  

 

Specific Aim 2. To test the hypothesis that postnatal changes in purinergic signaling identified in 

vitro contribute to the postnatal changes in the HVR in vivo; i.e., the inability to produce a 

sustained increase in ventilation during hypoxia (HVRV̇E and HVRV̇E/V̇O2) (Chapter 3). 

 

Specific Aim 3. To challenge the concept that although the V̇E response of neonatal mammals to 

hypoxia (HVRV̇E) is immature, showing only a transient increase in V̇E during hypoxia (i.e., a 

greater hypoxic respiratory depression), the V̇E/V̇O2 response (HVRV̇E/V̇O2) is mature/adult-like 

comprising a sustained increase throughout hypoxia; i.e., the hypoxic response of newborns is not 

compromised compared to adults (Chapter 4). 

I will test the following hypotheses: 

(i) Hypoxia does not evoke a decrease in metabolic rate (V̇O2) at birth; 

(ii) The lack of a hypoxia-induced decrease in metabolism is an important factor for the 

immature HVRV̇E/V̇O2 in rodents, and; 

(iii) The time course over which the ability of hypoxia to cause a decrease in V̇O2 emerges and 

the HVRV̇E/V̇O2 matures varies between rodent species. 
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Chapter 2. Characterizing postnatal changes of the purinome that 

modulates preBötzinger Complex inspiratory network activity in 

mice, in vitro. 
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2.1 Introduction 

The central respiratory network is responsive to chemosensory feedback from the periphery 

(mainly the carotid body in humans) and the central nervous system that adjust breathing in 

proportion to metabolic rate, maintaining homeostatic control over arterial blood and CSF gases 

and pH; e.g., if PaO2 decreases or PaCO2 increases, a negative feedback loop causes ventilation to 

increase, thereby restoring homeostasis. Oxygen is very plentiful in the atmosphere so under most 

conditions in mammals (non-diving; non-burrowing) blood Hb is fully saturated even with falls in 

PaO2 in the 5–10 mmHg range. In contrast, ventilation is very sensitive to small changes in PaCO2, 

which is the primary variable important in determinant V̇E on a moment-to-moment basis (Guyenet 

et al., 2010). Extremely powerful reflexes, however, have evolved to protect blood and brain 

oxygen levels when PaO2 falls to the point where desaturation significantly impairs O2 delivery. 

One of the most important is the biphasic HVR, the reflex relevant to the studies in this thesis. In 

adult mammals, this involves an initial increase in breathing during the first 1–2 minutes of 

hypoxia, followed by a secondary hypoxic respiratory depression (HRD) where breathing falls 

during the subsequent 2–3 minutes, reaching a new steady-state. In adults, ventilation during this 

steady state phase remains above baseline; i.e., mature mammals produce a sustained increase in 

ventilation throughout hypoxia. The magnitude of the secondary depression varies during 

development (Bonora et al., 1984; Mortola, 1999; Moss, 2000). Premature and newborn mammals 

respond to hypoxia with an initial increase in ventilation (often smaller than in adults), but this is 

followed by a much greater HRD during which ventilation can fall to, or even well below baseline 

levels, which can cause further reductions on PaO2 (Bonora et al., 1984; Carroll and Bureau, 1987; 

Cross and Oppe, 1952). The degree to which ventilation falls varies depending on species and 

developmental stage (e.g., a P0 rodent is not the same a P0 lamb) (Frappell et al., 1992; Mortola, 

1999, 1996; Mortola et al., 1989), but premature/newborn mammals do not mount a sustained 

increase in ventilation when acutely exposed to hypoxia.  

 

There are clinical implications of this immature HVR. For example, mammals including human 

infants, born prematurely often produce a breathing rhythm that includes frequent apneas, 

reflecting immaturity of the central networks that produce and control breathing. Apneas reduce 

blood PaO2, evoking the HVR which can depress breathing below baseline levels, exacerbating 

the hypoxia leading to secondary apneas and the initiation of a life-threatening positive feedback 
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loop requiring rapid intervention. Caffeine is used clinically to stimulate breathing in premature 

infants with AOP to reduce the incidence of apneas. However, alternate therapies are required 

because ~20% of infants with AOP do not respond, or respond negatively, to caffeine, and these 

infants are more likely to require prolonged ventilator support and face greater rates of lung 

pathology, cognitive delay and cerebral palsy (Schmidt et al., 2012, 2007).  

 

Mechanistic control of the HVR is not fully known. The initial increase in ventilation is mediated 

by peripheral chemoreceptors, especially the carotid bodies, in mammals (Martin-Body et al., 

1985; Serra et al., 2001). These chemoreceptors sense low arterial oxygen and quickly send signals 

via the carotid sinus nerve and nucleus tractus solitarius to brainstem regions that control breathing, 

including the retrotrapezoid nucleus (RTN, chemosensory site) and the preBötC (site of inspiratory 

rhythm generation) (Angelova et al., 2015; Funk, 2013; Gray et al., 2001; Johnson et al., 2001; 

Schwarzacher et al., 2011; Smith et al., 1991; Vandam et al., 2008; Wang et al., 2014). This 

signaling mediates an increase in breathing. If this increase in breathing does not immediately 

restore arterial oxygen levels, ventilation starts to fall (roll-off) (Rajani et al., 2017; Reklow et al., 

2019). This secondary inhibition or depression is largely attributed to central mechanisms that are 

not completely understood (Bissonnette, 2000; Moss, 2000), but GABAergic mechanisms and 

especially purinergic signaling via ADOe at adenosine receptors is strongly implicated (Fiore et 

al., 2013; Herlenius et al., 2002; Koos et al., 1997; Paolillo and Picone, 2013; Reklow et al., 2019). 

The greater secondary depression in premature/newborn mammals is attributed, in part, to the 

greater inhibitory actions of ADOe at birth (Reklow et al., 2019).   

 

Until recently, it was thought that the only role of the CNS in the HVR was in the depression of 

breathing (via increases in extracellular GABA or ADOe) (Funk, 2013). However, this view has 

been challenged over the last decade by evidence that the secondary phase is also shaped by a slow 

onset, central, ATP-mediated excitation. Our current working model proposes that during hypoxia, 

preBötC astrocytes sense low oxygen and release ATP, which excites inspiratory neurons via 

metabotropic P2Y1 receptors, increases breathing and attenuates the secondary depression (Fig. 

1.2) (Angelova et al., 2015; Rajani et al., 2017). At the same time, ADOe increases in the CNS, 

including respiratory regions of the brainstem (Mayer et al., 2006), during hypoxia through the 

rapid breakdown of extracellular ATP (including ATP released by astrocytes) by ectonucleotidases 
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(ECTOs), and the direct release of ADO from sources that are not fully known (Dale and 

Frenguelli, 2009). ADO antagonists, such as caffeine, attenuate the HRD (Darnall, 1985; Easton 

and Anthonisen, 1988; Kawai et al., 1995). ADOe acts at metabotropic presynaptic inhibitory A1 

receptors on preBötC neuron synapses and postsynaptic excitatory A2A receptors on brainstem 

GABAergic inhibitory neurons to inhibit of breathing (Mayer et al., 2006; Rajani et al., 2017; 

Zwicker et al., 2011). Thus, during hypoxia, breathing is determined in part by a dynamic balance 

between excitatory actions of ATP and inhibitory actions of ADOe within regions of the central 

nervous system, including the preBötC. 

 

The balance between the actions of ATP and ADOe in the brain are determined not just by their 

actions at their respective P2 and P1 receptors, but by a complex signaling system, collectively 

referred to as the purinome. This includes of course the types and levels of P2 and P1 receptors 

present in a specific brain region, but also the subtype and amount of ECTOs present and the 

proteins involved in removing ADOe from its sites of action. ECTOs hydrolyze ATP to ADP, 

AMP, and finally ADOe, which, as mentioned above, is strongly implicated in the secondary 

respiratory depression. In other words, ECTOs not only stop the actions of ATP signaling, they 

initiate the signaling actions of ADO. Additional members of the purinome are involved in the 

clearance of ADOe. ENTs transport ADO bidirectionally across cell membranes down its 

concentration gradient (Anderson et al., 1999; Wall and Dale, 2013; Young et al., 2008; Zhang et 

al., 2011). Intracellular enzymes, including ADK that converts ADOi into AMPi (Nguyen et al., 

2015; Otsuguro et al., 2015; Sandau et al., 2016), facilitate ENT-mediated clearance of ADOe by 

maintaining the concentration of ADO inside cells lower than that outside (i.e. [ADO]e > [ADO]i). 

The developmental trajectory of each component of the purinome will influence the developmental 

trajectory of how purinergic signaling affects the activity of local neuronal networks once it is 

released. In hypoxia, ATP is released in the preBötC where its excitatory actions attenuate the 

secondary roll-off, however, ADO also contributes to the secondary depression. Understanding 

how components of the purinergic signaling system in the preBötC change during development 

and affect inspiratory activity is an important research question that could identify novel targets 

for therapeutic to stabilize breathing in a variety of clinical conditions where disruptions in 

purinergic signaling are implicated, including AOP (Fiore et al., 2013; Funk, 2013; Paolillo and 

Picone, 2013) and SUDEP (Boison, 2016; Devinsky et al., 2016; Richerson et al., 2016). 
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The overall goals of this chapter are therefore to advance our understanding of the purinome in the 

preBötC and determine how during development its different components modulate baseline 

inspiratory-related activity, as well as the responses of the preBötC to ATP and ADO. I use 

rhythmically-active medullary slices from mice ranging in age from P0–12 in which 

agonists/antagonists are applied specifically to the preBötC to directly measure effects within this 

network. I use purinergic agonists rather than hypoxia since hypoxic stimuli in vitro actually 

comprise changes from hyperoxia to anoxia at different depths within a rhythmic slice and 

responses to hypoxic stimuli in vitro have questionable relevance to physiological responses that 

contribute to homeostatic control of breathing (Funk, 2013; Funk and Greer, 2013). A series of 

specific aims are addressed in this chapter. Over the first two weeks of postnatal development, I 

specifically characterized changes in i) P2Y1R-mediated excitation; ii) ADO-mediated inhibition; 

and iii) the actions of ATP, which involve activation of both P2Y1 and ADO mechanisms if ECTO 

are active, on preBötC inspiratory frequency in mice. Furthermore, I utilized both pharmacological 

and transgenic tools to assess how ADOe clearance, mediated by ENT and ADK activity, 

influences basal preBötC activity and impacts the network’s response to adenosinergic signaling 

during the first two weeks of development. 

 

2.2 Methods 

2.2.1 Animals 

All animal experiments were reviewed in accordance with the guidelines of the Canadian Council 

on Animal Care and were approved by the University of Alberta’s Health Sciences Animal Care 

and Use Committee. Four different genotypes of mice were used for this study including two wild-

type (WT) strains, FVB/NCrl (FVB, Strain Code 207, Charles River, Wilmington, MA, USA) and 

C57BL/6J mice (Jackson Laboratories, Bar Harbor, ME, USA), as well as ENT1/2 knockout (KO) 

under an FVB background and the homozygous ADK transgenic (ADKtg) under the C57BL/6 

background. Each mouse strain was separately bred to establish local colonies that were housed 

with the University of Alberta’s Health Sciences Laboratory Animal Services and maintained on 

a 12-h light/dark schedule with ad libitum access to food and water.  ENT1/2 KO mice were 

originally obtained from the laboratories of Dr. James Young and Dr. Carol Cass. Briefly, this 

genetic knockout was achieved using a viral gene trap insertion between exon 2 and 3 of each gene 
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(Altaweraqi et al., 2020). ADK transgenic (Adktg) mice were obtained from a different 

collaborator, Dr. Detlev Boison. Adktg mice were made from Adktm1-/- mice lacking the 

endogenous Adk gene. A 1865bp full length Adk cDNA homologous to human Adk-S gene was 

inserted into the genome via a transgene expression vector, resulting in ubiquitous (over) 

expression of ADK-S from conception (Fedele et al., 2005; Li et al., 2007). 

 

2.2.2 Rhythmically-active medullary slice preparation 

Rhythmically-active medullary slices were prepared from neonates, ranging in age from P0–12, 

similar to protocols previously described previously (Funk et al., 1994; Ruangkittisakul et al., 

2011; Smith et al., 1991). First, the brainstem-spinal cord (BSSC) was isolated in cold (4°C) 

artificial cerebrospinal fluid (aCSF) containing (in mM): 120 NaCl, 3 KCl, 1.25 NaH2PO4, 1 

CaCl2, 2 MgSO4, 26 NaHCO3, 20 D-Glucose (all from Fisher Scientific, Hampton, NH, USA) and 

bubbled with 95% O2–5% CO2. For P9–12 mice, tissue was dissected in choline chloride aCSF, 

which replaced NaCl with choline chloride (120 mM, Sigma-Aldrich, St. Louis, MO, USA) to 

reduce excitotoxicity and improve the viability of this older tissue. All experiments, however, took 

place under the standard aCSF conditions described above. The BSSC was pinned to a wax chuck 

with the ventral surface upward and serial 100–200 µm sections were cut in the rostral to caudal 

direction using a vibrating microtome (VT1200S; Leica, Nussloch, Germany). Sections were 

trans-illuminated to identify anatomical landmarks, until the structure of the subnuclei of the 

inferior olive was identified in the slice. Then, a 550 (P0–8) or 600 µm (P9–12) rhythmic 

transverse slice containing preBötC was obtained. Rhythmic slices were pinned rostral surface up 

on Sylgard resin in a 5 mL recording chamber and perfused with 100 mL of recirculating standard 

aCSF (25 ± 1°C) at a flow rate of 8 mL min-1. The concentration of K+ in the aCSF was raised 

from 3 to 9 mM at least 30 min before the start of data collection to produce prolonged stable 

rhythm. Rhythmic inspiratory-related motor output was recorded through suction electrodes (A-M 

Systems, Carlsborg, WA, USA) placed on the hypoglossal (XII) nerve rootlets or the sites on the 

rostral surface overlying the XII motor nucleus or preBötC. Signals were amplified, bandpass 

filtered (100 Hz to 5 kHz), full-wave rectified, integrated using a leaky integrator (τ = 25 or 50 

ms), and displayed using Axoscope 9.2 (Molecular Devices, Sunnyvale, CA, USA). Data were 

displayed and acquired to computer using a Digidata 1322 A/D board (acquisition rate = 1 kHz) 
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and AxoScope 9.2 software (Molecular Devices, Sunnyvale, CA, USA) for off-line analysis. 

  

2.2.3 Medullary Tissue Punches  

Brainstem tissue punches were obtained from 600 µm preBötC-containing transverse slices that 

were prepared as described above, except tissue was dissected in phosphate-free aCSF containing 

(in mM): 124 NaCl, 4.5 KCl, 2.5 CaCl2, 1.3 MgSO4, 20 NaHCO3, and 20 D-Glucose. A rostral 

600 µm medullary tissue slices was also taken from each animal. The rostral surface of the rostral 

slice was 1.2–1.5 mm rostral to rostral border of the preBötC slice. Tissue punches were obtained 

using 21-G needles that were cut, sharpened and mounted on 4-axis micromanipulator (SD 

Instruments, San Diego, CA, USA) for precise control. Slices were pinned on sylgard and 

visualized under a dissecting microscope (Zeiss, Oberkochen, Germany). A total of 4 punches 

were taken from slices containing the preBötC, 2 from the ventrolateral column including the 

preBötC bilaterally, as described previously (Huxtable et al., 2009), and two from the XII nucleus 

(1 punch from each side). Two punches were taken from the ventrolateral medulla of rostral slices. 

The punches were digitally imaged using a camera (EOS, Canon, Tokyo, Japan) mounted on the 

dissecting scope equipped with a trinocular head (Zeiss, Oberkochen, Germany). Punches were 

not perfectly columnar as tissue compression resulted in their having a wider diameter on the 

rostral compared to the caudal surface. Images were therefore used to calculate the volume of each 

tissue punch in order to calculate PO4 production in relation to tissue volume.  

 

2.2.4 Phosphate Assay  

ECTO activity in the different brainstem regions was assessed by measuring the rate at which 

known volumes of tissue converted extracellular ATP into PO4. Single punches were transferred 

to individual 2 mL microfuge tubes containing 130 µL phosphate-free HEPES aCSF (in mM: 124 

NaCl, 4.5 KCl, 2.5 CaCl2, 1.3 MgSO4, 20 HEPES, and 20 D-Glucose) incubation solution as well 

as 150 µM ATP. An additional microfuge tube was included that contained incubation solution 

and ATP but no tissue punch to control for non-tissue-mediated degradation of ATP. To control 

for ATP-independent PO4 production, previous control experiments in which the incubation 

solution ATP showed that tissue punches alone produced undetectable PO4 levels (Huxtable et al., 

2009). Microfuge tubes (6 with tissue punches plus one control with ATP and no slice) were 

mounted in a Thermomixer (Eppendorf, Hamburg, Germany) maintained at 31°C and 600 rpm. 
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Microfuge tubes were incubated for 60 mins. Duplicate 50 µL samples were taken from each 

microfuge tube and transferred to 14 wells of a 96-well plate. A standard curve was simultaneously 

generated in duplicate on the same microplate using wells containing PO4 at concentrations of 0, 

4, 8, 12, 16, 24, 32, and 40 µM. A colorimetric PO4 assay (PiBlue Phosphate Assay Kit, BioAssay 

Systems, Hayward, CA, USA) was used to quantify PO4. 100 µL of PiBlue reagent was added to 

each well and incubated for 40 mins at room temperature. Absorbance was measured at 630 nm 

using a microplate reader (VERSAmax, Molecular Devices, Sunnyvale, CA, USA) and the 

phosphate concentration produced from the incubated samples was calculated in reference to the 

standard curve. The phosphate concentration was converted to amount (nmol PO4) and PO4 

production reported relative to the tissue volume. 

 

2.2.5 ENT1/2 KO Mice Genotyping 

DNA was isolated from FVB (WT) and ENT1/2 KO mouse tail snips using a DNeasy Blood & 

Tissue Kit (Qiagen, Hilden, Germany). As per the instructions of the kit, the mouse tail clippings 

were first finely sliced using a clean razor, then vortexed with 180 µL Buffer ATL and 20 µL 

Proteinase K solution and incubated at 56°C overnight to further lyse the tissue. Then, 200 µL of 

Buffer AL was added, the solution was vortexed and 200 µL of EtOH (96–100%) was added to 

the solution. The lysate was pipetted into a DNeasy Mini spin column placed inside a 2 mL 

collection tube and centrifuged at 6000 x g for 1 min. Flow-through was discarded and the spin 

column was placed back into the collection tube. Then 500 µL Buffer AW1 was added to the 

column, centrifuged again at 6000 x g for 1 min and flow-through was discarded. Finally, the spin 

column was placed in another 2 mL collection tube and 500 µL Buffer AW2 was added to the 

column, then centrifuged at 20,000 x g for 3 mins to dry the DNeasy membrane. The dried spin 

column was then placed in a clean 2 mL centrifuge tube, 200 µL Buffer AE was added directly 

onto the membrane and then incubated at room temperature for 1 min and finally centrifuged at 

6000 x g for 1 min to elute the DNA.  

 

Genomic DNA was amplified using GoTaq Green Mastermix (Promega, Wisconsin, USA) 

according to the manufacturer’s instructions, and 0.5 µM Forward and Reverse oligos (Integrated 

DNA Technologies, Coralville, Iowa, USA; primer sequences 5’ to 3’: ENT1_SY_F: 

CACCGTCCTGCCAACATCGAGTC; ENT1_SY_R: TTCTCAGTCCAAGGCCACTAAC; 
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ENT2_F: CCACGAGCCTTTGAATTCCC; ENT2_R: ACAGGAAGGAGTTGAGGAGC; 

LTR: AAATGGCGTTACTTAAGCTAGCTTGC) in an Eppendorf thermocycler. The PCR cycle 

was set up as follows: an initial 2-minute denaturation at 95°C, and 30 cycles consisting of a 30 s 

denaturation at 95°C, an annealing step of 30 seconds at 55°C, and extension at 72°C for 2 minutes, 

and a final extension at 72°C for 5 minutes. DNA was separated on a 2% (w/v) agarose gel 

containing RedSafe (Froggabio, Concord, ON) and imaged on a ChemiDoc imaging system (Bio-

rad, Hercules, CA, USA). 

 

2.2.6 Adenosine Kinase Western Blot 

Postnatal day 0–3 (P0–3), P6–8, P12–14, P20–23 (young adult), and P49+ (adult) WT and Adktg 

mice were use. Animals were anesthetized via inhalation of isoflurane (cat# CP0406V2, Fresenius 

Kabi, ON, Canada). P0–14 mice were decerebrated and P20+ mice were decapitated to ensure 

quick retrieval of brain tissue. Brains were pinned anterior side down in a Sylgard-coated chamber 

with cold, artificial CSF (pH 7.4, in mM: 218 sucrose, 3.0 KCl, 1.0 CaCl2, 2.0 MgSO4, 26 

NaHCO3, 1.25 NaH2PO4, and10 D-glucose) and tissue from the cortex, cerebellum, and medulla 

was extracted. Tissue was lysed in RIPA buffer (cat# 89900, Thermo Fisher Scientific, MA, USA) 

and protein stability was maintained by adding proteinase and phosphatase inhibitors (one tablet 

in 10 mL RIPA, cat# A32861, Thermo Fisher Scientific, Waltham, MA, USA). 150 μl of buffer 

was added per 10 mg of brain tissue, then samples were incubated for 1 hour on ice. Tissue was 

mechanically homogenized using a pipette and insulin syringe, centrifuged at 12,000 g for 10 

minutes, and the supernatant containing the protein was stored at -20ºC. Protein concentrations 

were determined with a BCA Protein Assay kit (cat# 23227, Pierce Biotechnology, Waltham, MA, 

USA). Protein samples were diluted to the lowest sample concentration so that each tube contained 

the same protein concentration. Laemmeli that was 4x more concentrated than the working 

concentration (cat# 161-0747. BIO-RAD, Hercules, CA, USA) and β-mercaptoethanol (cat# 

M3148, Millipore Sigma, Burlington, MA, USA) were added to each protein sample to improve 

protein visualization/movement on the gel and protein denaturation, respectively. Proteins were 

separated on a 10% sodium dodecyl sulphate/polyacrylamide gel at 150 V for 60–70 minutes, with 

each well/lane containing the same amount of protein (29–31 µg depending on the experiment). 

Proteins were then transferred from the gel to the polyvinylidene difluoride (PVDF) membrane 

using a current of 400 mA for 1 hour. Membranes were incubated for with Intercept blocking buffer 
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(cat# 927-60001, LI-COR, Lincoln, NE, USA) for 1–2 hours at room temperature to prevent non-

specific antibody binding. Membranes were then probed with a polyclonal rabbit anti-ADK 

antibody (1:4500, cat# A304-280A-M Bethyl Laboratories, Montgomery, TX, USA) at 4°C 

overnight. After washing the membranes with 1x tris buffer saline and tween (TBS-T), a IRDye 

800CW donkey anti-rabbit secondary antibody (1:10000, cat# 926-32213, LI-COR, Lincoln, NE, 

USA) was added for 1 hour at RT. All incubations occurred on a shaker. For the loading control, 

a monoclonal mouse anti-β-actin antibody (1:10000, cat# 3700, Cell Signaling Technology, 

Danvers, MA, USA) and a IRDye 680RD donkey anti-mouse secondary antibody (1:10000, cat# 

926-68072, LI-COR, Lincoln, NE, USA) were used, following the same incubation and washing 

steps. This control confirmed that equal amounts of protein were loaded into each gel lane. 

Membranes were washed in 1x TBS-T then 1x TBS and imaged with an Odyssey scanner (LI-

COR, NE, USA). ImageJ (NIH, Bethseda, MD, USA) was used to quantify ADK-S, ADK-L, and 

β-actin band optical densities. ADK-S and ADK-L values were divided by the loading control to 

normalize them. One mouse sample from each age group was used for a single Western-Blot 

experiment. Three separate experiments were conducted for both WT and ADKtg mice strains, 

creating 3 sets of experimental data to analyze for each mouse group. 

 

2.2.7 Drugs and Drug Application 

ATP (100 µM), ADO (500 µM), 2-Phenylaminoadenosine (CV 1808, 0.1 and 1 mM), and 1,3-

Dipropyl-8-cyclopentylxanthine (DPCPX, 2 µM) were obtained from Sigma-Aldrich (St. Louis, 

MO, USA). Substance P (1 µM), MRS 2365 (100 µM), 6-S-[(4-Nitrophenyl)methyl]-6-thioinosine 

(NBMPR, 100 µM), and 5-(3-Bromophenyl)-7-[6-(4-morpholinyl)-3-pyrido[2,3-d]byrimidin-4-

amine hydrochloride (ABT 702, 10 µM) were obtained from Tocris Bioscience (Bristol, UK). 

Drugs were prepared as stock solutions in aCSF and frozen in aliquots, except for ATP and ADO 

which were prepared fresh before each experiment. CV 1808 (local application via drug-pipette) 

required EtOH for complete solubility at 100 µM (0.5%) and 1 mM (5%). DMSO was used to 

dissolve DPCPX (bath applied: 0.2%; drug-pipette: 0.02%), ABT 702 (bath applied, 0.1%), and 

NBMPR (bath-applied, 0.1%). For drugs locally-applied via drug-pipette, the final [K+] equaled 

the bath aCSF concentration. For experiments that used control vehicle solutions, these contained 

the same concentration of solvent as the experimental drug solutions. 
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Drugs were locally microinjected into the preBötC using a triple-barreled glass pipette (5–6 µm 

per barrel, outer diameter) using a picospritzer (~12 psi, Spritzer4 Pressure Micro-Injector; 

Bioscience Tools, San Diego, CA, USA) controlled by a programable stimulator (Master-8; AMPI, 

Jerusalem, Israel). The preBötC injection site was initially located first using a surface electrode 

to define the region that produces the greatest inspiratory-related signal. It was then functionally 

confirmed by mapping responses to local injections of Substance P (NK1R agonist, 1 µM, 10 s) to 

define a region that elicited at least a doubling of the baseline preBötC frequency (Gray et al., 

1999; Lorier et al., 2007; Rajani et al., 2017; Zwicker et al., 2011). All injections were made at 

least 15 mins apart to ensure the network returned to its basal state. Our previous work suggests 

that responses evoked by injections repeated at this interval are highly reproducible (Huxtable et 

al., 2009; Lorier et al., 2008, 2007; Zwicker et al., 2011). For bath application experiments, 

appropriate volumes of stock solutions were aliquoted into the reservoir containing the 

recirculating aCSF and allowed to gradually wash-in to the recording chamber for at least 30 mins. 

Network activity was recorded during this wash-in period to observe any acute changes in preBötC 

rhythm. 

 

2.2.8 Data Analysis and Statistical Comparisons 

Inspiratory-related activity recorded from the XII nerve, XII nucleus (XIIn), and preBötC surface 

(VRC) from rhythmic slices was analyzed using Clampfit (Version 9.2) and Microsoft Excel. 

Effects of P2 agonists (i.e. ATP and MRS 2365) on preBötC frequency were calculated in 10 s 

time bins for the first min and then 30 s time bins for the next 2–4 mins. Effects of ADO on 

preBötC frequency were calculated in 30 s time bins from the onset of the drug-application. Effects 

of bath-applied drugs were calculated in 5 min time bins. All data was reported relative to a 1 min 

(local drug injections) or 5 min (bath-applied drugs) control period preceding drug application. 

The maximum peak frequency of the P2 agonist injections was defined as the maximum 10 s 

binned frequency of the initial 30 s following the injection onset. The maximum nadir frequency 

of the P1 agonist injections was defined as the minimum frequency observed in the initial 3 mins 

post-injection obtained from the rolling average (based on 5 consecutive bursts) of the 

instantaneous frequency time series. The duration of the ADO-mediated inhibition of preBötC 

frequency was calculated by measuring the 5-burst nadir frequency and measuring the time it took 

for frequency to recover by 90% of baseline frequency for at least three consecutive bursts and 
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subtracted this time value from the time of the onset of the ADO injection (i.e. if ADO evoked a 

depression in rhythm from 20 bpm to 10 bpm, then the duration was calculated using the timepoint 

that frequency returned to at least 18 bpm for at least 3 consecutive bursts subtracted from 

timepoint at the onset of the ADO injection). 

 

All statistical comparisons were made using Prism, version 7 (GraphPad Software Inc., La Jolla, 

CA, USA). Raw data from all groups was first tested for normality using a Shapiro-Wilk normality 

test to determine whether parametric or nonparametric analysis was appropriate. For comparisons 

of relative effects across age groups or strains, nonparametric analyses were used. For comparison 

of two groups, means were compared using either paired or unpaired t tests (parametric) or Mann-

Whitney tests (nonparametric). For comparison for 3 or more groups, one-way ANOVA 

(parametric) or Kruskal-Wallis test (nonparametric) were employed with either a Tukey or Dunn’s 

post hoc multiple comparison test, respectively. Two-way ANOVA was used in conjunction with 

Sidak’s (or Dunnett’s for repeated-measures two-way ANOVA analyses) post hoc multiple 

comparison test when comparing mean differences between groups with two independent 

variables. P < 0.05 was considered significant for all tests. Time-course graphs showing the mean 

and S.E.M were created using Excel. Box plots were created using Prism and the five whiskers 

represent the lowest sample value, first quartile, median, third quartile, and greatest sample value. 

The points within the boxes show individual data points. 

 

2.3 Results 

2.3.1 Developmental changes in the actions of ATP and P2Y1R activation on preBötC during 

the first two postnatal weeks 

The interaction between P2 and P1 systems determines the overall actions of ATP in the preBötC 

following its release during hypoxia, therefore changes in that interaction during development, 

which is determined by all components of the purinome, are implicated in developmental changes 

in the HVR. While the actions of MRS 2365 solely reflect the impact of P2Y1R modulation, the 

effects of ATP will be determined by multiple components of the purinome, including the rate at 

which ATP is degraded by ECTOs which also determines the rate of ADO production, the actions 

of ADO via diverse P1Rs, and the rate at which ADOe is removed. Characterizing differences in 

the responses evoked by ATP and MRS 2365 is the first step toward defining which factors account 
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for the differences in the responses evoked by ATP and MRS 2365, as this will define which 

purinergic components shape responses of the preBötC to ATP.  

 

My first objective was to characterize differences in the excitatory actions of ATP vs MRS 2365 

on preBötC rhythm during the first two weeks of development, irrespective of postnatal age, as 

well as the contribution to those differences of A1R activation secondary to ATP degradation by 

extracellular ECTOs. I hypothesized that the excitatory actions of ATP via P2Y1R activation 

would be reduced or attenuated by its rapid degradation and/or activation of A1Rs subsequent 

(Huxtable et al., 2009; Zwicker et al., 2011). To distinguish between these possibilities, i.e., assess 

whether differences between the effects of ATP and P2Y1R activation were due solely to the 

degradation of ATP, or ATP degradation and other factors listed above (A1Rs, ADO clearance), I 

locally injected drugs directly into the preBötC in medullary slices from mice ranging from P0–12 

and compared the local response of the network to ATP alone (100 µM, 10 s), ATP following 

DPCPX (A1R antagonist, 2 µM, 90 s), or MRS 2365 (a P2Y1R agonist that does not degrade to 

produce ADO, 100 µM, 10 s) (Fig. 2.1A, B). I predicted that if the difference between ATP and 

P2Y1R effects were entirely due to the ATP degradation, then the effects of ATP = DPCPX/ATP 

< MRS 2365. However, if the difference was due to a combination of ATP degradation and ADO 

actions that could include its clearance, then the effects of ATP < DPCPX/ATP < MRS 2365. For 

this initial analysis, data from all experiments were included, meaning that data are not paired and 

the sample size varies between groups.  

 

Baseline frequency prior to the injections was not significantly different between groups (Baseline 

ATP: 13 ± 1 bpm vs. DPCPX/ATP: 15 ± 1 bpm, p = 0.43; or vs. MRS 2365, 12 ± 1 bpm, p = 0.97, 

MRS2365 vs. ATP/DPCX: p = 0.38). The peak frequency evoked by ATP (20 ± 1 bpm) was 

smaller than both ATP following DPCPX (27 ± 2 bpm, p = 0.0001) and MRS 2365 (28 ± 2 bpm, 

p < 0.0001), but there were no differences between the peak evoked by DPCPX/ATP and MRS 

2365 (p = 0.78, two-way ANOVA, Tukey’s post hoc test) (Fig. 2.1C). Additionally, the duration 

of the excitatory effect of ATP (16 ± 2 s) was shorter than ATP applied after DPCPX (33 ± 5 s, p 

= 0.002), while MRS 2365 evoked a longer response than ATP alone (96 ± 9 s, p < 0.0001) and 

DPCPX/ATP (p = 0.006, Kruskal-Wallis test, Dunn’s post hoc comparison) (Fig. 2.1D). In other 
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Figure 2.1: Characterization of ATP and P2Y1R excitation on preBötC activity in slices from 

P0–12 FVB mice.  

A) Representative traces and B) summary time-course plots show the effect ATP (10 µM, 10 s, n 
= 35), ATP following DPCPX (2 µM, 90 s, n = 19), and MRS 2365 (100 µM, 10 s, n = 22) locally-
applied to the preBötC of P0–12 FVB mice. C) Summary box and whisker plots show the 
frequency of the preBötC network before and during the peak effect of each injection as well as 
the D) duration of the excitatory effects of each injection. E) Representative traces and F) summary 
time-course graphs show the effect of locally-applied ATP, ATP following DPCPX, and MRS 2365 
on the preBötC network in P0–2 (left, black panels), P4–6 (middle, blue panels), and P9–12 mice 
(right, red panels). Summary data show the G) relative peak and H) duration of the excitatory effect 
of each injection in each age window. For P0–2, N for ATP = 15; ATP/DPCPX = 7; and MRS 2365 
= 7. For P4–6, N for ATP = 8; ATP/DPCPX = 6; and MRS 2365 = 5. For P9–12, N for ATP =12; 
ATP/DPCPX = 6; and MRS 2365 = 10. †signifies difference (P < 0.05) between effect of each 
injection on preBötC frequency determined by two-way ANOVA with Tukey’s post hoc 

comparison. #signifies differences between injection effects determined using a Krukal-Wallis 
comparison with Dunn’s post hoc test. *signifies differences between injection effects determined 
using a one-way ANOVA with Tukey’s post hoc comparison. 
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words, the effects of ATP < DPCPX/ATP < MRS 2365. These data support my hypothesis, 

suggesting that the excitatory effect of ATP activation via P2Y1Rs is reduced and shortened by the 

rapid breakdown of ATP and A1R-mediated inhibition/ADO clearance.  

 

I next sought to determine whether the relative contributions of ATP degradation and ADO 

actions/clearance to differences between the excitatory effects of ATP and P2Y1R activation 

change during the first two postnatal weeks. I predicted that the difference between the actions of 

ATP, DPCPX/ATP and MRS 2365 would decrease with development because in SD rats the ADO-

mediated inhibition of preBötC activity disappears by P3 (Herlenius et al., 1997; Huxtable et al., 

2009). In addition, the greater hypoxic respiratory depression, which is attributed in part to ADO, 

is strongest in neonate mammals (Bonora et al., 1984; Mortola, 1999; Moss, 2000). While the 

ADO mediated inhibition of preBötC activity is much stronger in P0–4 Swiss CD mice compared 

to P0–4 SD rats (Zwicker et al., 2011), the developmental time course of the ADO-mediated effect 

is not known in Swiss CD mice, nor the FVB mice under examination here.  

 

To test my prediction, I repeated the same experimental protocol and analysis performed in Fig. 

2.1A and B, separately on slices from P0–2, P4–6 and P9–12 mice. The relative peak frequency 

evoked by ATP (100 µM, 10 s) was not significantly greater following the application of DPCPX 

(2 µM, 90 s) at P0–2 (ATP: 51 ± 9%; DPCPX/ATP: 83 ± 11%, p = 0.35,), at P4–6 (ATP: 45 ± 9%; 

DPCPX/ATP: 85 ± 10%, p = 0.36) or at P9–12 (ATP; 79 ± 12%; DPCPX/ATP: 82 ± 10%, p > 

0.99, all ages analyzed using Kruskal-wallis, Dunn’s post hoc test). However, the effect of MRS 

2365 (100 µM, 10 s), a P2Y1R agonist that is not degraded by ECTOs, was significantly greater 

than that of ATP at P0–2 (147 ± 25%, p = 0.002) and P4–6 (127 ± 8%, p = 0.002). Importantly, at 

P9–12, differences in the effects of ATP (79 ± 12%) and MRS 2365 (132 ± 20%, p = 0.10) on peak 

frequency were no longer significant (Fig. 2.1E–G), which appeared to reflect an increase in the 

excitatory effects of ATP compared to younger age groups.  

 

At P0–2, the duration of the peak increase evoked by ATP (20 ± 3 s) was numerically but not 

significantly increased by pre-application of DPCPX (37 ± 4 s, p = 0.20) (Fig. 2.1H). In contrast 

the duration of increase evoked by MRS 2365 (96 ± 15 s) was much greater than that evoked by 

ATP alone (p < 0.0001) and following DPCPX (p < 0.0001, one-way ANOVA, Tukey’s post hoc 
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test). A similar story was observed at the two older age groups where DPCPX caused variable 

increases in the duration of the ATP-evoked increase, while the response evoked by MRS 2365 

lasted much longer than that ATP response. At P4–6, the ATP-evoked increase lasted 12 ± 2 s, the 

increase following DPCPX lasted 40 ± 13 s (p = 0.04) and that following MRS 2365 lasted 100 ± 

11 s (p = 0.0006, Kruskal-Wallis test, Dunn’s post hoc comparison). At P9–12, the duration of the 

frequency increase evoked by ATP was 14 ± 3 s, by ATP after DPCPX was 23 ± 4 s (p = 0.24), 

while that evoked by MRS 2365 lasted 94 ± 18 s (p < 0.0001, Kruskal-Wallis test, Dunn’s post 

hoc comparison). In contrast to their effect in P0–2 slices, the duration of the DPCPX/ATP and 

MRS 2365 peaks were not different at P4–6 (p = 0.58) and P9–12 (p = 0.15). In summary, the 

analysis of individual age groups revealed that at P0–2 and P4–6 the actions of ATP, ATP/DPCPX 

and MRS 2365 were still very different, while at P9–12 their actions were similar. These data 

suggest that between P6 and P9–12, there are changes with respect to the processing and actions 

of ATP by different elements of the purinome; i.e., in older animals either the degradation of ATP 

was reduced (which would increase ATP excitation and reduce ADO inhibition), the excitatory 

effects of P2Y1Rs increased, the inhibitory effect of ADO at A1Rs was reduced, or the mechanisms 

that clear ADOe were more effective (which would reduce A1R mediated inhibition and increase 

ATP actions at P2Y1Rs).  

 

Having established that the purinergic signaling system that shapes the actions of ATP in the 

preBötC changes between P6 and P9–12, data from P0–2 and P4–6 mice were pooled. All 

subsequent experimental analyses compared data from P0–6 and P9–12 to identify developmental 

mechanisms underlying my observation that between P0–6 the actions of ATP < MRS 2365 while 

at P9–12 the difference disappears. Given that the excitatory component of the HVR increases 

developmentally due to increased excitation and a reduced secondary hypoxic depression, and that 

ATP/P2Y1R mediated excitation contributes to the excitation in adults, I was particularly interested 

in changes in the purinome that might contribute to maturation of the HVR.  

 

I first tested the hypotheses that the excitatory responses evoked by ATP or P2Y1R activation 

increase developmentally. Indeed, while the duration of the frequency increase evoked by ATP 

was similar between age groups (Fig. 2.2C) (P0–6: 17 ± 2 s; P9–12: 14 ± 3 s, p = 0.97), the peak 

frequency evoked by ATP at P9–12 (83 ± 12%) was significantly greater than at P0–6 (43 ± 8%, 
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Mann-Whitney test, p = 0.002) (Fig. 2.2B). In contrast, the peak frequency increases evoked by 

MRS 2365 at P0–6 (139 ± 15%) and P9–12 (132 ± 20%, Mann-Whitney test, p = 0.99) were 

similar. Response durations evoked by MRS 2365 were also similar between age groups (P0–6: 

97 ± 9 s; P9–12: 94 ± 17 s, p = 0.92, Mann-Whitney test) (Fig. 2.2C). 

 

I next tested the hypothesis that the difference in the ATP response between P0–6 and P9–12 is 

due to secondary inhibitory actions of ATP through an A1R-mediated inhibition of frequency, 

which decrease developmentally. The duration of frequency increases evoked by DPCPX/ATP at 

P0–6 (38 ± 6 s) and P9–12 (23 ± 4 s) were not different (p = 0.74, Mann-Whitney test) (Fig. 2.2C), 

however application of DPCPX prior to ATP eliminated the peak frequency difference between 

P0–6 (84 ± 7%) and P9–12 age groups (82 ± 10%, p = 0.83, Mann-Whitney test), which were 

similar to the 83 ± 12% frequency increase evoked by ATP alone in P9–12 mice (Fig. 2.2B). 

Overall, these results suggest that the excitatory effect of ATP in preBötC increases in the first 

week of life due to developmental reductions in the inhibitory actions associated with ATP 

application. 

 

2.3.2 Mechanisms underlying developmental increases in the ATP-mediated, but not the 

P2Y1R-mediated, excitation of preBötC frequency. 

At least three different mechanisms, acting alone or in combination, could explain the above 

observations that the excitatory effect of selective P2Y1R activation on preBötC rhythm was 

similar between age groups while the ATP-mediated excitation increased developmentally to 

match the effects of ATP (and MRS 2365) in the older animals. These include that: i) the inhibitory 

actions of ADO decrease developmentally; ii) the degradation of ATP into ADO by ECTOs is 

decreases developmentally; and, iii) the clearance of ADO becomes more efficient with age. 

Subsequent sections describe results of experiments designed to examine the development of these 

different elements and/or developmental changes in their effects on baseline inspiratory rhythm or 

their effects on baseline inspiratory rhythm or the adenosinergic modulation of preBötC rhythm. 
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2.3.2i Inhibitory actions of ADO at A1Rs in the preBötC in vitro do not change in the first two 

postnatal weeks 

Since ADO is implicated in the stronger hypoxic respiratory depression in neonates and A1R 

inhibition depresses the ATP-mediated excitation in P0–6 mice, I hypothesized that the sensitivity 

of the preBötC network to ADO was greatest at birth. I compared the inhibitory actions of 

exogenously-applied ADO (500 µM, 30 s) in the preBötC network in P0–6 and P9–12 mice, which 

is a high concentration used to ensure maximal activation of ADO receptors (Fig. 2.3A–D). The 

maximum decrease in frequency was reported relative to pre-drug control values based on the 

lowest 5-burst frequency recorded in the first 3 mins of ADO application, referred to as the nadir 

frequency. The maximum inhibition evoked by ADO did not change developmentally between 

P0–6 and P9–12 (Fig. 2.3C). In P0–6 slices, baseline frequency fell from 13 ± 0.5 bpm at baseline 

to 9 ± 0.3 bpm reaching a relative nadir frequency that was 32 ± 3% of control, which was not 

different than the effect in P9–12 slices where frequency reached a nadir that was 29 ± 3% below 

baseline (p = 0.53, Mann-Whitney test) after fall from 11 ± 0.5 bpm at baseline to 8 ± 0.4 bpm. 

However, the duration of inhibitory action decreased significantly between P0–6 (226 ± 24 s) and 

P9–12 (136 ± 27 s; Student’s t-test, p = 0.02, Fig. 2.3D). These data suggest that the increase in 

the excitatory effect of ATP between P0–6 and P9–12 to match the excitatory effects of MRS 

2365, which are the same at both age groups, is either due to reduced breakdown of ATP or 

improved clearance of ADOe rather than a reduction in the efficacy of A1Rs to inhibit rhythm. 

 

The ADO-mediated inhibition of preBötC rhythm frequency is primarily reported to occur through 

an A1R mechanism (Bissonnette et al., 1991; Herlenius and Lagercrantz, 1999; Huxtable et al., 

2009; Lagercrantz et al., 1984; Zwicker et al., 2011). An A2AR-mediated excitation of GABAergic 

neurons outside the preBötC (and not contained in slices used in this study) contribute to the ADO 

mediated inhibition in more intact mammalian preparations, including sheep, piglets and rats 

(Koos and Chau, 1998; Koos et al., 2002; Mayer et al., 2006; Wilson et al., 2004). The source of 

this A2AR-mediated GABAergic inhibition is most likely suprabulbar as it has never been seen in 

reduced preparations lacking suprbulbar structures (Herlenius and Lagercrantz, 1999; Mayer et al., 

2006; Mironov et al., 1999; Wilson et al., 2004). Nevertheless, given the potential for species 

differences, that the effects of ADO on preBötC rhythm have not previously been examined in 

FVB mice, the remote possibility that GABAergic terminals in the preBötC could be activated by 
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A2ARs in the slice and that the effects of A2BRs is not known, I tested for the presence in the 

preBötC of an A2R inhibitory mechanism. I compared the effects of locally applying into the 

preBötC a general A2R agonist, CV 1808 (0.1 and 1 mM, 30 s) and ADO (500 µM, 30 s) on 

frequency (Fig. 2.3E, F). Frequency of preBötC activity was not significantly affected by either 

concentration of CV 1808 (0.1 mM: -13 ± 4% p = 0.07; 1 mM: -12 ± 7%, p = 0.19) while ADO 

injected at the same site caused a significant, 36 ± 4% decrease in preBötC frequency (p = 0.002, 

two-way ANOVA, Sidak’s post hoc test) (Fig. 2.3F), indicating that in the FVB mouse there is no 

A2R inhibitory mechanism in the preBötC; i.e., the ADO inhibition in FVB mice is mediated by 

A1Rs.  

 
2.3.2ii Metabolism of ATP by ectonucleotidases in the preBötC increases developmentally  

Since the sensitivities of the preBöC network to P2Y1R and A1R sensitivity do not appear to change 

during development, I next tested the hypothesis that developmental reductions in the activity of 

enzyme systems that degrade ATP (ECTOs) might contribute to the greater ATP response in older 

mice. Contrary to my hypothesis, ECTO activity in the preBötC increases approximately 2-fold 

between E10 and P0–4 in SD rats, but postnatal changes are not known. In addition, compared to 

the preBötC of P0–5 SD rat, ATP is converted much more rapidly into ADO in the preBötC of 

P0–4 Swiss CD mice where it almost completely obscures the excitatory actions of ATP (Zwicker 

et al., 2011). Thus, it is conceivable that developmental reductions in preBötC ECTO activity could 

enhance ATP excitation in the FVB mouse.  

 

In addition to testing whether ECTO activity in the preBötC decreases with development, I was 

also interested in how ECTO activity in the preBötC compared with other brainstem regions less 

critical in generating inspiratory rhythm. Given the significance of the preBötC in rhythm 

generation, the adaptive nature of the ATP-mediated excitation in counteracting the secondary 

hypoxic depression of breathing and the negative consequences of ADO-mediated inhibition 

during hypoxia, I hypothesized that the preBötC might be unique compared to other brainstem 

regions in having lower levels of ECTO that, when ATP is released, would favour ATP excitation 

over ADO inhibition. To test these two hypotheses, I compared the rate at which tissue punches 
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taken from various regions at P1–5 and P10–12 produced PO4 when incubated for 60 min in PO4-

free aCSF containing 150 µM ATP. Tissue punches were taken from the preBötC, the XII nucleus 

and a ventral lateral punch from a rostral medullary slice whose rostral edge was 1.2–1.5 mm 

above the rostral edge of the preBötC slice. 

 

In contrast to my hypotheses, PO4 production in the preBötC increased by ~50% between P1–5 

and P10–12 from 41 ± 2 to 61 ± 4 nM PO4/hr/mm3, respectively (p < 0.0001). Moreover, the rate 

of PO4 production at P1–5 was similar in all brainstem regions and increased similarly with 

development. In the XII nucleus, PO4 production increased from 42 ± 2 nM to 54 ± 3 nM 

PO4/hr/mm3 (p = 0.03) at P1–5 and P10–12, respectively, while in the rostral medulla, PO4 

production increased from 45 ± 3 to P10–12: 62 ± 4 nM PO4/hr/mm3 (p = 0.0009, two-way 

ANOVA, Sidak’s post hoc test) (Fig. 2.4). There were no differences in the PO4 production 

between regions of either age group. My observation that PO4 production, which reflects ECTO 

activity, increases developmentally in the preBötC, it is highly unlikely that developmental 

changes in ECTO activity contribute to the developmental increase in the excitatory actions of 

ATP on preBötC rhythm. I therefore test my final hypothesis that developmental increases in the 

efficiency of ADOe clearance mechanisms contribute to developmental increases in ATP-

mediated excitation.   

 

2.3.3 Postnatal development of two mechanisms involved in clearing ADOe and their impact 

on basal preBötC rhythm and purinergic signaling 

ADOe is an important modulator of synaptic transmission in the CNS and endogenous levels of 

ADOe are believed sufficient to exert a tonic inhibitory influence on neuronal activity (Ballarín et 

al., 1991). Baseline levels of ADOe and the spatiotemporal profile of changes in ADOe that are 

produced following the direct release of ADO or the release and subsequent degradation of ATP, 

as occurs in hypoxia, are determined by a host of processes that vary between brain region and 

change with development, including transport and ADO metabolism. Transporters fall in two main 

classes, concentrative NTs (CNTs) that consume energy to transport ADO against its concentration 

gradient, and ENTs that transport ADO across membranes passively and bidirectionally down the 

concentration gradient between intra- (ADOi) and extracellular (ADOe) compartments. The 

direction of this gradient is not constant as ADOi and ADOe are constantly changing as a function  
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of metabolic rate, the energy status of local neurons, ADO transport and enzymes like Adenosine 

Deaminase that converts ADOi or ADOe into inosine and Adenosine Kinase (ADK) that converts 

ADOi into AMP (Nguyen et al., 2015; Parkinson et al., 2011, 2005). I focus on developmental 

changes in the two main forms of ENT in the CNS, ENT1 and 2, because unlike ENT3, 4 and 

CNTs, they appear to underlie the majority of ADO transport across the plasma membrane in the 

brain under physiological conditions (Chu et al., 2013; Parkinson et al., 2011; Young et al., 2008). 

My focus on the enzyme ADK reflects its key role in determining ADOi but especially because in 

other regions of the brain the activity of the ADK isoform, ADK-S, that affects ADOi and the 

ADO concentration gradient is very low at birth and increases postnatally. ADK is very important 

in facilitating clearance of ADOe because it reduces ADOi levels and helps keep ADOi < ADOe 

and supports removal of ADOe via ENTs.  

 

2.3.3i The effect of ENT activity on basal preBötC rhythm and its influence on the actions of ADO 

on preBötC rhythm increase developmentally 

Developmental changes in ENT activity would only contribute to the developmental increase in 

the excitatory actions of ATP if ENT activity, and therefore ADOe clearance, increases 

developmentally. To test the hypothesis that effects of ENT activity on basal preBötC frequency 

increases with development I compared the effects of bath-applied NBMPR, an ENT blocker, on 

baseline frequency of P0–5 and P9–12 mouse slices. Under baseline conditions (standard aCSF at 

9mM [K+]), NBMPR (100 µM, bath-applied) had no effect on baseline frequency at P0–5 

(frequency increased 5 ± 5%, p = 0.70) but significantly decreased frequency by 31 ± 5% in P9–

12 slices, presumably by increasing ADOe (p = 0.0007, two-way ANOVA, Sidak’s post hoc test,) 

(Fig. 2.5A–C). Note that this developmental change could reflect that ENT activity is very low in 

young mice or that under baseline conditions in P0–5 mice, ADOi and ADOe are in equilibrium; 

i.e., there is no ADOi – ADOe gradient, and blocking ENTs will not affect ADOe.  

 

I next tested whether the role of ENT activity in shaping preBötC frequency responses to large 

ADOe loads, as might occur during hypoxia, increases with development. I compared in P0–5 and 

P9–12 slices the responses evoked by local injection of ADO into the preBötC (to crudely simulate 

a high ADOe load) in the absence or presence of bath applied NBMPR. As seen in Fig. 2.5B, C, 

NBMPR significantly depressed baseline frequency only in P9–12 slices (Fig. 2.5E).  



 65 

Thus, for P0–5 slices, the effects of ADO on frequency in control and NBMPR conditions were 

measured from similar baseline frequencies. For P9–12 slices however, the effects of ADO on 

baseline frequency were assessed from different baseline frequencies under control and NBMPR 

conditions. For this reason, I report the nadir frequency evoked by ADO relative to the baseline 

for that trial. 

 

NBMPR had no effect on the relative nadir frequency evoked by ADO injected into preBötC at 

either age (Fig. 2.5D–G). At P0–5, the ADO-mediated nadir frequency was 25 ± 3% below 

baseline under control conditions, whereas the ADO depressed the preBötC frequency by 19 ± 1% 

with NBMPR in the bathing solution (p = 0.64). At P9–12, the nadir frequency evoked by ADO 

was 42 ± 2% and 36 ± 10% in control and NBMPR conditions, respectively (p = 0.70, two-way 

ANOVA, Sidak’s post hoc test, Fig. 2.5G). Surprisingly, NBMPR did not affect the duration of 

the ADO-mediated inhibition at P0–5 or P9–12 (Fig. 2.5H). At P0–5, the ADO-mediated inhibition 

lasted 121 ± 27 s and 144 ± 17 s in control and NBMPR conditions (p = 0.93), respectively. 

Meanwhile, NBMPR had no effect on the duration of ADO-evoked inhibition at P9–12, which 

was 204 ± 36 s in control conditions and 290 ± 62 s with NBMPR in the bath (p = 0.41, two-way 

ANOVA, Sidak’s post hoc test, Fig. 2.5H). While NBMPR has some effect at the concentrations 

used; i.e., it reduced baseline preBötC frequency in the P9–12 slices, and I expected relatively 

complete block at these concentrations (Miller et al., 2020), incomplete block of ENT activity 

might contribute to my inability to detect an effect of NBMPR on the duration of the ADO. In 

summary, the impact of ENT activity on baseline frequency increases with development. However, 

this could reflect that ENT activity is very low in young mice or that under baseline conditions in 

P0–5 but not P9–12 mice, ADOi and ADOe are in equilibrium; i.e., there is no ADOi – ADOe 

gradient, and blocking ENTs will not affect ADOe.  

 

2.3.3ii Genetic knockout of ENTs does not influence the sensitivity of inspiratory rhythm to ATP 

or P2Y1R or ATP metabolism within the preBötC network.  

To explore the importance of ENT-mediated ADOe clearance in shaping preBötC responses to 

ADOe loads during development, I adopted a transgenic approach where I could be certain that 

ENT activity was completely absent. I used an ENT1/2 double KO mouse (ENT1/2 KO) to  
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examine the impact that the complete lack of ENT1/2-mediated transport would have on the 

responses evoked by ADO in the preBötC through development. First, I confirmed the genetic 

phenotype of the transgenic mice via PCR analysis of DNA extracted from tail clippings from WT 

FVB and ENT1/2 KO animals. The gel shown in Fig. 2.6A shows that in contrast to the WT FVB 

mice, the endogenous genes encoding for ENT1 or ENT2 were not detected in ENT1/2 KO animals 

(Fig. 2.6A).  

 

I was concerned that complete lack of ENT1/2 throughout life and potentially altered level of 

ADOe/ADOi could alter development of multiple components of the purinergic signaling system, 

including the expression of P2Rs, ADORs and ECTOs in the ENT KO mice. Therefore, before 

examining the impact of ENT1/2 KO on ADO responses, I functionally assessed the degree to 

which ENT1/2 KO affected other components of purinergic signaling system in the preBötC.  

 

To functionally assess the impact of ENT KO on P2R signaling, I first compared at P0–6 and P10–

12 the sensitivity of WT and ENT1/2 KO mice to ATP and the P2Y1R agonist MRS 2365. The 

excitatory actions of ATP on preBötC frequency had a similar effect in WT and ENT KO mice at 

both P0–6 (WT: 50 ± 6%; ENT KO: 47 ± 13%, p = 0.96) and P9–12 (WT: 80 ± 11%; ENT KO: 

117 ± 16%, two-way ANOVA, Sidak’s post hoc test, p = 0.15) (Fig. 2.6B, C). The peak excitatory 

effect of ATP was significantly higher at P9–12 compared to P0–6 in both the WT (p = 0.05) and 

ENT1/2 KO mice (p = 0.004, two-way ANOVA, Sidak’s post hoc test). The duration of the 

excitatory ATP-evoked peak was similar between P0–6 and P9–12 groups (data not shown). MRS 

2365 also had similar excitatory actions in both strains of the P0–6 (WT: 132 ± 8%; ENT KO: 121 

± 13%, p = 0.81) and P9–12 groups (WT: 143 ± 21%; ENT KO: 121 ± 12%, two-way ANOVA, 

Sidak’s post hoc test, p = 0.65) (Fig. 2.6B, D). The excitatory effect of MRS 2365 was not different 

between P0–6 and P9–12 WT (p = 0.85) or ENT KO mice (p > 0.99, two-way ANOVA, Sidak’s 

post hoc test). Collectively, these data suggest that postnatal development of the ATP and P2Y1R 

responses were not disrupted by the loss of ENT activity in the KO mice. 
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Figure 2.6. Characterizing the effect of genetic ENT 1/2 knockout on purinergic modulation 

of preBötC activity in P0–6 and P9–12 mice.  

A) Southern-blot images show ENT 1 (∼350 kDa) and ENT 2 DNA bands (∼2000 kDa) from 
isolated tissue samples of WT (FVB) and ENT 1/2 KO mice. B) Representative XII and XII 
nucleus recordings show the effect of locally-applied ATP (100 µM, 10 s) and MRS 2365 (100 
µM, 10 s) on preBötC frequency in slices from P0–6 and P9–12 WT (black) and ENT 1/2 KO 
(red) mice. Summary time-course and box and whisker plots show differences in the effect of C,D) 
ATP and E,F) MRS 2365 in the WT and transgenic animals at P0–6 and P9–12. N for ATP P0–6 
WT = 23; ENT 1/2 KO = 11; N for P9–12 WT = 14; ENT 1/2 KO = 4. N for MRS 2365 P0–6 WT 
= 12; ENT 1/2 KO = 14; N for P9–12 WT = 10; ENT 1/2 KO = 5. E) Summary box and whisker 
plot shows the amount of phosphate (PO4) produced by preBötC tissue punches incubated in 
solution with 150 µM ATP from P0–6 and P9–12 WT and ENT 1/2 KO mice (N = 11 for punches 
of both ages and strains). F) Representative XII traces and summary data show how ENT 1/2 KO 
affects G) baseline preBötC frequency and H) time-course, I) nadir frequency and J) duration of 
the inhibitory effects of locally-applied ADO (500 µM, 30 s) on preBötC frequency compared to 
age-matched P0–6 and P9–12 WT mice. For P0–6 N for WT = 29; ENT 1/2 KO = 13; and for P9–
12 WT = 17; ENT 1/2 KO = 5. †signifies a difference (P < 0.05) between age group or strain 
determined using a two-way ANOVA with Sidak’s post hoc test. 
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I next assessed the impact of ENT KO on the development of ECTO activity. preBötC punches 

isolated from P1–2 and P10–14 WT and ENT KO mice were incubated in ATP and PO4 production 

compared as described previously. PO4 production increased significantly with development and 

was similar in WT (P1–2: 40 ± 2 nM PO4/hr/mm3; P10–14: 58 ± 2 nM PO4/hr/mm3 p < 0.0001) 

and ENT KO (P1–2: 34 ± 2 nM PO4/hr/mm3; P10–14: 54 ±  3 nM PO4/hr/mm3, p < 0.0001, two-

way ANOVA, Sidak’s post hoc test) strains at both developmental time points (Fig. 2.6E). 

Between strains, there was no difference at P1–2 (p = 0.25) or P10–14 (p = 0.51, two-way 

ANOVA, Sidak’s post hoc test). These functional data suggest that KO of ENT1/2 did not globally 

disrupt the postnatal development of the purinergic system in the preBötC.  

 

2.3.3iii ENT activity shortens the ADO-evoked inhibitory response in the preBötC network.  

Finally, I compared the inhibitory effect evoked by ADO in WT and KO mice.  The ADO-mediated 

reduction in instantaneous frequency, reported relative to baseline, were similar in P0–6 WT (-31 

± 3%) and ENT1/2 KO mice (-32 ± 3%, p = 0.90) and P9–12 mice (WT: -27 ± 3%; ENT1/2 KO: 

-23 ± 5%, p = 0.78, two-way ANOVA, Sidak’s post hoc test) (Fig. 2.6F, H, I), indicating that the 

sensitivity of the preBötC to A1R-mediated inhibition, and likely A1R expression, were not 

affected by ENT KO. However, the duration of the inhibition evoked by ADO was significantly 

longer in the ENT1/2 KO mice at both P0–6 (WT: 207.2 ± 18.5 s; ENT1/2 KO: 367.0 ± 53.0 s, p 

= 0.001) and P9–12 (WT: 138.0 ± 22.2 s; ENT1/2 KO: 375.3 ± 106.5 s; p = 0.002, two-way 

ANOVA, Sidak’s post hoc test) (Fig. 2.6J). These data suggest that under high ADOe loads, as 

occurs during hypoxia, ENT1 and ENT2 play an important role in removing ADOe and shaping 

the time course of the preBötC response to ADOe from the time of birth. 

 

2.3.3iv ADK expression and its impact on preBötC activity change postnatally  

ENT KO experiments clearly demonstrate that from the time of birth ENTs are expressed at some 

level in the preBötC where they influence preBötC activity and ADO responses. The impact of 

ENT activity (and ENT inhibition) on preBötC activity at any moment in time, however, will 

depend on the concentration gradient for ADO. Data indicate that in my experimental conditions 

ADOe was typically greater than ADOi such that ENTs were transporting ADOe into cells such 

that inhibition of ENTs either reduced basal frequency or slowed recovery from an ADO bolus. 

Key determinants of the ADO gradient are intra- and extracellular enzymes, such as adenosine 
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deaminase and adenosine kinase (ADK), for both of which ADO is a substrate. I focused on the 

intracellular enzyme, ADK, that phosphorylates ADOi to produce AMP, because its reduction of 

ADOi favours the ENT-mediated transport of ADOe into the cytoplasm. Moreover, ADK 

distribution and activity changes dramatically during postnatal development. ADK exists as a long, 

nuclear isoform (ADK-L) and a cytoplasmic short (ADK-S) isoform that reduces ADOi and alters 

the ADOe–ADOi to favor ADOe clearance. In the cerebral cortex and hippocampus, ADK-S 

expression is very low at birth and matures over the first 2–3 postnatal weeks; neuronal and 

network excitability in these regions increases in parallel with ADK-S expression (Gebril et al., 

2021; Studer et al., 2006). Basal neuronal and network excitability increase in parallel with ADK-

S expression. In other words, one of the major enzymes important in ADOe clearance in the cortex 

and hippocampus is very immature at birth. If the same holds true in the brainstem, I speculated 

that the reduced capacity to clear ADO from respiratory networks could be a factor in the inability 

of neonatal mammals to mount a sustained increase in breathing when exposed to hypoxia.   

 

I began by using Western Blot to assess the developmental profiles of ADK-L (top band) and 

ADK-S (bottom band) expression in the brainstem compared to the cerebral cortex and cerebellum 

in FVB mice (Fig. 2.7A, B). ADK-S and ADK-L from the different regions and ages are reported 

relative to the OD of Actin. At P0–3, the signal for ADK-L was more prominent than ADK-S, 

which was very low in all brain regions. ADK-S expression then increased dramatically, reaching 

adult levels at different times depending on region. In the medulla, ADK-S expression (relative to 

Actin) increased significantly from 0.08 ± 0.01 a.u. at P0–3 to 0.57 ± 0.06 a.u. by P20–22 (p = 

0.004), levels that were similar in adult (0.58 ± 0.03 a.u., p = 0.004, one-way ANOVA, Dunnett’s 

post hoc test, Fig. 2.7B). I observed similar trends in higher regions of the brain. In the cortex, 

ADK-S expression similarly increased significantly from birth (0.17 ± 0.04) to reach levels similar 

to the adult by P20–23 (0.71 ± 0.17; p = 0.01, one-way ANOVA, Dunnett’s post hoc test). The 

developmental increase in ADK-S expression appeared to happen earlier in cerebellum where 

levels increased significantly from 0.06 ± 0.04 at P0–2 to 0.35 ± 0.09 by P8 (p = 0.03, one-way 

ANOVA, Dunnett’s post hoc test). 

 

I next used the ADK-inhibitor, ABT 702, to assess the functional consequences of these 

developmental changes in the brainstem ADK-S expression for preBötC behaviour. If ADK-S is 
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important in modulating rhythm by reducing ADOe levels, inhibition of ADK-S with ABT-702 

should produce an ADOe-mediated decrease in frequency. To address possible off-target actions, 

I first confirmed that the inhibitory effects of ABT 702 on rhythm are sensitive to the A1R 

antagonist, DPCPX. Fig. 2.7C–E show that bath application of ABT 702 to P0–11 slices caused a 

significant dose-dependent decrease in basal frequency from 17 ± 1 bpm to 15 ± 1 bpm (p = 0.01) 

at 1 µM and 14 ± 1 bpm (p = 0.02; repeated-measures two-way ANOVA, Dunnett’s post hoc test) 

at 10 µM. After DPCPX was added to the bath, however, preBötC rhythm increased to 16 ± 1 bpm, 

which restored frequency to levels not significantly different from baseline (p = 0.64; repeated-

measures two-way ANOVA, Dunnett’s post hoc test, Fig. 2.7E) 

 

I next tested the hypothesis that the sensitivity of baseline preBötC rhythm to ADK increases 

developmentally by comparing the effects of bath-applied ABT 702 on the rhythm produced by 

medullary slices from P0–5 and P9–12 FVB mice. ABT 702 (10 µM) depressed baseline rhythm 

of P9–12 slices by 13 ± 9%, which was significantly greater than its effects in P0–5 slices, which 

only decreased frequency by 3 ± 2% (p = 0.03, Mann-Whitney test) suggesting that ADK activity 

in the preBötC network increases in the second week of life (Fig. 2.7F–H). ADK inhibition did not 

impact the ADO-mediated (500 µM, 30 s) nadir of preBötC frequency compared to baseline at 

P0–5 (Control: -21 ± 3%; ABT 702: -19  ± 4%, p = 0.86) and P9–12 (Control: 26 ± 4%; ABT 702: 

41  ± 8%, p = 0.06, two-way ANOVA, Sidak post hoc test) (Fig. 2.7I–L), nor the duration of the 

ADO-mediated inhibition at either age (P0–5 Control: 179 ± 35 s; ABT 702: 120 ± 28 s, p = 0.47; 

P9–12 Control: 149 ± 59 s; ABT 702: 199  ± 29 s, p = 0.82, two-way ANOVA, Sidak post hoc 

test) (Fig. 2.7M). The absence of an ABT 702-mediated increase in the duration of the ADO 

inhibition was surprising, similar to the experiments in which pharmacological inhibition affected 

baseline rhythm in older slices but did not affect response duration. As then, the challenge of 

achieving complete pharmacological block of ADK activity (an intracellular enzyme) must be 

considered. 
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2.3.3v The capacity of endogenous ADK to modulate preBötC activity in response to adenosine 

increases postnatally 

An additional limitation to the experiment in Fig. 2.7 that tests whether the effect of ADK 

inhibition on the preBötC response to ADO increases developmentally is that basal rhythm was 

significantly depressed by ABT 702 in juveniles, most likely through increases in ADOe. Thus, 

the application of ADOe in older slices incubated in ABT 702 likely occurred on an elevated 

baseline of endogenous ADOe, which could mask developmental increases in the effect of ADK 

on the ADO response in juveniles.  

 

ADK KO strategies are not appropriate in this case because ADK-S levels are very low at birth 

(Fig. 2.7A, B), and complete ADK KO is lethal after birth (Boison et al., 2002)  Instead, to further 

functionally assess whether development of endogenous ADK modulates the preBötC response to 

ADO, I used ADK transgenic (ADKtg) mice that constitutively overexpress ADK-S throughout 

the CNS at adult levels birth, to test whether the role of ADK-S in shaping preBötC responses to 

ADO loads increases developmentally. I predicted that at birth, the ADO mediated inhibition will 

last much longer in WT than the ADKtg mouse due to enhanced ADOe clearance and that with 

development the difference will diminish as endogenous ADK-S expression increases along its 

normal developmental trajectory. 

 

ADKtg mice were produced on a C57BL/6J background strain. Thus, I first used Western Blot to 

assess whether the developmental profile of ADK-S expression in C57BL/6J mice was similar to 

that of FVB mice and to assess the degree of ADK-S overexpression in the ADKtg mice. Western 

blots showing ADK-L and ADK-S expression from C57BL/6J and ADKtg mice at 5 different ages 

reveal a developmental trajectory similar to that of FVB mice. ADK-S expression in the medulla, 

reported relative to Actin, increased steadily from P0–2 levels (0.08 ± 0.05 a.u.) to become 

significantly greater by P20–23 (0.85 ± 0.14, one-way ANOVA, Dunnett’s post hoc test, p = 0.003, 

Fig. 2.8A, B). The developmental increase occurred earlier in cortex (P0–3: 0.06 ± 0.05 a.u.; P12–

14: 0.37 ± 0.06 a.u., one-way ANOVA, Dunnett’s post hoc test, p = 0.03). Larger variability in 

measurements from cerebellum precluded detection of a potential significant increase but the trend 

suggests increased developmental expression of ADK-S in the cerebellum as well. Important for 

the purposes of my experiments, ADK-S was overexpressed in the medulla, cerebellum and cortex 
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of ADKtg mice from birth (Fig. 2.8A, B). While levels in each area were similar across all ages, 

the level of overexpression decreased because endogenous ADK-S levels increased 

developmentally. 

 

I compared the preBötC response to ADO in P0–4 and P9–12 WT and ADKtg mice (Fig. 2.8C–

F). ADO (500 µM, 30 s) evoked a similar 35 ± 3% and 26 ± 5% depression in baseline frequency 

in P0–4 WT and ADKtg mice, respectively (p = 0.30, Fig. 2.8E). Similarly, at P9–12, preBötC 

rhythm of ADKtg mice was depressed 35 ± 6% by ADO, which was not different than the 32 ± 

4% depression evoked by ADO in WT slices (p = 0.84, two-way ANOVA, Sidak’s post hoc test). 

That saturating concentrations of ADO evoked similar frequency decreases in WT and ADKtg 

mice suggests the overexpression of ADK-S did not alter the peak ADOe levels reached but more 

importantly, that ADOR expression within the preBötC was not affected by the transgenic 

introduction of ADK-S. In contrast, the duration of the inhibition evoked by 500 µM, but not 50 

µM (50 µM ADO: WT: 69 ± 8 s vs. ADKtg: 56 ± 14 s, p = 0.89), ADO was reduced significantly 

in P0–4 ADKtg mice compared to WT. At P0–4, the inhibition evoked by 500 µM ADO lasted 

213 ± 22 s in WT compared to 134 ± 28 s in ADKtg mice (p = 0.02, Fig. 2.8F). By P9–12, these 

strain differences in the duration of ADO-evoked inhibition disappeared. ADO evoked an inhibiton 

that lasted 174 ± 25 s in WT slices compared to an inhibition that lasted 149 ± 43 s in slices from 

ADKtg mice (p = 0.89, two-way ANOVA, Sidak’s post hoc test, Fig. 2.8F). These data suggest 

that compared to the youngest WT mice that have low levels of endogenous ADK-S, 

overexpression of ADK-S in preBötC of the ADKtg mouse at this age facilitates clearance of an 

ADOe load, shortening the ADO mediated inhibition. That the difference in ADO response 

duration between ADKtg and WT mice disappeared by P9–12 suggests that endogenous ADK-S 

expression has increased to a level in the WT mice that its effect on ADO response duration is not 

distinguishable from ADKtg mice – i.e., the role of endogenous ADK-S in shaping the response 

of the respiratory network to ADO loads increases developmentally.  
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Figure 2.8. Assessing the effect of transgenic introduction of the mature ADK-S isoform in 

the brain on ADO effects in the preBötC of developing C57BL/6J mice from P0–12. 

A) Western Blot images and B) summary graphs show developmental changes in expression of 
the immature, long (top band) and mature, short (bottom band) isoforms of ADK in the medulla, 
cortex, and cerebellum of P0–P90 C57BL/6J and ADKtg mice. C) Representative recordings and 
D) summary time-course graphs show the effect of transgenic introduction and overexpression of 
ADK-S from birth on preBötC frequency responses to locally-applied ADO (500 µM, 30 s) in P0–
4 and P9–12 C57BL/6J (WT, black symbols) and ADKtg mice (green symbols). Summary box 
and whisker plots show the E) nadir frequency relative to baseline and F) duration of the inhibitory 
responses evoked by ADO injection in the preBötC of both strains. For each strain at each age, N 
= 5. *signifies a difference (P < 0.05) in ADK-S expression between ages in specified brain region 
determined using one-way ANOVA with Dunnett’s post hoc test. †signifies a difference (P < 0.05) 
between the WT and ADKtg strain determined using two-way ANOVA with Sidak’s post hoc test.  
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2.4 Discussion 

Purinergic signaling in the brainstem, specifically within the preBötC, is implicated in shaping the 

secondary phase of the biphasic hypoxic ventilatory response via both excitatory ATP- and 

inhibitory ADOR-mediated actions. The excitatory component of the HVR of adults includes not 

only a carotid body-mediated, initial rapid increase in ventilation, but a slower central excitation 

mediated by astrocyte-derived ATP that activates P2Y1Rs on preBötC inspiratory neurons, 

increasing ventilation and attenuating the secondary hypoxic respiratory depression. ATP, 

however, is rapidly broken down in the CNS to ADO, which inhibits breathing via P1Rs and is 

strongly implicated in the hypoxic respiratory depression that is much more pronounced in 

premature and neonatal mammals. Our lab has shown previously in Sprague-Dawley (SD) rats that 

the preBötC network is sensitive to ATP and adenosinergic modulation from the moment the 

network first becomes active at E17. Moreover, the complement and activity of local ECTOs plays 

a profound, species-specific role in shaping the interaction between ATP and ADO signaling in 

the preBötC at birth (P0–4) (Huxtable et al., 2009). Here, I extend this work by determining during 

the first two postnatal weeks how purinergic (P2Y1R- and A1R-mediated) signaling and additional 

elements of the purinome, including ECTOs, ENTs and ADK, impact the basal behaviour of the 

preBötC network and shape its responses to ATP and ADO. I was particularly interested in 

identifying mechanisms/processes that could contribute to the greater hypoxic respiratory 

depression in early development; i.e., the inability of newborns to produce a sustained increase in 

V̇E during hypoxia. 

 

To summarize the most significant observations, these data demonstrate that ATP is a potent 

excitatory modulator of the preBötC inspiratory network throughout the first two postnatal weeks 

in mice where its potentiation of frequency is attenuated by the actions of ECTOs and A1R-

mediated inhibition, particularly at birth. With development, the efficacy of the ATP excitation 

increased, but this did not reflect increased efficacy of the P2Y1R-mediated excitatory mechanism 

or decreased ADO sensitivity as the preBötC responses to both agonists did not change postnatally. 

The possibility that a reduction in ECTO activity contributed to the increased ATP sensitivity was 

also excluded. PO4 production from ATP by preBötC tissue actually increased ~50% over the same 

window.  
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The element most responsible for the developmental increase in the excitatory actions of ATP was 

the maturation of ADOe clearance mechanisms. The ADK isoform that affects intracellular ADO 

levels (ADK-S) is minimally expressed at birth but expression increases thereafter reaching adult 

levels by the third week of life in the medulla, cerebellum, and cortex. Pharmacological inhibition 

of ENTs and ADK did not affect baseline preBötC rhythm until P9–12, suggesting that the role of 

ENTs and ADK in setting preBötC ADOe tone, a key factor in establishing local network 

excitability, increases developmentally. In addition, ENTs from birth and ADK at P9–12 shorten 

the inhibitory actions of ADOe in the preBötC, suggesting that these clearance systems limit the 

inhibitory actions of ADO as mice mature. Overall, our data suggest that the actions of ATP in the 

preBötC of FVB mice are determined by a dynamic interaction between developmentally stable 

P2Y1R excitatory and A1R inhibitory mechanisms. Developmental increases in the excitatory 

actions of ATP likely reflect that, despite increased ECTO activity, there is a shift in the ATP-

ADOe interaction due to enhanced ADOe clearance. A likely contributor to the enhanced clearance 

is elevated ADK-S expression, which converts ADOi into AMP, facilitating ENT-mediated 

intracellular transport of ADOe and termination of its inhibitory actions. Whether developmental 

changes in ENT activity/expression contributes to the enhanced clearance is uncertain.  

 

2.4.1 Postnatal changes in ATP sensitivity; alterations in the balance between P2Y1 excitation 

and A1 inhibition.   

The preBötC network of the SD rat is sensitive to P2Y1R excitation and A1R inhibition from the 

moment the network first becomes active at E17. Moreover, from this embryonic stage to the early 

postnatal period (P0–4), the net effect of ATP in the preBötC is determined by an interaction 

between the actions of ATP at P2Y1Rs and the ATP metabolite, ADO at A1Rs (Huxtable et al., 

2009). Data presented here in FVB mice show that this holds true through at least the first two 

postnatal weeks. Data also show that the balance between P2Y1R excitation and A1R inhibition 

evoked by ATP changes in favor of excitation over the same time window; i.e., the effects of ATP 

on preBötC frequency of FVB mice were smaller in the first week (P0–6) compared to second 

postnatal week (P9–12). This shift may contribute to development changes in the HVR and the 

ability of mature mammals to respond to hypoxia with a sustained increase in ventilation.  
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The objective of this study is to identify candidates within the purinergic signaling system that 

could account for this developmental shift, however data rule out an increased sensitivity of the 

FVB preBötC to P2Y1R excitation. As seen between E17 and P0–4 in SD rat (Huxtable et al., 

2009), P2Y1R activation in the preBötC of FVB mice more than doubled inspiratory frequency 

and these effects were consistent during the first two weeks. Direct comparisons of preBötC 

sensitivity to P2Y1R activation between P12 and adults are not available, but the sensitivity of the 

preBötC to P2Y1R excitation persists into adulthood, as demonstrated by the MRS 2279-mediated 

(P2Y1 antagonist) attenuation of the HVR in anesthetized, adult rats following its injection into 

the preBötC (Rajani et al., 2017). P2Y1R expression has been characterized throughout the 

brainstem, including central respiratory networks, which suggests that it may have an important 

role throughout life influencing neural activity (Alvares et al., 2014; Fong et al., 2002; Gourine et 

al., 2010; Lorier et al., 2007; Rajani et al., 2017, 2016). Previous results also suggest that P2Y1R 

expression is detected as early as E14 in the CNS of rats (Franke and Illes, 2006), and increases 

by E18 (Cheung et al., 2003). While there are likely differences between rats and mice, which were 

used in this study, data are consistent that the newborn rodent preBötC network is sensitive to 

P2Y1R stimulation, confirming P2Y1 expression in the network from birth. Given data also suggest 

sensitivity remains stable through the first two weeks of life, this could reflect that expression of 

P2Y1Rs is also unchanged during this time.  

 

The developmental increase in the excitatory actions of ATP is also not due to a reduction in 

preBötC sensitivity to ADO inhibition. ADO has wide-spread inhibitory actions in the brain by 

activating P1Rs, which includes respiratory control regions of most mammals (Herlenius et al., 

1997; Koos et al., 2001; Mironov et al., 1999). ADO is strongly implicated in determining the time 

course and magnitude of the hypoxic respiratory depression since there is a buildup of ADO levels 

in brainstem respiratory networks during hypoxia (Koos et al., 1997; Mayer et al., 2006; Winn et 

al., 1981) and ADOR antagonists can attenuate the hypoxic respiratory depression, including in 

humans (Darnall, 1985; Easton and Anthonisen, 1988; Kawai et al., 1995). In other brain regions, 

developmental changes in synaptic sensitivity to ADO appears region-specific, as data suggests 

sensitivity may increase as observed in the cerebellum (Atterbury and Wall, 2009), remain constant 

as seen in the hippocampus (Psarropoulou et al., 1990), or decrease over time, as occurs within the 

auditory system at the calyx of Held (Kimura et al., 2003).  
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Regarding receptor mechanism, my data is consistent with numerous observations in rat and mice  

(Mironov et al., 1999; Vandam et al., 2008; Zwicker et al., 2011), that the only ADO-mediated 

inhibition of rhythm operating in the brainstem is via A1Rs. A2aRs are present in the medulla of 

rat (Rosin et al., 1998; Zaidi et al., 2006), but our observation that CV 1808, an A2 agonist, had no 

depressive effect on preBötC rhythm, further confirms the absence of an A2R-mediated inhibition 

in the brainstem. This is consistent with data showing that A2 agonists have no effect on rhythmic 

activity of the medullary slice (Mironov et al., 1999) and brainstem-spinal cord preparation 

(Brockhaus and Ballanyi, 2000). A central A2aR-mediated excitation of inhibitory GABAergic 

neurons that inhibits ventilation during hypoxia has been described in lambs (Koos et al., 2004), 

piglets (Wilson et al., 2004) and rats (Mayer et al., 2006) in vivo, but as of now there are no data 

supporting an A2R-mediated inhibition of breathing rhythm in the brainstem. 

 

As mentioned above, my data in FVB mice indicate that the inhibitory effects of ADO on preBötC 

frequency by ADO do not change in the first two weeks. This was perhaps surprising given in vitro 

data in SD or Wistar rat that preBötC sensitivity to ADO disappears between P0 and P3 (Herlenius 

et al., 2002; Huxtable et al., 2009; Zwicker et al., 2011) and in vivo data from multiple species that 

sensitivity of the respiratory network to ADO-mediated inhibition decreases developmentally 

(Bissonnette et al., 1990; Lagercrantz, 1987; Lagercrantz et al., 1984; Mayer et al., 2006; Runold 

et al., 1986). However, the development of purinergic signaling in mouse may differ substantially 

from rat and even between mouse strains. For example, in the outbred Swiss CD mouse, the rapid 

accumulation of ADO from degradation of ATP potently activates A1Rs such that ATP has no 

excitatory effect – the excitatory actions of ATP at P2Y1Rs and inhibitory actions of ADO cancel 

each other out, whereas blocking A1Rs reveals a rat-like P2Y1R-mediated ATP excitation (Zwicker 

et al., 2011). The potent ADO inhibition and P2Y1R excitation in the Swiss CD mouse persist until 

P5. The A1R mediated inhibition associated with ATP application in FVB mice is not as potent as 

that seen in Swiss CD mice. In fact, the ATP response of FVB mice more closely resembles the 

rat than the Swiss CD response. Most importantly, these data highlight the potential for 

interspecies and even strain differences in purinergic signaling. Thus, my observations that ADO 

effects are constant through development, and that the excitatory actions of ATP at P0–6, but not 

P9–12, are limited by A1R-mediated inhibition (i.e., at P0–6, pre-application of DPCPX increased 

the effects of ATP on frequency to match those seen at P9–12, that also matched the excitation 
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evoked by P2Y1R activation at both ages) suggests that developmental changes in ATP efficacy 

are due to changes in how ATP and its metabolites are processed. Consistent with this possibility, 

the sensitivity of the preBötC to ADO (the reduction in frequency) was constant from P0–12 in 

FVB mice, but the duration of the ADO-mediated inhibition lasted much longer in neonates, 

suggesting changes in ADOe clearance. 

 

2.4.2 Impact of developmental changes in ATP degradation and metabolite clearance 

mechanisms in the preBötC on inspiratory rhythm and purinergic signaling.  

ATP Degradation, Reflecting Ectonucleotidase Activity, Increases Postnatally 

Data showing that excitatory P2Y1 and inhibitory A1R mechanisms have consistent effects on the 

preBötC network during the first two weeks after birth in FVB mice suggest that purinergic 

components that control the spatiotemporal pattern of each agonist play key roles in shaping 

developmental responses to ATP, ADO and possibly hypoxia. A key contributor to the balance 

between competing ATP and ADO actions are ECTOs, which degrade ATP. There are four groups 

of ECTOs, which are membrane-bound enzymes that catalyze the breakdown of ATP and its 

metabolites ultimately into ADO. Three of the 4 groups are differentially expressed in the CNS, 

specifically, ectonucleotidase triphosphate diphoshohydrolases (ENTPDase 1–3), tissue non-

specific alkaline phosphatase (TNAP), and ecto-5’-ectonucleotidase (Langer et al., 2008; Robson 

et al., 2006). A comparison of responses evoked by ATP in SD rat and Swiss CD mouse 

demonstrates that the complement of ECTOs are profoundly important in determining the 

interaction between P2Y1R and A1R signaling that evolves following ATP application (Zwicker 

et al., 2011) In the preBötC of neonate SD rats, ENTPDase-2 is the predominant ECTO. It 

preferentially hydrolyzes ATP into ADP (a stronger P2Y1 agonist), which excites network activity. 

In contrast, in the preBötC of neonate Swiss CD mice TNAP predominates, which rapidly 

metabolizes ATP directly to inhibitory ADO. While I did not examine the complement of ECTOs 

expressed developmentally, my data from medullary and preBötC tissue punches suggests that 

ATP metabolism, and indirectly ECTO activity, increases in P10–14 mice compared to newborns. 

Greater metabolism of ATP did not substantially shorten the duration of ATP-mediated excitation 

in P9–12 slices compared to P0–6 slices, which could reflect that greater capacity for ATP 

breakdown in older tissue does not impact the acute temporal profile of ATP effects in the preBötC 

through P0–12. For developmental changes in ECTO activity to contribute for the developmental 
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increase in ATP sensitivity, I expected ECTO activity would have to decrease with development, 

contrary to much of the previous literature. ECTO activity appears to increase during postnatal 

development throughout the brain, including the hippocampus (Grkovic et al., 2014), 

hypothalamus (Grković et al., 2016), and cerebellar cortex (Yoshioka and Tanaka, 1989). 

Regulation of basal ATP and ADO levels is crucial for normal CNS development; ATPe impairs 

axon growth (Cheung et al., 2005), whereas TNAP activity, which increases ADOe, promotes 

neuronal elongation and growth in vitro (Abbracchio et al., 1989; Díez-Zaera et al., 2011). ECTO 

activity, and therefore regulation of ATPe, appears to increase postnatally during normal 

development in other regions of the CNS, therefore these data support my observation that ATP 

metabolism in the preBötC of FVB mice also increases during development. Characterization of 

which ECTOs are expressed will be useful to showing if ATP is preferentially broken down to 

ADP or ADO at different periods of development, however my data showing increases in ATP 

metabolism does not support the developmental increase in ATP-mediated excitation of preBötC 

network. 

 

ADOe Clearance via ENT and ADK Activity is Immature at Birth 

Any mechanism that clears ADOe will help terminate its inhibitory signaling actions and therefore 

influence the balance between P2 and P1 signaling systems. Of the four reported ENT isoforms, 

ENT1 and ENT2 are expressed on the outer cell membrane and are responsible for moving ADO 

down its concentration gradient (Parkinson et al., 2011). My data indicates that ENT1/2 KO 

reduces the duration of ADO-mediated inhibition of preBötC activity from birth, while inhibition 

of ENTs has greater depressive effects on preBötC activity, presumably from the buildup of 

ADOe, in P9–12 slices compared to those from P0–5 mice. This suggests that ENT1 or ENT2 

transport ADO across cell membranes down its concentration gradient in the preBötC. The 

difference in effects on basal preBötC rhythm by ENT inhibition between P0–5 and P9–12 could 

reflect that there is a developmental increase in ENT activity/expression. However, the increased 

impact of ENT inhibition on basal rhythm in older slices could also reflect developmental changes 

in the ADOe–ADOi concentration gradient or an indirect effect associated with increased ADK-S 

expression that facilitates ENT activity. The lack of an NBMPR effect in P0–6 slices suggests that 

ADOe and ADOi are very similar at this age, while in P9–12 slices ADOe > ADOi. Whether this 

represents a true physiological difference is not clear. It could simply reflect that the 
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metabolic/energy status of neurons neurons/glia in brain slices from older mice is compromised 

compared to slices from young animals. However, ADO release under hypoxic conditions in vitro 

appears to be conditionally related to age and temperature in spinal cord preparations, as those 

from P5–8 rats released ADO and inosine, whereas those from P0–3 did not unless the bathing 

solution was raised from 27°C to 33°C (Otsuguro et al., 2011). Still, data are limited with respect 

to whether development influences basal ADO gradients in the brain in vivo. Since the activity 

intracellular enzymes that metabolize ADO, such as ADK, increase developmentally, I would 

speculate that the intracellular gradient for ADO will increase in most of the brain (i.e. ADOe > 

ADOi in older subjects). Furthermore, dysfunction in adenosinergic signaling systems are 

implicated in Alzheimer’s and Parkinson’s disease, as well as depression (Liu et al., 2019), 

therefore an enhanced ADO gradient in older mammals may also prevent the onset of 

pathophysiological conditions typically associated with aging. I did not test whether ENT1 and 

ENT2 expression increases postnatally, however previous data suggest that ENT1 expression, and 

its effects on ADOe levels, are developmentally important in the striatum (Roberts et al., 2022) 

and somatosensory cortex (Matyash et al., 2017) and ENT1 is abundant in the rat spinal dorsal 

horn in both neonates and adults (Ackley et al., 2003). Characterization of changes in ENT2 

expression through development is less complete. Deletion of ENT2 increased ADOe levels in the 

brain of 8–10 week-old mice compared to fully intact animals, suggesting that ENT2 activity is at 

least present in the brain of young adult mice (Wu et al., 2020). ENT2 is also robustly expressed 

throughout the human body, including the brain (Crawford et al., 1998). An analysis of 247 

ethnically-diverse human subjects demonstrated genetic and functional variation of ENT1 and 

ENT2 was significantly lower than 22 other membrane transport proteins studied (Leabman et al., 

2003; Osato et al., 2003; Owen et al., 2006), suggesting that these transporters are under higher 

selective pressure and may highlight their importance in the body. While it is not clearly 

demonstrated that both ENT1 and ENT2 are expressed in respiratory networks from birth, 

functional data showing that ENT1/2 KO prolongs the inhibitory effects of ADO in mice from P0–

12 suggest there is some activity/expression of these transporters in the preBötC network even 

from birth. 

 

Genetic manipulation can cause unpredicted impacts on other genes or systems as a result of 

mechanisms that compensate to maintain/replace the physiological functioning affected by the 
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altered gene, therefore data is not necessarily translatable to normal physiological conditions. Data, 

however, suggests that global transgenic removal of ENT1/2 did not impact the preBötC response 

to ATP or MRS 2365 compared to WTs, nor was the sensitivity to ADO impacted. While the loss 

of these transporters did not affect the sensitivity of the network to P2Y1R or ADOR activation, 

ENT1/2 KO prolonged the ADO-mediated inhibition. Surprisingly, I did not see the same effect 

when ENTs were acutely inhibited using NBMPR. NBMPR had a bigger depressive effect on basal 

rhythm in P9–12 slices, therefore the absolute nadir evoked by ADO reached a lower point than 

control injections, however the relative change from baseline was not different. The duration of 

the ADO-evoked inhibition in P9–12 slices trended higher than control injections. This difference 

was not significant, however, possibly due to a low sample size (n = 5) as well as larger variability 

in this data set caused by the depressive and irregular bursting pattern of older slices in the presence 

of the ENT inhibitor. NBMPR has typically been used to differentiate the effects of ENT1 from 

ENT2, since ENT2 is insensitive to its pharmacological effects at nanomolar levels (Baldwin et 

al., 2004; Parkinson et al., 2011). The concentration of NBMPR used here (100 µM), however, 

has been shown to inhibit both ENT1 and ENT2 activity (Crawford et al., 1998). The lack of effects 

on adenosinergic signaling by pharmacological inhibition of ENTs may reflect that ENT2 activity, 

which is less sensitive to NBMPR inhibition than ENT1, is not completely blocked and facilitates 

removal of ADOe by itself thereby eliminating any differences compared to control ADO 

injections. While possible, it would be surprising that the likely-complete block of ENT1 activity 

by NBMPR, which significantly depressed basal rhythm, did not affect the preBötC temporal 

response to ADO. Given that NBMPR had depressive effects on preBötC rhythm in P9–12 slices, 

the applied concentration and diffusion within the preBötC network did not appear to be limiting 

factors.  

 

A more likely explanation for this difference was that intracellular mechanisms that affect ADOe 

transport through ENTs, such as ADK, are immature at birth, therefore inhibiting limited ENT 

activity in young mice as little effect on the response of the network to exogenous ADO. In P9–12 

mice, intracellular mechanisms that support ENT activity increase its transport of ADO under 

baseline conditions, which explains why ENT inhibition depresses preBötC rhythm likely by 

elevated ADOe. If ADOe is acutely increased by NBMPR, unlike ENT KO where a different 

steady state for ADOe levels is likely established, injecting maximal concentrations of ADO into 
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the preBötC under acute ENT inhibition may have little effect on an already saturated 

adenosinergic system. I expected that ADOe would remain elevated for a longer period of time 

following inhibition of ENTs in older slices. If the ADOe concentration following local injection 

is supramaximal, the NBMPR-mediated reduction in ENT clearance of ADO may have been too 

small to detect at the level of preBotC frequency.  Whether ENT activity is important in shaping 

ventilatory responses to natural stimuli that evoke large loads of endogenous ADOe is not clear – 

as I do not know whether the ADO profile produced by injection simulates endogenous release. 

Under basal conditions, ADO levels are estimated between 40–460 nM (Ballarín et al., 1991), 

however hypoxia can induce significant increases in brain ADO measuring up to 5 µM (Gourine 

et al., 2002; Winn et al., 1981). Previous experiments established that local injections to the 

preBötC slice must be ~10-fold greater than bath-applied concentrations, as the concentration of 

drug will decrease exponentially from the injection site (Liu et al., 1990; Nicholson, 1985). 

Therefore, these experiments used high (500 µM) concentrations of ADO, although the levels of 

ADO spreading throughout the preBötC would be closer to physiological levels (5 µM) recorded 

during hypoxia. Data produced from using microinjections of ATP or ADO to replicate hypoxia 

in vitro will not perfectly replicate hypoxia in vivo. Nonetheless, my results provide evidence that 

ENTs affect basal preBötC activity, presumably through its effects setting ADO tone in the 

network, but further experiments will be needed to determine if ENTs influence the HVR in a 

whole animal.  

 

Adenosine Kinase Activity Influences ADO Actions in the preBötC and Increases Postnatally 

At birth, ADK is primarily expressed as a nuclear isoform in neurons (Studer et al., 2006). Within 

two to three weeks, ADK expression shifts to a cytoplasmic isoform in astrocytes that influences 

ADOe levels (Fedele et al., 2005; Studer et al., 2006). The upregulation of ADK-S appears to occur 

in most regions of the brain, although ADK-L levels may persist into adulthood in regions 

undergoing neurogenesis including the cerebellum (Gebril et al., 2021) and hippocampus (Fábera 

et al., 2022)  Here, data from FVB and C57BL/6J mice confirms that the cytoplasmic isoform of 

ADK, ADK-S, is expressed at its lowest at birth but increases significantly by the third week of 

life in the medulla, cerebellum, and cortex. Similar to when ENTs were blocked, ADK inhibition 

had a greater depressive effect on basal preBötC activity in P9–12 slices compared to P0–5 mice, 

suggesting that the activity of ADK in the medullary slice, which can increase ENT transport of 
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ADOe, increases developmentally. Additionally, the effects of ABT 702 on basal preBötC rhythm 

can be attenuated by bath-applying the A1R inhibitor, DPCPX. As with NBMPR, ABT 702-

mediated inhibition of endogenous ADK activity had no effect on the nadir or duration of the 

ADO-mediated inhibition. Again, this could reflect that ADK-S levels, which ultimately influence 

ADOe concentration, are low at birth therefore its inhibition as little effect on basal preBötC 

activity or its response to exogenous ADO in P0–5 slices. In P9–12 slices, ADK inhibition may 

acutely increase ADOe levels (reflected by the larger depressive effect of ABT 702 in these slices) 

however, injecting maximal concentrations of ADO into the network masks differences in slices 

under pharmacological inhibition relative to control injections. The relative nadir and absolute 

duration of inhibition of evoked by ADO injection appeared numerically in the P9–12 slices in the 

presence of ABT 702 compared to control injections, however statistical significance may have 

been affected by the smaller sample size (n = 5) for this experiment. 

 

In ADKtg mice, which overexpress the ADK-S throughout the CNS from birth, the overall nadir 

evoked by ADO was unchanged in both groups, suggesting P1 sensitivity was not impacted in the 

transgenic mice. ADK-S activity, however, shorted the duration of inhibition evoked by a 500 µM 

ADO injection in P0–4 slices. By P9–12, the preBötC response to ADO was similar in WT and 

ADKtg mice, suggesting increases in endogenous ADK-S expression reduced the duration of 

ADO-mediated effects in the network. There was no difference in the responses of either strain to 

50 µM ADO injections, which could reflect that endogenous ADOe clearance mechanisms, 

including minimal ADK-S levels present at birth, can effectively clear a smaller bolus of ADO 

that is closer to physiological levels during hypoxia, but these become saturated with higher ADO 

concentrations. Nonetheless, data indicate that endogenous ENT and ADK activity increases 

developmentally and influences basal preBötC activity, likely by reducing ADOe levels. Genetic, 

but not pharmacological, manipulation of ADK activity affected the response of the network to 

high (500 µM) levels of exogenously-applied ADOe, which was chosen to replicate hypoxic 

conditions. While it is possible that ADK-S activity is important for supporting removal of high 

ADO concentrations, previous results suggest ADK activity is more important for regulating basal 

levels of ADO (Boison et al., 2010). In my ADKtg experiments, enzyme activity was introduced 

in neonates whereas transporter and enzyme activity were reduced by pharmacological inhibition 

using NBMPR and ABT 702, meaning the expected effect on ADO responses is different and will 
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be constrained differently. Future experiments may answer whether pharmacological manipulation 

of ADOe clearance mechanisms will affect preBötC responses under smaller ADO loads, however, 

the lack of effect in this study does not detract from my conclusions that ADK activity i) increases 

developmentally; ii) influences basal ADO tone in the preBötC network; and iii) introduction of 

the functional ADK-S isoform shortens the inhibitory effects of ADO in neonate mice. 

 

2.4.3 Physiological Significance 

The purpose of this study was to investigate developmental changes in elements that influence P2 

and P1 signaling in the preBötC inspiratory network, collectively known as the “purinome”. My 

data suggest that network sensitivity to ATP increases in the second week of life. The A1R-

mediated inhibition evoked by ATP degradation decreased developmentally, but this was not a 

result of increased P2Y1R sensitivity, decreased A1R sensitivity or decreases in ATP metabolism 

by ECTOs. Rather, data suggest that enhanced clearance mechanisms for ADOe, namely ENTs 

and ADK, may contribute to a developmental shift favouring P2 excitation of the network 

following ATP release. ADO is strongly implicated in the secondary hypoxic respiratory 

depression, therefore immature ADOe clearance mechanisms in breathing networks such as the 

preBötC may partially underlie the enhanced hypoxic respiratory depression in premature and 

neonate infants. My data suggests that ENT and ADK activity sets baseline ADO tone in the 

preBötC, which is important in establishing network excitability. This role increases 

developmentally as does their influence on responses to ADOe, as might occur during hypoxia. If 

so, enhanced ADOe clearance with development could contribute to developmental differences in 

the HVR, and partially explain the inability of neonates to mount a sustained response. In vitro 

data can provide important information regarding underlying physiological mechanisms, however 

this approach does not conclusively demonstrate what will happen under hypoxic conditions in the 

whole animal in vivo. Injections of ATP and ADO were used to replicate “hypoxic” conditions, 

since this approach allowed me to directly measure the effect of purinergic molecules that have 

been previously demonstrated to influence the preBötC network during hypoxia. The rhythmic 

slice is bathed in a hyperoxic solution, however the partial pressure of O2 in the core of the slice 

is held at approximately physiological levels under these conditions (Hill et al., 2011; Mulkey et 

al., 2001). Oxygenation and pH already differ throughout the slice, therefore exposing the slice to 

a hypoxic bathing solution will exacerbate non-physiological conditions, varying from slice-to-
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slice as a function of tissue age, thickness, and neuronal activity (Funk and Greer, 2013). Injecting 

ATP and ADO at calculated concentrations that will diffuse throughout the preBötC at 

approximate hypoxic physiological levels (~3 µM for ATP (Gourine et al., 2005); ~5 µM for ADO 

(Gourine et al., 2002; Winn et al., 1981) reduces experimental variability compared to directly 

applying hypoxic solutions to the slice, especially since responses of the network were compared 

during the first two weeks of rapid, dynamic development of the mice. A caveat to this approach 

is demonstrated by differences in the response to ADO in WT and ADKtg slices at only high (500 

µM) concentrations. This could reflect that the spatial distribution of ADO (and ATP) following 

their injection into the preBötC may be very different compared to endogenous conditions, when 

these molecules are released or metabolized in close proximity to enzymes and transporters that 

affect signal termination.  

 

Experiments using transgenic mice suggest that ENT activity, which is supported by 

developmental increases in ADK-S activity, shorten the preBötC response to ADO. Reducing 

central ADO actions may have important implications in reducing the magnitude the secondary 

hypoxic respiratory depression, which is strongest in newborn and premature infants. However, 

these data showing the effect of ENT and ADK activity on ADO responses were not replicated 

using pharmacological inhibitors. As discussed above, this may reflect a number of issues that 

arise from attempting to replicate hypoxic conditions in a slice using injections of purinergic 

agents. Future in vivo experiments are needed to test the contribution that both ENT and ADK 

activity have on influencing the developmental changes in the HVR. Data from this study support 

my prediction that both mechanisms that support ADOe clearance will i) reduce the magnitude or 

ii) delay the onset of the secondary depression of the HVR. While ENT data suggests activity is 

present at birth, developmental increases in ADK activity may be important in reducing of ADOe 

buildup throughout the CNS, which is strongly implicated in the secondary depression of the HVR. 

 

Finally, these data also highlight substantial species and strain differences in the development of 

the purinergic signaling system in the preBötC. Data from two strains of mice (Swiss CD and 

FVB) and the SD rat demonstrate that the preBötC is sensitive to P2Y1R excitation from the time 

of birth (and likely earlier) and that ATP responses in all neonate mice tested are impacted by ATP 

degradation and A1R actions (Huxtable et al., 2009; Lorier et al., 2007; Zwicker et al., 2011). Data 
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also show that the balance between elements influencing P2 and P1 actions varies. The ATP–ADO 

interaction described here for the FVB mouse bears a much greater similarity to the interaction in 

SD rat compared to the outbred Swiss CD mouse in which the degradation of ATP is so rapid and 

ADO action so potent that ATP alone has no excitatory effect – the actions of ATP and ADO 

cancel each other out. ECTO enzymes expressed in the Swiss CD mouse favour more rapid 

accumulation of ADO from ATP, while only SD rats become insensitive to ADO after birth. 

Therefore, overall ATP effects in rodents appears to be determined by the same main players that 

are expressed at different levels, resulting in significant developmental and species differences. 

This variability between species and strains may be more reflective of diversity observed in human 

populations. From a clinical perspective, it is important to know how to manipulate specific 

components and then, on a patient-by-patient basis, figure out which component of their purinome 

is most amenable to manipulation to address central disorders that affect breathing. My study 

provides fundamental information on the role of purinergic signaling in these responses during 

development. Understanding all the different ways that these purinergic elements can modulate 

homeostatic control processes during development may eventually create new opportunities to 

implement personalized medicine and underpin novel successful interventions for 

pathophysiological conditions arising from maladaptive functioning in this system. 
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Chapter 3. Role of equilibrative nucleoside transporters (ENTs) and 

adenosine kinase (ADK) in shaping the hypoxic ventilatory response 

during development. 
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3.1 Introduction 

Breathing is regulated to maintain homeostatic control of arterial blood and CSF gases and pH 

Discrete mechanisms mediate responses to elevated PaCO2/decreased pH vs reduced PaO2. When 

PaO2 falls, mammals respond with a rapid (Phase I) increase in V̇E that is largely driven by 

increased activity in peripheral, carotid body chemoreceptors  (Martin-Body et al., 1985; Serra et 

al., 2001) that increase ventilation via projections to the nucleus tractus solitarius (NTS) (Guyenet, 

2014; Nurse and Piskuric, 2013), which relays to multiple sites in the ventral respiratory column 

(VRC) including the RTN (CO2 chemosensory site) and preBötC (Anderson and Ramirez, 2017; 

Funk, 2013; Gray et al., 2001; Johnson et al., 2001; Del Negro et al., 2018; Smith et al., 1991; 

Vandam et al., 2008; Wang et al., 2014). If PaO2 is not restored in the first 1–2 minutes, V̇E will 

fall to a lower steady-state level (Phase II), which varies depending on developmental stage  

(Rajani et al., 2017; Reklow et al., 2019). In adults, the steady-state Phase II level of V̇E normally 

remains elevated above baseline, but in premature and neonate mammals V̇E falls to or below 

baseline, causing further reductions in PaO2, potentially exacerbating the respiratory depression 

(Bissonnette, 2000; Mortola, 1996; Moss, 2000). Without intervention, this positive feedback loop 

can be life threatening. Hypoxia is not uncommon in newborns, and especially premature infants, 

when immature respiratory networks are unstable and apneas are more common. This is especially 

true in premature infants; nearly all infants born at < 29 weeks gestation suffer from AOP 

(Eichenwald, 2016; Fiore et al., 2013; Paolillo and Picone, 2013). Caffeine therapy is commonly 

used as a respiratory stimulant in AOP to reduce incidence of apneas. It is associated with earlier 

discontinuation from ventilator support in premature infants, reduced rates of lung pathology, 

cognitive delay and cerebral palsy (Schmidt et al., 2012, 2007). While highly effective, caffeine is 

ineffective in ~20% of infants with AOP so alternate treatments are needed (Schmidt et al., 2012, 

2007). A primary action of caffeine is blocking the activation of adenosine (ADO) receptors. While 

the mechanisms that cause V̇E to fall during the secondary phase of the HVR are not fully 

understood, inhibitory actions of ADO on breathing via the A1 subtype of P1Rs are strongly 

implicated (Fiore et al., 2013; Herlenius et al., 2002; Koos et al., 1997; Paolillo and Picone, 2013; 

Reklow et al., 2019).  

 

As discussed in Chapters 1 and 2, purinergic signaling and the balance between the excitatory 

actions of ATP via P2Y1Rs and inhibitory actions of ADO in the preBötC shape the secondary 
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phase of the HVR. A shift in this balance from ADO to P2Y1R dominance during development 

could contribute to the developmental changes in the HVR and the greater hypoxic respiratory 

depression in neonates. Hence the goal of Chapter 2 was to define the components of the purinome 

most likely to account for such a shift. Those experiments demonstrated that the main factors 

accounting for the developmental increase in the excitatory effects of ATP in the preBötC under 

in vitro conditions were those involved in clearing ADOe, specifically transport involving ENTs, 

which is affected by the intracellular enzyme adenosine kinase (ADK). 

 

ADO is transported across cell membranes via two classes of nucleoside transporters, equilibrative 

(ENTs) and concentrative (CNTs). Three isoforms of CNTs have been characterized the CNS; 

they are all Na+-coupled and indirectly consume ATP to move ADO against its concentration 

gradient, but there is currently no evidence that CNTs regulate ADOe under normal physiological 

conditions (Chu et al., 2013; Parkinson et al., 2011). There are four ENT isoforms, but the ENT1 

and ENT2 isoforms are expressed on extracellular membranes in the brain and are responsible for 

the majority of ADO transport across these membranes (Parkinson et al., 2011; Young et al., 2008). 

ENTs transport ADO down its concentration gradient, therefore removal of ADOe requires that 

the concentration of intracellular ADO (ADOi) is lower than the extracellular concentration. Data 

presented in Chapter 2 showing that the duration of ADOe-mediated reduction in frequency is 

much longer in ENT1/2 KO mice (P0–12) compared to WT mice (Fig. 2.6) suggest that ENT1 and 

ENT2 are important in clearing ADOe from the preBötC in mice until at least 12 days of age 

(oldest age tested). In addition, the observation that pharmacological inhibition of ENT activity 

has greater inhibitory effects on basal preBötC frequency in P9–12 mice compared to P0–5 animals 

suggests that the gradient for ENTs to remove ADOe increases developmentally. 

 

ENT-mediated transport of ADOe is influenced by intracellular ADOi metabolism which is 

accomplished through enzymatic activity of adenosine kinase (ADK). ADK is expressed in two 

isoforms. The long isoform, (ADK-L), is expressed primarily in the nuclei of neurons where it is 

implicated in neurogenesis and CNS development, including development of the cerebrum and 

cerebellum (Gebril et al., 2021, 2020; Studer et al., 2006). The short isoform, ADK-S, is expressed 

in the cytoplasm primarily in astrocytes where it reduces ADOi levels by converting it into AMP 

(Gebril et al., 2021; Kiese et al., 2016; Studer et al., 2006) (Fig. 2.7, 2.8). ADK-S expression in 
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the cerebellum and cortex (Gebril et al., 2021; Studer et al., 2006), as well as the brainstem (Fig. 

2.7, 2.8), is very low at birth, increases significantly by the second postnatal week and reaches 

adult levels by the third week of life (Fig. 2.7, 2.8). Consistent with these anatomical data, 

pharmacological inhibition of ADK leads to a gradual decrease in baseline preBotC frequency in 

slices from P9–12 mice but not neonatal slices. Moreover, the inhibition can be reversed by 

blocking A1 ADO receptors (Fig. 2.7). Furthermore, transgenic overexpression of ADK-S in 

newborns shortens the inhibitory effects of ADO exogenously applied into the preBötC network 

in vitro (Fig. 2.7). Together, these results suggest that both the expression and activity of ADK-S 

increase postnatally in the preBötC where it has a progressively greater ability to attenuate the 

inhibitory modulation of preBotC network activity by ADOe. 

 

Based on the in vitro data from Chapter 2 that pointed to ENTs and ADK as important in shaping 

the developmental changes in the effects of ATP and ADO in the preBötC, the objective of this 

chapter was to determine the role of ENTs and ADK in shaping the development of the HVR in 

vivo during development; i.e., are low ENT or low ADK activity at birth factors in the inability of 

neonatal mice to produce a sustained increase in V̇E (HVRV̇E) or V̇E/V̇O2 (HVRV̇E/V̇O2) during 

hypoxia. My first aim was to test how ENT1 and ENT2 activity affects the development of the 

ventilatory and metabolic responses to hypoxia by comparing responses of WT mice to mice 

lacking the genes for ENT1 and ENT2 (ENT1/2 KO). My second aim was based on the exciting 

observation in Chapter 2 that ADK-S expression in the brainstem is very low at birth and increases 

to adult levels by three weeks of age. This suggested that lack of ADK activity might be a key 

factor in the immature HVR – i.e., in the inability of neonatal mice to produce a mature HVRV̇E or 

HVRV̇E/V̇O2 in which both V̇E and V̇E/V̇O2 remain elevated throughout the hypoxic exposure. I first 

tested this via pharmacological inhibition of ADK. I reasoned that if ADK function is minimal at 

birth and increases developmentally, ADK-S inhibition will progressively attenuate the magnitude 

and/or duration of the hypoxia-induced increase in V̇E as animals get older.  My second test of the 

role of ADK-S in development of the HVR was based on the rationale that if the lack of ADK-S 

accounts for the immature HVRV̇E, then mice engineered to express adult levels of ADK-S at birth 

should have a mature HVRV̇E and HVRV̇E/V̇O2. I tested this using a transgenic mouse, ADKtg, 

engineered to express adult levels of ADK-S at birth. I predicted that at birth ADKtg mice would 

have an adult-like HVRV̇E and HVRV̇E/V̇O2. With development and increased expression of 
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endogenous ADK-S in the WT mice, the differences between the ADKtg and WT mice would 

gradually disappear.  

 

3.2 Methods 

3.2.1 Ethics Approval 

Experimental procedures were approved by the Animal Care and Use Committee (ACUC) of the 

University of Alberta (AUP #256) in compliance with the Canadian Council on Animal Care 

Standards. 

 

3.2.2 Animals 

Mice aged from postnatal day (P)0–56 were obtained from colonies housed with the University of 

Alberta’s Health Sciences Laboratory Animal Services and maintained on a 12-h light/dark 

schedule with ad libitum access to food and water. 

 

Double ENT1/2 knockout (KO) mice were obtained from Dr. James Young and Dr. Carol Cass at 

the University of Alberta and the Cross Cancer Institute in Edmonton, AB, CAN. The mENT1 and 

mENT2 genes were disrupted using a retroviral gene trap insertion method and backcrossed into 

FVB mice, as described in (Altaweraqi et al., 2020). The mENT1 homozygous and mENT2 

homozygous mice were crossed to generate the mENT1/mENT2 double knockout (KO) mouse, 

which was confirmed using genotyping (Fig. 2.5). FVB/NCrl (Strain Code 207, Charles River, 

Wilmington, MA, USA) mice were used as wild-type (WT) controls for the ENT1/2 KO mice, and 

to test the effects of pharmacologically inhibiting ADK activity on preBötC rhythm (see below).  

 

Adktm-/--transgenic (ADKtg) mice were obtained from Dr. Detlev Boison at Rutger’s University 

in New Brunswick, NJ, USA and a colony established at the University of Alberta. These mice 

were made from Adktm1-/- mice lacking the endogenous Adk gene. A 1865bp full length Adk 

cDNA homologous to human ADK-S gene was inserted into the genome via a transgene 

expression vector, resulting in ubiquitous (over) expression of ADK-S from conception throughout 

the brain (Fedele et al., 2005; Li et al., 2007). ADK-S is the mature short-isoform of ADK which 

is expressed in the cytoplasm of astrocytes primarily. ADK-S levels are low in the CNS, including 

the brainstem, at birth but increase to adult levels by the third week of life in mice (Gebril et al., 
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2020; Studer et al., 2006). ADKtg mice were generated using C57BL/6J mice (abbreviated 

C57BL/6J). Therefore, a colony of C57BL/6J mice was established at the University of Alberta 

for use as WT controls using mating pairs purchased from Jackson Laboratories (Bar Harbor, ME, 

USA). 

 

3.2.3 Head-Out Plethysmography; P0–14 mice 

All plethysmography experiments (head-out and whole-body) took place between 0900–1800 hrs. 

Baseline ventilatory and metabolic parameters and responses to hypoxia of unanesthetized P0–14 

mice were measured using a head-out plethysmograph that was custom-designed to minimize 

problems associated with the neck seal (Robinson et al., 2002, 2000). The Perspex plethysmograph 

consisted of separate head (8 ml) and body (40 ml) chambers that were separated by a flexible 

latex seal (Coltene, Altstätten, Switzerland) attached to the back of the head chamber. The head 

chamber consisted of threaded inner and outer cylinders. The rear edge of the inner cylinder 

contacted a spacer that in turn contacted the latex seal. Rotation of the inner cylinder moved it 

forward or backward relative to the outer cylinder, shrinking or expanding a hole in the latex seal 

for the animals’ heads. Animals were placed in the body chamber, and the hole in the latex seal 

was expanded. Animals were positioned with their heads through the hole into the head chamber, 

and then the edges of the latex sheet were coated with a thin layer of vacuum grease. To establish 

a seal without restricting respiratory airflow, the inner cylinder of the head chamber was rotated 

and the diameter of the hole was gradually reduced until the body/plethysmograph chamber was 

able to maintain constant positive pressure when air was injected into the plethysmograph chamber 

(after outflow through the pneumotachograph was blocked). Integrity of the seal was verified 

before and after each experiment. Data were excluded if the seal was not maintained throughout 

the trial. Head-out plethysmography was used to measure ventilation and V̇O2 in the youngest 

animals to avoid limitations associated with obtaining accurate measurements of VT and V̇E from 

young rodents using whole-body plethysmography (Mortola and Frappell, 2013). Inspired gases 

were mixed using a GSM-3 (CWE Inc., Ardmore, PA, USA) and delivered to the head chamber at 

a flow-rate of 40 ml/min (flowmeter, Fischer & Porter Co., Warminster, PA, USA). 

 



 98 

3.2.4 Whole-Body Plethysmography 

For mice older than P19, baseline ventilatory and metabolic parameters and responses to hypoxia 

were recorded using either a 65 ml (P19–23) or 350 ml (P43–56) whole-body plethysmograph 

chamber. Rectal temperature was measured using the PhysioSuite probe (Kent Scientific, 

Torrington, CT, USA) prior to placing the mice into the chamber and then again after recording 1 

minute of breathing during the normoxic recovery period. The inspired air mixture was delivered 

at a set rate of twice the chamber volume per minute, therefore flowrate was 130 ml/min and 700 

ml/min for the smaller and larger chambers, respectively (Matheson Tri-Gas Inc., 

Montgomeryville, PA, USA).  

 

3.2.5 Protocols 

P0–14 mice were placed into the head-out plethysmograph with air (21% O2 and N2 balance) 

flowing through the head chamber and allowed at least 15 min to acclimate before recording began. 

Once a stable period of stable breathing of at least 2 min duration was recorded in normoxic 

conditions (21% O2 and N2 balance) inspired gas composition was rapidly (≤ 10 s) changed via a 

manual valve to hypoxia (10% or 8% O2 and N2 balance) for 10 minutes and then rapidly returned 

to normoxia for a 10 min recovery period. The plethysmograph chamber was located in an 

incubator maintained at 32 ± 0.5°C to mimic the nest temperature recorded in the home cage. 

 

 Mice > P19 were allowed at least 30 min to acclimate in the whole-body plethysmograph and 

remained in normoxic conditions for up to 60 minutes until at least 2 minutes of stable, quiescent 

breathing was recorded, at which point the gas composition was rapidly (< 25 s) changed to 

hypoxia (10% O2 and N2 balance) via a manual valve and mice exposed to hypoxia for 10 minutes 

before quickly returning to normoxia (21% O2 and N2 balance). Recovery was monitored for only 

1 min when animals were removed from the chamber and TB measured. The whole-body 

plethysmograph experiments were completed at room temperature between 23–26°C. 

 

3.2.6 Calculation of ventilatory and metabolic parameters 

In both the head-out and whole-body plethysmograph systems, the pressure deflections produced 

by rhythmic inspiration and expiration were detected using a differential pressure transducer 

(Validyne Engineering, Northridge, CA, USA) attached to a port on the body chamber or whole-
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animal chamber, respectively. Pressure transducer output was passed through a CD15 carrier 

demodulator (Validyne Engineering), digitized using a PowerLab System (ADInstruments, 

Sydney, Australia) and visualized using the LabChart data analysis software (version 7, 

ADInstruments).  

 

The head-out system was calibrated using the average increase in the recorded signal produced by 

three 0.2 ml injections of air into the sealed body chamber. The whole-body system was calibrated 

by averaging the differential signal produced by 0.25 ml injections of air delivered at 200 

injections/min, which approximately matched the breathing rate of the mice in control conditions. 

For the head-out system, tidal volume (VT) was calculated using the formula: VT = VK x (PT / PK), 

where VK is the calibration volume (0.2 ml), PT is the pressure deflection of each inspired breath, 

and PK is the pressure deflection of standardized injection. For the whole-body plethysmograph 

system, VT was calculated using the formula described by (Drorbaugh and Fenn, 1955):  

 

VT = VK x (PT / PK) x Tb x (PB – PC) / Tb x (PB – PC) x TA x (PB – PR), 

 

where Tb is body temperature (in Kelvin), PB is barometric pressure, PC is the measured water 

vapour pressure in the chamber (RH-300 analyzer, Sable Systems International, North Las Vegas, 

NV, USA), TA is the air temperature within the chamber (BioTherm13 PIT tag, Biomark, Boise, 

ID, USA), and PR is the water vapour pressure at specific Tb based on tables from (Dejours, 1981). 

V̇E was calculated as the product of VT and respiratory frequency. For both the head-out and whole-

body plethysmography experiments, O2 and CO2 fractions of the inflow and outflow gas were 

passed through a drying column (Drierite, Sigma-Aldrich, St Louis, MO, USA) and sampled using 

a gas-analyzer (ADInstruments, Sydney, Australia). Gases were sampled from the inflow and 

outflow ports of the head chamber or the whole-body chamber for head-out or whole-body 

experiments, respectively. Metabolic rate (V̇O2) was determined using the formula: 

 

V̇O2  = [FR x (FiO2 – FeO2) – FiO2 x (FeCO2 – FiCO2)] / 1 – FiO2, 

 

where FR is the flowrate of gas through the chamber (ml/min), FiO2 is the inflow O2 fraction, FeO2 

is the outflow O2 fraction, FiCO2 is the inflow CO2 fraction and FeCO2 is the outflow CO2 fraction. 
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VT, V̇E, and V̇O2 were normalized to the body weight of the mice (kg) and data presented in standard 

conditions of temperature, pressure and dry air. 

 

3.2.7 Drugs and Drug Application 

5-(3-Bromophenyl)-7-[6-(4-morpholinyl)-3-pyrido[2,3-d]byrimidin-4-amine hydrochloride 

(ABT 702, 10 mg/kg) was dissolved in 0.6% DMSO and 0.9% saline, then injected 

interperitoneally to acutely inhibit ADK activity in FVB mice at P0–2, P11–12, and P20. Six FVB 

mice from two different litters were split into two groups; the test group was injected with the drug 

while the control group was injected with vehicle (0.6% DMSO in 0.9% saline, 10 mg/kg, i.p.). 

Injections were made 30 minutes prior to starting the acclimation process. From that point on, the 

protocol was the same as described above for the head-out plethysmography experiments.  

 

3.2.8 Data Analysis and Statistical Comparisons 

Ventilatory parameters were analyzed using LabChart 8 software, specifically using the blood 

pressure add-on (ADInstruments). Breathing frequency and PT (pressure deflection of each breath) 

were measured using the heart rate and pulse pressure functions, respectively. Calculations to 

determine VT, V̇E, and V̇O2 were completed in Microsoft Excel (Redmond, WA, USA). Variables 

reported along the response time course represent values averaged during each time bin and are as 

follows: (t = 0, baseline averaged from 2 min of calm breathing prior to onset of hypoxia; t = 0.33: 

average of first 10-20 sec of hypoxia when the measured chamber O2 was < 20% and > 11%); t = 

1: average from 0.33 – 1.0 min of hypoxia; t = 2: 1–2 min of hypoxia; t = 4: 3–4 min of hypoxia; 

t = 10: average from 7–10 min of hypoxia; t=11: 0–1 min of recovery beginning when O2 in the 

chamber measured > 20%).  

 

All statistical comparisons were made using Prism, version 7 (GraphPad Software Inc., La Jolla, 

CA, USA). Two-way ANOVA was used in conjunction with Sidak’s post hoc multiple comparison 

test when comparing mean differences between groups with two independent variables. 

Developmental changes in weight in wild-type and transgenic mice were compared using linear 

regression. The Kruskal-Wallis test (nonparametric) was employed to compared relative changes 

from baseline between age groups in Figure 1.  P < 0.05 was considered significant for all tests. 

Time-course graphs showing the mean and S.E.M. were created using Excel. Box plots were 
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created using Prism where the five whiskers represent the lowest sample value, first quartile, 

median, third quartile, and greatest sample value. Points within the boxes show individual data 

points. 

 

3.3 Results 

3.3.1 Development of hypoxic ventilatory and metabolic responses in WT FVB mice 

Given the variability in hypoxic responses between mouse strains (Tankersley et al., 1994), my 

first objective was to describe the postnatal development of the ventilatory and metabolic 

responses of WT FVB mice to hypoxia. Using head-out and whole-body barometric 

plethysmography, I measured breathing frequency, tidal volume (VT), minute ventilation (V̇E), 

metabolic rate (V̇O2), and the air convection requirement (V̇E/V̇O2) at rest (21% inspired O2, average 

of 2 min) and during acute exposure to hypoxia (10% O2, 10 min) in FVB mice; the latter three 

parameters are reported in Fig. 3.1. FVB mice were tested at five stages of development: P2; P7–

8; P13–14; P20–22; and P49–57. Note, to improve clarity, details of the statistical analyses are 

provided in the figure captions. 

 

Acute hypoxia evoked a biphasic V̇E response in FVB mice at all ages tested (Fig. 3.1Ai). V̇E 

increased to its peak in the first minute of hypoxia and then fell to a lower steady-state Phase II 

level that varied depending on the developmental stage. The time course data in Fig. 3.1Ai and 

box plot data in Fig. 3.1Aii, which plots the value of V̇E at the end of hypoxia relative to the 

baseline pre-hypoxia levels, show that in the three youngest age groups, P2, P7–8 and P13–14, V̇E 

fell back to baseline levels by the end of the hypoxic period (Fig. 3.1Ai, Aii). In contrast, V̇E 

remained significantly above baseline throughout hypoxia in the oldest groups and by the end of 

hypoxia was 35 ± 6% and 84 ± 18% greater than baseline in P20–22 (p < 0.0001) and P49–57 

mice (p < 0.0001), respectively (Fig. 3.1Aii). In addition, the steady-state level of V̇E in P20–22 

mice was significantly greater than P2 (p = 0.008) and P13–14 mice (p = 0.0007), while the steady-

state level of V̇E in P49–57 mice was significantly greater than P2 (p = 0.0002), P7–8 (p = 0.003), 

and P13–14 mice (p < 0.0001) (Fig. 3.1Aii).  

 

In contrast, hypoxia caused a reduction in V̇O2 in all groups. Time course data show that in all but 

the oldest animals, this fall comprised a relative rapid fall in the first two min followed by a gradual  
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decline to ~50% of baseline by the end of hypoxia (P2-P23: p £ 0.0001). P49–57 mice showed 

only a modest decrease in V̇O2 in the first 2 min that reached a maximum inhibition of 30 ± 8% by 

the end the hypoxic period (P49–57: p = 0.04). The hypoxic reduction of V̇O2 at the end of hypoxia, 

while numerically greater in the 4 youngest age groups, was not significantly different (p > 0.26) 

between age groups (Fig. 3.1Bii). 

 

These hypoxic changes in V̇E and V̇O2 were responsible for a sustained increase in V̇E/V̇O2, a 

hyperventilation, throughout hypoxia in all age groups (Fig. 3.1Ci, Cii). At 10 minutes of acute 

hypoxic exposure, V̇E/V̇O2 was 82 ± 10% above baseline in P2 animals (p = 0.007). Similar 

increases were seen in P7–8 and P13–14 age groups. The magnitude of the increase then increased 

developmentally. At P20–22, V̇E/V̇O2 was 141 ± 12% above baseline and significantly greater than 

the values at P2 (p = 0.04) and P13–14 (p = 0.002) while the 175 ± 28% increase at P49–57 was 

greater than that at P13–14 (p = 0.003). It is noteworthy that the hypoxia-induced increase in 

V̇E/V̇O2 in the three youngest age groups was due exclusively to the hypoxia-induced metabolic 

depression while in the two oldest groups it reflected both the hypoxia-induced increase in V̇E and 

metabolic depression (Fig. 3.1Cii).  

 

3.3.2 Equilibrative nucleoside transporters (ENTs)  

Minimal impact of ENT KO on baseline beathing behaviour during postnatal development. 

Before comparing how the loss of ENTs affected ventilatory and metabolic responses to hypoxia, 

I first confirmed that ENT1/2 KO did not alter physical development compared to WT mice. I 

performed a linear regression analysis of body weight as a function of age for the two strains (Fig. 

3.2A). The slope of the relationship between body weight and age was similar in WTs (slope=0.48 

± 0.02) and ENT1/2 KO mice (0.44 ± 0.01, p = 0.46), suggesting that growth over the first two 

months was unaffected by the KO and of ENT1/2. I then compared ventilatory and metabolic 

parameters of WT and ENT1/2 KO under baseline conditions to assess the impact of ENT1/2 KO 

on baseline behaviour. There were very few differences. In all age groups, V̇E and V̇E/V̇O2 in WT 

and ENT1/2 KO mice were similar across all groups (Fig. 3.2B, F). The only differences were 

that: i) baseline frequency was significantly lower in P6–8 (214 ± 7 bpm) and P49–57 WTs (186 

± 15 bpm) compared to the ENT1/2 KO mice of the same age (P6–8: 249 ± 6 bpm, p = 0.05;  
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P49–57: 268 ± 14 bpm, p < 0.0001) (Fig. 3.2C); ii) baseline tidal volume (VT) was greater in the 

WT mice (13.6 ± 0.4 ml/min) than ENT1/2 KO at P2 (10.8 ± 0.5 ml/min, p = 0.007) (Fig. 3.2D), 

and; iii) metabolic rate in WT mice (62 ± 3 ml/min/kg) was greater than the ENT1/2 KO mice at 

P2 (47 ± 3 ml/min/kg, p = 0.007) (Fig. 3.2E).  

 

Knockout of ENT1 and 2 alters breathing pattern responses of newborn mice to hypoxia and 

reduces the duration of hypoxia-induced excitation of frequency, �̇�E and �̇�E/�̇�O2.  

 

My next objective was to test the hypothesis that ENT1/2 activity is important in shaping the 

ventilatory and metabolic responses to hypoxia and that its role increases with postnatal 

development. The prediction of this hypothesis is that removal of ENT1/2 should reduce the 

duration of hypoxia induced increase in V̇E, and that if the role of ENTs increases developmentally, 

the difference between the responses of WT and ENT1/2 KO mice should increase with age.  

 

To test these hypotheses, I compared the ventilatory and metabolic responses to hypoxia of WT 

and transgenic mice lacking ENT1/2 (ENT1/2 KO) at P1–2, P6–8, P12–14, P20–22 and P49–57. 

I measured frequency, tidal volume (VT), minute ventilation (V̇E), metabolic rate (V̇O2), and V̇E/V̇O2 

at rest (21% inspired O2, 5 min), during an acute exposure to hypoxia (10% O2, 10 min) and during 

recovery (21% O2). Outcome measures, plotted as mean ± S.E.M., were first compared between 

strains to assess differences (*) in each parameter throughout the hypoxic exposure. Data were 

also compared within each strain to determine the time points when parameters were significantly 

different from baseline (pre-hypoxia) values. Note that the hash symbol (#) signifies timepoints 

when both groups were statistically different from baseline, whereas the black section (§) and red 

double cross (‡) symbol highlight differences from pre-hypoxic values in the WT or ENT1/2 KO 

group, respectively. All statistical comparisons were made using absolute data. Note, however, 

that time-course responses are plotted first in both absolute and relative to baseline. Significance 

symbols in the absolute time course plots (Fig. 3.3Ai, Bi, Ci, Di, Ei) indicate differences between 

strains.  Significance symbols in the relative time course plots (Fig 3Aii, Bii, Cii, Dii, Eii) indicate 

within strain differences between that time point and the pre-hypoxia baseline value. Since the 

hypothesis being tested is that the duration of the hypoxia evoked increase in ventilation will be 

attenuated in the ENT1/2 KO mice, I illustrate the interval when each parameter is significantly  
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different from baseline in the WT and ENT1/2 KO groups using black and red bars, respectively 

in relative time-course graphs. 

 

Minute Ventilation (�̇�E) 

As seen with the baseline V̇E in the two strains (Fig. 3.2), I found only one difference across all 

age groups in the absolute values of V̇E during hypoxia. At P12–14, V̇E of WTs at the onset (20 

sec) of hypoxia was significantly greater than in ENT1/2 KO mice (vs. WT, 4973 ± 437 ml/min/kg; 

ENT1/2 KO, 3944 ± 411 ml/min/kg; p = 0.05) (Fig. 3.3Ai).  

 

I then compared within each strain when during hypoxia V̇E differed from baseline values. During 

the transition period when O2 levels in the chamber fell from 21% to 10%, V̇E increased 54 ± 6% 

(p < 0.0001) above baseline in P1–2 WTs and 55 ± 8% (p < 0.0001) above baseline in ENT1/2 

KOs. V̇E remained elevated above baseline through the first two minutes of hypoxia (for both 

strains: p < 0.0001) before returning to baseline at the 4-minute timepoint of hypoxia in both strains 

(Fig. 3.3Aii). P6–8 WT mice increased V̇E by 60 ± 6% (p < 0.0001) at the onset of hypoxia, by 40 

± 4% throughout the first minute (p < 0.0001), and by 30 ± 4% through the second minute (p = 

0.003) (Fig. 3.3Aii). In contrast, V̇E of P6–8 ENT1/2 KO mice initially increased 32 ± 4% (p < 

0.0001) during the transition to hypoxia and 23 ± 3% (p = 0.01) in the first minute but was not 

significantly different than baseline during the second minute of the hypoxic challenge (14 ± 3%, 

p = 0.32) (Fig. 3.3Aii). At P12–14, WTs quickly increased V̇E above baseline at the onset of 

hypoxia (40 ± 7%, p < 0.0001) (Fig. 3.3Aii). V̇E remained elevated above baseline in the WT mice 

at the end of the first minute of hypoxia when the increase in ENT1/2 KO mice also reached 

significance (WT, 28 ± 6%, p = 0.05; ENT1/2 KO, 44 ± 11%, p = 0.01). V̇E then returned to 

baseline in both strains by the end of the second minute (Fig. 3.3Aii). At P20–22, both strains 

significantly increased V̇E relative to baseline at the onset of hypoxia by ~60% (WT, p < 0.0001; 

ENT1/2 KO, p = 0.0003) (Fig. 3.3Aii) and it remained elevated at the end of the first minute of 

hypoxia (WT, 56 ± 13% p < 0.0001; ENT1/2 KO, 37 ± 19%  p = 0.01). V̇E remained elevated in 

P20–22 WTs during the 2nd (39 ± 8%, p = 0.0005), 4th (38 ± 8%, p = 0.0009) and 10th min of 

hypoxia (35 ± 6%, p = 0.0014), but fell to baseline in ENT1/2 KOs before the end of minute two 

(29 ± 21%, p = 0.28) (Fig. 3.3Aii). Finally, V̇E in P49–56 adult WT mice increased relative to 
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baseline at the onset of hypoxia (WT, 126 ± 17%, p < 0.0001) and remained elevated throughout 

the hypoxic period (minute 1; 105 ± 14%, p < 0.0001; minute 2, 86 ± 14%, p < 0.0001; minute 4, 

98 ± 14%, p < 0.0001; minute 10, 84 ± 17%, p < 0.0001). In contrast, V̇E in the adult ENT1/2 KO 

mice increased relative to baseline at the onset of hypoxia (ENT1/2 KO, 69 ± 27% p < 0.0001) 

and during the first minute (ENT1/2 KO, 35 ± 16% p = 0.005), fell to baseline in minute 2, 

increased in the fourth minute (ENT1/2 KO, 42 ± 14%, p = 0.006) and fell once again to baseline 

levels by minute 10 (Fig. 3.3Aii). In summary, similar to the frequency responses, at every age the 

duration of the V̇E increase was reduced in ENT1/2 KO mice; in addition, the reduction in the 

duration of the V̇E increase in ENT1/2 KO mice appeared to increase with development. 

 

Respiratory Frequency 

To assess whether knockout of ENT1/2 had any effect on breathing pattern responses to hypoxia 

during development, I first compared frequency responses between the WT and ENT1/2 KO mice, 

at the five time points. Between strains, I compared the absolute frequency at every timepoint 

during hypoxia but found no significant differences in any of the developmental stages studied 

(Fig. 3.3Bi), other than baseline differences at P6–8 and P49–57 discussed earlier (Fig. 3.2C).  

 

I then examined within each strain when the frequency in hypoxia differed from the baseline 

values. In P1–2 mice, frequency increased significantly in both WTs (43 ± 7% (p < 0.0001) and 

ENT1/2 KOs (30% ± 4%, p < 0.0001) at the onset of hypoxia (Fig. 3.3Bii). In P1–2 WTs, 

frequency remained elevated throughout the first two minutes of hypoxia (1 min: 34 ± 5%, p = 

0.0001; 2 min: 34 ± 6%, p = 0.0001), while frequency of the ENT1/2 KOs returned to baseline 

during the first minute of the hypoxic stimulus (11% ± 5%, p = 0.58). At P6–8, breathing frequency 

in WTs increased by 19 ± 3% (p = 0.001) at the onset of hypoxia, while breathing rate was not 

elevated above baseline at any point in the ENT1/2 KO group. In P12–14 mice, frequency of WTs 

was significantly increased at least 17 ± 4% throughout the duration of hypoxia (all timepoints: p 

< 0.0001) (Fig. 3.3Bii). In contrast, breathing frequency of P12–14 ENT1/2 KOs remained 

significantly increased at the onset (23 ± 3%, p < 0.0001), during the first (16 ± 2% p < 0.0001), 

second (13 ± 2%, p = 0.0004) and fourth minutes (11 ± 3%, p = 0.002) before falling to baseline 

by end of the 10-minute hypoxic exposure (Fig. 3.3Bii). At P20–22, frequency was increased by 

~30–40% throughout hypoxia in both strains (all timepoints, both groups: p < 0.0001) (Fig. 3.3Bii). 
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In the final developmental P49–57 window, frequency was increased by ~70% in WT mice from 

the onset of hypoxia through the final 10-minute timepoint (p < 0.0001). On the other hand, 

ENT1/2 KO increased breathing frequency by 23 ± 10% (p = 0.001) at the onset of hypoxia, 24 ± 

7% (p = 0.0007) during the first minute, 26 ± 7% (p = 0.0001) in the second minute, and 24 ± 8% 

(p = 0.0008) in the fourth minute of hypoxia, but frequency was not significantly elevated by the 

end of hypoxia (10 ± 8%, p = 0.69) (Fig. 3.3Bii). Thus, at every age except P20–22 where the 

frequency increase was sustained through hypoxia, the duration of the frequency increase was 

reduced in ENT1/2 KO mice and the reduction in the duration of the response between the WT 

and ENT1/2 KO mice appeared to increase with development. 

 

Tidal Volume 

I next compared how changes in tidal volume (VT) in hypoxia differed between WT mice and 

ENT1/2 KO animals during developmental. In absolute terms, there were only a few differences 

between the groups at each period of development. The only difference was detected in the P1–2 

mice, in which VT of WTs was significantly greater than ENT1/2 KOs during baseline and at the 

onset (20 sec) of hypoxia (WT, 16 ± 1 ml/kg; ENT1/2 KO, 13 ± 1 ml/kg, p = 0.0001) (Fig. 3.3Ci).  

 

Relative to pre-hypoxic values, VT of P1–2 WTs was only significantly increased at the onset of 

hypoxia (19 ± 2%, p = 0.003) and fell 17 ± 3% below baseline at 10 minutes of the hypoxic 

stimulus (p = 0.007), whereas in ENT1/2 KOs, VT was elevated significantly during the transition 

period (22 ± 4%, p = 0.004), 1st minute (40 ± 4%, p < 0.0001) and 2nd minute (32 ± 4%, p < 

0.0001,) of hypoxia (Fig. 3.3Cii). In P6–8 mice, VT was elevated above baseline levels in both WT 

and ENT1/2 KOs at the onset (WT, 36 ± 6%, p < 0.0001; ENT1/2 KO, 22 ± 3%, p = 0.03) and 

during the first minute of hypoxia (26 ± 3%, p = 0.0004; ENT1/2 KO, 20 ± 5%, p = 0.03). Unlike 

WT mice between P12–14, who initially increased VT by 20 ± 2% (p = 0.02) at the onset of hypoxia 

before VT significantly decreased 23 ± 2% below baseline by minute 10 of hypoxia (p = 0.002), 

VT did not significantly change from baseline during hypoxia in P12–14 ENT1/2 KO animals (Fig. 

3.3Cii). At P20–22, VT was only significantly increased from baseline in WT mice at the onset of 

hypoxia (20 ± 5%, p = 0.002) (Fig. 3.3Cii). In mice tested between P49–57, WTs exhibited a longer 

duration increase in VT that began at the onset of hypoxia (32 ± 7%, p < 0.0001), extended to the 

first minute of hypoxia (20 ± 4%, p = 0.01) and then increased significantly again in the fourth 
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minute of hypoxia (19 ± 5%, p = 0.01). In contrast, VT only increased at the onset of hypoxia (30 

± 13%, p < 0.0001) in the KO mice and fell back to baseline by the end of the first minute (8 ± 

8%, p = 0.39) (Fig. 3.3Cii). Overall, there were few differences in the magnitude or the duration 

of the VT response to hypoxia between strains during development. 

 

Metabolic Rate (�̇�O2) 

There were very few differences in metabolic responses of WT and ENT1/2 KOs mice to hypoxia. 

The only difference in absolute V̇O2 values between the two strains was seen at P1–2 when WT 

mice had higher levels of V̇O2 at baseline and after 2 min of hypoxia (WT, 48 ± 5 ml/min/kg; 

ENT1/2 KOs, 33 ± 3 ml/min/kg, p = 0.04) (Fig. 3.3Di). 

 

In every age group between P1–2 and P20–22, both WT and ENT1/2 KO mice significantly 

reduced V̇O2 between ~30–40% from control levels in the 2nd and 4th minute of hypoxia (all ages: 

p ≤ 0.002) before falling to ~50% relative of baseline by the 10th minute of hypoxia (all ages: p < 

0.0001) (Fig. 3.3Dii). At P49–57 however, the metabolic responses differed between strains. V̇O2 

was not different from baseline at any time point during hypoxia in the WT mice (p > 0.07), while 

the hypoxic depression of V̇O2 in the ENT1/2 KO mice also took longer to develop than in younger 

age groups. The decrease in V̇O2 was not significantly different from baseline until the fourth (39 

± 6%, p = 0.0008) and tenth minute (32 ± 7%, p = 0.008) of hypoxia. Thus, loss of ENT1/2 

produced a hypoxic hypometabolic response through adulthood, which was not seen in WT mice 

with endogenous ENT activity. 

 

Air Convection Requirement (�̇�E/�̇�O2) 

Finally, I compared changes in V̇E/V̇O2 during hypoxia between the two strains. I found no 

differences in absolute V̇E/V̇O2 values between strains during hypoxia in any age group, except for 

P49–57 mice, where V̇E/V̇O2 was significantly increased in the WTs (117 ± 15 a.u) compared to 

ENT1/2 KOs at the 10-minute point of hypoxia (70 ± 7 a.u, p = 0.0005) (Fig. 3.3Ei).  

Relative to baseline, V̇E/V̇O2 increased in both strains similarly between P1–P22. In P1–2 mice, 

V̇E/V̇O2 increased > 130% in the second minute of hypoxia (WT, p = 0.0002; ENT1/2 KO, p < 

0.0001), dropping slightly in the fourth minute (WT, 84 ± 17%, p = 0.03; ENT1/2 KO, 96 ± 17%, 
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p = 0.0006) but increasing to more than double by the 10th minute (WT, 104 ± 24%, p = 0.006; 

ENT1/2 KO, 126 ± 24%, p < 0.0001) (Fig. 3.3Eii). In both strains of P6–8 mice, V̇E/V̇O2 increased 

by ~90% in the 2nd minute and 4th minute of hypoxia before increasing further to 111 ± 12% (WT) 

and 128 ± 19% (ENT1/2 KO, all timepoints of both strains: p < 0.0001) by the 10th minute (Fig. 

3.3Eii). In P12–14 mice, V̇E/V̇O2 approximately doubled in the second (WT, 102 ± 14%; ENT1/2 

KO: 87 ± 12, both strains p = 0.0001) and fourth minute of hypoxia (WT, 87 ± 11%, p = 0.0002; 

ENT1/2 KO, 98 ± 15%, p = 0.0001), remaining > 70% above baseline at the end of hypoxia (WTs, 

p = 0.003; ENT1/2 KO, p = 0.0001) (Fig. 3.3Eii). Likewise, P20–22 mice increased V̇E/V̇O2 more 

than double throughout the 10% O2 exposure (both stains, each timepoint: p < 0.0001) (Fig. 

3.3Eii). There were differences V̇E/V̇O2 response at P49–57 as only WT mice increased V̇E/V̇O2 by 

110 ± 29% at 2 minutes in hypoxia (p = 0.005), whereas the increase of V̇E/V̇O2 was not significant 

in ENT KOs (p = 0.07).  By the fourth minute of hypoxia, V̇E/V̇O2 increased by 154 ± 43% in WTs 

and 150 ± 27% in ENT1/2 KOs above baseline (p < 0.0001) and remaining elevated by 175 ± 28% 

and 79 ± 18% at 10 minutes of hypoxia in WT (p < 0.0001) and KOs (p = 0.03), respectively (Fig. 

3.3Eii).  

In summary, despite differences between strains in terms of their relative hypoxic V̇E responses, 

both strains of mice at all ages responded to hypoxia with a sustained increase in V̇E/V̇O2; the only 

difference was a modest reduction in the duration of the increase in V̇E/V̇O2 in the oldest group of 

ENT1/2 KO mice.  

 

3.3.3 Adenosine Kinase (ADK)  

Pharmacological inhibition of ADK has greater depressive effects on baseline ventilation and 

metabolism in older mice 

My next objective was to explore the hypothesis that postnatal maturation of ADK-S is an 

important factor in the maturation of the HVRV̇E; i.e., the lack, or low level of ADK-S in the brain 

at birth is a key contributor the inability of neonates to produce a sustained increase in V̇E during 

hypoxia. For reasons described previously, I focused on ADK-S because its expression is very low 

at birth and reaches adult levels by third week of life in the cortex, cerebellum (Gebril et al., 2021; 

Studer et al., 2006) and brainstem (Fig. 2.7, 2.8). In addition, the conversion of ADOi into AMPi 

by ADK-S supports ENT-mediated clearance of ADOe. Thus, lack of ADK-S at birth will 
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compromise ADOe clearance and attenuate the hypoxic excitation of V̇E. I utilized a 

pharmacological approach to acutely inhibit ADK using intraperitoneal injections of ABT 702 (10 

mg/kg). The rationale for this experiment was that if ADK function is minimal at birth and 

increases with development, pharmacological inhibition of ADK should have minimal effect on 

ventilatory parameters at birth. With development, ADK inhibition should progressively attenuate 

the magnitude and/or duration of the hypoxic increase in V̇E. I could not predict the effects of ADK 

inhibition on the V̇O2 response because the developmental role of ADK-S in metabolic regulation 

is not known.  

 

Before testing whether pharmacological inhibition of ADK affected the ventilatory and metabolic 

responses to hypoxia, I first tested the effects of ABT 702 on baseline V̇E and V̇O2 in WT mice 

(Fig. 3.4). I compared drug-injected animals to vehicle-injected (0.6% DMSO in 0.9% saline, i.p.) 

controls at P0–2, P11–12, and P20. When ADK-S expression in the brainstem reaches adult levels 

(Fig. 2.7, 2.8). At P0–2, the only significant effect of ABT 702 was a reduction in respiratory 

frequency from 161 ± 24 bpm in the vehicle group to 95 ± 20 bpm (p = 0.04) in the ABT 702 

group (Fig. 3.4B). V̇E, VT, V̇O2, and V̇E/V̇O2 were not significantly affected ABT 702 at this age. In 

contrast, at P11–12 and P20 ABT 702 caused a significant reduction in all parameters except 

V̇E/V̇O2. At P11–12, ABT 702 caused V̇E to decrease to almost one third of normal baseline levels 

from 3535 ± 416 ml/min/kg in vehicle to 1280 ± 136 ml/min/kg in ABT 702 (p = 0.0009) (Fig. 

3.4A). Frequency fell ~25% from 248 ± 10 bpm in vehicle to 175 ± 13 bpm (p = 0.03) in ABT 702 

(Fig. 3.4B), while VT fell almost 50% from 14.2 ± 1.5 ml/kg in vehicle to 7.3 ± 0.6 ml/kg (p = 

0.0009) in ABT 702 (Fig. 3.4C). Like V̇E, V̇O2 fell ~67% from 68 ± 7 ml/min/kg in vehicle or 22 ± 

1 ml/min/kg (p = 0.004) in ABT 702 (Fig. 3.4D). Similarly, in P20 mice, V̇E was depressed by 

more than half in ABT 702-treated mice (3218 ± 628 ml/min/kg) relative to vehicle treated mice 

(6581 ± 467 ml/min/kg, p < 0.0001) (Fig. 3.4A). Respiratory frequency fell by one-third in ABT 

702 from 363 ± 21 bpm to 238 ± 13 bpm (p = 0.0001) (Fig. 3.4B), as did VT from 18.3 ± 1.2 ml/min 

in vehicle-treated mice to 13.2 ± 1.8 ml/min in ABT 702 (p = 0.02) (Fig. 3.4C). In P20 mice, ABT 

702 caused similar reductions in V̇O2 as V̇E, reduced by half (56 ± 10 ml/min/kg) relative to vehicle 

controls (118 ± 14 ml/min/kg, p = 0.0001) (Fig. 3.4D). Notably, V̇E/V̇O2 was not affected by ABT 

702 at any age (Fig. 3.4E).  
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Two key observations are first that the effects of ABT 702 on ventilation and metabolic rate 

emerged between P0–2 and P11–12, providing functional corroboration of expression data and 

indicates ADK-S activity is low at birth and matures thereafter. Second, the observation that ABT 

702 had no effect on V̇E/V̇O2 at any age indicates that the changes in V̇E were proportional to 

reductions in V̇O2. This, in turn suggests that the primary effect of ABT 702 was to inhibit V̇O2, 

that all changes in V̇E, frequency and VT were subsequent to drop on metabolic rate and that 

homeostatic reflexes responsible for matching V̇E to V̇O2 were not affected by ABT 702.  

 

Effect of ADK inhibition on ventilatory and metabolic responses to hypoxia 

 

Minute Ventilation (�̇�E) 

I then tested the effects of ABT 702 on the ventilatory and metabolic responses to hypoxia in WT 

mice during the first three weeks of development. Data in Fig. 3.5 are presented using the same 

format and conventions used in Fig. 3.3 to show significance between strains and then within each 

strain to show differences between the value of specific parameter during hypoxia compared to 

baseline. In P0–2 mice, V̇E was significantly greater in vehicle-treated mice throughout the first 2 

minutes of hypoxia. During the 10 s transition and at 1 min and 2 min of hypoxia, V̇E in vehicle 

and ABT 702 groups, respectively was 2223 ± 294 ml/min/kg vs 958 ± 224 ml/min/kg (p = 0.03); 

2846 ± 438 ml/min/kg vs 1320 ± 295 ml/min/kg (p = 0.004) and 2741 ± 362 ml/min/kg vs. 1442 

± 425 ml/min•kg, (p = 0.03) (Fig. 3.5Ai). After 10 minutes in hypoxia, V̇E fell in the vehicle group 

back to control levels that were similar to the ABT 702 group. In P11–12 mice, V̇E of ABT 702-

treated animals was significantly lower than controls throughout hypoxia including through the 

transition to 10% O2 (Vehicle: 3766 ± 433 ml/min/kg vs. ABT 702: 1403 ± 146 ml/min/kg, p < 

0.0001), as well as through the first (Vehicle: 5044 ± 441 ml/min/kg vs. ABT 702: 2259 ± 296 

ml/min/kg, p < 0.0001), second (Vehicle: 4685 ± 375 ml/min/kg vs. ABT 702: 2455 ± 322 

ml/min/kg, p = 0.0001) and tenth minute of the stimulus (Vehicle: 3295 ± 171 ml/min/kg vs. ABT 

702: 1825 ± 241 ml/min/kg, p = 0.02) (Fig 3.5Ai). At P20, V̇E was significantly greater in vehicle-

treated mice but only through the first minute and after 10 minutes of hypoxia. During the 

transition and at 1 min, V̇E in vehicle and ABT 702 groups, respectively was 9165 ± 1019 

ml/min/kg vs. 5296 ± 1150 ml/min/kg (p = 0.005) and 8378 ± 995 ml/min/kg vs. 5136 ± 909  
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ml/min/kg (p = 0.03). Then at the end of hypoxia, V̇E was 6463 ± 488 ml/min/kg in the vehicle 

group but 2870 ± 235 ml/min/kg in ABT 702-treated mice (p = 0.01) (Fig 3.5Ai). 

 

Relative to their baseline values, V̇E was not increased in vehicle-treated or ABT 702-treated mice 

at P0–2 (Fig. 3.5Aii). At P11–12, V̇E increased in both groups for the first (Vehicle: 47 ± 9%, p < 

0.0001; ABT 702: 75 ± 6%, p = 0.003) and second minute of hypoxia (Vehicle: 37 ± 10%, p = 

0.0001; ABT 702: 90 ± 9%, p = 0.0003). In the third age group (P20), there were no differences 

in the time that V̇E was elevated relative to baseline. V̇E was increased 41 ± 15% and 63 ± 4% 

relative to baseline through the transition to 10% O2 in vehicle and ABT 702, respectively. V̇E 

remained throughout the first minute of hypoxia (Vehicle: 29 ± 13%, p = 0.03; ABT 702: 62 ± 9%, 

p = 0.03) but fell to baseline thereafter (both groups: p > 0.16) (Fig. 3.5Aii). 

 

Respiratory Frequency 

Respiratory frequency was significantly greater in vehicle-treated P0–2 mice compared to ABT 

702 mice in normoxia (Fig. 3.4) but this difference was lost upon exposure to hypoxia (Fig. 3.5Bi). 

At P11–12, the reduction in baseline frequency observed in ABT 702-treated mice persisted 

throughout the hypoxic period including during the 10 s transition (Vehicle: 250 ± 12 bpm vs. 

ABT 702: 183 ± 16 bpm, p = 0.0005), at 1 min (Vehicle: 310 ± 5 bpm vs. ABT 702: 226 ± 15 

bpm, p < 0.0001) and 2 min of hypoxia (Vehicle: 320 ± 5 bpm vs. ABT 702: 232 ± 13 bpm, p < 

0.0001). By the end of hypoxia, frequency remained elevated (300 ± 6 bpm) in the vehicle-treated 

group relative to ABT 702-treated mice (195 ± 15 bpm, p < 0.0001). Similarly, in the third age 

group (P20), the depression of baseline frequency by ABT 702 continued through the hypoxic 

exposure. During the transition to 10% O2 and at 1 min, 2 min and 10 min of hypoxia, frequency 

in vehicle and ABT 702 groups, respectively was 403 ± 24 bpm vs. 293 ± 21 bpm (p = 0.0003); 

391 ± 17 bpm vs. 305 ± 18 bpm (p = 0.005); 378 ± 9 bpm vs. 300 ± 21 bpm (p = 0.02); and 360 ± 

12 bpm vs. 222 ± 10 bpm (p < 0.0001) (Fig. 3.5Bii). 

 

In relative terms, at P0–2 neither vehicle- nor ABT 702-treated mice increased frequency at any 

point during hypoxia (Fig. 3.5Bii). At P11–12, frequency was increased ~30% (p < 0.0001) for the 

first and second minutes of hypoxia in both groups, but by the end of hypoxia, only vehicle-treated 

mice showed a sustained increase in frequency above baseline (Vehicle: 22 ± 6%, p < 0.0001; 
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ABT 702: 12 ± 6%, p = 0.18). P20 mice from both treatment groups increased breathing frequency 

at the onset of hypoxia (Vehicle: 13 ± 8%, p = 0.04; ABT 702: 23 ± 2%, p = 0.007), although 

frequency fell immediately after back to baseline in vehicle-treated mice (1 min: 9 ± 5%, p = 0.23), 

while frequency in ABT 702 mice was sustained above baseline through the first (28 ± 3%, p = 

0.0008) and second minute of hypoxia (26 ± 3%, p = 0.002).  

 

Tidal Volume 

Next, I examined the effect of ABT 702-mediated ADK inhibition of hypoxic changes in VT. I 

found that there were very little differences between the vehicle and drug treatment group at P0–

2, VT was decreased in the second minute of hypoxia in the ABT 702 group (Vehicle: 14.3 ± 1.0 

ml/min/kg vs. ABT 702: 10.8 ± 1.2 ml/min/kg, p = 0.04). In P11–12 mice, the reduction in VT in 

normoxia persisted through the transition to 10% O2 and the first minute of hypoxia, as VT was 

14.9 ± 1.4 ml/min/kg vs. 7.7 ± 0.5 ml/min/kg (p = 0.0001) and 16.3 ± 1.3 ml/min/kg vs. 9.9 ± 1.0 

ml/min/kg (p = 0.0009) in the vehicle and ABT 702-treated groups, respectively (Fig. 3.5Ci). 

While baseline VT was depressed by ABT 702 in P20 mice, there were no differences between 

treatment groups throughout hypoxia (each timepoint: p > 0.1) (Fig. 3.5Ci). 

 

At P0–2, VT was not different from baseline throughout hypoxia in either vehicle (p > 0.4) or ABT 

702 group (p > 0.5) (Fig. 3.5Cii). At P11–12, VT was increased in both groups during the first 

minute of hypoxia (Vehicle: 16 ± 3%, p = 0.008; ABT 702: 35 ± 4%, p = 0.002), but fell to baseline 

by the second minute in the vehicle-treated group (p = 0.76). VT was elevated 43 ± 5% (p = 0.0002) 

and 26 ± 3% (p = 0.03) above baseline at 2 and 10 minutes of hypoxia in ABT 702, while VT of 

vehicle-treated mice depressed 19 ± 7% below baseline after 10 minutes (p < 0.0001) (Fig. 3.5Cii). 

In the third age window (P20), hypoxia evoked 24 ± 6% (p = 0.0014) and 32 ± 3% (p = 0.004) 

increases in VT during the transition to 10% O2 and 17 ± 9% (p = 0.04) and 26 ± 5% (p = 0.03) 

through the first minute in vehicle and drug-treated mice, respectively. VT was not significant from 

baseline in either group thereafter.  

 

Metabolic Rate (�̇�O2) 

At P0–2, V̇O2 was reduced by two-thirds at 2 minutes in hypoxia in ABT 702 (10 ± 2 ml/min/kg) 

relative to the vehicle group (32 ± 3 ml/min/kg, p = 0.03), however V̇O2 in the control group fell 
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to similar levels by the end of hypoxia (p = 0.8) (Fig. 3.5Di). The significant reduction in basal 

V̇O2 in P11–12 ABT 702-treated mice relative to vehicle controls continued throughout 

hypoxia.	V̇O2 at 2 min and 10 min in the vehicle and drug-treatment group, respectively was 27 ± 

2 ml/min/kg vs. 10 ± 2 ml/min/kg (p = 0.003) and 23 ± 2 ml/min/kg vs. 10 ± 1 ml/min/kg (p = 

0.03) (Fig. 3.5Di). In the P20 groups, while baseline V̇O2 was significantly reduced by ABT 702, 

the difference between groups disappeared in the second minute of hypoxia (Vehicle: 58 ± 9 

ml/min/kg vs. ABT 702: 50 ± 7 ml/min/kg, p = 0.89). At the end of hypoxia, V̇O2 in vehicle (65 ± 

7 ml/min/kg) was again higher than in ABT 702 (30 ± 4 ml/min/kg, p = 0.04) (Fig. 3.5Di). 

 

Relative to baseline, V̇O2 responses differed in the vehicle and ABT 702-treated mice in the 

youngest mice and at P20. At P0–2, hypoxia evoked a 37 ± 20% depression in V̇O2 at the end of 

hypoxia (p = 0.009), however V̇O2 was different from baseline at any point in the neonate ABT 702 

group (p > 0.1) (Fig. 3.5Dii). At P11–12, V̇O2 was reduced ~60% during hypoxia in both groups. 

At 2 minutes, V̇O2 fell to 58 ± 4% (Vehicle, p < 0.0001) and 58 ± 8% (ABT 702: p = 0.03) relative 

to baseline, remaining depressed at 10 minutes by 63 ± 6% (Vehicle: p < 0.0001) and 58 ± 4% 

(ABT 702, p = 0.03). In contrast, differences in the relative response of each group appeared again 

at P20. Hypoxia depressed V̇O2 by ~45% at 2 minutes (p = 0.001) and 10 minutes (p = 0.003) in 

vehicle-treated mice, whereas mice injected with ABT 702 did not depress V̇O2 at any point during 

hypoxia (2 min: +8 ± 33%, p = 0.90; 10 min: -33 ± 21%, p = 0.20) (Fig. 3.5Dii). 

 

Air Convection Requirement (�̇�E/�̇�O2) 

The final parameter compared in this experiment was the air convection requirement, V̇E/V̇O2. In 

normoxia, ABT 702 did not affect V̇E/V̇O2 at any age (Fig. 3.4), however during hypoxia in P0–2 

and P11–12 mice, V̇E/V̇O2 was elevated in the ABT 702 treatment group (P0–2: 161 ± 32 a.u.; P11–

12: 287 ± 42 a.u.) relative to vehicle controls (P0–2: 85 ± 10 a.u., p = 0.007; P11–12: 175 ± 18 

a.u., p = 0.004) at 2 minutes before returning to a similar level by 10 minutes (p = 0.4) (Fig. 3.5Ei). 

At P20, there were no differences in V̇E/V̇O2 between either group at 2 minutes (vehicle: 145 ± 27 

a.u.; ABT 702: 95 ± 12 a.u., p = 0.09) or 10 minutes of hypoxia (vehicle: 102 ± 9 a.u.; ABT 702: 

104 ± 17 a.u., p > 0.99) (Fig. 3.5Ei). 
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At P0–2, unlike the vehicle-treated mice that did not significantly increase V̇E/V̇O2 at any point in 

hypoxia (p > 0.08), V̇E/V̇O2 was increased 239 ± 38% (p = 0.0002) above baseline in ABT 702 

treated mice at 2 minutes in hypoxia before falling back to pre-hypoxic levels by 10 minutes (p = 

0.8) (Fig. 3.5Eii). Between 2 minutes and 10 minutes in hypoxia, V̇E/V̇O2 fell 59% in the P0–2 ABT 

702 treated mice (p = 0.002), a significant decrease which was not observed in vehicle controls (p 

> 0.99) (Fig. 3.5Eii). In the second age group (P11–12), hypoxia caused V̇E/V̇O2 to increase 235 ± 

26% (Vehicle) and 415 ± 80% (ABT 702, both groups: p < 0.0001) relative to baseline at 2 minutes 

and by 182 ± 13% (Vehicle, p = 0.002) and 247 ± 35% (ABT 702, < 0.0001) at 10 minutes (Fig. 

3.5Eii). V̇E/V̇O2 decreased 31% from 2 minutes to 10 minutes of hypoxia in the ABT 702 group (p 

= 0.006) but this intial increase in V̇E/V̇O2 was sustained until the end of hypoxia in vehicle-treated 

mice (p = 0.52). In P20 mice, V̇E/V̇O2 increased 163 ± 59% from baseline in vehicle treated mice 

at 2 minutes (p = 0.003), returning to pre-hypoxic levels at 10 minutes (p = 0.19). In the P20 ABT 

702-treated mice V̇E/V̇O2 was not elevated above baseline at any point (p > 0.3) (Fig. 3.5Eii). 

 

Effects of ADK-S overexpression on growth, development of baseline ventilatory and metabolic 

parameters 

I next examined the role of ADK-S in the development of the HVR using a transgenic model 

engineered to express in newborn mice adult levels of ADK-S. My rationale was that if low levels 

of ADK-S are responsible for the immature HVRV̇E in which mice cannot produce a sustained 

increase in V̇E during hypoxia, neonatal mice that express adult levels of ADK-S at birth should 

have a mature HVRV̇E and HVRV̇E/V̇O2. I also predicted that the differences between the transgenic 

mice and WT mice would gradually disappear during development as the expression of 

endogenous ADK-S in WT mice gradually increased to match the levels in the transgenic mice. 

 

To achieve this, I obtained a transgenic mouse from Dr. Boison at Rutgers University which was 

produced by inserting into the Adk-/- mouse that lacks the endogenous Adk gene, a transgene that 

ubiquitously expresses from conception, the mature short-isoform of ADK (ADK-S) specifically 

in the brain (Shen et al., 2012). The transgenic ADK (ADKtg) mice, were generated on a C57BL/6J 

background, thus all experiments were performed using these mice as the WT control. 

 

Prior to testing the main hypothesis that introduction of ADK-S into the brains of neonatal mice 
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would produce mice with an adult like HVR, I first assessed whether introduction of the transgene 

for human ADK-S, and deletion of the endogenous Adk-gene (which also codes for ADK-L) 

affected growth or the baseline respiratory and metabolic behaviour of WT C57BL/6J mice. I 

plotted body weight vs age for both strains of mice from P0 and adulthood and performed linear 

regressions on data from the two strains. The slopes of the lines of best-fit line of the body weight 

vs. age relationship was similar for WT (0.38 ± 0.01) and ADKtg mice (0.40 ± 0.01, p = 0.22) 

(Fig. 3.6A). I then compared baseline ventilatory and metabolic parameter in the two strains in 5 

different age groups P0–3, P6–7, P12–14, P19–23, and P43–56 mice. 

 

At the earliest developmental time points, P0–3 and P6–7, ventilatory and metabolic parameters 

were all similar in WT and ADKtg mice (Fig. 3.6B-F). Breathing frequency remained similar 

between strains throughout the remainder of development and into adulthood (Fig. 3.6C). 

However, from P12–14 to adulthood, V̇E (Fig. 3.6B) and VT (Fig. 3.6D) were significantly reduced 

in ADKtg compared to WT mice.  

 

At P12–14, V̇E in WT was 3769 ± 185 ml/min/kg compared to 2741 ± 162 ml/min/kg (p = 0.0005), 

in Adktg mice; at P19–23 V̇E was 3624 ± 338 ml/min/kg compared to 2482 ± 179 ml/min/kg (p < 

0.0001) in ADKtg while at P43–56 V̇E was 2868 ± 283 ml/min/kg vs. 1985 ± 134 ml/min/kg (p = 

0.003) in ADKtg mice (Fig. 3.6B). The reduced V̇E in ADKtg mice in the oldest three groups of 

mice was entirely due to reduced VT. At P12–14, 20-23 and P43–55, VT in WT and ADKtg mice, 

respectively was 16.9 ± 0.8 ml/kg vs. 11.1 ± 0.5 ml/kg (p < 0.0001), 15.7 ± 0.7 ml/kg vs. 11.7 ± 

0.4 ml/kg (p < 0.0001) and 12.9 ± 0.4 ml/ kg vs. 10.1 ± 0.4 ml/kg (p = 0.002) (Fig. 3.6D). Like 

V̇E, baseline metabolic rate was reduced in ADKtg (46 ± 3 ml/min/kg) compared to WT mice (64 

± 3 ml/min/kg, p = 0.01) (Fig. 3.6E) at P12–14. V̇O2 in ADKtg mice remained numerically lower 

that WT at P19–23 and P43–56, but these differences were not significant. As a result, baseline 

V̇E/V̇O2 was similar in the two strains across all age groups, with the exception that at P6–7, V̇E/V̇O2 

in ADKtg mice 62 ± 4 a.u.) was increased relative to WT mice (45 ± 4 a.u., p = 0.005). 
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ADK-S overexpression produces neonatal mice with an adult-like sustained, hyperventilatory 

(HVR�̇�E/�̇�O2) response to hypoxia due to an enhanced hypometabolic rather than enhanced 

ventilatory response to hypoxia. 

 

Air Convection Requirement (�̇�E/�̇�O2) 

I report first the effects of ADK-S overexpression on development of V̇E/V̇O2 response to hypoxia 

as this provides the most direct test of the primary hypothesis that the lack of ADK-S at birth and 

its postnatal development are critical in the maturation of the HVR. With ADKtg mice, I test the 

hypothesis that neonatal mice that express adult levels of ADK-S at birth will have a mature HVRV̇E 

and HVRV̇E/V̇O2 and that the differences between the hypoxic responses of ADKtg and WT mice 

during development will parallel differences in the expression of ADK-S between transgenic vs 

WT mice.  

 

As predicted, P0–3 ADKtg mice responded to hypoxia with a significant sustained, adult-like 

increase in V̇E/V̇O2 that was significantly greater than the response of WT animals in which V̇E/V̇O2 

remained at or below baseline throughout the hypoxic exposure. At 2, 4 and 10 min of hypoxia, 

V̇E/V̇O2 in the ADKtg mice was at 81 ± 9 a.u., 93 ± 12 a.u., and 81 ± 9 a.u., p < 0.0001), respectively, 

which was significantly greater than WT mice at the same time points (30 ± 3 a.u., p = 0.0004; 31 

± 3 a.u., p < 0.0001; and 30 ± 3 a.u.., p < 0.0001) (Fig. 3.7Ai). The differences are even more 

obvious when comparing the V̇E/V̇O2 hypoxic responses relative to pre-hypoxic baseline values. In 

P0–3 ADKtg mice, V̇E/V̇O2 increased relative to baseline by 80 ± 31% (p = 0.03), 98 ± 35% (p = 

0.005) and 100 ± 38% (p = 0.01) at 2, 4 and 10 min of hypoxia above baseline in the ADKtg mice 

(p = 0.01) (Fig. 3.7Aii). V̇E/V̇O2 in newborn WT mice (P0–3) did not change significantly at any 

time during hypoxia.  

 

Differences between the V̇E/V̇O2 responses to hypoxia of ADKtg and WT mice remained in P6–7 

and P12–14 mice but they were much less dramatic and as both strains at these ages increased 

V̇E/V̇O2 in response to hypoxia. At P6–7, V̇E/V̇O2 was significantly greater in the ADKtg group (123 

± 10 a.u.) at 4 minutes in hypoxia compared to the WT strain (85 ± 14 a.u., p = 0.05), while at 

P12–14, V̇E/V̇O2 was greater in ADKtg mice (162 ± 14 a.u.) at 10 mins compared to WTs (118 ± 9 

a.u, p = 0.03). At P19–23, the differences increased again with ADKtg mice showing a  
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greater	V̇E/V̇O2 response at 4 (115 ± 13 a.u. vs 79 ± 3 a.u, p = 0.03) and 10 min of hypoxia (105 ± 

9 a.u. vs 71 ± 4 a.u., p = 0.04).  There were no differences in the absolute values of V̇E/V̇O2 during 

hypoxia between the ADKtg and WT mice at P43–56.  

 

Comparing V̇E/V̇O2 changes during hypoxia relative to each strain’s pre-hypoxic baseline value, 

clarified that the strain differences in the V̇E/V̇O2 responses to hypoxia diminished between P0–3 

and P6–7, diminished further by P12–14 but then appeared to increase again in the two oldest 

groups. For example, at P6–7 both strains similarly elevated V̇E/V̇O2 at 2 minutes in hypoxia (WT, 

131 ± 31%, p = 0.0005; ADKtg: 94 ± 18%, p = 0.0001), but at 4 (112 ± 24%, p = 0.0001) and 10 

minutes only the ADKtg strain maintained V̇E/V̇O2 above baseline (ADKtg: 103 ± 25%, p < 

0.0001). At P12–14 there was little difference between strains; both WT and ADKtg mice 

increased V̇E/V̇O2 ~140% above baseline during the 2nd (WT, 141 ± 26%, p < 0.0001; ADKtg: 139 

± 20%, p < 0.0001) and 4th minute (WT, 133 ± 24%, p < 0.0001; ADKtg: 149 ± 24%, p < 0.0001), 

however by the 10th minute of hypoxia, V̇E/V̇O2 fell slightly in WT mice (99 ± 15%, p = 0.0027) 

but elevated to 169 ± 29% (p < 0.0001) in the ADKtg strain (Fig. 3.7Aii). Then at P19–23, strain 

differences became more apparent again. Both showed increases in V̇E/V̇O2 relative to baseline at 

2 minutes in hypoxia (WT, 90 ± 16%, p = 0.01; ADKtg: 165 ± 19%, p < 0.0001), but by 4 min 

V̇E/V̇O2 was only elevated in the ADKtg mice (WT, 60 ± 12%, p = 0.2; ADKtg: 141 ± 14%, p < 

0.0001) and remained elevated at 10 min in the transgenic mice (127 ± 11%, p < 0.0001; WT, 40 

± 8%, p = 0.5). In adult P43–56 mice, while both WT and ADKtg mice appeared to increase V̇E/V̇O2 

above baseline, the increase was only statistically significant for the ADKtg mice at 2 min (171 ± 

47%, p = 0.03), 4 min (250 ± 67%, p = 0.0007), and 10 min (266 ± 83%, p = 0.0002). While V̇E/V̇O2 

in P43–56 WT mice was nearly doubled at 2 min (104 ± 22%), 4 min (116 ± 54%) and 10 min of 

hypoxia (96 ± 31%), these differences were not significant from baseline (p > 0.3) (Fig. 3.7Aii). 

 

In summary, expression ADK-S at adult levels in neonatal mice produces neonates that respond to 

hypoxia with an adult-like hyperventilatory response markedly different from WT mice who show 

no increase in V̇E/V̇O2 during hypoxia. Differences between ADKtg and WT mice decrease with 

development as predicted and are very similar at P12–14 but then start to diverge again such that 

by adulthood the V̇E/V̇O2 of ADKtg mice is once again more sustained than in WTs. 
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Minute Ventilation 

Having shown that the V̇E/V̇O2 response to hypoxia is greatly enhanced in ADKtg mice, the next 

step is to test the prediction that this will result from an enhanced ventilatory response to hypoxia; 

i.e. reduced ADO accumulation in the preBötC of ADKtg mice will result in a sustained, rather 

than biphasic HVRV̇E in neonatal mice. Surprisingly, this was not the case. The V̇E responses of 

WT and ADKtg mice were remarkably similar, especially in the youngest age groups when both 

strains showed a biphasic response in which V̇E increased but then returned to baseline by the end 

of the hypoxia (Fig. 3.7B). However, there were modest changes suggesting a potentiated V̇E 

response to hypoxia in ADKtg mice. During hypoxia in P0–3 animals, absolute V̇E of WT mice 

was less than the ADKtg mice at the onset (WT, 1325 ± 197 ml/min/kg vs. ADKtg, 2007 ± 133 

ml/min/kg, p = 0.008) and during the second minute of hypoxia (WT, 1698 ± 166 ml/min/kg vs. 

ADKtg, 2249 ± 99 ml/min/kg, p = 0.03).  

 

Comparing the magnitude of the V̇E response to 10% O2 of each strain to their baseline 

measurements at each age (Fig. 3.7Bii) revealed that compared to WTs, ADKtg mice sustained V̇E 

significantly above baseline longer at almost every developmental timepoint examined. As with 

the V̇E/V̇O2 response, responses of the two strains became more similar between P0–3 and P12–14 

but then the V̇E response became more sustained with maturation. At P0–3, only the ADKtg mice 

elevated V̇E by 13 ± 5% (p = 0.05) above baseline at the beginning of hypoxia (Fig. 3.7Bii). V̇E 

was greater than baseline in both strains at 1 min of hypoxia (WT, 41 ± 4%, p = 0.007; ADKtg, 43 

± 7%, p < 0.0001), remained elevated at 2 (32 ± 6%, p < 0.0001) and 4 min (27 ± 5%, p = 0.03) in 

ADKtg mice, but fell back to baseline in WT by the 2nd minute (22 ± 6%, p = 0.09) (Fig. 3.7Bii). 

 

At P6–7, there were no absolute differences in V̇E during hypoxia between the strains, however 

relative to baseline (Fig. 3.7Bi), only the ADKtg mice significantly increased V̇E in the first (29 ± 

3%, p = 0.02) and second minute of hypoxia (26 ± 5%, p = 0.04). During the first minute of 

hypoxia, WT mice raised V̇E by 28 ± 5%, but this change was significantly different from baseline 

(p = 0.3) (Fig 3.7Bii).  
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Beginning at P12 and continuing through P56, baseline V̇E was reduced in the ADKtg animals 

compared to WTs. In P12–14 mice, this pattern persisted as absolute V̇E was greater in WT (4348 

± 199 ml/min/kg) compared to ADKtg from the onset of hypoxia (3153 ± 193 ml/min/kg, p < 

0.0001) and through the first (WT, 4813 ± 191 ml/min/kg vs. ADKtg, 3665 ± 158 ml/min/kg, p = 

0.0002), second (WT, 4575 ± 224 ml/min/kg vs. ADKtg, 3722 ± 166 ml/min/kg, p = 0.01), and 

fourth minute of hypoxia (WT, 4140 ± 236 ml/min/kg vs. ADKtg: 3360 ± 204 ml/min/kg, p = 

0.02) (Fig. 3.7Bi). Relative to baseline however, both WT and ADKtg mice elevated V̇E during the 

first (WT, 17 ± 5%, p = 0.002; ADKtg: 38 ± 8%, p = 0.001) and second minute hypoxia (WT, 23 

± 7%, p = 0.03; ADKtg: 42 ± 9%, p = 0.0005) before falling back to baseline by the fourth minute 

(WT, 11 ± 6%, p = 0.65; ADKtg, 29 ± 11%, p = 0.06) (Fig. 3.7Bii). 

 

At P19–23, V̇E in the WT mice (5593 ± 317 ml/min/kg) was greater than ADKtg mice (4428 ± 

256 ml/min/kg, p = 0.04) only in the first minute of hypoxia. Both WT and ADKtg mice increased 

V̇E above baseline at the onset of hypoxia (WT: 55 ± 9%, p = 0.0003; ADKtg, 87 ± 11%, p < 

0.0001) and through the first four minutes. The relative increases for the WT and ADKtg mice at 

1 min, 2 min and 4 min, respectively were 63 ± 11% (p = 0.0001) vs. 84 ± 9% (p < 0.0001); 63 ± 

14% (p = 0.0003) vs. 86 ± 10% (p < 0.0001); and 45 ± 15% (p = 0.04) vs. 64 ± 8% (p = 0.001). 

However, only the ADKtg animals sustained V̇E above baseline (55 ± 7%, p = 0.007) by the end 

of hypoxia (WT, 23 ± 10%, p = 0.63) (Fig. 3.7Bii) 

 

In the last age group at P43–56, there were no differences in absolute V̇E between the groups during 

the hypoxic challenge (Fig. 3.7Bi). Comparing V̇E relative to baseline however, revealed only one 

difference. V̇E was raised ~55% above baseline in WTs through the first four minutes of hypoxia 

(p < 0.005), whereas in ADKtg mice, V̇E was increased 124 ± 13% at the onset of hypoxia (p < 

0.0001) then 97 ± 11%, 96 ± 10%, and 77 ± 8% through the first, second and fourth minute of 

hypoxia, respectively (p < 0.0001) (Fig. 3.7Bii). At the end of hypoxia, however V̇E was not 

different from baseline in the oldest WT mice (23 ± 10%, p = 0.63) but remained 67 ± 11% above 

baseline (p=0.0004) in the ADKtg adults (Fig. 3.7Bii) 
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Frequency 

Next, I began comparing the breathing pattern responses to hypoxia in WT and ADKtg, starting 

with changes in respiratory frequency (Fig 3.7C). In neonates between P0–3, there were not 

differences in frequency between WT and ADKtg mice throughout the 10-minute hypoxic 

stimulus (Fig. 3.7Ci). ADKtg mice increased their respiratory rate by 25 ± 3% in the first minute 

(p = 0.01) and 22 ± 3% in second minute of hypoxia (p = 0.05), whereas frequency was not 

different from baseline at any point during hypoxia in P0–3 WT mice (p > 0.3).  

 

During hypoxia at P6–7, ADKtg mice exhibited a greater breathing rate (272 ± 9 bpm) in the 

second minute hypoxia compared to WT mice (220 ± 19 bpm, p = 0.03), although there were no 

other differences throughout hypoxia (Fig. 3.7Ci). Relative to baseline values, frequency was not 

significantly changed in P6–7 WT (p > 0.9) or ADKtg mice (p > 0.4) during hypoxia (Fig. 3.7Cii) 

 

Frequency of P12–14 WT mice (241 ± 10 bpm) was reduced compared to ADKtg animals at the 

onset of hypoxia (261 ± 14 bpm, p < 0.0001), and through the first 4 minutes of hypoxia. Frequency 

of WT and ADKtg animals at 1 min, 2 min and 4 min of hypoxia, respectively were 256 ± 8 bpm 

vs. 289 ± 13 bpm (p = 0.0002); 249 ± 8 bpm vs. 293 ± 12 bpm (p = 0.01); and 243 ± 9 bpm vs. 

277 ± 16 bpm, (p = 0.02) (Fig. 3.7Ci). Despite these differences, breathing rate was increased 

~15% above baseline during the first two minutes of hypoxia in both WT (p < 0.003) and ADKtg 

mice (p = 0.04). For the remainder of hypoxia, only ADKtg mice sustained the increase in 

frequency above baseline at 4 min (13 ± 6%, p = 0.001 vs. WT, 9 ± 3%, p = 0.17) and 10 min (13 

± 5%, p = 0.002 vs. WT, 5 ± 3%, p = 0.8) (Fig. 3.7Cii). 

 

Breathing frequency was only different between groups at the end of hypoxia in P19–23 WT mice 

(245 ± 12 bpm), which breathed at a slower rate than the transgenic mice (293 ± 9 bpm, p = 0.02) 

(Fig. 3.7Ci). In P19–23 mice, frequency of WT (34 ± 5%, p = 0.0001) and ADKtg mice (49 ± 6%, 

p < 0.0001) was increased above baseline at the onset of hypoxia. The enhanced frequency 

persisted through the first (WT, 36 ± 6%, p < 0.0001; ADKtg: 48 ± 4%, p < 0.0001), second (WT, 

30 ± 7%, p = 0.002; ADKtg: 48 ± 5%, p < 0.0001), and fourth minute of hypoxia (WT, 23 ± 7%, 

p = 0.005; ADKtg: 43 ± 6%, p < 0.0001), but at the ten-minute timepoint, only ADKtg mice 

sustained their breathing frequency 41 ± 5% above baseline (p < 0.0001) (Fig. 3.7Cii). 
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In the last age window, P43–56 WT mice was depressed relative to ADKtg mice at the onset of 

hypoxia (268 ± 9 bpm vs. 318 ± 9 bpm, p = 0.007). The trend continued during the first (WT, 252 

± 7 bpm vs. ADKtg: 300 ± 9 bpm, p = 0.009) and second minutes (WT, 250 ± 7 bpm vs. ADKtg: 

293 ± 9 bpm, p = 0.03), but was not different again until the end of the 10-minute hypoxic challenge 

(WT, 220 ± 7 bpm vs. ADKtg: 270 ± 10 bpm, p = 0.007). Adult WT mice, only significantly 

elevated frequency by 26 ± 10% (p = 0.02) at the onset of hypoxia, whereas ADKtg increased 

frequency 66 ± 5% at this point, sustaining the increase through hypoxia at minute 1 (57 ± 6%), 

minute 2 (53 ± 6%), minute 4 (46 ± 6%) and the end of hypoxia (38 ± 6%, all points: p < 0.0001).  

 

Tidal Volume (VT) 

Continuing with my investigation as to whether breathing pattern was affected by ADKtg, I then 

measured hypoxic changes in VT throughout development. Similar to baseline, tidal volume of the 

neonate P0–3 mice was not different between the WT and ADKtg group throughout hypoxia (p > 

0.9) (Fig. 3.7Di). Furthermore, hypoxia did not evoke changes in VT in either WT (p > 0.3) nor 

ADKtg mice (p > 0.2) during the hypoxic exposure (Fig. 3.7Dii). 

 

At P6–7, I began to observe a pattern that persisted throughout development in the experimental 

age groups, as WT mice had a greater VT than the ADKtg mice. At the onset of 10% O2, VT was 

10.9 ± 0.7 ml/kg in WTs but 8.4 ± 0.3 ml/kg in ADKtg (p = 0.0003) (Fig. 3.7Di). The difference 

persisted through the first minute (WT, 11.0 ± 0.6 ml/kg vs. ADKtg, 9.3 ± 0.3 ml/kg, p = 0.01) 

and second minute of hypoxia (WT, 10.8 ± 0.7 ml/kg vs. ADKtg, 9.0 ± 0.3 ml/kg, p = 0.01). 

Relative to their pre-hypoxic values, ADKtg elevated VT by 18 ± 2% (p = 0.01) in the first minute 

of hypoxia, while the largest difference in VT of WTs at 1 min (20 ± 6%) was not different from 

baseline (p > 0.06) (Fig. 3.7Dii). 

 

Again, at P12–14, WT mice had a greater VT than ADKtg mice throughout hypoxia, however 

starting at this age and continuing until adulthood, VT was depressed in the transgenic mice at 

baseline (Fig. 3.6D). VT of WT mice (18.2 ± 0.8 ml/kg) was greater than ADKtg at the onset of 

hypoxia (12.1 ± 0.5 ml/kg, p < 0.0001) and during the first minute (18.9 ± 0.7 ml/kg vs. 12.8 ± 0.3 

ml/kg (p < 0.0001). In the second, fourth, and tenth minutes, VT of WT mice and ADKtg, 
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respectively was 12.8 ± 0.4 ml/kg vs. 9.0 ± 0.3 ml/kg (p < 0.0001); 17.2 ± 1.1 ml/kg vs. 12.2 ± 0.4 

ml/kg (p < 0.0001); and 15.4 ± 0.9 ml/kg vs. 11.8 ± 0.4 ml/kg (p = 0.0006) (Fig. 3.7Di). Despite 

differences between strains, VT did not significantly change during hypoxia in either P12–14 WT 

(p > 0.21) or ADKtg mice (p > 0.23) (Fig. 3.7Dii). 

 

The pattern that VT of WTs was significantly greater than ADKtg mice throughout hypoxia 

continued at P19–23. VT of WTs at the onset of hypoxia was 18.0 ± 1.1 ml/kg, then 18.5 ± 0.8 

ml/kg in the first minute, raising slightly to 19.1 ± 0.8 ml/kg in the second, before falling to 17.8 

± 0.7 ml/kg and 17.0 ± 0.7 ml/kg in the fourth and tenth minute, respectively (Fig. 3.7Di). At the 

onset of hypoxia VT in ADKtg mice was significantly lower (14.5 ± 0.4 ml/kg, p = 0.001), 

continuing to be depressed relative to WTs in the first (14.4 ± 0.5 ml/kg), second (14.5 ± 0.6 

ml/kg), fourth (13.3 ± 0.6 ml/kg) and tenth minutes of hypoxia (12.8 ± 0.5 ml/kg (p < 0.0001). 

Mice older than P19–23 showed more sustained increases in VT during hypoxia, but there were 

differences in the response of the WT and ADKtg mice. Specifically, at P19–23, VT of ADKtg 

animals increased 26 ± 6% at the onset of hypoxia (p = 0.008) while VT of WTs was not 

significantly different (p = 0.08). In the first minute of hypoxia however, both WT (19 ± 4%, p = 

0.03) and ADKtg mice (24 ± 5%, p = 0.01) elevated VT, which persisted through the second minute 

of hypoxia (WT, 23 ± 5%, p = 0.003; ADKtg: 25 ± 5%, p = 0.005) (Fig. 3.7Dii). 

 

In the adult age group, VT was elevated in the P43–56 WT mice relative to ADKtg mice throughout 

hypoxia. At the onset, VT of WTs measured 16.1 ± 1.1 ml/kg vs. 13.4 ± 0.5 ml/kg in ADKtg mice 

(p = 0.005). At the end of the 1st, 2nd, 4th, and 10th minute, VT of WTs and ADKtg mice, respectively 

were 15.9 ± 0.7 ml/kg vs. 12.5 ± 0.5 ml/kg (p = 0.0002); 17.4 ± 0.7 ml/kg vs. 12.8 ± 0.5 ml/kg (p 

< 0.0001); 7.0 ± 0.6 ml/kg vs. 12.1 ± 0.4 ml/kg (p < 0.0001); and 16.2 ± 0.6 ml/kg vs. 11.7 ± 0.4 

ml/kg (p < 0.0001) (Fig. 3.7Di). Relative to baseline, VT increased in WTs by 23 ± 7% at the onset 

of hypoxia (p = 0.002) and 23 ± 4% during the first minute (p = 0.003), before increasing 35 ± 5% 

above pre-hypoxic levels in the second minute (p < 0.0001), 32 ± 4% in the fourth minute (p < 

0.0001) and 25 ± 4% at the end of hypoxia (p = 0.001). Adult ADKtg mice increased VT by 34 ± 

5% at the onset of hypoxia (p < 0.0001), but the response steadily fell during the rest of the 

stimulus. In the first minute, VT was raised 26 ± 4% (p = 0.003), then 28: ± 5% (p = 0.001) in the 
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second and 21± 4% (p = 0.02) in the fourth minute. At the end of hypoxia, VT of ADKtg mice was 

not different than baseline (p = 0.11) (Fig. 3.7Dii). 

 

Metabolic Rate (�̇�O2) 

I did not predict how transgenic animals would respond to hypoxia in terms of V̇O2 compared to 

the WT mice. While I expected significant enhancement of the V̇E response in ADKtg mice, I 

observed that overexpression of the mature isoform of ADK in the brain had varied effects on 

ventilatory parameters in mice throughout development. In general, ADKtg appeared to promote 

greater respiratory frequency and higher minute ventilation during hypoxia compared to WTs but 

these were minor compared to the transformation of the V̇E/V̇O2 response in P0–3 ADKtg mice to 

an adult-like V̇E/V̇O2 response (Fig 3.7A). Thus, the major contributor must be an enhanced hypoxic 

depression of V̇O2, or at least a reduced increase in V̇O2 in the ADKtg mice compared to WT. 

Indeed, whereas P0–3 WT mice unexpectedly increased during hypoxia, ADKtg adaptively 

reduced V̇O2 by 30 ± 8% (p = 0.001) at the end of the 10-minute hypoxic stimulus (Fig. 3.7Eii). 

Unlike in normoxia, V̇O2 was reduced in ADKtg mice relative to WTs throughout hypoxia (all 

timepoints between strains: p < 0.0001). At 2 min, WTs raised V̇O2 by 81 ± 25% (p < 0.0001) to 

67 ± 5 ml/min/kg compared to ADKtg that maintained V̇O2 at pre-hypoxic levels (30 ± 4 ml/min/kg) 

(Fig. 3.7Ei). By 4 mins, WTs sustained the 80 ± 21% increase (p < 0.0001) in V̇O2 (67 ± 4 

ml/min•kg) unlike ADKtg mice that remained a baseline (29 ± 3 ml/min/kg). By the end of the 10th 

minute, V̇O2 of WTs was 61 ± 5 ml/min/kg which represented an increase of 67 ± 24% relative to 

baseline (p = 0.002), whereas V̇O2 of ADKtg mice fell to 23 ± 2 ml/min/kg (Fig. 3.7Eii). 

 

By P6–7 however, differences in absolute V̇O2 between strains disappeared (Fig 3.7Ei), as both 

similarly depressed V̇O2 in hypoxia. In WTs, V̇O2 fell by 44 ± 7%, 37 ± 4%, and 43 ± 3% in the 

second, fourth, and tenth minute, respectively (p > 0.0001). Similarly, in ADKtg mice at 2 mins 

V̇O2 fell by 23 ± 7% (p = 0.003), falling by 37 ± 4% at 4 mins (p = 0.0004), and 40 ± 6% at the end 

of hypoxia (p > 0.0001) (Fig. 3.7Eii).  

 

In the next age group (P12–14), there was one difference between strains, as V̇O2 of WTs (32 ± 3 

ml/min/kg) was elevated relative to ADKtg mice (22 ± 2 ml/min/kg, p = 0.05) at 10 minutes in 
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hypoxia (Fig. 3.7Ei). Similar to the P6–7 groups,	V̇O2 was significantly depressed by >45% in P12–

14 WTs (p < 0.0001) and >34% ADKtg mice (p < 0.0001) throughout hypoxia (Fig. 3.7Eii). 

 

At P19–23, V̇O2 of WTs was increased relative to ADKtg mice during hypoxia. In the 2nd min, V̇O2 

of WTs was 59 ± 4 ml/min/kg vs. 39 ± 3 ml/min/kg in transgenic mice (p = 0.0009). At 4 min, V̇O2 

of WTs elevated slightly to 61 ± 4 ml/min/kg, while ADKtg was 39 ± 4 ml/min/kg (p = 0.0003). 

At the end of 10 min, V̇O2 of WTs was 59 ± 3 ml/min/kg, which was greater than 38 ± 3 ml/min/kg 

observed in ADKtg mice (p = 0.0006). In P19–23 ADKtg mice, V̇O2 was depressed from baseline 

levels by 30 ± 4% (p < 0.0001) during the second minute of hypoxia and remained significantly 

depressed by 31 ± 4% in the fourth minute (p < 0.0001) and by 32 ± 3% at the end of hypoxia (p 

< 0.0001). In contrast, V̇O2 of P19–23 WT mice did not significantly change in hypoxia.  

 

In the final age window (P43–56), there were no differences between the strains in V̇O2 at any point 

in hypoxia (3.7Ei), nor was V̇O2 different from baseline in either WT (p > 0.38) or ADKtg strain 

(p > 0.17) during hypoxia (Fig. 3.7Eii) 

 

Effects of ADK-S overexpression on ventilatory and metabolic responses to hypoxia are similar at 

10% and 8% O2.   

In the previous experiment, most surprising was that the V̇O2 of P0–3 WT C57BL/6J mice did not 

fall during hypoxia (but even increased), while that of the ADKtg mice remained constant or 

decreased. It is widely accepted that the magnitude of the hypoxic depression of V̇O2 is largest in 

the youngest animals and then decreases with development (Mortola, 1996). Close scrutiny of the 

literature reveals that this may reflect that the developmental studies of this response in rodents 

does not include animals younger than P2 (Liu et al., 2009). Regardless, our data in FVB mice 

(Fig. 3.1) suggest that neonate FVB and C57BL/6J mice differ in their metabolic response to 

hypoxia. 

 

Air Convection Requirement (�̇�E/�̇�O2) 

To eliminate the possibility that ventilatory and especially the unexpected metabolic responses of 

neonatal C57BL/6J mice to hypoxia were not due to an insufficient hypoxic stimulus in this strain, 
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I repeated the comparison of young WT and ADKtg mice (P0–14) to a more severe hypoxic 

challenge of 8% O2 challenge. Indeed, P1–3 WT mice failed to elicit a significant change in V̇E/V̇O2 

in response to 8% O2, whereas ADKtg neonates with functional ADK-S significantly increased 

V̇E/V̇O2 by 219 ± 91% in the second minute of hypoxia (p = 0.0009), maintaining this increase by 

207 ± 80% (p = 0.006) and 178 ± 46% (p = 0.0009) at the fourth and tenth minute of hypoxia, 

respectively (Fig. 3.8Aii). 

 

As seen in the previous 10% O2 experiment, differences between the WT and ADKtg strains in 

terms of the V̇E/V̇O2 response to hypoxia disappeared at P6–8. Between strains, there was no 

difference in the absolute values of V̇E/V̇O2 during hypoxia (Fig. 3.8Ai). 8% O2 hypoxic stimulus 

evoked a significant increase in V̇E/V̇O2 throughout hypoxia in both strains. WTs responded by 

increasing V̇E/V̇O2 by 213 ± 34% (p = 0.0002) in the second minute, before falling slightly to 159 

± 21% (p = 0.001) but remaining 142 ± 16% above baseline at the end of hypoxia (p = 0.003). 

ADKtg mice significantly increased V̇E/V̇O2 by 254 ± 62% (p = 0.0001) in the second minute of 

hypoxia, also falling slightly to 205 ± 64% in the fourth minute (p = 0.008) but stabilizing 209 ± 

47% above baseline at the end of hypoxia (p = 0.001) (Fig. 3.8Aii). 

 

At P12–13, absolute measurements of V̇E/V̇O2 again did not differ throughout the 8% O2 hypoxic 

stimulus (Fig. 3.8Ai). Similarly, 8% O2 evoked significant increases in V̇E/V̇O2 throughout hypoxia 

(Fig. 3.8Aii). At 2 mins, 4 mins and 10 mins, V̇E/V̇O2 relative to baseline in WT and ADKtg mice, 

respectively was 267 ± 33% (p = 0.009) vs. 253 ± 34% (p = 0.002); 315 ± 65% (p < 0.0001) vs.  

327 ± 72% (p < 0.0001); and 288 ± 48% (p = 0.0001) vs. 340 ± 41% (p < 0.0001) (Fig. 3.8Aii).  

 

Minute Ventilation (�̇�E) 

I then sought to determine if the difference in V̇E/V̇O2 response between WT and ADKtg mice was 

again due to changes in V̇O2 or if the stronger hypoxic stimulus also depressed the V̇E response to 

WT mice. In absolute terms, V̇E of P1–3 WT (2201 ± 137 ml/min/kg) was significantly greater 

than the ADKtg mice (1575 ± 94 ml/min/kg) only at 4 minutes in 8% O2 (p = 0.007) (Fig. 3.8Bi). 
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Figure 3.8. The effect of ADK-S transgenic overexpression on the development of ventilatory 

and metabolic responses to hypoxia (8% O2) in WT (C57BL/6J) and ADKtg mice.  

Time-course plots showing differences in the absolute (i) and relative (ii) changes in A) the air 
convection requirement (V̇E/V̇O2), B) minute ventilation (V̇E), C) metabolic rate (V̇O2) in WT and 
ADKtg mice in response to a 10-minute, 8% O2 hypoxic stimulus. Measurements made in P1–3 
(WT: n = 14, ADKtg: n = 16), P6–8: (WT: n = 14, ADKtg: n = 11) and P13–14 (WT: n = 14; 
ADKtg: n = 10) mice. Statistical differences analyzed using two-way ANOVA with Sidak’s post 

hoc test. Significant differences between strains are shown on the plots of absolute data (Ai, Bi, 
Ci, etc.); *signifies a difference (P < 0.05) between the strains. Significant differences from 
absolute baseline values within a strain are shown on the plots of relative data (Aii, Bii, Cii, etc.) 
with the following symbols: §signifies a significant change from baseline in the FVB group; 
‡signifies a difference from baseline in the WT group; and #signifies significant differences from 
baseline in both groups. Black and green bars on relative time-course graphs designate periods 
which each parameter was significantly different from baseline in the WT or ADKtg groups, 
respectively.  
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Relative to their baseline levels, only the WT mice significantly increased V̇E in severe hypoxia. 

At the onset of hypoxia, V̇E was 39 ± 6% above baseline (p = 0.009). In the two minutes, WT V̇E 

was 40 ± 5% (p = 0.006) and 47 ± 8% above baseline (p = 0.002), respectively, and 47 ± 8% in 

the fourth minute (p = 0.004) before falling back to baseline (Fig. 3.8Bii). 

 

P6–8 WTs also had greater V̇E measurements first at the onset of hypoxia (WT, 3975 ± 380 

ml/min/kg vs. ADKtg, 2669 ± 167 ml/min/kg, p = 0.0002), then during the second minute of 8% 

O2 (WT, 3543 ± 263 ml/min/kg vs. ADKtg, 2638 ± 96 ml/min/kg, p = 0.02) (Fig. 3.8Bi). Neither 

WT nor ADKtg mice at this age group had a significant change in V̇E throughout the 8% O2 

stimulus (Fig. 3.8Bii). 

 

As seen in the other ages, V̇E of P12–13 WT mice was greater than ADKtg mice first at the onset 

of 8% hypoxia (WT, 5265 ± 390 ml/min/kg vs. ADKtg: 3228 ± 275 ml/min/kg, p = 0.0001) then 

through the first (WT, 6098 ± 548 ml/min/kg vs. ADKtg: 4076 ± 276 ml/min/kg, p = 0.0005) and 

second minute of hypoxia (WT, 5721 ± 491 ml/min/kg vs. ADKtg: 3919 ± 293 ml/min/kg, p = 

0.0009) (Fig. 3.8Bi). Unlike the younger age groups both P12–14 WT and ADKtg mice elevated 

V̇E above baseline during 8% O2 hypoxia. In the first minute, WT raised V̇E 48 ± 7% above baseline 

(p = 0.0003), while ADKtg mice raised V̇E by 39 ± 10% (p = 0.03). Through the second minute of 

hypoxia, V̇E relative to baseline of WT and ADKtg mice was 40 ± 6% (p = 0.006) and 48 ± 9% (p 

= 0.04), respectively. After this, only ADKtg mice maintained V̇E above baseline in the 4th minute 

of 8% O2, (44 ± 15%, p = 0.02; WT, 16 ± 4%, p = 0.4) before falling to baseline by the end of 

hypoxia (p = 0.8) (Fig. 3.8Bii). 

 

Metabolic Rate (�̇�O2) 

Newborn WT mice responded with a stronger relative V̇E response compared to ADKtg mice, thus 

the difference between their V̇E/V̇O2 must be due to an attenuated hypometabolic response to 

hypoxia as seen in the 10% O2 experiments. Indeed, while absolute values of V̇O2 during hypoxia 

were similar between strains (Fig. 3.8Ci), P1–3 WT mice showed no change in V̇O2 in response to 

8% O2, whereas neonate ADKtg mice significantly depressed V̇O2 by 54 ± 7% in the second minute 
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(p < 0.0001), 58 ± 5% in the fourth minute (p < 0.0001), and 56 ± 11% at the end of hypoxia (p < 

0.0001) (Fig. 3.8Cii).  

 

By P6–8, there were no differences in absolute V̇O2 measurements between strains (Fig. 3.8Ci), 

and both strains depressed V̇O2 during hypoxia by approximately half throughout hypoxia. Relative 

to baseline, measurements of V̇O2 at 2 min, 4 min and 10 min between the WT and ADKtg strains, 

respectively measured 65 ± 5% vs. 57 ± 8%; 59 ± 3% vs. 48 ± 9%, and 63 ± 3% vs. 60 ± 6% (all 

comparisons: p < 0.0001) (Fig. 3.8Cii). 

 

The trend continued in P12–13 mice, with no differences in absolute V̇O2 measurement between 

the strains at any timepoint during hypoxia (Fig. 3.8Ci). Both strains of P12–13 mice depressed 

V̇O2 by > 50% throughout hypoxia. At 2 min, V̇O2 of WTs was reduced 66 ± 3% and 53 ± 6% in 

ADKtg mice. Then at 4 min, metabolic rate of WTs was reduced 64 ± 3% similar to ADKtg mice 

that fell 57 ± 8%. At the end of hypoxia, V̇O2 was reduced 67 ± 3% and 68 ± 4% in WT and ADKtg 

mice, respectively. (Fig. 3.8Cii) 

 

3.4 Discussion 

Developmental analysis of purinergic signaling in the preBötC in vitro (Chapter 2) established that 

elements involved in ADOe clearance, specifically ENTs and the ADK-S, are immature at birth 

suggesting that reduced ability to clear ADOe early in postnatal life is an important contributor in 

the immature HVR – i.e., the inability to produce a sustained increase in V̇E in response to hypoxia. 

The main objective of this study was therefore to explore in vivo the importance in the brain of 

ENTs and ADK in shaping the ventilatory and metabolic responses to hypoxia during development 

in mice using pharmacological and transgenic approaches.  

 

The main contributions of this work include the demonstration that complete removal of ENT1 

and 2 has little impact on baseline breathing, breathing pattern or metabolic rate throughout 

postnatal development, suggesting either that under baseline conditions ADOi ≈ ADOe or more 

likely that the loss of ENT1/2-mediated ADO transported has somehow been compensated. 
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Given the role attributed to ADOe in the secondary hypoxic respiratory depression, I predicted 

that the impact of ENT1/2 KO on the HVRV̇E would be much more obvious than its impact on 

basal ventilation. Indeed, because ADOe and its inhibitory actions are believed to accumulate 

during hypoxia, I predicted that loss of ENT-mediated ADO transport would cause a progressive 

increase in ADO-mediated inhibition and a reduction in the duration of any hypoxia-induced 

excitation; i.e., the hypoxia-induced increase in V̇E that is only transient at birth and becomes 

sustained with development would be attenuated in the ENT1/2 KO mice. 

 

Indeed, while perhaps smaller than expected, ENT1/2 KO had the predicted effects on the 

ventilatory response to hypoxia, confirming a role for ENT-mediated ADO transport in shaping 

the HVR. The duration of hypoxia-induced increase in frequency and V̇E was attenuated in the 

ENT1/2 KO mouse and the impact increased developmentally. In other words, ENT activity 

enhances/prolongs the hypoxia-induced excitation of frequency and V̇E. Interestingly, in the 

younger ages, ENT activity appears more important in controlling rapid dynamics of the breathing 

pattern responses to hypoxia (i.e. frequency and VT) since the final levels of frequency and V̇E 

attained at the end of the hypoxic period were the same between strains. The attenuated frequency 

response to hypoxia in the ENT KO mice is consistent with a site of action in the preBötC. Indeed, 

ATP release and subsequent production of ADO in the preBötC during hypoxia shape the HVR 

(Angelova et al., 2015; Rajani et al., 2017; Reklow et al., 2019). In vitro data also establish that 

ENT1/2 are active and modulate preBötC rhythm during the first two postnatal weeks (Chapter 2). 

However, the actual site where the KO of ENT activity causes the differences in responses of WT 

and ENT1/2 KO mice remain to be determined.  

 

In addition, ENTs and their impact on ADOe or ADOi do not appear to be part of the pathway via 

which hypoxia depresses metabolism. ENT1/2 KO had little effect on metabolic responses to 

hypoxia.	V̇O2 was not affected at any age and, compared to the hypoxia induced changes in V̇O2, 

the relatively small changes in V̇E in ENT1/2 KO mice were such that homeostatic control, best 

assessed via the relationship between V̇E/V̇O2, was not impacted by ENT1/2 KO. Finally, while the 

impact of the ENT1/2 KO on V̇E increased with development, it remains unclear whether this is a 

direct result of increased ENT activity or indirect via developmental increases in ADK activity, 

which would indirectly enhance ENT activity. 
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Previous observations that ADK-S expression and activity in the brainstem is very low at birth 

(Fig. 2.7, 2.8) led to the exciting hypothesis that the associated reduction in capacity to clear ADOe 

could be a major factor in the immature HVR of premature and neonatal mammals; i.e., that greater 

accumulation of ADOe during hypoxia was responsible for the greater respiratory depression and 

the inability of young mammals to mount a sustained increase in V̇E during hypoxia. Efforts to test 

this via pharmacological inhibition of ADK activity were greatly confounded by the profound 

effects of ABT 702 on basal V̇E and V̇O2. Evaluation of this hypothesis was therefore based on 

comparing the HVR of WT mice that have low levels and low activity of ADK-S at birth with mice 

engineered to express adult levels of ADK-S in the brain from birth. My hypothesis was that 

neonatal ADKtg mice would produce an adult-like sustained ventilatory and V̇E/V̇O2 response to 

hypoxia and that with development, differences in the ADKtg mice and WT mice would disappear 

as endogenous ADK-S in WT mice increased to adult levels. Data supported this hypothesis. 

Neonatal ADKtg mice responded to hypoxia with a sustained, adult-like increase in V̇E/V̇O2 while 

WT equivalents showed no increase in V̇E/V̇O2. The differences in the HVRV̇E/V̇O2 were largely gone 

by P6–8 and by P13–14 responses of the two strains were indistinguishable. With additional 

maturation, the HVRV̇E/V̇O2 of the P19–23 and adult ADKtg mice once again exceeded that of WT 

in that it was more sustained. To my surprise, the adult like response in neonatal ADKtg mice was 

due to a minor increase in the duration of the hypoxia-induced increase in V̇E, but primarily arose 

from a much lower V̇O2 in the transgenic mice. The metabolic depression was then very similar at 

P6–7 and 12-14 but more sustained again at P19–23. In adult mice, overexpression of ADK-S in 

ADKtg mice did not impact metabolic responses to hypoxia but enhanced the increased in V̇E. 

Thus, there is a developmental transition in the impact of ADK-S overexpression. At birth, ADK-

S overexpression enhances the HVRV̇E/V̇O2 through reductions in metabolism, which is one adaptive 

strategy to prolong survival in low O2 conditions. In contrast, in adults the enhanced V̇E/V̇O2 

response reflects an increase in V̇E, which is another adaptive strategy to prolong survival in 

hypoxic conditions. Similar responses to the greater hypoxic challenge of 8% confirmed that this 

was not due to unusually low hypoxic sensitivity of the C57BL/6J mice used in the ADKtg study. 

 

An additional, unexpected observation was that, in contrast to the established view in neonatal 

mammals that the depression of metabolic rate by hypoxia is greatest at the earlier stages of 

development and decreases, often disappearing by adulthood, is not uniform across species or even 
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strains of mice. While FVB mice showed a consistent reduction in the magnitude of the hypoxic 

metabolic depression between P2 and adulthood, V̇O2 did not fall in P1–2 C57BL/6J mice exposed 

to hypoxia – in fact V̇O2 increased in response to 10% O2 and did not change in response to 8% 

O2. After one week of development, both strains showed the expected hypoxic depression of 

metabolic rate. While the mechanisms underlying the strain differences in metabolic responses to 

hypoxia are not known, these data suggest that additional scrutiny is required to assess the 

uniformity of the adaptive strategies employed by newborn mammals to increase hypoxia 

tolerance. 

 

3.4.1 ENT activity modulates breathing pattern and �̇�E responses to hypoxia throughout 

development 

This study tested the contribution of ENTs to the development of the ventilatory and metabolic 

responses to hypoxia by comparing WT (FVB) and transgenic knockout mice lacking genes for 

both ENT1 and 2. My results suggest that postnatal growth (weight gain) is unaffected by ENT 

activity. Similarly, lack of ENT1 and 2 did not have any major impact on postnatal changes in 

baseline metabolism or breathing behaviour. Importantly, V̇E/V̇O2 was similar between strains 

throughout development, suggesting that at least under baseline conditions, lack of ENT1/2 

activity does not alter homeostatic control of breathing.  

 

Before discussing this data, I must address a caveat of these experiments (and others in this 

chapter), as mice < P14 were recorded using a restrained, head-out plethsmograph technique, 

whereas mice three-weeks and older were allowed to freely move inside a whole-body chamber. 

Head-out measurements afforded direct assessment of both respiratory volume and rate in the 

youngest mice, however stress and greater movement caused by restraint in the head chamber 

could increase metabolic rate. Previous experiments characterizing the developmental analysis of 

ENT mice using the whole-body technique yielded similar results in that frequency and relative 

V̇E (calculated from respiratory rate multiplied by relative tidal volume) fell more rapidly in 

hypoxia (partially shown in Fig. 1.4). Thus, while I cannot exclude that restraint caused increased 

stress in mice tested using the head-out plethysmograph, this technique allowed me to accurately 

measure V̇E and V̇O2 in mice from birth. Furthermore, comparison of developmental changes 

between each strain were measured using identical plethysmograph setups, therefore any 



 143 

confounding variables from using either the head-out or whole-body chambers should have equally 

affected each strain similarly at each age. 

 

Given that ENT1 and 2 provide the primary mechanism via which ADO is transported across 

extracellular membranes (Chu et al., 2013; Parkinson et al., 2011), and clear evidence that long-

term disruption of ADOe tone following changes in ADK expression have severe consequences 

for network excitability; i.e., epilepsy (Boison, 2013b, 2012a), the finding the V̇E and V̇O2 were so 

minimally affected in ENT1/2 KO mice was surprising. One interpretation is that under baseline 

conditions ADOe and ADOi are very similar and there is minimal ENT-mediated transport of 

ADO. However, this seems unlikely. It is indeed possible that ADOe and ADOi are similar under 

baseline conditions in WT animals in which ENT-mediated transport is available to restore ADOe 

tone following disruptions. However, the ENT1/2 KO mice lack the major transporters necessary 

to establish normal ADO tone.  

 

Based on the assumption that reduced clearance of ADOe in neonatal mammals results in greater 

ADOe accumulates during hypoxia in the young and that this contributes to the greater hypoxic 

respiratory depression, I expected differences in V̇E between ENT1/2 KO and WT to increase as 

the hypoxia progressed; i.e. the duration of the hypoxia-induced increase in ventilation would be 

reduced in the ENT1/2 KO mice due to greater accumulation of ADOe. I also hypothesized that 

ENT activity is greater in older mice, in which case the hypoxia-induced increase in V̇E would be 

most significantly reduced in the oldest ENT1/2 KO mice; i.e., the hypoxic V̇E response of adult 

KO mice would resemble the neonatal response in which the hypoxia-induced increase in V̇E is 

not sustained and V̇E returns back to baseline levels during the hypoxic exposure. As predicted, 

the impact of ENT KO on the ventilatory response to hypoxia increased with development. The 

V̇E response was very similar in the youngest animals, differing only in pattern with frequency 

falling back to baseline more rapidly in KO mice compared to WTs. With further development 

from P6–8 through P12–14, the duration of the hypoxia-induced increase in V̇E was reduced in the 

KO animals. V̇E remained significantly above baseline for between 1-2 min in WTs but for only 

one minute in KO mice. The greatest difference in V̇E was observed in three-week old juveniles 

and adults where V̇E remained above baseline throughout the hypoxic period in WTs but fell to 
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baseline within 1-2 min in the KO animals. The differences in V̇E largely reflected that the duration 

of the hypoxia-induced frequency increase was reduced in KO mice, consistent with the inhibition 

of frequency by ADOe in the preBötC. These data demonstrate that the duration of the hypoxia 

induced increase in V̇E (and frequency), which increases with development, is reduced in a 

developmentally dependent manner in mice that lack ENT1 and 2, primarily through attenuated 

frequency responses. Results also suggest that the normal function of ENTs in the HVR is to 

increase the duration of the hypoxic V̇E response by removing ADOe. The observation that the 

effect is primarily mediated through changes in frequency is consistent with my working model 

that during hypoxia ATP is released in the preBötC, the primary site of rhythm generation. The 

primary actions of ATP, ADO and other modulators in the preBötC are mediated through changes 

in frequency (Funk, 2013; Rajani et al., 2017; Reklow et al., 2019).  

 

Whether the developmental increase in the effects of ENT KO reflect developmental increases in 

ENT activity or are secondary to developmental increases in ADK activity, which will impact ENT 

transport by increasing the concentration gradient that favours ENT-mediated clearance of ADOe, 

remains unclear. To date, there are no studies which detail if ENT activity or its expression in the 

brain, and particularly in respiratory networks, changes developmentally. My previous in vitro 

work suggests that ENTs in the preBötC are present at birth and contribute to ADOe clearance. In 

fact, the observation that the inhibitory effects on frequency of locally applying ADO into the 

preBötC are prolonged equivalent amounts at P0–6 and P9–12 ENT1/2 KO mice (Fig. 2.6) 

suggests that ENT1/2 expression/activity is similar in the first two postnatal weeks. The 

observation that ENT inhibition depressed basal preBötC rhythm in slices from P9–12 mice but 

had no effect on P0–5 slices, might indicate a developmental increase in ENT activity. However, 

the problem with that interpretation is that a change in baseline frequency following block of ENT 

activity depends on much more that ENT expression levels. ENT transport of ADO depends on 

the concentration gradient of ADO across the extracellular membrane. The failure to see an effect 

of ENT inhibitors on frequency at P0–5 could simply indicate that at this age in vitro the 

concentration of ADOe is the same as ADOi. Likewise, a greater effect of ENT inhibition in older 

slices could indicate greater ENT activity but it could also indicate that in older slices, there is a 

greater difference in the concentration of ADOe vs ADOi, which could be physiological or an 

artifact of in vitro preparations prepared from animals of different ages. A further limitation in 
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making conclusions about whether ENT expression or ENT activity levels change 

developmentally based on the effects of inhibitors is that the ADOe–ADOi concentration gradient, 

which determines the amount of ADO transport is affected by a host of enzymes whose activity 

also change during development. A prominent example is ADK-S that increases its expression and 

activity in the brainstem during development. ADK-S activity supports ADOe clearance so greater 

effects of ENT inhibition on frequency in older slices could simply reflect increased ADK activity. 

Nonetheless, my data shows that ENT1 or 2 activity affects preBötC responses to ADO from birth, 

which support my observation that differences in the hypoxic V̇E response between WT and ENT 

KO mice throughout development largely reflects reduced breathing frequency during hypoxia in 

the transgenic mice. 

 

I am unaware of data characterizing the expression of ENT1 or ENT2 in the brainstem of rodents 

during development. ENT expression varies between brain regions and between species. In rats, 

ENT1 and ENT2 are expressed in neurons, astrocytes, as well as blood vessels in the brain and the 

choroid plexus  (Anderson et al., 1999).  ENT1 levels are highest in the rat brainstem compared to 

other brain regions including the hippocampus, cerebellum, and cerebral cortex (Alanko et al., 

2006), but how its expression changes developmentally is not known. Moreover, while information 

about the distribution of ENTs and their activities is abundant in rats, caution is required when 

extrapolating these data to other species. For example, ENT1 mRNA expression is higher in the 

brains of male rats compared to female rats, but there are no sex differences in mice (Lu et al., 

2004; Parkinson et al., 2011). In addition, while ENT2 expression and activity are higher than 

ENT1 in rat brain cells, the opposite is true humans, mice and guinea pigs where ENT1 dominates 

(Parkinson et al., 2011, 2005). Finally, ENT1 expression correlates strongly with A1R expression 

in humans and is highest in the frontal and parietal cerebral cortex (Jennings et al., 2001), but this 

correlation is not observed in rats or mice. Additional experiments that directly quantified ENT 

expression were unsuccessful due to lack of selective antibodies for ENT1 and 2. Alternative 

approaches include in situ hybridization or RT-PCR, however these assays do not quantify 

functional protein levels. Therefore, further work is required to determine how ENT expression 

and activity changes in specific respiratory networks and to assess the importance of ENTs in these 

regions in shaping the development of ventilatory and metabolic responses to hypoxia. My data, 



 146 

however, support that ENT1 or 2 are functional in the preBötC at birth, as their activity shortens 

the duration of the response to ADO (Fig. 2.6).  

 

In summary, the primary impact of ENTs is in shaping breathing pattern and V̇E responses to 

hypoxia, although homeostatic control processes are not affected. Aside from adults, V̇O2 responses 

in hypoxia were similar between WT and KO mice suggesting that ENT1 and 2 are not involved 

in shaping the metabolic response to hypoxia, at least in early development. The result is that 

animals of both strains at all ages responded to hypoxia with an adaptive hyperventilation; i.e., an 

increase in V̇E/V̇O2 above baseline. As seen previously in multiple species, the factors contributing 

to the hyperventilation change developmentally. With development the increase in V̇E/V̇O2 

typically shifts from reflecting more of a fall in V̇O2 to being more dependent on an increase in V̇E 

(Frappell et al., 1991; Hill, 1959; Mortola, 1999; Mortola et al., 1989). In my experiments, relative 

changes in V̇E and V̇O2 that contributed to the increased V̇E/V̇O2 were very similar in both strains at 

all ages until adulthood when the hypoxic decrease in V̇O2 was attenuated and the V̇E increase was 

enhanced in WTs. It was also only in adults at the end of the hypoxic exposure that V̇E/V̇O2 

responses difference between WT and ENT KO mice. Whereas V̇E decreased continuously during 

hypoxia in WT, V̇E stabilized in the latter phase of hypoxia in ENT KO mice. These changes, in 

combination with a relatively stable level of V̇E over the same time interval, meant that the 

hyperventilatory response of adult ENT KO mice was less robust than WT, which again supports 

an important role for ENTs in adaptive responses to hypoxia.   

 

A limitation of these experiments was that ENT1/2 were removed throughout the brain and 

periphery. The more rapid decline in V̇E and frequency in KO mice older than P2 is consistent with 

in vitro data suggesting that ADOe is cleared by ENT1/2, thus limiting ADO inhibitory effects on 

preBötC activity (Fig. 2.6). Yet, ADO modulates the HVR in sites outside the preBötC including 

rostral pontine regions (Koos et al., 1994) and carotid bodies in the periphery (Koos and Chau, 

1998; Sacramento et al., 2019). Therefore, the site(s) of action where ENT activity affects the HVR 

cannot be conclusively determined by these in vivo results. Moreover, the relatively minor effects 

of ENT1/2 KO on HVRV̇E/V̇O2 are surprising. Since the ENT1/2 KO was global throughout life, 

compensatory mechanisms for the lack of ENT-mediated ADO transport may have developed in 
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these mice. Mechanisms underlying this compensation, however, are unclear. ENT3 and ENT4 

are not normally involved in ADO transport between intra and extracellular compartments. In WT 

mice, ENT3 is located on the nuclear membrane (Baldwin et al., 2005; Li et al., 2013) so 

compensation via ENT3 would require much more than simple upregulation, as its spatial 

distribution would have to change. At physiological pH, ENT4 does not transport ADO (Barnes et 

al., 2006; Parkinson et al., 2011). Upregulation of CNTs could compensate for the loss of ADO 

transport, but CNT-mediated transport requires energy, which would be expected to have multiple 

consequences on the KO mice, including perhaps increased V̇O2. The only difference in V̇O2 

between strains was at P0–2 when basal V̇O2 was reduced and in adults when V̇O2 fell below 

baseline values in the ENT1/2 KO mice, not increased as would be expected.  I did not assess the 

expression pattern or levels of ENT3, 4 or CNTs in the KO mice, although previous results suggest 

that ENT1 KO does not change expression of other NTs in the brain (Parkinson et al., 2011). 

Further studies that target ENTs in central respiratory networks or directly manipulate their activity 

in the preBötC using genetic or pharmacological techniques will not only confirm whether ENT 

activity in the network is responsible for its effects of the HVRV̇E, but also limit any compensatory 

mechanisms that may have masked the effect of ENTs on the HVRV̇E/V̇O2 in the whole-body ENT1/2 

KO. 

 

3.4.2 Modulatory effects of ADK activity on baseline ventilation and metabolic rate increase 

as ADK-S expression increases 

Pharmacological inhibition and transgenic overexpression of ADK-S provided several new 

insights into the role of ADK in control of V̇E, metabolic rate and their responses to hypoxia during 

development. First, I demonstrated that ADK-S expression in the brainstem (Fig 2.7, 2.8), as seen 

previously on cortex and cerebellum (Gebril et al., 2021; Studer et al., 2006), is barely detectable 

at birth and reaches adult levels by the third postnatal week. Second, consistent with ADK-S 

expression, pharmacological inhibition of ADK activity revealed very little effect of ADK on 

baseline minute ventilation or metabolic rate at birth. However, small but significant reductions in 

breathing frequency of newborn mice suggests that at birth, there is some functional ADK activity 

that increases baseline frequency, presumably via reductions in ADOe in respiratory control 

centres such as the preBötC. Third, data show that ADK activity increases substantially by P11–

12, and despite significant increases in ADK-S expression between P11–12 and P20, the impact 
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of ADK-S activity on baseline V̇E and V̇O2 is similar between P11 and P20. The reduction in 

baseline V̇E and V̇O2 associated with ADK inhibition was similar at these ages. These data show 

that ADK activity is important in setting baseline V̇E and V̇O2, perhaps through its influence on 

ADO tone. However, that V̇E/V̇O2 was not affected in either strain either age group suggests that 

the primary effect of ADK inhibition occurs through inhibition of metabolism. Reductions in V̇E 

are likely to simply reflect reduced metabolic demand that homeostatic feedback loops controlling 

PaO2, PaCO2 and arterial pH and match V̇E and V̇O2 are intact. Inhibition of V̇E by ADOe is well-

established, however, whether ADK-mediated reductions in ADOe similarly reduce baseline V̇O2 

is less clear. 

 

When I tested ADK inhibition affected responses to hypoxia in developing mice, I predicted that 

because ADK activity increases postnatally, the ABT 702 mediated inhibition of hypoxic 

ventilatory and metabolic responses should also increase with age. Data interpretation, however, 

was confounded by the powerful inhibitory actions of ABT 702 on baseline ventilation and 

metabolism. For example, the absolute levels of V̇E, VT, frequency and V̇O2 during hypoxia were 

lower in ABT 702 than in control, which clearly reflects that that powerful inhibition of V̇E and 

V̇O2 by ABT 702. However, when trying to assess hypoxic sensitivity, reporting data relative to 

baseline suggests that the sensitivity to hypoxia is much greater after blocking ADK. A question 

remains whether this really reflects greater sensitivity or was simply a consequence of the very 

low levels of V̇E and V̇O2 in ABT 702; e.g., V̇E and V̇O2 in ABT 702 in normoxia were ~ one third 

of baseline levels in vehicle treated mice.  Indeed, the profile of the responses in the two groups 

appear similar and parallel each other, suggesting that ABT 702 does not dramatically affect 

response profiles. 

 

An important and not completely unexpected observation was the impact of ADK inhibition on 

V̇O2. Increases in ADOe in the CNS during hypoxia or seizure have long been considered 

neuroprotective through the widespread A1 receptor-mediated presynaptic inhibition, a reduction 

in brain activity and reduced oxygen demand (Boison, 2013b; Fedele et al., 2006; Richerson et al., 

2016). My data showing inhibition of ADK reduces basal V̇O2 is supported by previous 

observations that ADK activity is increased during periods of wakefulness when basal metabolic 
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rate is higher (Alanko et al., 2003; Mackiewicz et al., 2003). Whether the reduction in V̇O2 I see 

here are due to actions of ABT 702 within the CNS alone, which could include reductions in CNS 

metabolism and CNS-mediated systemic effects, or also include actions of ABT 702 in the 

periphery is not known since the drug was administered globally. However, reductions in CNS 

metabolism alone seems unlikely given that ABT 702 caused baseline metabolic rate to fall by at 

least 40% in the P11–12 and P20 groups. 

 

A confounding result that arose from this data were that hypoxic ventilatory and metabolic 

responses of vehicle-injected FVB mice appeared different than the untreated FVB mice used to 

measure the effect of ENT1/2 KO through development. In the latter experiments, neonates 

significantly increased V̇E during the initial phase of hypoxia and sustain V̇E/V̇O2 above baseline 

throughout hypoxia, which was not seen in the controls used to test the effect of ABT 702. This 

could reflect additional stress caused by intraperitoneal injection of DMSO causing V̇E to rise such 

that hypoxia did not elicit further increases. The number of FVB mice used in the ENT1/2 KO 

experiments was also much higher, therefore increasing the sample size may reduce variability in 

the vehicle-treatment FVB group, however the rationale for further hypoxia experiments using i.p. 

vehicle/ABT 702 injections is weakened since whole body ADK inhibition had significantly larger 

depressive effects on baseline V̇E and V̇O2 in developing mice that confound observations that 

compare the effects of hypoxia to pre-hypoxic values. 

 

3.4.3 Overexpression of ADK-S in C57BL/6J mice produces an adult-like HVR in newborns 

and enhances ventilatory responses in older mice 

Pharmacological approaches are only as good as the specificity of drugs used. Other than its acute 

inhibitory effects on ADK-L and -S activity (Jarvis et al., 2000), ABT 702 can also elicit long-

term cardioprotective effects by reducing cardiac ADK-L content through a proteasome-dependent 

mechanism in mice (Wölkart et al., 2022), but that does not exclude unidentified off-target actions. 

Transgenic and shRNA technologies to remove or reduce ADK activity were not initially pursued 

because ADK KO is lethal (Boison et al., 2002) and ADK-S expression in the brain is very low at 

birth; i.e., it is difficult to block or inhibit something that is not yet expressed or functional. As an 

alternative approach, I tested the hypothesis that neonatal mice engineered to express adult levels 

of ADK-S at birth, ADKtg mice, will have adult-like ventilatory responses to hypoxia; i.e. 
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sustained increased in V̇E and V̇E/V̇O2. I also hypothesized that with increased expression of 

endogenous ADK-S in WT mice, differences in the HVR between strains would diminish.  

 

The first point to address is that while the transgenic approach indeed achieved a consistent high 

level of ADK-S expression in the brainstem of ADKtg mice throughout development, the degree 

of overexpression was greatest at birth and decreased progressively until P20–23 and adult hood 

when the ADK-S expression WT mice increased to match that in the ADKtg mice, as shown in 

Chapter 2 (Fig. 2.8). ADKtg did not impact overall growth, as assessed by body weight. However, 

ADK overexpression did impact development of breathing behaviour and metabolic rate. 

Interestingly, during the stages in early stages development when ADK-S levels were most 

different (P0–3 and 6-7), V̇E, frequency VT, and V̇O2, V̇E/V̇O2 were all similar between strains. As 

the levels of ADK-S in WT and ADKtg mice converged with development, differences in V̇E, VT 

emerged and persisted into adulthood when ADK-S expression was similar between strains. 

Baseline V̇O2 was also significantly lower in ADKtg mice at P12–14 and trended lower in P20–22 

and P43–56 ADKtg. As a result, there were no differences in baseline V̇E/V̇O2 between strains 

during (except at P6–7). These data suggest that reductions in baseline V̇E, VT and possibly V̇O2 in 

the older ADKtg mice were due to long-term changes in CNS function that developed as a 

consequence of early overexpression of ADK-S or under expression of ADK-L. 

 

In contrast, ADK-S-mediated enhancement of the V̇E/V̇O2 response correlated with the degree of 

ADK-S overexpression. I hypothesized that the accumulation of ADOe during hypoxia, which is 

implicated in the secondary hypoxic depression of breathing, would be reduced in the neonatal 

ADKtg due to more effective ADOe clearance, and neonate ADKtg mice would respond to 

hypoxia with a larger and/or longer-lasting increase in V̇E increase. The enhanced V̇E response 

would in turn would cause a larger and more sustained hyperventilatory response (i.e., increased 

V̇E/V̇O2) to hypoxia. As predicted, P0–3 mice that ADK-S overexpressed ADK-S showed a mature 

sustained increase in V̇E/V̇O2 during hypoxia while WT C57BL/6J did not show even a transient 

increase in V̇E/V̇O2. Surprisingly, however, the primary reason for this was not a more sustained 

increase in V̇E. While the V̇E response was modestly more sustained in the ADKtg mice, the main 

factor in the enhanced V̇E/V̇O2 response was an altered metabolic response. P0–3 ADKtg mice 
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showed a modest decrease in V̇O2 that was significant at 10 min of hypoxia. By P6–7, between 

strain differences were greatly reduced and they were gone by P12–14, reflecting modest 

improvement of the V̇E response but primarily reflecting that WT and ADKtg mice both showed a 

hypometabolic response to hypoxia. It is well-established that neonatal mammals respond to 

hypoxia with a fall and metabolic rate and that the reduction is greatest in the youngest animals 

(Mortola, 1999). Variability in hypoxic and hypercapnic responses between mouse strains is well-

established (Tankersley et al., 1994) but absence of a hypoxia-induced fall in V̇O2 was surprising. 

Nevertheless, to ensure that the lack of a metabolic depression did not simply reflect a reduced 

hypoxic sensitivity in C57BL/6J mice, I repeated the experiment using 8% O2. The responses were 

virtually identical – V̇O2 was still much higher during hypoxia in the WT vs ADKtg mice, but in 

this case the ADKtg showed much stronger fall in V̇O2. Moreover, the WT mice neither increased 

nor decreased V̇O2. Thus, the association in young mice between ADKtg overexpression and the 

capacity to reduce V̇O2 during hypoxia seems clear. Once again, the main differences between WT 

and ADKtg mice were gone by P6–8. In mice older than P19 when ADK-S levels were similar 

between strains, the V̇E response to hypoxia was progressively enhanced in the ADKtg mice and 

the hypoxic hypometabolism became less prominent. Together, these results point to a role in 

ADK-S in modulating both ventilatory and metabolic responses to hypoxia. In terms of dynamic 

ventilatory and metabolic responses to hypoxia, the main effect of ADKtg in neonatal mice is to 

facilitate reductions in metabolic rate. At this developmental stage, ADK-S levels are greater in 

the ADKtg mice so this could reflect direct actions of ADK-S on metabolism. In older mice, the 

main effect in ADKtg mice on V̇E is through more sustained increases frequency during hypoxia. 

At this stage, ADK-S levels are similar in the two strains to the enhanced V̇E response is not likely 

to reflect greater capacity to convert ADOi into AMP. Instead, changes in the adults are likely to 

reflect more permanent changes in respiratory control centres as a result of early overexpression 

of ADK-S or the lack of ADK-L. Mechanisms via which enhanced ADK-S could cause a greater 

hypoxic depression (or at least a smaller increase in V̇O2) in neonates is not clear. One possibility 

is through increases in the AMP/ATP ratio which activates AMP kinase (AMPK). One 

consequence of AMPK activation is metabolic depression. The relevance of this mechanism to the 

hypoxic responses of ADKtg mice, however, is not known. AMPK activity has also been shown 

to increase V̇E responses to hypoxia (MacMillan and Evans, 2023; Mahmoud et al., 2016). Thus, 
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further studies will need to consider the role of AMPK in mediating the effects of ADKtg on both 

hypoxic ventilatory and metabolic responses, as enhanced ADK-S activity could activate this 

protein by increasing the AMP/ATP ratio.  

 

I expected that differences in the hypoxic responses between C57BL/6J and ADKtg mice would 

diminish in older animals as endogenous ADK-S levels rose toward those produced by the ADK-

S transgene. However, even in adult mice, V̇E responses to hypoxia were smaller in C57BL/6J 

mice reflecting ADKtg had compensatory changes as a result of overexpressed ADK-S from birth 

or lack of ADK-L in the brain. The largest effect of ADKtg on hypoxic responses, however, was 

its effect on metabolic rate in the youngest mice. Pharmacological and ADKtg data point to the 

importance of ADK in modulating metabolic rate under baseline conditions response to hypoxia, 

respectively. Inhibition of ADK with ABT 702 caused a substantial inhibition of metabolic rate in 

P11–12 and P20 mice but did not affect baseline V̇O2 of newborns. Exogenous expression of ADK 

in ADKtg mice bestowed upon P0–3 C57BL/6J mice an ability to depress V̇O2 during hypoxia, and 

mount a sustained, adult-like hyperventilatory response to hypoxia. The mechanism and central 

network by which ADK influences these responses is not currently known, therefore future studies 

are needed to expand upon these results.   

 

3.4.4 Metabolic responses to hypoxia differ in neonate FVB and C57BL/6J mice 

A serendipitous finding of this study, that arose simply the because the ENT1/2 KO and ADKtg 

mice used were developed in different background strains, is that two WT strains of mice 

commonly used in research, appear to differ significantly in how they respond to hypoxia during 

development. At birth, metabolic rate of C57BL/6J mice appears much less sensitive to hypoxic 

depression compared to FVB mice. The biphasic V̇E response of FVB and C57BL/6J mice to 

hypoxia follows the classical developmental profile in which young mice do not produce a 

sustained increase in V̇E; after a rapid phase I increase that peaks within the first minute (at all 

ages) V̇E falls back to or below baseline. As mice develop, the degree of this secondary depression 

diminishes and V̇E remains above baseline throughout the hypoxic exposure. The main difference 

was the lack of a hypoxic depression of V̇O2 in the youngest C57BL/6J mice, which meant that 

while FVB responded to hypoxia with a sustained increase in V̇E/V̇O2, V̇E/V̇O2 did not change during 

hypoxia in the C57BL/6J mice.  
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These data are consistent with the view, based on analysis of developmental responses to hypoxia 

in multiple mammalian species, that the expression of an adaptive hyperventilatory response 

throughout hypoxia depends in neonates more on a progressive reduction in V̇O2 (Frappell et al., 

1992; Mortola, 1999; Mortola et al., 1989). In other words, the greater and progressive secondary 

depression of V̇E in neonates may simply reflect a greater, progressive metabolic depression. 

Indeed, the magnitude of the V̇E depression that follows the phase I increase correlates with the 

magnitude of metabolic depression, suggesting the V̇E may not be compromised in neonates. In 

contrast, the sustained hyperventilatory response in adults relies more on the production of a 

sustained increase in V̇E (Frappell et al., 1992; Mortola, 1999). My data show that even between 

two similarly sized strains of mice there is considerable variability in the development of 

ventilatory and metabolic responses to hypoxia, and possibly their ability to tolerate hypoxia. 

Importantly, the data from C57BL/6J mice challenge dogma that neonatal mammals respond to 

hypoxia with a decrease in V̇O2 that is largest in the youngest animals. In fact, closer examination 

of the literature underlying the hypothesis that the greater hypoxic respiratory depression in 

neonatal mammals simply reflects a greater metabolic depression reveals a somewhat variable 

definition of newborn. Of course, a uniform definition of “newborn” is challenging given large 

differences in CNS maturity at the time of birth in, for example, precocial compared to altricial 

species. However, in some cases neonatal groups include two week-old animals, such as dogs 

(Rohlicek et al., 1998), cats (Rohlicek et al., 1996), lambs (Fahey and Lister, 1989) and rats (Gozal 

et al., 2003; Mortola et al., 1986). In almost all species included in the analysis of Mortola et al. 

(1989), P0 animals were not included. Rodent literature did not include animals younger than P2 

(Frappell et al., 1992; Mortola et al., 1989). Recent work of Wong-Riley on SD rats and now my 

analysis of C57BL/6J mice show that at birth hypoxia does not depress V̇O2 (Liu et al., 2009; Liu 

and Wong-Riley, 2013). Similarly, human data suggest that adaptive reductions in metabolism do 

not occur in youngest premature infants but appear in older full-term babies (Cross et al., 1958). 

Strain difference in ventilatory responses of mice to hypoxic and hypercapnic challenges are well 

documented (Tankersley et al., 1994). Thus, the data presented here in FVB and C57BL/6J mice 

indicate the importance of revisiting the established view that neonatal mammals respond to 

hypoxia with a decrease in V̇O2, the magnitude of which decreases monotonical with development.  
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3.4.5 Physiological Significance 

My analysis of baseline ventilation and metabolic rate as well as ventilatory and metabolic 

responses to hypoxia in WT, ENT1/2 KO and ADKtg mice provides evidence that ENT and ADK 

activity modulate ventilatory responses to hypoxia and that these effects increase postnatally. A 

surprising outcome is the potential importance of ADK in metabolic control and in shaping 

metabolic responses to hypoxia. Data also show that in general, the actions of ENT and ADK 

enhance adaptive responses to hypoxia either causing a prolongation of the excitatory effects of 

hypoxia on V̇E, or in the case of ADK, a prolongation of the inhibitory actions of hypoxia on V̇O2. 

ENT1 and 2, and presumptive changes in ADOe–ADOi that result from loss of these transporters 

did not impact metabolism. My focus on ENTs and ADK in these studies was based on in vitro 

data showing that in the preBötC limited capacity for ADOe clearance in neonates could account 

for the greater hypoxic respiratory depression in newborns. In vivo experiments performed here 

using mice in which levels of ENTs or ADK-S were altered globally, either in the entire body 

(ENT1/2 KO) or the brain (ADKtg), were designed as initial surveys to assess the potential 

importance of these proteins in shaping ventilatory and metabolic responses to hypoxia. A major 

limitation of course is that the in vivo data do not provide insight about the site(s) at which ENTs 

or ADK act to produce the observed actions. Given the positive outcome of these initial 

experiments, the next stage will be to identify site(s) of action. This includes directly manipulating 

ENTs and ADK in the preBötC, although effects on V̇E and frequency as shown here are entirely 

consistent with an action in the preBötC (Fig. 3.3, 3.7–3.8), which are supported by in vitro results 

showing ENT and ADK activity influence basal excitability in the network in juvenile slices and 

limit the inhibitory effects of ADO (Fig. 2.5–2.8). 

 

Despite the lack of spatial resolution that comes with global manipulation of ENT activity, a bonus 

of this manipulation is that data are provide valuable insight into the source of elevated ADOe that 

develops in the brain during hypoxia. This is a longstanding question in purinergic signaling 

(Brundege and Dunwiddie, 1996; Koos et al., 1997; Lloyd et al., 1993; Meghji et al., 1989). 

Historically, the view was that the elevation in ADOe during hypoxia was from ENT-mediated 

transport of ADOi that accumulates inside cells during hypoxia when lack of O2 limits ATP 

production. An opposing view that emerged in the last 25 years is that the main source of ADOe 

in hypoxia is from the degradation of ATP released into the extracellular space. The depression of 
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V̇E and frequency relative to WT mice was quicker in ENT1/2 KOs consistent with the view that 

inhibitory ADOe is produced by the breakdown of ATPe rather than transport from inside cells 

through ENTs. This is consistent with data showing A1 receptor activation limits the excitatory 

effects of locally applied ATP within the preBötC network (Huxtable et al., 2009; Zwicker et al., 

2011) (Fig. 2.1). A caveat is that ADOe accumulation is not the only contributor to the secondary 

depression of the HVRV̇E, as modulators such as GABA are also implicated (Ballanyi, 2004; 

Neubauer et al., 1990; Xiao et al., 2000). I cannot exclude that global ENT1/2 KO did not affect 

other systems throughout the brain that potentiated the V̇E depression. Future experiments that 

locally inhibit ENT activity or eliminate its expression directly in the preBötC would eliminate 

these compensatory effects, providing more direct evidence that ENT-independent ADOe 

accumulation from extracellular sources in the inspiratory network contributes to the hypoxic 

respiratory depression. Nonetheless, my data suggests that limiting the breakdown of ATPe to 

reduce the accumulation of ADOe may stabilize or stimulate breathing under conditions where 

breathing is compromised including apnea of prematurity and pathophysiological conditions 

where ventilation is compromised including a host of neurodegenerative diseases where the 

preBötC network undergoes degeneration (Howell and Newman, 2017; Presti et al., 2014) and 

SUDEP. 

 

SUDEP is of particular interest in the context of ADO signaling and ADK because a precipitating 

brain injury can trigger biphasic regulation of ADK expression with acute downregulation that 

increases ADOe, followed by upregulation that persists after ADOe levels are restored (Boison, 

2013b, 2012a; Li et al., 2007). Upregulated ADK is tightly linked to the development of an 

epileptic brain, known as epileptogenesis (Aronica et al., 2011; Boison, 2013b; Gouder et al., 2004; 

Klein et al., 2018; Li et al., 2008; Weltha et al., 2019). Elevated ADK reduces ADOe tone in the 

brain, which contributes to network hyperexcitability and a predisposition to seizure. ADO is 

strongly implicated in the dynamics of epileptic seizures since ADOe increases during seizures, 

which is an endogenous mechanism to stop the event, reduce energy consumption and limit further 

neurological injury (Boison, 2013b; Fedele et al., 2006; Richerson et al., 2016). ADOe increases 

are important in terminating seizures, however it is hypothesized that if seizure spreads to the 

brainstem, elevated ADOe are causally related to terminal apneas (Devinsky et al., 2016; Jansen 

et al., 2019; Patodia et al., 2018; Richerson et al., 2016), which appear to be the primary cause of 
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death in SUDEP (Ryvlin et al., 2013). This presents a clinical challenge since to treat seizures, the 

goal is to reduce ADK overexpression, as this increases ADOe tone and prevents seizure from 

occurring, however ADOe increases induced by inhibiting ADK also inhibits breathing and 

increase risk of apnea. Indeed, inhibiting ADK activity increases fatal seizure events in mice (Shen 

et al., 2022).  

 

My data suggest that both ENT and ADK activity, which contribute to ADOe clearance, can reduce 

the magnitude of the secondary V̇E depression. This most likely result from a reduction in ADOe, 

which is elevated during hypoxia (Funk, 2013; Koos et al., 1994; Moss, 2000; Richter et al., 1999; 

Yan et al., 1995). Thus, while inhibiting ENT and ADK could be important in reducing risk of 

SUDEP, this also increases the risk of seizures. During pathophysiological conditions, respiratory 

networks may still be susceptible to excessive ADOe levels produced in the epileptic brain and 

require further support to reduce the actions of ADO and prevent fatal apnea. Further research is 

needed to determine if ADK expression also increases in respiratory networks away from the 

seizure location, which would prevent ADO-mediated apneas. In the NTS, which is a medullary 

region important for cardiorespiratory regulation, ADK is upregulated following hippocampal 

seizure and may help contribute to reduced incidences of SUDEP (Shen et al., 2022) Nonetheless, 

data suggest that alterations of adenosinergic signaling can contribute to pathophysiological 

outcomes across development. Research from the fields of central respiratory control and epilepsy 

may be instrumental for designing new therapies that prevent ADO-mediated hypoventilation in 

vulnerable populations. Therapies targeted to reduce ADK levels in cortical regions responsible 

for seizure generation are actively being explored for the treatment of epilepsy (Boison, 2013b). 

Indeed, since the best way to reduce SUDEP is to reduce seizures, efforts to downregulate ADK 

to prevent seizures are likely the best approach, even if this does lead to reduced ADK expression 

and elevated ADOe in respiratory networks.  However, in the development of any approach 

designed to reduce cortical/hippocampal ADK expression to reduce seizure, thorough evaluation 

of the efficacy and potential risks of such treatment will require a better understanding of how 

reduced ADK and elevated ADOe tone in respiratory networks impacts cardiorespiratory control 

in both short and long term. 
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Chapter 4: Variability in the ventilatory and metabolic responses of 

neonatal rodents to hypoxia: a direct challenge to the hypothesis 

that hypoxic depression of �̇�O2 is a ubiquitous adaptive response 

amongst neonatal mammals. 
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4.1 Introduction 

Breathing functions primarily to deliver oxygen rich air from the atmosphere to the gas exchange 

surface, the alveoli, in the lungs where it is extracted into the pulmonary circulation and returned 

to the heart for distribution to the rest of the body to support oxidative metabolism. At the same 

time that oxygen is extracted from the air in the alveoli, CO2 is delivered from the pulmonary 

circulation to the alveoli and then expired into the atmosphere. The amount we breathe is 

homeostatically-regulated to maintain arterial oxygen (PaO2) and carbon dioxide (PaCO2) at 

constant levels; i.e., ventilation is adjusted to match metabolic demand. Precise regulation of PaO2 

and a constant supply of oxygen is particularly important for hypoxia-sensitive organs like the 

brain, which reflects its high metabolic rate, minimal capacity to store energy substrates (Bélanger 

et al., 2011; Bouzier-Sore et al., 2002; Schurr et al., 1999) and almost complete dependence on 

aerobic metabolism. Indeed, the brain can only survive for a few minutes without O2 before 

suffering permanent damage (Cronberg et al., 2020; Novak et al., 2018). A number of 

protective/adaptive reflexes have evolved to protect PaO2. One of the most important in mammals 

is the biphasic hypoxic ventilatory response, HVRV̇E, that is triggered by reductions in PaO2. The 

HVRV̇E comprises a rapid (< 1min), carotid-body mediated increase in ventilation followed by a 

secondary depressive phase over the next 3–4 min when ventilation falls to varying degrees, 

depending on species and stage of development, to a new steady-state level (Bissonnette, 2000; 

Mortola, 1996; Moss, 2000). The magnitude of the secondary depression generally decreases with 

development in most mammals (Bonora et al., 1984; Mortola, 1999; Moss, 2000). Thus, V̇E 

remains above baseline throughout hypoxia in adults, while in newborns V̇E often falls to, or 

below, baseline levels. The greater depression, which is attributed in part to more powerful central 

inhibitory mechanism (Fiore et al., 2013; Herlenius et al., 2002; Koos et al., 1997; Paolillo and 

Picone, 2013; Reklow et al., 2019), can underlie a life-threatening positive feedback loop in 

premature infants and newborns; i.e. if the initial increase in V̇E does not immediately restore PaO2, 

V̇E can fall below baseline, potentially causing greater hypoxemia, greater respiratory depression, 

further reductions in PaO2 and so on until the feedback loop is interrupted or the newborn dies 

(Bonora et al., 1984; Carroll and Bureau, 1987; Cross and Oppe, 1952). 

 

Whether the secondary depression of V̇E during hypoxia becomes life-threatening, however, 

depends on other adaptive responses, the most important being the hypoxic depression of V̇O2. Just 
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as increasing the delivery of air to the lungs, even air that is low in O2, is one strategy that will 

enhance the ability to tolerate hypoxia. A second strategy is to reduce the need for oxygen by 

decreasing metabolic rate. Clearly an increase in V̇E and decrease in V̇O2 will prolong the ability to 

survive periods when O2 availability falls. Both strategies (increased V̇E and decreased V̇O2) will 

contribute to a sustained increase in V̇E/V̇O2; i.e., more air moved per unit of O2 consumed, which 

is defined as a hyperventilatory response (Barros et al., 2001; Cross et al., 1958; Frappell et al., 

1992; Gill and Pugh, 1964; Mortola, 2004). Whether the greater secondary fall in V̇E that occurs 

during hypoxia is problematic depends on the magnitude of the metabolic depression. If the 

secondary fall in V̇E is in direct proportion to hypoxia-induced reductions in V̇O2 then the 

respiratory homeostatic control system is performing as expected and blood gases should remain 

constant. Whether the greater secondary depression of V̇E during hypoxia in newborns is simply 

due to a greater decrease in V̇O2 (i.e., the depression of V̇E in newborns is proportionate to 

reductions in V̇O2, homeostatic, and newborns are not at greater risk during hypoxia), or whether 

neonates express a more powerful, centrally-mediated depression of breathing that exceeds the fall 

in metabolism (i.e., the depression of V̇E puts neonates at higher risk when exposed to hypoxia) 

has been a topic of debate for decades (Alvaro et al., 1992; Haddad et al., 1982; Mortola, 1996; 

Moss, 2000). That the secondary depression of V̇E is greater in neonatal mammals is well-

established. That hypoxia depresses V̇O2 and that this depression tends to be greater in neonatal 

mammals and diminish with age is also well-established over the developmental windows studied. 

The degree to which the fall in V̇E is secondary and precisely matched to the hypoxia-induced fall 

in V̇O2 remains contentious. A large body of data comparing V̇E and metabolic responses of 

neonates across multiple mammalian species pushed the scale toward the view that the greater 

decrease in V̇E during hypoxia is not a sign of an inadequate or immature HVR (Frappell et al., 

1992; Hill, 1959; Mortola, 1999, 1996). Indeed, they showed that the secondary fall in V̇E during 

hypoxia in many neonatal species is approximately proportional to reductions in metabolic rate. 

This was the basis of the conclusion that the inability of neonates to produce a sustained increase 

in V̇E during hypoxia is the appropriate homeostatic response; V̇E falls more because V̇O2 falls 

more; i.e., O2 homeostatic control systems, while not fully mature, are fully functional and enable 

newborns to respond to hypoxia with a sustained, adaptive hyperventilation (a sustained increase 

in V̇E/V̇O2). Thus, mammals at all ages respond to hypoxia with a sustained hyperventilation; in 
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young mammals the increase in V̇E/V̇O2 is more dependent on a decrease in V̇O2 while in more 

mature mammals the increase in V̇E/V̇O2 results primarily from an increase in V̇E (the hypoxic 

depression of V̇O2 decreases with development and often disappears in adulthood).  

 

The major limitation of these data is that the analyses did not fully explore postnatal development 

(Fahey and Lister, 1989; Frappell et al., 1992; Mortola et al., 1989; Rohlicek et al., 1998). 

Measurements are most difficult to obtain in the period immediately following birth, and 

measurements from the earliest postnatal periods were lacking in many species. Measurements in 

rodents, for example, did not start until after P3 (Gozal et al., 2003; Mortola et al., 1986; Peyronnet 

et al., 2000). Thus, the sweeping conclusion that neonatal mammals respond to hypoxia with a 

depression of V̇O2 that decreases monotonically with development requires extrapolation from the 

youngest animals measured to the youngest animals. It assumes that the mechanisms responsible 

for the hypoxic depression of V̇O2 are functional and most effective at birth and decrease thereafter. 

 

My developmental analysis of the hypoxic responses of FVB and C57BL/6J mice in Chapter 3 

directly challenges this assumption. While data from FVB mice appeared to fit the hypothesis that 

mammals at all stages of development respond to hypoxia with a sustained hyperventilation 

(V̇E/V̇O2), data from C57BL/6J did not. P1–2 C57BL/6J mice showed the expected biphasic 

ventilatory response to hypoxia but did not depress V̇O2 during hypoxia, nor did they hyperventilate 

(V̇E/V̇O2 did not change), unless they were modified to express adult levels of ADK-S in the CNS 

(Fig. 3.7, 3.8). These data suggest that, in contrast to most published data, hypoxia does not induce 

adaptive reductions in V̇O2 in all neonates, and that mechanisms via which hypoxia depresses V̇O2 

emerge at some point during postnatal development. Consistent with our observations in C57BL/6J 

mice, daily measurements of hypoxic responses in SD rats during postnatal development show that 

hypoxia does not depress metabolic rate in P0 or P1 rats – the metabolic depression did not emerge 

until P2 (Liu et al., 2009). Similarly, the hypoxic depression of V̇O2 is very small in premature 

infants on their day of birth compared to two week-old premature infants and full-term infants 

(Cross et al., 1958). 

 

Thus, the overarching objective of this study was to examine in two strains of mice and SD rats, 

the validity of the hypothesis that hypoxia inhibits V̇O2 in neonatal mammals and that the 
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magnitude of this inhibition is inversely related to age – i.e., it is strongest in the youngest and 

decreases with development. I began by first fully characterizing the postnatal development of 

ventilatory and metabolic responses of C57BL/6J mice to hypoxia. My next objective was to assess 

whether C57BL/6J mice are unique amongst rodents in not responding to hypoxia with a decrease 

in V̇O2. To this end, I compared hypoxic responses of C57 and FVB mice during development. 

Finally, I tested the hypothesis that the ability for hypoxia to depress V̇O2 in rodents emerges 

postnatally. To this end, I analyzed the day-over-day the ventilatory and metabolic responses of 

C57BL/6J and FVB mice, and Sprague-Dawley rats to hypoxia using head-out plethysmography.  

 

4.2 Methods 

4.2.1 Ethics Approval 

Experimental procedures were approved by the Animal Care and Use Committee (ACUC) of the 

University of Alberta (AUP #256) in compliance with the Canadian Council on Animal Care 

Standards. 

 

4.2.2 Animals 

Neonate (P0–3) FVB/NCrl (Strain Code 207, Charles River, Wilmington, MA, USA) and 

C57BL/6J mice (P0–8) (Jackson Laboratories, Bar Harbor, ME, USA) were obtained from local 

colonies developed from breeding pairs purchased from the indicated supplier. P0–3 Sprague-

Dawley (SD) rats were obtained from timed-pregnant dams shipped monthly from Charles River 

Laboratories (Wilmington, ME, USA). All animals were housed in the University of Alberta’s 

Health Sciences Laboratory Animal Services and maintained on a 12-h light/dark schedule with 

ad libitum access to food and water.  

 

4.2.3 Head-Out Plethysmography 

All plethysmograph experiments took place between 0900–1800 hrs and were performed as 

described in Chapter 3. I limit my methods description in this Chapter to procedures/analyses that 

differ from those described in Chapter 3. Animals were placed into the head-out plethysmograph 

and allowed to acclimate in the chamber for at least 15 minutes, then baseline ventilatory and 

metabolic measurements were recorded until at least 2 minutes of stable, quiescent data was 

collected. The inspired air was then quickly (≤ 10 s) changed to a hypoxic mixture (10% or 8% O2 
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and N2 balance) for 10 minutes before returning to normoxic conditions. The animal and chamber 

were placed within an incubator maintained at 32 ± 0.5°C. Gas mixtures were delivered at a flow-

rate of 40 ml/min to the head-chamber using a GSM-3 (CWE Inc., Ardmore, PA, USA) and 

flowmeter (Fischer & Porter Co., Warminster, PA, USA). As described below in Section 4.2.5, 

gases were sampled from the inflow and outflow ports of the head chamber in order to determine 

metabolic rate (V̇O2). 

 

4.2.4 Metabolic Measurements using the whole-body plethysmograph 

Metabolic measurements were recorded in FVB mice at birth (P0) and at P3 using whole-body 

chamber. Mice acclimated in the chamber for at least 15 minutes and remained in normoxic 

conditions for a 5-minute period to record baseline V̇O2. Then, there was a rapid (< 20 s) transition 

to hypoxia (10% O2 and N2 balance), which the mice were exposed to for 10 minutes before 

quickly returning to normoxia (21% O2 and N2 balance). The inspired air mixture was delivered at 

a set flowrate of 40 ml/min. Composition of inspired and expired gases were measured at the 

inflow and outflow ports identical to the head-out plethysmograph experiments, as described in 

the next section. The metabolic rate experiments were also conducted within an incubator at the 

same temperature (32 ± 0.5°C) as the head-out plethysmography experiments. 

 

4.2.5 Measurement of Ventilatory and Metabolic Parameters 

Rhythmic inspiration and expiration of the rodents in the head-out plethysmograph were detected 

using a differential pressure transducer (Validyne Engineering, Northridge, CA, USA) attached to 

a port on the body chamber. Pressure transducer output was passed through a CD15 carrier 

demodulator (Validyne Engineering), digitized using a PowerLab System (ADInstruments, 

Sydney, Australia) and visualized using the LabChart data analysis software (version 7, 

ADInstruments). Tidal volume (VT) was calculated using the formula described in Chapter 3. 

 

For both the head-out and metabolic rate measurement experiments, O2 and CO2 fractions of the 

inhaled and exhaled air were passed through a drying column (Drierite, Sigma-Aldrich, St Louis, 

MO, USA) and then sampled using a gas-analyzer (ADInstruments). Metabolic rate (V̇O2) was 

determined using the formula:  
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V̇O2 = [FR x (FiO2 - FeO2) - FiO2 (FeCO2 - FiCO2)] / 1 - FiO2, 

 

where FR is the flowrate of gas through the chamber (ml/min), FiO2 is the inflow O2 fraction, FeO2 

is the outflow O2 fraction, FiCO2 was the inflow CO2 fraction and FeCO2 was the outflow CO2 

fraction. VT, V̇E, and V̇O2 were normalized to the body weight of the mouse or rat (kg) and data are 

presented in standard conditions of temperature, pressure and dry air. 

 

4.2.6 Data Analysis and Statistical Comparisons 

Ventilatory parameters were analyzed using LabChart 8 software (ADInstruments). Variables 

reported along the response time course represent values averaged during each time bin and are as 

follows: (t = 0, baseline averaged from 2 min of calm breathing prior to onset of hypoxia; t = 0.33: 

average of first 10–20 sec of hypoxia when the measured chamber O2 was < 20% and > 11%); t = 

1: average from 0.33 – 1.0 min of hypoxia; t = 2: 1–2 min of hypoxia; t = 4: 3–4 min of hypoxia; 

t = 10: average from 7–10 min of hypoxia. 

 

Statistical comparisons were made using Prism, version 7 (GraphPad Software Inc., La Jolla, CA, 

USA). Two-way ANOVA with Sidak’s post hoc multiple comparison tests were used to test if the 

average of each parameter at a given timepoint was different than the pre-hypoxic value. Kruskal-

Wallis test with Dunn’s post hoc comparisons compared differences in the relative steady-state 

change from baseline (i.e. 7–10 min of hypoxia) between every age group through development 

within strains. Significance for all comparisons was designated when P < 0.05. Time-course graphs 

showing the mean and S.E.M. were created using Excel. Box plots were created using Prism and 

the five whiskers represent the lowest sample value, first quartile, median, third quartile, and 

greatest sample value. The points within the boxes show individual data points. 

 

4.3 Results 

4.3.1 Postnatal development of ventilatory and metabolic responses to hypoxia in C57BL/6J  

Developmental changes in the ventilatory and metabolic responses to hypoxia in C57BL/6J mice 

were described in Chapter 3 where they were plotted to compare at each age, differences between 

the C57BL/6J and ADKtg mice. To more clearly illustrate how V̇E, V̇O2, and V̇E/V̇O2 change 

developmentally, data from C57BL/6J of all age groups are plotted together on the same graph, as 
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done for FVB data in Fig. 3.1.  

 

As seen in FVB mice, acute hypoxia evoked a biphasic ventilatory response in C57BL/6J mice at 

all ages (Fig. 4.1, 4.2). V̇E showed a rapid increase at the onset of hypoxia that increased 

numerically between P13–14 and the two oldest age groups (e.g., the phase 1 increase in V̇E was 

greater in P20–23 and adults compared to the three youngest age groups. After 10 min of hypoxia, 

V̇E in all groups had fallen back to levels that were not significantly different from baseline at (Fig. 

4.1A, B); i.e., V̇E responses of C57BL/6J to hypoxia were never sustained for the entire 10 min of 

hypoxia. This differed from FVB mice in which the increase V̇E lasted throughout the hypoxic 

exposure in the oldest two age groups. Nevertheless, the V̇E responses of FVB and C57BL/6J mice 

still showed similar developmental trends in that the overall magnitude/duration of the V̇E response 

to hypoxia increased developmentally; similarly, the magnitude/duration of the secondary 

ventilatory depression decreased developmentally. This is evident in Fig. 4.2A, which shows that 

the duration of time during hypoxia that V̇E was elevated above baseline increased with age (i.e., 

the magnitude and duration of the secondary hypoxic ventilatory depression decreased with age).   

 

Plotting the metabolic (V̇O2) responses to hypoxia of all age groups on the same graph (Fig. 4.1C), 

clearly illustrates the dramatic developmental changes in the V̇O2 response of C57BL/6J mice to 

hypoxia. Most remarkable was the sustained, hypoxia-induced increase in V̇O2 in P1–2 mice; V̇O2 

increased by 2 min of hypoxia and remained 48 ± 17% above baseline at 10 minutes (p = 0.004) 

(Fig. 4.1C-D). This increase was completely opposite to the sustained hypoxia-induced reduction 

in V̇O2 seen in FVB mice (Figure 4.2B). The hypoxia-induced increase in V̇O2 in P1–2 C57BL/6J 

mice then reversed by P6–8; both P6–8 and P13–14 responded to hypoxia with a sustained 

decrease in V̇O2 (44 ± 3%, p = 0.02; 48 ± 6% p < 0.0001, respectively), similar to that seen in FVB 

mice. As in FVB mice, the magnitude of the hypoxic metabolic depression then decreased with 

further development. The only difference between strains in the oldest two age groups was that 

V̇O2 still fell significantly during hypoxia in FVB mice whereas in C57BL/6J mice V̇O2 did not fall  
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Figure 4.2. Developmental comparison of ventilatory and metabolic responses of FVB and 

C57BL/6J mice to hypoxia. 

Panels A–C plot, relative to pre-hypoxic baseline levels, the time course of changes in A) minute 
ventilation (V̇E), B) metabolic rate (V̇O2), and C) the air convection requirement (V̇E/V̇O2) that were 
evoked by hypoxia (10 minutes in 10% O2) at five stages during postnatal development in FVB 
(solid circles) and C57BL/6J mice (unfilled circles). Box and whisker plots show relative changes 
at the end of hypoxia (average of minutes 7–10) relative to pre-hypoxic baseline levels for D) V̇E, 
E) V̇O2, and F) V̇E/V̇O2. For A–C, statistical differences were assessed using two-way ANOVA 
with Sidak’s post hoc test. For clarity, significant differences from absolute baseline values within 
a strain are shown in A–C; ▾indicates a significant difference (P < 0.05) from baseline in the FVB 
group;▿indicates a significant difference from baseline in the C57BL/6J group; and #indicates a 
significant difference from baseline in both groups. Black and white horizontal bars on the relative 
time-course graphs designate periods when each parameter was significantly different from 
baseline in the FVB or C57BL/6J groups, respectively. For D–F, *indicates a significant difference 
from absolute baseline values within a strain as determined using a two-way ANOVA with Sidak’s 
post hoc test, whereas &indicates a difference between strains at the indicated age in the relative 
value of each parameter recorded at the end of hypoxia (7–10 mins), as assessed using a Kruskal-
Wallis test with Dunn’s post hoc comparison. 
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significantly during hypoxia. So again, the main difference in the metabolic response between the 

two strains was that V̇O2 was not inhibited in the youngest C57BL/6J mice. 

 

Given the relatively small V̇E response to hypoxia and the absence of a hypoxic metabolic 

depression in P1–2 C57BL/6J mice, it was not surprising that P1–2 C57BL/6J mice did not 

hyperventilate (ie., V̇E/V̇O2 did not increase) in response to hypoxia (Fig. 4.1E, F). From that stage 

forward C57BL/6J mice of all ages showed a sustained hyperventilated during hypoxia. This 

sustained hyperventilation was significantly greater than baseline for all age groups (P6–7, p = 

0.005; P13–14, p < 0.0001; P49–56, p = 0.0007) except P20–23.  

 

4.3.2 Detailed quantification of differences in the ventilatory and metabolic responses of WT 

FVB and C57BL/6J mice to hypoxia during development 

The major developmental differences in the ventilatory and metabolic responses of C57BL/6J and 

FVB mice to hypoxia are summarized in the preceding section. This section provides a detailed 

quantification and comparison between strains of the changes evoked by hypoxia (10% O2) in V̇E, 

V̇O2, and V̇E/V̇O2 at 5 stages between birth and adulthood. 

 

Minute Ventilation (�̇�E) 

At the youngest stage examined, V̇E was greater than baseline at the onset of hypoxia (54 ± 6%, p 

< 0.0001) through the first (50 ± 7%, p < 0.0001) and second minutes (47 ± 7%, p < 0.0001) in P2 

FVB mice (Onset: 54 ± 6%, p < 0.0001; 1 min: 50 ± 7%, p < 0.0001; 2 min: 47 ± 7%, p < 0.0001), 

while P1–2 C57BL/6J animals only increased V̇E above baseline during the first minute of hypoxia 

(43 ± 7%, p = 0.006) (Figure 4.2A). 

 

In the second developmental window, V̇E raised above baseline in the P7–8 FVB, but not P6–7 

C57BL/6J mice, beginning at the onset of hypoxia (60 ± 6%, p < 0.0001) and continuing through 

the through the first two minutes of 10% O2 (1 min: 40 ± 4%, p = 0.001; 2 min: 30 ± 4%, p = 0.02).  

 

In P13–14 mice, V̇E was elevated by 38 ± 6% (p < 0.0001) in FVB mice at the onset of hypoxia, 

and both strains increased V̇E above baseline during the first minute of hypoxia (FVB: 28 ± 6%, p 
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= 0.05; C57BL/6J: 30 ± 7%, p = 0.02). At the third week of development, V̇E increased 72 ± 11% 

and 55 ± 9% in FVB (p < 0.0001) and C57BL/6J mice (p = 0.0001) at the onset of hypoxia, 

respectively.  

 

P20–22 FVB mice sustained this increase in V̇E through the remainder of the 10-minute hypoxic 

exposure. At 1 min, V̇E increased 56 ± 13% (p < 0.0001) above baseline, falling slightly to 39 ± 

9% at 2 min (p = 0.008), and stabilizing at 4 min (38 ± 8%, p = 0.01) and 10 min (35 ± 6%, p = 

0.02). On the other hand, in P21–23 C57BL/6J mice, V̇E was raised 63 ± 11% in the first minute 

(p < 0.0001) and 63 ± 14% in the second minute (p = 0.0001) before falling slightly to 45 ± 15% 

above baseline at 4 min (p = 0.02), after which, V̇E then fell back to baseline.  

 

Finally, in the oldest developmental window studied, P49–57 FVB and P49–56 C57BL/6J mice 

increased V̇E above baseline at the beginning of hypoxia (FVB: 126 ± 17%, p < 0.0001; C57BL/6J: 

56 ± 18%, p = 0.0002). At 1 min, 2 min and 4 min in FVB and C57BL/6J mice, respectively the 

relative increase in V̇E was 105 ± 14% (p < 0.0001) vs. 50 ± 11% (p = 0.0002); 86 ± 14% (p < 

0.0001) vs. 63 ± 13% (p = 0.005); and 98 ± 14% (p < 0.0001) vs. 56 ± 14% (p = 0.0013). At this 

age however, only FVB mice maintained V̇E above baseline by the end of hypoxia (84 ± 18%, p = 

0.0002). 

 

These data show that the V̇E response to hypoxia differs between FVB and C57BL/6J mice, in that 

FVB mice have more prolonged increases in V̇E throughout development and the HVRV̇E matures 

such that V̇E remains above baseline levels throughout hypoxia in FVB, but not C57BL/6J mice. 

 

Metabolic Rate (�̇�O2) 

Comparison of metabolic rate changes during hypoxia revealed that in newborns, P2 FVB mice 

depressed V̇O2 by 24 ± 7% at 2 min (p = 0.008), by 36 ± 6% at 4 min (p < 0.0001) and by 49 ± 4%, 

by the end of hypoxia (p < 0.0001). In contrast, V̇O2 rose above baseline throughout hypoxia in P1–

2 C57BL/6J animals. V̇O2 was 81 ± 25% above baseline at 2 min (p < 0.0001), increased 80 ± 21% 

at 4 min (p < 0.0001) and remained 67 ± 24% above baseline at 10 min (p = 0.001) (Fig. 4.2B).  
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One week later, both P7–8 FVB and P6–7 C57BL/6J mice depressed V̇O2 throughout hypoxia. For 

FVB mice, V̇O2 fell by 27 ± 4%, 33 ± 5% and 50 ± 4% at 2 min (p = 0.001), 4 min (p = 0.002) and 

10 min (p < 0.0001), respectively. C57BL/6J mice reduced metabolic rate by 47 ± 6% (p = 0.0002), 

39 ± 3% (p = 0.002) and 44 ± 3% (p = 0.0002) at these same time intervals.  

 

Both strains again also depressed V̇O2 throughout hypoxia at P13–14. The reductions in FVB and 

C57BL/6J mice at 2 min, 4 min and 10 min, respectively were 37 ± 3% vs. 48 ± 7%; 41 ± 3% vs.  

-48 ± 5%; and 47 ± 2% vs. 48 ± 6% (all time points: p < 0.0001).  

 

At three-weeks of age, V̇O2 fell significantly by ~40% during hypoxia only in the P20–22 FVB 

mice (2 min: -36 ± 4%; 4 min: -40 ± 4%; 10 min: -43 ± 3%, all time points: p < 0.0001), whereas 

V̇O2 of P21–23 C57BL/6J mice did not change at any point during hypoxia. 

 

Then in the last age group, P49–57 FVB and P49–56 C57BL/6J adult mice did not depress V̇O2 

from baseline during 10% O2 hypoxia.  

 

The largest difference between these strains occurs in neonates, when FVB mice elicit an adaptive 

V̇O2 depression, whereas metabolic rate of C57BL/6J significantly increases above baseline. By 

one week, however, differences between strains disappear and hypoxia evokes V̇O2 depression in 

both sets of mice until later in development when this response becomes attenuated.  

 

Air Convection Requirement (�̇�E/�̇�O2) 

I then tested whether there were differences in the developmental V̇E/V̇O2 responses from baseline 

during hypoxia in the FVB and C57BL/6J strains (Fig. 4.2C). In the youngest age group, P2 FVB 

mice, but not P1–2 C57BL/6J animals, hyperventilated above baseline levels throughout hypoxia. 

The increase in V̇E/V̇O2 in neonate FVB mice was 133 ± 39% at 2 min (p < 0.0001), 84 ± 17% at 4 

min (p = 0.0008) and 104 ± 24% by the end of hypoxia (p < 0.0001).  

 

P7–8 FVB mice also hyperventilated 85 ± 11% relative to baseline at 2 min (p = 0.0064) then 83 

± 10% at 4 min (p = 0.007) and 111 ± 12% at 10 min (p < 0.0001), while P6–7 C57BL/6J mice 
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increased V̇E/V̇O2 above baseline only during the second minute of hypoxia (118 ± 37%, p = 

0.0010). These animals could not sustain the response through the rest of hypoxia.  

 

At P13–14, both strains of mice hyperventilated above baseline levels at each timepoint analyzed 

during hypoxia. For FVB and C57BL/6J mice, the elevation of V̇E/V̇O2 above baseline at 2 min, 4 

min and 10 min, respectively was 102 ± 14% (p < 0.0001) vs. 121 ± 31% (p < 0.0001); 87 ± 11%, 

(p = 0.0002) vs. 133 ± 24% (p < 0.0001); and 73 ± 12% (p = 0.004) vs. 99 ± 15% (p = 0.0002). 

 

Similarly, both strains of three-week old WT mice hyperventilated throughout hypoxia, as V̇E/V̇O2 

increased by over double in P20–22 FVB mice at 2 min  (130 ± 11%, p < 0.0001), at 4 min (133 

± 12%, p < 0.0001) and at the end of hypoxia (141 ± 12%, p < 0.0001) whereas V̇E/V̇O2 remained 

40% above baseline in C57BL/6J animals (2 min: 90 ± 16%, p < 0.0001; 4 min: 60 ± 12%, p = 

0.0001; 10 min: 40 ± 8%, p = 0.01).  

 

Comparing the adult WT mice, P49–56 C57BL/6J mice, but not P49–57 FVB animals increased 

V̇E/V̇O2 significantly at 2 minutes in hypoxia (104 ± 23%, p = 0.03). Afterwards, both FVB and 

C57BL/6J mice hyperventilated through the remainder of the hypoxic challenge. The relative 

change in V̇E/V̇O2 for FVB and C57BL/6J mice, respectively was 154 ± 43% (p = 0.01) and 116 ± 

54% (p = 0.02) at 4 min and 175 ± 28% (p = 0.0005) and 96 ± 31% (p = 0.03) at 10 min. 

 

Data demonstrate that the V̇E/V̇O2 response to hypoxia is immature in neonate C57BL/6J mice, 

whereas FVB mice produce a sustained increase in V̇E/V̇O2 during hypoxia from P1 through 

adulthood. 

 

Fig. 4.2D–F show the relative change of V̇E, V̇O2 and V̇E/V̇O2 from baseline during the steady-state 

period of hypoxia (average of minutes 7–10 in hypoxia) in both sets of WT mice. Asterisks in 

Figure 4.2D–F designate when each parameter at 10 minutes in hypoxia was different from 

baseline at a specific age within strains, similar to what is shown in Figure 4.2A–C. Further 

analysis between the strains revealed that there were no significant differences in the steady state 

V̇E response at any age (Figure 4.2D). In contrast, steady state changes in V̇O2 and V̇E/V̇O2 were 

significantly different between strains at P1–2 and P20–23. Figure 4.2E shows that the changes in 
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V̇O2 were significantly different in neonate P1–2 (FVB: -49 ± 4%, vs. C57BL/6J: 67 ± 24%, p < 

0.0001) and juvenile P20–23 mice (FVB: -43 ± 3%, vs. C57BL/6J: -12 ± 6%, p = 0.04). The 

steady-state hyperventilatory response to hypoxia was also different in neonate P1–2 (FVB: 104 ± 

24%, vs. C57BL/6J: -19 ± 13%, p = 0.0005) and juvenile P20–23 wild-type animals (FVB: 141 ± 

12%, vs. C57BL/6J: 40 ± 8%, p = 0.0001) (Figure 4.2F). 

 

4.3.3 Postnatal emergence of a hypoxia-induced depression of metabolic rate in C57BL/6J 

mice.  

That ventilatory and metabolic response to hypoxia change during postnatal development is well-

established (Bissonnette, 2000; Mortola, 1999, 1996; Moss, 2000) and supported by my 

developmental analyses of FVB and C57BL/6J mice. Neonatal mammals typically do not produce 

a sustained increase in V̇E during hypoxia. V̇E returns to or below baseline while hypoxia persists, 

which underlies the hypothesis that the adaptive, responses of newborns to hypoxia are 

immature/inadequate and newborns are more vulnerable to hypoxic injury. The alternative view is 

that the greater secondary reduction in V̇E in neonates simply reflects that the metabolic rate of 

neonates is more sensitive to hypoxia (Dzal et al., 2020; Frappell et al., 1992; Mortola, 1999; 

Mortola et al., 1989). Thus, neonates, like adults, are fully capable of responding to hypoxia with 

an adaptive sustained increase in V̇E/V̇O2. The strategies employed by neonates to achieve the 

sustained increase in V̇E/V̇O2 (primarily a hypoxic depression of V̇O2) differ from adults (primarily 

a sustained increase in V̇E), but the homeostatic responses of neonates are intact. That hypoxic 

responses of neonates are not compromised is supported by a substantial but incomplete body of 

literature in which most studies did not include measurements from the earliest postnatal period. 

Key assumptions are that all neonates respond to hypoxia with a reduction in V̇O2, that the 

magnitude of the hypoxic metabolic depression is greatest in the youngest animals and that it 

decreases with development; i.e. the mechanisms via which hypoxia inhibits metabolism are well 

developed at birth and decrease thereafter. The observation that hypoxia does not depress V̇O2 in 

P0–3 C57BL/6J mice is therefore potentially very significant. It suggests either that C57BL/6J 

mice are an exception, or that the mechanisms underlying the hypoxic depression of V̇O2 emerge 

postnatally, in which case neonates will be more vulnerable to hypoxia until they reach that critical 

age when hypoxia depresses V̇O2. 
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My first objective was to gain further insight into when in postnatal development C57BL/6J mice 

respond to hypoxia with a reduction in V̇O2 and produce a sustained increase in V̇E/V̇O2. Data in 

Chapter 3 that first revealed that neonatal C57BL/6J did not reduce V̇O2 during hypoxia represented 

data averaged from animals ranging in age from P0–3. P0 animals from this group (data not shown) 

did not depress V̇O2 or increase V̇E/V̇O2 to hypoxia so I examined P1, P2 and P6 animals to start. 

 

As expected, P1, P2 and P6 mice all responded to hypoxia with an immediate, 20–40% increase 

in V̇E at the onset of hypoxia that fell to or below baseline by the end of hypoxia (P1: Baseline: 

1244 ± 102 ml/min/kg, 10-min hypoxia: 1357 ± 79 ml/min/kg, p = 0.79; P2: Baseline: 1803 ± 154 

ml/min/kg, 10-min hypoxia: 1654 ± 115 ml/min/kg, p = 0.87; P6: Baseline: 2926 ± 196 ml/min/kg, 

10-min hypoxia: 2243 ± 159 ml/min/kg, p < 0.0001) (Fig. 4.3A–C). In contrast to the prevailing 

view but consistent with data in Chapter 3, V̇O2 in P1 and P2 C57BL/6J mice did not decrease in 

response to hypoxia; it actually increased. At the end of the 10 min hypoxic period, V̇O2 was 

significantly greater than pre-hypoxic levels in P1 (Baseline: 38 ± 4 ml/min/kg, hypoxia: 54 ± 5 

ml/min/kg, p = 0.01) and P2 animals (Baseline: 49 ± 4 ml/min/kg, hypoxia: 79 ± 1 ml/min/kg, p = 

0.002). In contrast, in P6 mice hypoxia reduced V̇O2. At the end of the 10 min hypoxic exposure 

metabolic was ~50% of pre-hypoxic levels (Baseline: 60 ± 3 ml/min/kg, hypoxia: 31 ± 2 

ml/min/kg, p = 0.005) (Fig. 4.3D–F). The lack of a hypoxic metabolic depression in the P1 and 2 

mice but its emergence by P6 meant that only the P6 C57BL/6J mice produced a sustained 

hyperventilatory response to hypoxia. The air convection requirement (V̇E/V̇O2) did not increase 

during hypoxia and was not different from baseline at P1 (Baseline: 35 ± 4 a.u., hypoxia: 28 ± 4 

a.u., p = 0.48) or P2 (Baseline: 37 ± 2 a.u., hypoxia: 21 ± 1 a.u., p = 0.13), but it was increased at 

P6 (Baseline: 49 ± 3 a.u., hypoxia: 72 ± 6 a.u., p = 0.02) (Fig. 4.3G-I).  

 

I did not complete the day-by-day analysis of V̇O2 and V̇E/V̇O2 responses to 10% O2, but instead 

started the developmental time series again but this time I measured responses to 8% O2. My 

rationale was based on the possibility that C57BL/6J mice might be less sensitive to hypoxia such 

that the “typical” responses of neonatal mammals to hypoxia, a transient increase in V̇E and a 

reduction in V̇O2, would require a stronger hypoxic stimulus. C57BL/6J mice at each age (P1–3, 

7-8) showed the expected transient V̇E response to hypoxia; V̇E increased during the first 1-2  
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minutes of hypoxia but fell back to baseline before the end 10-minute hypoxic exposure (Fig. 

4.4A–C). V̇E at the end of 10 minutes of 8% O2 was not significantly different from baseline at 

any day of the youngest neonates studied (P1: Baseline: 1403 ± 197 ml/min/kg, 10-min hypoxia: 

1673 ± 183 ml/min/kg, p = 0.91; P2: Baseline: 1578 ± 293 ml/min/kg, 10-min hypoxia: 1770 ± 

129 ml/min/kg, p = 0.57; P3: Baseline: 1774 ± 92 ml/min/kg, 10-min hypoxia: 1851 ± 174 

ml/min/kg, p = 0.99), nor the P7–8 age group (Baseline: 3153 ± 174 ml/min/kg, 10-min hypoxia: 

2963 ± 193 ml/min/kg, p = 0.84) (Fig. 4.4C).  

 

8% O2, like 10%, did not cause a reduction	V̇O2 in P1, P2 or P3 mice (Fig 4.4D–E) (P1: Baseline: 

42 ± 4 ml/min /kg, hypoxia: 37 ± 6 ml/min/kg, p = 0.99; P2: Baseline: 45 ± 12 ml/min/kg, hypoxia: 

53 ± 11 ml/min/kg, p = 0.82; P3: Baseline: 56 ± 3 ml/min/kg, hypoxia: 41 ± 3 ml/min/kg, p = 

0.34). However, the “typical” hypoxic depression of metabolic rate was present at P7–8 when 

hypoxia caused V̇O2 to fall by more than 50% from baseline (Baseline: 61 ± 4 ml/min/kg, hypoxia: 

24 ± 1 ml/min/kg, p < 0.0001) (Fig. 4.4F).  

 

The expression of a sustained hyperventilatory response (sustained increase in V̇E/V̇O2) followed 

the same developmental time course as the capacity for hypoxia to reduce metabolic rate. Only 

P7–8 mice produced a sustained hyperventilation during hypoxia (Baseline: 52 ± 4 a.u., 10-min 

hypoxia: 129 ± 11 a.u., p < 0.0001). V̇E/V̇O2 was not different from baseline at the end of the 

hypoxic episode in P1, P2 or P3 mice (P1: Baseline: 34 ± 5 a.u., hypoxia: 46 ± 6 a.u., p = 0.94; 

P2: Baseline: 50 ± 19 a.u., hypoxia: 37 ± 7 a.u., p = 0.90; P3: Baseline: 32 ± 2 a.u., hypoxia: 47 ± 

7 a.u., p = 0.84) (Fig. 4.4G–I). These data that show that hypoxia does not inhibit V̇O2 in C57BL/6J 

until after P3 and the lack of a hypoxic metabolic depression, neonates cannot mount a sustained 

adaptive hyperventilatory response to hypoxia. 

 

4.3.4 The hypoxia-induced depression of metabolic rate emerges postnatally in FVB mice.  

While the data from C57BL/6J mice clearly show that the depression of metabolic rate by hypoxia 

emerges postnatally, they do not distinguish whether C57BL/6J mice are unique in the postnatal 

emergence of the hypoxic metabolic depression or whether postnatal emergence of metabolic  
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depression is common. I therefore tested in FVB mice whether the hypoxic depression of V̇O2, and 

the ability to produce a sustained increase in V̇E/V̇O2, are present at birth or emerge postnatally.  

 

As seen in C57BL/6J mice, 10% O2 evoked a transient, ~45% increase in V̇E during the first 

minute in P0, P1, P2 and P3 mice but this increase was not sustained at any of these ages. V̇E 

returned back to baseline in P0 and P2 mice and fell below baseline in P1 and P3 animals (P0: 

Control: 1340 ± 182 ml/min/kg; hypoxia: 1359 ± 58 ml/min/kg, p > 0.99; P1: 2278 ± 106 

ml/min/kg; hypoxia: 1946 ± 61 ml/min/kg, p = 0.03; P2: 2384 ± 124 ml/min/kg; hypoxia: 2063 ± 

53 ml/min/kg, p = 0.10; P3: 2525 ± 116 ml/min/kg; hypoxia: 2131 ± 63 ml/min/kg, p = 0.03) (Fig. 

4.5A–C).  

 

Similar to observation in C57BL/6J mice, and in contrast to dominant view that the hypoxic 

depression of V̇O2 is present at birth and decreases thereafter, hypoxia did not depress V̇O2 in P0 

FVB mice. Moreover, the magnitude of the metabolic depression did not diminish with 

development. The depression was first seen at P1 and it appeared to increase, rather than decrease, 

between P1 and P3. (Fig. 4.5D–E) (P0: Baseline: 36 ± 7 ml/min/kg, hypoxia: 33 ± 9 ml/min/kg, p 

= 0.99; P1: Baseline: 51 ± 5 ml/min/kg, hypoxia: 28 ± 2 ml/min/kg, p = 0.0003; P2: Baseline: 58 

± 5 ml/min/kg, hypoxia: 20 ± 3 ml/min/kg, p < 0.0001; P3: Baseline: 71 ± 4 ml/min/kg, hypoxia: 

23 ± 4 ml/min/kg, p < 0.0001) (Fig. 4.5F).  

 

The magnitude of the V̇E/V̇O2 response to hypoxia and capacity for mice to produce a sustained 

hyperventilatory response to hypoxia correlated precisely with the capacity for hypoxia to reduce 

metabolic rate. V̇E/V̇O2 did not change during hypoxia in P0 FVB mice (Baseline: 41 ± 6 a.u., 

hypoxia: 55 ± 11 a.u., p = 0.86). A sustained hyperventilation was apparent at P1 and this appeared 

to increase between P1 and P3 (Fig. 4.5G–H) (P1: Baseline: 52 ± 7 a.u., hypoxia: 80 ± 9 a.u., p = 

0.04; P2: Baseline: 44 ± 5 a.u., hypoxia: 119 ± 14 a.u., p < 0.0001; P3: Baseline: 37 ± 3 a.u., 

hypoxia: 117 ± 14 a.u., p < 0.0001) (Fig. 4.5I). These data establish that the lack of a 

hypometabolic response to hypoxia at birth is not unique to C57BL/6J mice; the hypoxic 

hypometabolic response also emerges postnatally in FVB mice. Moreover, the magnitude of the 

hypoxic metabolic depression does not decrease during early postnatal life; if anything it increases.  
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4.3.5 Lack of a hypoxia-induced metabolic depression in P0 FVB mice is not due 

restraint/stress. 

The observation that hypoxia does not evoke a decrease in metabolic rate in P0 FVB mice, like the 

observations in C57BL/6J mice, contradicts a significant body of literature. While most of this 

literature did not examine the effects of hypoxia on V̇O2 in the immediate postnatal period, I wanted 

to exclude any possible confounders. I therefore addressed the possibility that the lack of a V̇O2 

decrease at P0 FVB animals reflected that youngest mice were more stressed by the head-out 

plethysmograph chamber, and that stress-induced increases in V̇O2 obscured the normal hypoxic 

depression of V̇O2 in P0 FVB mice. Therefore, I measured changes in V̇O2 evoked by hypoxia in 

P0 and P3 FVB mice when mice were placed in a whole-body plethysmograph rather than the 

head-out plethysmograph. The type of chamber did not alter the metabolic response to hypoxia. 

P0 mice did not depress metabolic rate at any point in the 10-minute hypoxic challenge (Baseline 

V̇O2: 38 ± 2 ml/min/kg compared to 2 min: 32 ± 2 ml/min/kg, p = 0.84; and 10 min of hypoxia: 21 

± 1 ml/min/kg, p = 0.06). In contrast, in P3 FVB mice, V̇O2 fell within 2 minutes of exposure to 

hypoxia and remained depressed throughout hypoxia (Baseline: 64 ± 2 ml/min/kg vs. 2 min 

hypoxia: 41 ± 2 ml/min/kg, p = 0.01; and 10 min hypoxia: 32 ± 1 ml/min/kg, p = 0.0002) (Fig. 

4.6A–C). These results support that P0 FVB mice do not depress metabolism in response to 

hypoxia. 

 

4.3.6 The hypoxia-induced depression of metabolic rate also emerges postnatally in Sprague-

Dawley rats 

As demonstrated here for C57BL/6J and FVB mice, previous studies using SD rats suggest that 

capacity for hypoxia to depress metabolism emerges postnatally at P2 (Liu et al., 2009; Liu and 

Wong-Riley, 2013). My next objective was to revisit this question in SD rats and determine if the 

hypoxic hypometabolism is present at birth and, if not, when does it first emerge. As seen in FVB 

and C57BL/6J mice, 10% O2 evoked a transient increase in V̇E in the first min of hypoxia that was 

between ~30 and 75% above baseline and increased with age (Fig. 4.7A–C). The initial increase 

in V̇E, however, was not sustained, falling back to baseline before the end of the hypoxic episode 

(P0: Baseline: 826 ± 81 ml/min/kg; hypoxia: 1083 ± 95 ml/min/kg, p = 0.58; P1: Baseline: 2089 

± 105 ml/min/kg; hypoxia: 2011 ± 101 ml/min/kg, p = 0.99; P2: Baseline: 1989 ± 262 ml/min/kg;  
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hypoxia: 2226 ± 135 ml/min/kg, p = 0.71; P3: Baseline: 1837 ± 164 ml/min/kg; hypoxia: 2205 

± 167 ml/min/kg, p = 0.30) (Fig. 4.7C). In response to 10% O2, time-course data showed that 

there was a smaller �̇�O2 depression in P0 rats compared to the P1–3 neonates (Fig. 4.7D–E).  

 

In addition, hypoxia did not depress V̇O2 in SD rats at P0; V̇O2 after 10 min of hypoxia (15 ± 2 

ml/min/kg) was not different that baseline (19 ± 3 ml/min/kg, p = 0.35). The hypoxic depression 

of V̇O2 first emerged at P1 and remained relatively constant at ~50% between P1–P3 (P1: Baseline: 

50 ± 2 ml/min/kg; hypoxia: 23 ± 1 ml/min/kg; P2: Baseline: 44 ± 3 ml/min/kg; hypoxia: 24 ± 1 

ml/min/kg; P3: Baseline: 44 ± 3 ml/min/kg; hypoxia: 22 ± 2 ml/min/kg, For P1–3: p < 0.0001) 

(Fig. 4.7F). Modest, but insignificant increases in V̇E combined to modest insignificant decreases 

in V̇O2 resulted in a modest but significant, ~50% increase in the hypoxia-induced increase in 

V̇E/V̇O2 at P0. The magnitude of the hypoxia-induced steady-state increase in V̇E/V̇O2 appeared to 

increase thereafter (Fig. 4.7G–H) (P0: Baseline: 44 ± 3 a.u., hypoxia: 79 ± 11 a.u., p = 0.0002; P1: 

Baseline: 42 ± 2 a.u., hypoxia: 86 ± 5 a.u.; P2: Baseline: 44 ± 3 a.u., hypoxia: 95 ± 6 a.u.; P3: 

Baseline: 42 ± 2 a.u., 10-min hypoxia: 101 ± 7 a.u., For P1–3: p < 0.0001) (Fig. 4.7I).  

 

4.4 Discussion 

The first objective of this study was to compare side-by-side the hypoxic ventilatory and metabolic 

responses of FVB and C57BL/6J mice throughout postnatal life from birth to adulthood. These 

data were first presented in Chapter 3 where FVB were the WT mice used to assess the effects of 

ENT 1/2 KO on hypoxic responses and C57BL/6J mice were the WT strain used to assess the 

effects of ADK-S overexpression. Responses of the two strains were not compared directly in 

Chapter 3. As suggested in Chapter 3, the most dramatic difference in the hypoxic responses of 

FVB and C57BL/6J mice was that P1–2 C57BL/6J mice did not respond to hypoxia (10% O2) with 

a decrease in metabolic rate. Hypoxia actually caused an increase in V̇O2 in the P1–2 C57BL/6J 

mice, which is opposite to the hypoxic depression of V̇O2 I saw in P1–2 FVB mice and that has 

been reported in the majority of developmental studies. The ventilatory response of the youngest 

age group to hypoxia, which comprised a transient increase in V̇E that fell back to baseline, was 

similar between strains. Thus, another important strain difference in the hypoxic responses was 
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that only neonatal FVB mice hyperventilated (i.e., increased V̇E/V̇O2) throughout hypoxia. This 

apparently anomalous observation in P1–2 C57BL/6J mice directly contradicts a substantial 

literature that a key feature of homeostatic hypoxic response of neonatal mammals is that the well-

documented, transient increase in V̇E combined with a metabolic depression that is greatest in 

younger animals underlie the ability of neonatal mammals to produce a sustained, adaptive 

increase in V̇E/V̇O2. In this context, neonates are not more vulnerable to hypoxia than older animals; 

they all hyperventilate during hypoxia. Thus, the observation that neonatal C57BL/6J mice do not 

depress V̇O2 in response to hypoxia led me to challenge the prevailing view that the mechanisms 

via which hypoxia depresses V̇O2 are functional, and in fact more potent, at birth. If my hypothesis 

is correct and the capacity for hypoxia to depress V̇O2 emerges postnatally, a hypoxic depression 

of V̇O2 should not be present at birth but its emergence will correlate with the ability of neonates 

to respond to hypoxia with a sustained increase in V̇E/V̇O2. None of rodents examined, not 

C57BL/6J, FVB nor SD rats responded to hypoxia with a reduction in metabolic rate at birth; in 

all strains/species the hypoxic depression of V̇O2 emerged after P0. The time point at which the 

depression emerged, however, differed between rodent species and between mouse strains; in FVB 

mice and SD rats the hypometabolic response was first apparent at P1 in FVB mice and SD rats, 

but not until after P3 in C57BL/6J mice. The capacity to for hypoxia to depress metabolic rate was 

adaptive as this capacity correlated in mice with the emergence of the capacity to mount a sustained 

hypoxia-induced hyperventilation.  

 

4.4.1 Hypometabolic responses to hypoxia mature in the very young postnatal period 

My results support the conclusion that reducing metabolic demand in response to hypoxia does 

not occur in all newborn rodents; i.e. this response matures in early postnatal development at least 

in the species studied here. Reducing metabolic demand has long been considered a critical 

adaptive mechanism to counteract hypoxia in neonate animals in which hypoxia causes a much   

stronger secondary inhibition of breathing compared to adults. Indeed, a substantial literature that 

has documented developmental changes in hypoxic ventilatory and metabolic responses supported 

the widely held view that newborn mammals respond to hypoxia with a powerful depression of 

V̇O2 and that this decrease is critical in the ability of these animals to mount a homeostatic, 

hyperventilatory response to hypoxia that counteract reductions on O2 (Frappell et al., 1992; Hill, 

1959; Mortola and Dotta, 1992; Mortola et al., 1989). Closer examination of these studies revealed, 
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however, these data did not include studies from newborn mammals. Rodent data did not include 

animals younger than P2. Our data in FVB and C57BL/6J mice and SD rats, daily analysis of 

hypoxic responses in SD rats (Liu et al., 2009; Liu and Wong-Riley, 2013) and older studies 

showing hypoxic responses of premature infants (Cross et al., 1958) all suggest that the hypoxic 

depression of V̇O2 emerges postnatally. 

 

The time-course and mechanisms via which hypoxia depresses V̇O2 newborns are not completely 

understood. The factors that contribute a sustained increase in V̇E/V̇O2 are well described and 

change developmentally. Specifically, the relative contribution of metabolic depression vs. a 

hypoxic excitation of V̇E is greater earlier in development. With progressive age, the sustained 

increase in V̇E become more important as in many species the hypoxic depression of V̇O2 

disappears in adulthood. This description, however, does not reveal underlying mechanism(s). 

More detailed daily analysis of developmental changes in ventilatory and metabolic activity 

suggest that at P0–P1, rats exhibit higher V̇E and lower V̇O2 at baseline compared to any other day 

in the first week of life (Liu et al., 2009; Liu and Wong-Riley, 2013). Between P1–P7, baseline 

V̇O2 increases before falling in the second week of life, whereas baseline V̇E steadily increases 

through P13. These authors attribute the high V̇E in P0 rats to poor alveolar gas exchange, whereas 

depressed baseline V̇O2 arises from immature thermogenic capacity; this combination blunts 

further hyperventilation during hypoxia since V̇E/V̇O2 is already elevated compared to the older rats 

under baseline conditions. Other studies, including the results presented in this chapter, both 

support and challenge these conclusions. First, baseline V̇O2 appears to increase from minimal 

levels in newborn rodents. However, baseline V̇E also increases postnatally from birth (Sprenger 

et al., 2019). If metabolic rate is depressed in the youngest newborn rodents, V̇E is also expected 

to be reduced as a result of homeostatic mechanisms that match V̇E to metabolic demand. At rest, 

V̇E/V̇O2 was similar during early postnatal development in each of the strains tested suggesting that 

mechanisms that match V̇E to V̇O2 are present from birth and contradicts previous data showing that 

resting V̇E/V̇O2 is elevated in P0 rats (Liu et al., 2009; Liu and Wong-Riley, 2013). My data agree 

that baseline V̇O2 is lower in newborn rodents. In cross-species comparisons, the magnitude of the 

hypoxic hypometabolic response is correlated to higher resting V̇O2 measurements (Frappell et al., 

1992; Mortola, 1999; Mortola et al., 1989). Taken together, the capacity to decrease metabolic rate 
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even further during hypoxia may be hampered in the youngest mammals until baseline V̇O2 

increases in the first days of life, which appeared to occur in each of the rodent strains used here. 

 

4.4.2 �̇�E falls during hypoxia in newborn rodents independent of metabolic depression. 

Another interesting aspect of my data in P0–3 C57BL/6J mice and P0 FVB mice and SD rats, that 

V̇E falls back to or below baseline during hypoxia in each neonate species studied, even in those 

that do not depress metabolic rate. This argues strongly against the view that the secondary 

depression of V̇E during hypoxia is merely the consequence of a progressive fall in V̇O2 and 

functional homeostatic control mechanism. These data also suggest the presence in neonates of 

stronger inhibitory mechanisms in these neonates and support the longstanding hypothesis that the 

strong, secondary depression of breathing in neonates during hypoxia arises from powerful, 

centrally-mediated inhibitory processes affecting V̇E (Bissonnette, 2000; Darnall, 1985; Koos et 

al., 2016, 2004; Moss, 2000). Of these inhibitory neuromodulators, ADO has long been implicated 

in the strong secondary depression in neonates. The observation that nearly all premature infants 

with apnea receive methylxanthine treatment to support breathing and prevent apnea of 

prematurity (Fiore et al., 2013; Mathew, 2011; Mitchell and MacFarlane, 2019), supports the 

involvement of ADO-mediated inhibition. However, these clinical data must be interpreted with 

caution because the mechanism(s) via which clinically-relevant caffeine are not entirely clear 

(Ballanyi, 2004; Comer et al., 2001). My data in Chapters 2 and 3 show that at birth in central 

inspiratory networks, the expression and activity of the adenosine kinase (ADK), which supports 

ENT-mediated ADOe clearance, is very low. Inhibition of ADK and ENT activity has greater 

depressive effects on rhythmic preBötC activity later in postnatal development, suggesting that the 

importance of these clearance mechanisms in modulating the activity of central respiratory 

networks increases developmentally. In humans, block of ENT activity blunts hypoxia-induced 

increases in V̇E, presumably via actions of ADO since these actions could be reversed by ADOR 

antagonists (Yamamoto et al., 1994). In addition to its effects on preBötC rhythm and respiratory 

activity in vivo, my data also show that genetic introduction of ADK-S in neonate C57BL/6J mice 

produces an adaptive, hypometabolic response to hypoxia, that inhibition of ADK activity 

depresses V̇O2 in FVB mice and attenuates the hypometabolic responses of juvenile animals to 

hypoxia. In many parts of the brain, ADO depresses neuronal activity and decreases metabolic 

demand and reductions in ADO are associated with disturbances in sleep when metabolism is 
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normally reduced (Rytkönen et al., 2010). In rats, ADK activity in the cortex and basal forebrain 

are higher during periods of wakefulness suggesting that ADOe metabolism is associated with 

periods of increased metabolic demand (Alanko et al., 2003; Mackiewicz et al., 2003). Since ADO 

levels influence metabolic activity, these data could point to a role of ADO metabolism by ADK 

in contributing to changes in V̇O2. Experiments using naked mole rats however, suggest that ADO 

has no role in the hypoxic depression of V̇O2 (Pamenter et al., 2015). A caveat is that these rodents 

have evolved to live underground in chronic hypoxic conditions, and may have evolved unique 

strategies to cope with hypoxia; e.g., in severe hypoxia they simply stop breathing whereas most 

mammals hyperventilate. Thus, the effects of ADOe on metabolic rate (and V̇E for that matter) in 

fossorial mammals may not translate to non-fossorial mammals like mice, rats and humans. The 

underlying mechanisms via which ADK activity, which reduces ADOe by metabolizing ADOi, 

contributes to adaptive, hypoxic V̇O2 responses remain to be answered. Regardless, data clearly 

support the hypothesis that ADO signaling alters metabolic activity and that effective ADOe 

clearance supports both adaptive ventilatory and metabolic responses to hypoxia that mature after 

birth. 

 

4.4.3 Differences between strains of species and considerations in respiratory research   

My results also show that development of the hypoxic ventilatory and metabolic responses are 

different between C57BL/6J and FVB mouse strains. Hypometabolic responses to hypoxia are 

present in FVB mice (and SD rats) within days after birth, similar to previous reports (Liu et al., 

2009; Liu and Wong-Riley, 2013). In marked contrast, C57BL/6J mice do not respond to hyoxia 

with a metabolic decrease or a sustained increase in V̇E/V̇O2 until after P3. By adulthood, neither 

these strains depress metabolic rate in hypoxia, although animals still increased V̇E/V̇O2 by the end 

of hypoxia. The onset of this change occurred more quickly in C57BL/6J mice by P20. 

Nonetheless, data from older mice suggests that strong V̇E increases during hypoxia that are 

sustained at higher levels than neonates, maintain V̇E/V̇O2 above pre-hypoxic levels even though 

V̇O2 does not significantly change.  

 

While differences in metabolism or metabolic responses of C57BL/6J mice to hypoxia, particularly 

in newborns, have not been reported previously to the best of my knowledge, differences in 

breathing pattern and hypoxic V̇E responses have been reported in C57BL/6J mice (Tankersley et 
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al., 1994). First, they have lower resting frequency and greater variability in breathing pattern (i.e. 

more disordered) during hypoxia and hypercapnia the post-hypoxic period compared to B6AF1 

and Swiss-Webster mice (Gaston et al., 2014; Getsy et al., 2014). C57BL/6J mice also show larger 

roll-offs in breathing frequency during hypoxia after an initial increase (Getsy et al., 2014; Palmer 

et al., 2013), which may be consistent with my data showing that the duration of the V̇E increase 

in C57BL/6J mice shorter than FVB mice (Fig. 4.2). Previously, I reported that frequency either 

did not increase above baseline in young C57BL/6J mice or fell back to baseline during a 10-

minute 10% O2 stimulus in more developed animals, both of which were not observed in FVB 

mice (Fig. 3.3, 3.7). Thus, C57BL/6J mice may have distinct developmental hypoxic ventilatory 

and metabolic trends, particularly in early development that must be accounted for if these mice 

are compared to other strains or species. While the development of hypoxic hypometabolic 

responses in C57BL/6J mice are delayed, my conclusion that the youngest newborn rodents do not 

adaptively depress V̇O2 in hypoxia remains supported by the literature (Liu et al., 2009; Liu and 

Wong-Riley, 2013). Therefore, in addition to stronger reductions in the HVRV̇E, an immature V̇O2 

response may also compromise an adaptive “back-up” mechanism employed by the young 

mammals to alternatively support the HVRV̇E/V̇O2. 

 

4.4.4 Physiological Significance 

Neonate mammals, with very few exceptions, depress metabolic rate in response to hypoxia, which 

is an adaptive strategy to overcome the challenges associated with limited O2 supply. The 

consistent observation that hypoxia depresses V̇O2 most strongly in neonates led to the suggestion 

the greater V̇E depression of newborns simply reflects functioning homeostatic processes whereby 

greater reductions in V̇O2 will result in greater reductions in V̇E; i.e., the greater fall in in V̇E in 

neonates does not represent a problem with respiratory control nor does it indicate greater 

vulnerability to hypoxia (Dzal et al., 2020; Frappell et al., 1992, 1991; Mortola, 1999; Mortola and 

Dotta, 1992; Mortola et al., 1989; Waters and Gozal, 2003). The main limitation of these 

developmental data, however, is developmental analyses often excluded the youngest animals. 

Data from over 60 years ago in humans and more recent data from newborn rats challenged this 

dogma and suggest that the youngest mammals do not depress metabolic rate in hypoxia (Cross et 

al., 1958; Liu et al., 2009). These data and my work in the different rodents supports the possibility 

that adaptive metabolic responses to hypoxia are not present at birth in newborn rodents, as each 
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species tested here only began to depress V̇O2 in response to hypoxia over the first days of life. 

Since V̇E is more strongly depressed during hypoxia in the youngest rodents, increases in V̇E/V̇O2 

during hypoxia can be compromised. This effect would be compounded if adaptive V̇O2 responses 

normally thought to support the HVRV̇E/V̇O2 are also immature. Importantly, these data strongly 

support that neonatal rodents are more susceptible to a powerful hypoxic depression of V̇E and that 

the greater V̇E depression is not attributed to a greater metabolic depression; i.e. V̇E fell back to 

baseline in all rodents tested even in those in which there was no decrease in V̇O2. While data 

suggest that the development of hypometabolic responses to hypoxia occurs after birth in rodents, 

further studies are needed to confirm if this is also the case in other mammalian species. Overall, 

my data highlight that metabolic responses to hypoxia and how these change during development 

are key in understanding alternative adaptive mechanisms that can be utilized to counteract 

hypoxia if breathing is susceptible to depression. Enhanced characterization of the mechanisms 

underlying the depression of V̇O2 and V̇E during the latter stages of hypoxia and how these change 

developmentally, as well as how these mechanisms differ between species may inform 

development of treatments that facilitate adaptive hypoxic responses that minimize apneas and 

stabilize breathing in at risk populations including premature infants with apnea (Paolillo and 

Picone, 2013), patients with epilepsy at risk of SUDEP (Boison, 2012a; Ryvlin et al., 2013), as 

well those suffering from neurodegenerative disorders the feature degeneration of respiratory 

networks (Howell and Newman, 2017; Presti et al., 2014; Schwarzacher et al., 2011). 
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Chapter 5: General Discussion 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
“Human knowledge is never contained in one person. It grows from the relationships we create 

between each other and the world, and still it is never complete.” 
 
- Paul Kalanithi, When Breath Becomes Air  
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5.1 Summary of Contributions  

This thesis centered on the general objective to characterize mechanisms underlying postnatal 

changes in the hypoxic ventilatory and metabolic responses, specifically focusing on developing 

elements that influence purinergic signaling in the preBötC inspiratory network. First, I completed 

a comprehensive analysis of the purinome in the preBötC network over the first two postnatal 

weeks, in vitro (Chapter 2). Data suggest mechanisms responsible for ADOe clearance are 

immature at birth in the preBötC, which may underlie stronger inhibitory P1 effects during the 

secondary phase of the HVRV̇E in the very young. Therefore, I then characterized ENT1/2 and ADK 

activity affected developmental changes in the ventilatory and metabolic responses to hypoxia 

(Chapter 3). Experiments suggest that ADOe clearance by both ENT1/2 and ADK-S activity 

reduce the secondary respiratory depression of the HVRV̇E in adult mice. These experiments also 

highlighted an unexpected, albeit important finding that hypometabolic responses to hypoxia in 

newborns are immature, and implicated limited ADK-S activity in this effect. Subsequent 

experiments revealed that newborns of three experimental rodent models do not evoke significant 

reductions in metabolic rate during hypoxia, which has previously been characterized as an 

important adaptive response to counteract stronger reductions in the HVRV̇E at this age (Chapter 

4). 

 

Based on results described in this thesis, there are five major contributions that support our 

understanding of how development influences hypoxic ventilatory and metabolic responses, as 

well as how purinergic signaling in the preBötC changes postnatally and influences these 

responses. These are:  

(i) Excitatory effects of ATP within the preBötC inspiratory network increase over the 

first two weeks of development in FVB mice, as a result of reduced A1R-mediated 

inhibition evoked following ATP metabolism to ADO; 

(ii) Postnatal increases in ADK-S activity, which supports the removal of ADOe through 

ENTs that are present from birth, affects basal ADOe tone (and therefore excitability) 

in the preBötC and limits the duration of ADO-evoked reductions in network activity; 

(iii)  ADK-S and ENT activity, which support ADOe clearance, contribute to 

developmental reductions in the secondary ventilatory depression of the HVRV̇E; 
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(iv)  Central ADK-S activity, presumably by helping remove ADOe, influences basal 

metabolic rate in juvenile mice after P11 and imparts an adaptive hypometabolic 

responses to hypoxia in newborn rodents through a yet-to-be determined mechanism; 

(v) The hypometabolic response to hypoxia is an important adaptive strategy to counteract 

drops in O2 in young rodents, however this response is not present at birth and develops 

at different times over the first days of life in C57BL/6J and FVB mice, as well as SD 

rats. 

 

In the following sections, I will detail both the physiological and clinical significance of my 

findings, and then discuss what questions remain and the strengths and limitations of various 

approaches that could elucidate answers to these queries. In each data chapter, I have summarized 

the physiological relevance of each study, specific to the results observed in those experiments. 

Thus, in the preceding section, I provide a comprehensive summary of the significance of all of 

my results and discuss the complete story that has emerged related to developmental changes in 

the hypoxic ventilatory and metabolic responses, and the impact that dynamic elements of the 

purinome contribute to these postnatal changes. 

 

5.2 Physiological Significance 

5.2.1 Net effect of purinergic signaling in the preBötC during development shifts toward 

excitation  

The secondary respiratory depression during hypoxia is speculated to arise from central 

mechanisms, which includes the inhibitory actions of ADO (Bissonnette, 2000; Moss, 2000). Past 

research suggested that contributions of the CNS were solely inhibitory (Funk, 2013), however 

recent results suggest that excitatory actions of ATP released during hypoxia can stimulate 

breathing and reduce the magnitude of the secondary depression (Angelova et al., 2015; Gourine 

et al., 2005; Rajani et al., 2017). Given that ATP excites breathing by activating P2Y1Rs in the 

preBötC inspiratory network but is also broken down by ECTOs to produce ADO that inhibits this 

network at A1Rs, ATP release can cause competing effects that are ultimately determined by a host 

of elements collectively termed the purinome (Reklow et al., 2019; Volonté and D’Ambrosi, 

2009). These data supported my original hypothesis that changes in elements of the purinome 

contribute to developmental reductions in the magnitude of the hypoxic respiratory depression, 
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which is strongest and life-threatening in premature and newborn infants. Indeed, comprehensive 

analysis in vitro suggest that the preBötC network’s sensitivity to excitatory-actions of ATP are 

reduced at birth, but increases over the first two weeks of life, due to diminished A1-mediated 

inhibition evoked by ATP degradation, therefore unmasking the full excitatory effects of ATP via 

P2Y1 receptor stimulation (Chapter 2). Data also suggest that sensitivity to excitatory P2Y1 or 

inhibitory P1 receptor activation remains constant over the first two weeks after birth, while 

ECTO-mediated metabolism of ATP increases postnatally. However, postnatal increases in ADK 

activity appear to reduce basal ADOe tone and support clearance of high levels of ADOe through 

passively-active ENTs, contributing to an overall excitatory shift in the effects of the purinome 

within the preBötC network. 

 

Inhibiting ENT and ADK activity significantly reduces preBötC rhythm in slices from P9–12 mice 

yet were without effect in slices from neonates. The duration of inhibition of preBötC activity 

evoked by a bolus of ADO, which replicates in the slice accumulating ADOe levels seen during 

hypoxia in vivo, decreases developmentally and this inhibition can be prolonged or shortened by 

removing ADO transporters (ENTs) or increasing ADOi metabolism through ADK-S activity, 

respectively. Results are significant since i) the purinome exerts greater overall inhibitory effects 

in the preBötC at birth that may underlie in the larger magnitude secondary hypoxic respiratory 

depression of the HVRV̇E in newborns, and ii) changes or dysfunction in any element of the 

purinome active in the preBötC network, such as ENTs and ADK, may explain variability in 

network sensitivity to ATP and ADO across mammalian strains, species, and development. These 

in vitro results provided the framework to then complete in vivo assays that assess how ENT and 

ADK activity influenced the overall HVR during postnatal development. 

 

5.2.2 Ventilatory and metabolic responses to hypoxia are differentially modulated during 

development by elements of the purinome that affect ADOe and ADOi. 

A caveat of my data presented in Chapter 2 was that these results were obtained in vitro meaning 

i) inputs and feedback that will affect the preBötC during hypoxia are removed; ii) oxygenation 

throughout the slice was not homogenous; and iii) hypoxic conditions were simulated by injecting 

purinergic agents that do not perfectly match the spatiotemporal profile of endogenous modulatory 

transmitter release during hypoxia. To address this, I utilized pharmacological and genetic 
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interventions targeting ADOe clearance elements and compared the developmental changes in 

ventilatory and metabolic responses to hypoxia to wild-type mice, in vivo. ENT activity influenced 

breathing pattern responses to hypoxia in young mice, as ENT1/2 KO shortened the tachypnea 

response evoked by hypoxia, however ENT activity attenuated the secondary V̇E depression to 

greater degrees as development progressed. This suggests that ENT activity influences ventilatory 

responses to hypoxia, and that its effects on the HVRV̇E increase developmentally, presumably 

through its function to remove inhibitory ADOe that accumulates during hypoxia. This could 

reflect direct actions of increasing ENT expression or activity, or indirect actions by changes in 

elements influencing the ADOi–ADOe gradient. ENTs operate passively, therefore any element 

that metabolizes intracellular ADO (ADOi) will support ENT activity. ADK activity has been 

shown to functionally increase developmentally, as its expression shifts from the ADK-L isoform, 

whose primary function an epigenetic regulator in the nucleus of neurons, to the ADK-S isoform, 

that metabolizes ADOi and is expressed primarily in the cytoplasm of astrocytes (Gebril et al., 

2021, 2020; Studer et al., 2006). Data demonstrates that ADK-S expression in the medulla also 

increases postnatally maturing around three-weeks of age in mice, and its activity impacts both 

basal ventilation and metabolism in normoxia and under hypoxic conditions. Inhibition of 

endogenous ADK activity had minimal effects on newborn WT mice, however by the second and 

third weeks of development, this inhibition significantly reduced basal V̇E, which appeared to 

homeostatically follow reductions in basal V̇O2. Overexpression of ADK-S in juvenile and adult 

mice potentiated excitatory increases in V̇E during the secondary phase of hypoxia, suggesting that 

ADK-supported clearance of ADOe attenuates the hypoxic respiratory depression in developed 

animals.  

These results collectively suggest elements that support central ADOe clearance increase their 

activity postnatally and contribute to adaptive developmental changes in the HVRV̇E. With 

development, reducing ADOe clearance had greater depressive effects on basal inspiratory-related 

activity in vitro and ventilation in vivo, compared to newborns. At birth, when ADOe clearance is 

limited or when ENT1/2 were genetically removed, the ADO-meditated inhibition of preBötC 

activity in vitro is prolonged, whereas the duration of inhibition is shortened as endogenous ADOe 

clearance increases (via increases in ADK-S), or when ADK-S expression is introduced in 

newborns. In vivo, ENT KO and overexpression of ADK-S had smaller effects on the HVRV̇E in 
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early development compared to mice studied after P20. Enhanced ADOe clearance in developed 

mice prolonged increases in V̇E, largely mediated by increases in breathing frequency, which could 

reflect reduced effects of ADO in networks involved in respiratory rhythm including the preBötC. 

 

5.2.3 Reduced capacity for hypoxia to depress metabolism in newborns, but greater capacity 

to depress ventilation may compromise homeostatic hyperventilatory responses in the 

very young 

Much of the previous literature in our field that characterizes the impact of purinergic modulation 

on hypoxic responses focuses on its effects on the secondary V̇E depression, developing the 

hypothesis that accumulating ADO potentiates this depression by inhibiting central respiratory 

networks, whereas ATP released from astrocytes in the preBötC inspiratory network attenuate the 

reduction in breathing (Angelova et al., 2015; Rajani et al., 2017).  There has been considerable 

data supporting that the secondary depression of breathing during hypoxia is strongest and life-

threatening in newborns since V̇E falls back to or below baseline levels, however neonate mammals 

can also reduce V̇O2 therefore reducing oxygen demand, increasing V̇E/V̇O2, and protecting against 

further drops in PaO2 (Mortola, 1999). Recent data however, suggest metabolic responses to 

hypoxia are also immature at birth (Liu et al., 2009; Liu and Wong-Riley, 2013). In Chapter 4, I 

observed that although P0 rats fail to significantly depress V̇O2, these animals have marginal 

changes in V̇E and V̇O2 such that V̇E/V̇O2 is elevated above baseline by the end of hypoxia. In 

contrast, neither P0 FVB nor P1–3 C57BL/6J mice depressed V̇O2, and V̇E/V̇O2 was not increased 

suggesting the HVRV̇E/V̇O2 is compromised in the very young mice. With varying degrees of 

development, each of the neonate rodent models studied developed the adaptive hypoxic 

hypometabolic response.  

 

Interestingly, data suggests that ADK-S activity affects both basal metabolic rate and the 

HVRV̇E/V̇O2. When endogenous ADK activity was inhibited using ABT 702, there was a significant 

depression of V̇O2 in mice older than P11, but not neonates suggesting that as ADK-S levels 

increase, it has modulatory effects on basal metabolic rate, presumably by affecting ADOe 

equilibrium in the brain. In the older ABT 702-treated mice, V̇E fell proportionally to the reduction 

in V̇O2 suggesting that homeostatic control of breathing is not affected by ADK inhibition, therefore 

V̇E/V̇O2 was similar to vehicle-injected animals. On the other hand, transgenic introduction and 
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overexpression of ADK-S throughout the brain imparted a significant, adaptive reduction in 

metabolic rate in neonate mice during hypoxia which was not seen in C57BL/6J controls. This 

suggests mature ADK activity that affects ADOe equilibrium has influences on the adaptive 

reduction in V̇O2 in the youngest mice. Coupled with the observation that ADK inhibition depressed 

basal V̇O2 in older animals, this could reflect that ADK activity and regulation of ADOe levels in 

the brain appears important for not only setting metabolism at rest but also impacts the HVRV̇E/V̇O2. 

While data suggests the more inhibitory effects of the purinome shift towards excitation during 

second week of development in the preBötC network, it is possible the appearance of the 

hypometabolic hypoxic response in the first days results from diminished adenosinergic inhibition, 

possibly mediated in part by increases ADK-S activity, in other areas of the brain important for 

regulating metabolism. 

 
5.3 Clinical Relevance 

In humans, incidence of apnea of prematurity is correlated with gestational age as nearly all infants 

< 29 weeks are affected, but only ~15% of infants are affected at 32–33 weeks gestation (Paolillo 

and Picone, 2013). ~20% of infants with apnea of prematurity do not respond to caffeine (Schmidt 

et al., 2012, 2007), which is the preferred treatment to stimulate breathing and prevent apnea in 

these vulnerable infants (Shrestha and Jawa, 2017). Data from this thesis, which is supported by 

evidence showing substantial differences in sensitivity to ATP and ADO in Swiss CD mice and 

SD rats (Zwicker et al., 2011), demonstrates that there are a host of unique elements that 

collectively influence the overall balance between excitation and inhibition of the preBötC 

network following the release of ATP during hypoxia. Just as there are substantial strain and 

species differences in purinergic modulation of the postnatal rodent preBötC network, variations 

in any element of the purinome through development could underlie differences in the response to 

reduced oxygen or create susceptibility to life-threatening apnea during hypoxia. Sensitivity of the 

preBötC network to P2Y1 receptor stimulation appears consistent during the first two weeks of life 

and through development (Lorier et al., 2007; Rajani et al., 2017; Zwicker et al., 2011). The overall 

effects of ATP mediated by P2 and P1 stimulation, however, are affected by developmental 

changes in activity of different ECTOs and accumulation of puringeric metabolites that activate 

P2 (i.e. ADP) and P1 receptors (i.e. ADO), (Zwicker et al., 2011), as well as clearance of ADO 

through ENTs, which is affected by intracellular enzymes that metabolize ADO such as ADK. In 
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medullary slices from newborn SD rats and FVB mice, ATP injection elicits short, but powerful 

increases in preBötC frequency (Huxtable et al., 2009; Lorier et al., 2007), yet in Swiss CD mice, 

ATP has no effect on rhythm unless inhibitory A1Rs are first blocked using DPCPX (Zwicker et 

al., 2011). Data from my thesis shows ATP evokes stronger increases in preBötC activity in slices 

from P9–12 FVB mice than those from P0–6 animals, except when ATP is applied immediately 

after DPCPX. Additionally, in mice, ADO evokes reductions in preBötC frequency until at least 

P12, yet does not affect rhythm in P0–P4 SD rats (Zwicker et al., 2011). These differences 

highlight variability of purinergic modulation of the preBötC between species, and even between 

strains, during postnatal development. This is significant clinically, as it may help explain 

differences in the incidence of apnea of prematurity and provide clues as to why some infants are 

unresponsive to caffeine therapy. New data ultimately spawn new questions, including: i) do 

increases in central ADK-S activity, which enhances ENTs removal of ADOe, increase excitability 

of respiratory networks and contribute to reductions in the incidence of AOP; ii) do certain 

purinome phenotypes (i.e. ECTO isoform expression/activity, altered function of ENTs and ADK, 

etc.) correlate to efficacy of treatments like caffeine to prevent AOP; and iii) are the elements 

identified in this thesis and recent literature new therapeutic targets to prevent life-threatening 

apneas? 

 

The emergence of personalized medicine may be instrumental to translating developmental 

observations made in mice and rats, to effective treatments in the neonatal intensive care unit 

(National Research Council, 2011). Characterization of individual genotypes could reveal specific 

therapies should be utilized to best address a specific patients deficits, however, a caveat is that 

interventions affecting central purinergic modulation need to be specific to a region or network in 

order to prevent off-target side effects. For instance, while data suggests ADOe clearance limits 

the inhibitory effects of ADO on preBötC activity and breathing during hypoxia, greater ADK 

functioning in higher regions of the brain reduces ADO tone and is associated with greater seizure 

risk, which is a hallmark of SUDEP (Boison, 2013b). While greater ADK activity is correlated 

with increased seizure incidence, it also prevents fatal apneas, mediated at least in part by enhanced 

clearance of ADOe in central respiratory networks (Shen et al., 2022). Furthermore, as 

demonstrated by this thesis, the purinome is comprised of many elements that contribute to the 

overall effects of ATP and ADO in the brain, therefore it is important to understand how targeting 
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one component may impact activity of another. Further studies in animal and human subjects are 

needed to determine the efficacy and feasibility of clinical treatments that specifically support 

excitability of breathing networks by modulating one or more elements of the purinome. My thesis 

focused characterizing the overall output of modulation of breathing networks by the purinome 

changes developmentally, specifically related to hypoxia, nonetheless data may also be instructive 

for translation to therapies to prevent apnea in multiple pathophysiological conditions throughout 

life. 

 

Data also suggest that endogenous increases in ADOe clearance mechanisms in the CNS contribute 

to developmental reductions in the hypoxic respiratory depression, which supports the hypotheses 

that i) ADO is implicated in the stronger hypoxic respiratory depression in newborns and ii) 

maturation of endogenous mechanisms that limit ADO inhibitory actions attenuate the depression 

of breathing in adults. This also supports the hypothesis that caffeine, the primary treatment for 

apnea of prematurity, stimulates breathing by blocking ADO-mediated inhibitory effects in central 

respiratory networks, which are greatest at birth. ADK activity, possibly by influencing central 

ADOe tone, increases basal metabolic rate and affects the hypoxic hypometabolic response, which 

is a second adaptive mechanism that counteracts falling oxygen levels in the blood. The exact 

mechanism underlying the role ADK has in metabolism, particularly with respect to its changes 

during hypoxia, will require further investigation and is discussed in section 5.4.3. Nonetheless, 

data suggests mechanisms limiting ADO inhibitory effects (i.e. methylxanthine therapy) may also 

impact metabolic responses during hypoxia. 

 

Finally, this thesis characterized the development of the HVRV̇E/V̇O2 in the first days after birth in 

rodents and found that reductions in V̇O2 in response to hypoxia are not present at birth in each of 

rodent models studied. Previous data suggested that, given the secondary depression of V̇E during 

hypoxia is strongest in neonate mammals, a rapid reduction in V̇O2 is utilized by newborns to 

maintain V̇E/V̇O2 above baseline levels (Frappell et al., 1992; Hill, 1959; Mortola, 1999, 1996). 

Closer examination of these studies, however, revealed there were no data from animals younger 

than P2 (Fahey and Lister, 1989; Frappell et al., 1992; Mortola et al., 1989; Rohlicek et al., 1998). 

Recently, studies in SD rats showed metabolic responses to hypoxia were blunted over the first 

two days of life (Liu et al., 2009; Liu and Wong-Riley, 2013), but also characterized another 
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developmental period at P12–13 in these rats, deemed the “critical period”, during which there are 

significant, discrete changes in neurotransmitter signaling and activity in respiratory networks of 

the brain that may underlie disruptions in the ventilatory and metabolic responses to hypoxia at 

this age (Liu et al., 2006; Liu and Wong-Riley, 2002; Wong-Riley et al., 2019). While human brain 

development occurs on a much longer time-scale than a mouse or rat, the sequence of development 

is largely consistent. A comprehensive comparison of human and rodent data suggests that rodents 

studied at P1–3 correlate roughly to 23–32 week gestation pre-term infant, while P7–10 is 

representative of a 36–40 week gestation full-term infant (Semple et al., 2013). Therefore, 

developmental changes in rodents younger than P3 are likely more relevant to understanding 

potential mechanisms underlying apnea of prematurity that occurs in nearly all infants < 29 weeks 

old (Paolillo and Picone, 2013). Here, data shows that P0 SD rats can still elicit a significant 

increase in V̇E/V̇O2 by the end of hypoxia, but the lack of a reduction in V̇O2 in both newborn FVB 

and C57BL/6J mice limits their ability to raise V̇E/V̇O2 above baseline during a hypoxic challenge 

and counteract falls in PaO2. Collectively, these data suggest that in the very young, not only is V̇E 

depressed to a greater magnitude during the secondary phase of hypoxia, adaptive V̇O2 responses 

are also blunted. Human data supports this observation, as the magnitude of the adaptive V̇O2 

reduction during hypoxia increases over the first two weeks of life in preterm infants and the 

hypoxic hypometabolic response is greater in full-term babies (Cross et al., 1958). Together, data 

suggest metabolic responses to hypoxia are not fully developed in the youngest rodents and 

humans, which may be a clinically relevant contributing factor to the susceptibility of premature 

and newborn infants to life-threatening apneas associated with very early development. 

 
5.4 Future Work 

This thesis provides evidence that development changes in the purinome in the brain, specifically 

an increased capacity for ADOe clearance, reduces inhibitory adenosingergic modulation of the 

preBötC inspiratory network and contributes to developmental adaptation in both the hypoxic 

ventilatory and metabolic responses. As discussed above, these results have several significant 

physiological and clinical implications, however there are a number of unanswered questions and 

outstanding caveats that can be resolved in future experimental studies, which I discuss below. 

 



 199 

5.4.1 Unexplored elements of the purinome that may contribute to development changes in 

purinergic signaling in the preBötC network  

In Chapter 2, I demonstrated how individual elements of the purinome influence basal preBötC 

activity and affect the responses to locally-applied ATP or ADO. My data suggests developmental 

increases in elements supporting ADOe clearance, mediated through increases in ADK-S 

expression that supports ENT activity, contribute to developmental increases in the overall 

excitatory effects of the purinome within the inspiratory network. This is supported by evidence 

in vivo that suggests ENT and ADK activity support reductions of the secondary ventilatory 

depression during hypoxia in developed mice. Nonetheless, there are a number of unexplored 

avenues that could provide important information supporting the observations presented in this 

thesis. 

 

i) P2Y1 or A1 receptors 

The preBötC of FVB mice remains consistently sensitive to P2Y1 receptor activation through P12, 

which is supported by the observation that blocking A1R-mediated inhibition unmasks the full 

excitatory effects of ATP from birth in the preBötC. Likewise, the magnitude of the ADO-

mediated inhibition of preBötC activity was consistent, collectively suggesting that changes in 

excitatory or inhibitory receptor sensitivity within the network is not responsible for early 

developmental changes in the overall effects of the purinome of preBötC activity during early 

development in mice. Data supports the hypothesis that caffeine stimulates breathing to prevent 

apnea of prematurity by blocking ADO receptors and suggests A1R inhibition in the preBötC 

specifically can produce a mature excitatory response to ATP. Functional data presented in 

Chapter 2 could reflect that expression of the P2Y1 or A1/P1 receptors mediating excitatory and 

inhibitory effects arising from ATP release are consistent through this period, or, albeit unlikely, 

that expression of these receptors increases while their sensitivity to their respective agonists 

decreases, or vice versa. Characterization of changes in P2Y1 and ADO receptor expression within 

the preBötC would add to our understanding of the postnatal development of the purinome. 

Collecting viable rhythmic preBötC slices from mice older than P12 to obtain functional data is 

challenging, however characterizing changes in receptor expression before and after P12 could 

provide insight as to whether the effects of ATP or ADO in the preBötC may change into 

adulthood. This approach is not perfect since expression changes do not necessarily mean 
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sensitivity to agonists functionally changes, therefore developing methods to obtain adult preBötC 

slices will need to be optimized or the brainstem network will need to be accessed in vivo using 

surgical methods in order to infuse agonists while recording changes in ventilatory behaviour 

under anesthesia. While data are not yet available, I expect that sensitivity of the preBötC network 

to P2Y1 receptor-mediated excitation will remain constant and the P1-mediated inhibition will stay 

the same or slightly decrease as seen in rats (Herlenius et al., 2002, 1997; Huxtable et al., 2009). 

 

The identity of signaling cascades and ion channels through which the different receptors modulate 

breathing rhythm also requires clarification. Existing literature supports my observation that the 

inhibitory effects of ADO on preBötC activity are mediated through activation of A1 receptors 

(Brockhaus and Ballanyi, 2000; Huxtable et al., 2009; Kawai et al., 1995; Kobayashi et al., 2001; 

Koos et al., 2001, 2004; Mironov et al., 1999; Schmidt et al., 1995; Wang et al., 2005; Zwicker et 

al., 2011). Evidence suggests that both pre- and postsynaptic A1 receptors can reduce preBötC 

rhythm [as reviewed in Chapter 1 and (Reklow et al., 2019), however extrasynaptic sites on 

astrocytes or microglia may also be involved. Determining which cell types A1 receptors are 

expressed on may provide clues for alternative therapies to attenuate ADO-mediated reductions in 

breathing. For example, if ADO preferentially inhibits excitatory glutamatergic neurons in the 

preBötC, then therapies that potentiate the activity of these neurons may alleviate the induced 

depression of breathing by ADO. Specifically altering the activity of one network of the brain 

without unintended consequences arising from affecting others is extremely challenging however, 

as demonstrated by exploratory therapies designed to reduce seizure by increasing ADO levels by 

inhibiting ADK activity globally, which can cause respiratory-related unexpected death as ADO 

increases in respiratory nuclei (Shen et al., 2022).  

 

The mechanism by which P2Y1 receptors increases preBötC activity also remains elusive. These 

receptors exclusively mediate the frequency increase evoked by ATP in the network of neonate 

rodents (Huxtable et al., 2009; Lorier et al., 2008, 2007) and supports ventilation during the 

secondary phase of HVRV̇E in adult rats (Rajani et al., 2017). P2Y1 receptor activation increases 

[Ca2+]i to enhance frequency, although other non-Ca2+ mechanisms may also be involved since 

EGAT-AM (Ca2+ chelator) and thapsigargin (SERCA inhibitor) only partially blocked the P2Y1-

mediated increase in preBötC frequency evoked by MRS 2365 (Rajani et al., 2017). P2Y1 receptors 
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have been shown to signal through Gαq/11 pathway, which activates phospholipase C and activation 

of protein kinase C, the former of which stimulates release intracellular stores of Ca2+ (Kugelgen 

and Wetter, 2000; Sak and Illes, 2005; Simon et al., 1995). P2Y1 receptors can also modulate ion 

channel activity via the Ca2+-independent Gαi pathway (Aoki et al., 2004; Brown et al., 2000; 

Filippov et al., 2000). A number of candidate downstream ion channel(s) have been postulated to 

mediate the effects of P2Y1 activation in the preBötC, however the exact mechanism remains 

unanswered (Rajani et al., 2016). Identifying the mechanism by which P2Y1 receptors increase 

preBötC frequency is important to determining if alternative therapies could be utilized to replicate 

or enhance the excitatory effects of ATP directly in the inspiratory network.   

 

ii) Ectonucleotidases 

Results from this thesis underscore the importance that non-receptor elements of the purinome 

have in determining the overall balance between P2 and P1 effects in the preBötC network. Data 

supports the previous observation that ECTO activity increases postnatally (Huxtable et al., 2009), 

however the profile of ECTO expression, which was not tested here, is also essential to 

characterizing the balance between ATP and ADP-mediated excitation and ADO-mediated 

inhibition (Zwicker et al., 2011). Developmental increases in ATP metabolism would not be 

expected to underlie increases in the excitatory effects of ATP, however previous data shows 

different ATP metabolites can preferentially activate either excitatory P2 or inhibitory P1 receptors 

depending on which ECTO isoform is predominant in a given region (Zwicker et al., 2011). Thus, 

future work characterizing the expression of ECTO isoforms in the preBötC from birth could be 

instructive not only to understand if enhanced excitatory effects of ATP arise from increases in 

ECTO isoforms that produce excitatory metabolites like ADP (i.e. ENTPDase2), but also confirm 

whether specific ECTOs that produce ADO are present (i.e. TNAP), which could elucidated new 

pharmacological targets to reduce the accumulation of ADOe following ATP release in the 

preBötC network.  

 

iii) Mechanisms Mediating ADOe Clearance 

Data suggest ADK-S activity, which supports ENT-mediated removal of ADOe, increases 

postnatally to influence baseline preBötC activity and the temporal profile of ADO-mediated 

reductions in network activity, which contributes to the reduction in the magnitude of the hypoxic 
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respiratory depression in adult mice. In vitro experiments suggest that ADO is removed from the 

extracellular space within the preBötC by ENT1 and ENT2, although my experiments did not 

differentiate whether each transporter are expressed at equal levels, nor whether other NTs exist 

in the network. Previous data suggests that ENT1 and ENT2 are the most abundant extracellular 

NTs in the brain (Parkinson et al., 2011) and that concentrative nucleoside transporters (CNTs), 

which actively move ADO against its concentration gradient, do not contribute to setting central 

ADOe levels (Chu et al., 2013). NBMPR, which is normally used to block ENT1 but will inhibit 

ENT2 activity at higher µM concentrations (Crawford et al., 1998), did not potentiate or prolong 

the ADO evoked inhibition of preBötC activity throughout development, however the ADO-

mediated reduction of frequency was significantly prolonged in P0–12 ENT1/2 KO mice. This 

cannot exclude that NBMPR did not completely block ENT2 activity, especially if ENT2 is 

expressed at higher levels than ENT1. Another pharmacological inhibitor for ENT1 and 2, 

dipyridamole, was tested in preliminary experiments but also did not appear to affect the preBötC 

response to ATP or ADO. Dipyridamole, however, is a phosphodiesterase inhibitor that increases 

cAMP and cGMP levels (Gresele et al., 2011; Harker and Kadatz, 1983) which have been shown 

to stimulate and reduce preBötC output, respectively (Mironov et al., 1999; Mironov and Langohr, 

2007; Shao et al., 2003; Zhang et al., 2019). Thus, NBMPR was a better option to limit off-target 

effects. Characterizing the expression of ENT isoforms within the preBötC would be useful to 

explain if the lack of effect on ADO-mediated inhibition using NBMPR was due to an incomplete 

block of ENT2 activity, provide insight about other ENTs expressed in the network, and inform 

predictions as to how manipulating ENTs may influence respiratory behaviour as inhibitors are 

used clinically to prevent tumor growth, treat pain, and promote cardioprotective effects by 

increasing peripheral ADO levels (Young et al., 2013). In terms of increasing ADOe clearance to 

support breathing in newborns, ENT function would need to be potentiated, which is difficult to 

achieve pharmacologically particularly with a passive transporter. Interventions that increase 

intracellular ADO metabolism would increase ENT-mediated removal of ADOe, however 

increasing the activity of an enzyme or protein that is not expressed in the very young (i.e. ADK-

S) is impossible without exogenous introduction of the functional protein or replication of its 

activity through another method. While my data shows that ENT and ADK activity supports ADOe 

clearance in the preBötC, and their activity reduces the hypoxic respiratory depression in adult 
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mice, future studies will be needed to elucidate therapies that reduce ADOe, either by enhancing 

the systems presented here or through other novel means. 

 

Data also does not conclusively demonstrate whether ENT or ADK activity influences the response 

of the preBötC network to ATP, nor did pharmacological inhibitors influence the ADO-mediated 

reduction in network frequency. As discussed in Chapter 2, the spatiotemporal dynamics of 

endogenous ATP release within the preBötC during hypoxia are not perfectly replicated by 

exogenous injection of 100 µM ATP in vitro, therefore I cannot exclude that pharmacological 

inhibition of ENTs does not affect the network response to ATP if endogenous synaptic 

concentrations are lower, which also holds true for exogenous 500 µM ADO injections. Stimulated 

release of astrocytic ATP in the preBötC in vitro could be achieved by using an optogenetic or 

chemogenetic technique to better replicate the spatial profile of its endogenous ATP release in 

vivo. A caveat, however, is that intracellular levels of ATP may be reduced in the slice and the 

temporal profile of purinergic release may also differ, underscoring the difficulty to replicate in 

vivo hypoxia conditions in the preBötC slice. Therefore, as I will describe in the next section, 

experiments in the whole animal be needed to fully elucidate the role of ADOe clearance 

mechanisms in influencing puringeric signaling within the preBötC during acute hypoxia. 

 

5.4.2 Confirming that ADOe clearance in the preBötC reduces the secondary hypoxic 

respiratory depression 

Results suggest that ENT and ADK activity contribute to development of a sustained, mature 

HVRV̇E in adult mice, however further experiments are needed to determine if activity of either 

ENTs or ADK in the preBötC mediate their effects on the HVRV̇E, or if other regions of the brain 

are also involved. In my experiments, ENT1/2 were removed throughout the mouse meaning there 

could be large compensatory changes throughout the body that contributed to my observations, 

whereas in ADKtg mice, the endogenous Adk gene was replaced with a transgene that specifically 

overexpressed ADK-S throughout the brain. While sensitivity of the preBötC network to ATP and 

ADO appeared unchanged in ENT1/2 KO mice, this transgenic manipulation may have altered 

purinergic sensitivity in other central respiratory networks, or affected centres outside the CNS 

that transduce peripheral information to modulate ventilation using purinergic signaling, such as 

the carotid bodies (Conde et al., 2017; Lahiri et al., 2007; Leonard et al., 2018; Nurse et al., 2018). 
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The overexpression of ADK-S was specific to the brain unlike ENT1/2 KO, however this still does 

not conclusively demonstrate that ADOe clearance in the preBötC reduces the magnitude of the 

hypoxic respiratory depression in adult mice. In the following sections, I will detail the strengths 

and caveats of using either pharmacological or viral genetic approaches that could elucidate the 

role of ENTs and ADK specifically within the preBötC network in the HVRV̇E. 

 

i) Pharmacological Interventions 

Future studies that manipulate ENT and ADK activity specifically in the preBötC network during 

a hypoxic stimulus will elucidate whether the effects of these elements on the HVRV̇E are mediated 

locally in the brainstem inspiratory network or exert effects elsewhere in the CNS. The first 

experiments that could be used are by directly infusing drugs in the preBötC to reduce/block the 

activity of ENTs and ADK and expose these animals to hypoxia. In anesthetized, vagotomized 

rats, unilateral application of MRS 2279 (P2Y1 antagonist) to the preBötC during a hypoxic 

stimulus potentiated the hypoxic ventilatory depression suggesting that breathing is supported by 

P2Y1 activation in this network during the secondary phase of hypoxia (Rajani et al., 2017). 

Infusion of ADO had no effect in anesthetized rats, which may reflect that P1-mediated inhibition 

of the preBötC disappears around 2–3 days after birth in these animals (Huxtable et al., 2009; 

Rajani et al., 2017; Zwicker et al., 2011). Data suggests that adult humans remain sensitive to 

central, ADO-mediated reductions in breathing (Yamamoto et al., 1994), therefore studying how 

the purinome affect the HVR in mice or other animal models that remain sensitive to central ADO 

through development will inform better predictions of what may be observed in humans. 

 

A major caveat to any preBötC-specific interventions in vivo is that this requires complex, invasive 

surgeries in order to expose the brainstem, which is difficult to achieve in small rodents like mice. 

Furthermore, locally inhibiting either ENTs or ADK in the preBötC using drug infusion will 

require an animal to be kept under anesthesia during a hypoxic exposure, since the metabolism 

and diffusion of these drugs requires application throughout a hypoxic stimulus. The HVR has 

been measured extensively in animals kept under anesthesia (Gourine et al., 2005; Mayer et al., 

2006; Rajani et al., 2017; Schmidt et al., 1995; Wessberg et al., 1984), however animals must be 

thermoregulated using a heating pad or other heating device. Thus, while it is possible to observe 

how pharmacological manipulation of ENT or ADK affects the HVRV̇E, effects of anesthesia on 
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basal metabolism would preclude measurement of whether ADOe clearance in the preBötC also 

affects the HVRV̇E/V̇O2. 

 

ii) Genetic Interventions 

In order to assess ENT or ADK activity locally within the preBötC network influence the HVR, 

genetic tools that reduce either elements activity could also be utilized to alleviate issues related 

to measuring metabolic rate under anesthesia. While surgery would still be needed to access the 

brainstem network, animals would recover as expression of the transporter or enzyme is altered 

over 4–6 weeks, thus allowing both metabolic and ventilatory parameters of the HVR to be 

measured before and after the surgical intervention. Previously, viral constructs expressing the 

cytosolic isoform of ADK in the sense (overexpression) or antisense orientation (knockdown) have 

been used to manipulate the enzyme activity specifically in the striatum (Shen et al., 2011) and 

hippocampus (Theofilas et al., 2011). RNA interference (RNAi) could also be utilized to locally 

reduce the expression of ENTs in the brainstem. In culture, short interfering (si)RNA has been 

used to knockdown ENT1 (Hu et al., 2010; Lee et al., 2014), ENT2 (Dickens et al., 2018; Zeng et 

al., 2019), and ADK-S (Fassett et al., 2011), however future studies are needed to optimize this 

assay to induce preBötC-specific knockdown of ADOe clearance elements in a whole animal. 

Previous work has shown short hairpin (sh)RNA, which are transfected into target cells to produce 

siRNA, reduce the expression of Trpc3 and Trpm4 ion channels in the preBötC of mice (Picardo 

et al., 2019) demonstrating that this technology can be used to manipulate the inspiratory network. 

ADK-S levels, and ADOe clearance, increase in the preBötC network first three weeks of 

development, which means in vivo protocols to locally knockdown ADK activity could not be 

used in mice until ADK activity matures. Therefore, viral techniques to utilize conditional knock-

in/out targeting ENT or ADK activity within the preBötC network may be a more viable tool to 

demonstrate their local activity are necessary to attenuate the hypoxic respiratory depression in 

neonates or contribute to reducing the hypoxic respiratory depression in adult mice.  

 
5.4.3 The role of ADO and ADOe clearance in the hypoxic depression of metabolism 

A major contribution of this thesis was demonstrating that reductions in V̇O2 in response to hypoxia 

are an important adaptive strategy for the newborn rodents to sustain HVRV̇E/V̇O2 above baseline like 

adults. Furthermore, my experiments suggest that inhibition of ADK can reduce V̇O2 in developed 



 206 

mice and block the hypometabolic response to hypoxia in P20 animals, whereas introduction of an 

overexpressed ADK-S transgene imparted a significant reduction in V̇O2 during hypoxia in 

newborn mice under a C57BL/6J background. Overall, this suggests that central ADO equilibrium 

may have significant effects on both baseline metabolic rate, as well as the HVRV̇E/V̇O2 through 

development. ADOe reduces neuronal activity and metabolic demand in the CNS, which is 

supported by data showing reductions in ADO increase sleep disruption (Rytkönen et al., 2010) 

and ADK activity in the cortex and basal forebrain increases to enhance metabolic demand during 

wakefulness (Alanko et al., 2003; Mackiewicz et al., 2003). Data suggests that peripheral 

chemoception at carotid bodies, which mediate the primary increase of the HVRV̇E, is not necessary 

to reduce metabolic rate in response to hypoxia (Matsuoka et al., 1994). In the brain, the 

hypothalamus is a major centre regulating energy intake and metabolism (Gu and Jun, 2018; Roh 

and Kim, 2016). Interestingly, this region has extensive reciprocal connections to the brainstem, 

specifically the NTS (Kooy et al., 1984), that is a relay network that transmits signals from carotid 

bodies to stimulate breathing networks when PaO2 levels fall (Guyenet et al., 2010). ADO has 

been speculated to modulate metabolic networks in the hypothalamus since intracisternal 

injections of 2-chloroadenosine (A1 receptor agonist) induces reductions in body temperature 

(Yarbrough and McGuffin-Clineschmidt, 1981), whereas DPCPX (A1 antagonist) attenuates drops 

in body temperature during hypoxia when it is locally infused into the anteroventral preoptic region 

of the hypothalamus (Barros et al., 2006). ADK activity generates AMP, which activates metabolic 

pathways regulated by AMPK. AMPK activity is implicated not only in depressing metabolic 

activity but has also been implicated in shaping the HVRV̇E (Evans, 2019) . Conditional deletion 

from catecholaminergic or adrenergic neurons can attenuate or potentiate the HVRV̇E, respectively 

(MacMillan and Evans, 2023; Mahmoud et al., 2016) This may explain my observation that ADK 

inhibition using ABT 702, which presumably increases in ADOe in two- and three-week old mice, 

depresses basal V̇O2. While previous data suggests that increasing ADOe should enhance the 

hypoxic hypometabolic response, the attenuation of this response in P20 mice treated with ABT 

702 may be due to the significant drop in baseline metabolism. As described in Frappell et al., 

1991, the magnitude of the hypoxic hypometabolic response is proportional to resting V̇O2 in most 

mammals, i.e. greater basal metabolic rate is associated with greater reductions in V̇O2 during 

hypoxia. Therefore, when ADK is inhibited in P20 mice, further reductions in V̇O2 during hypoxia 

may be limited by a “floor” that V̇O2 must remain above to maintain normal physiological processes 
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and thermogenesis. In ADKtg newborns, basal ADOe levels in the brain would be expected to be 

lower than WTs. These mice did not have significantly different basal V̇O2 relative to their WT 

counterparts, which may reflect compensatory changes due to transgene expression from before 

birth. Similarly, while ADOe levels should be diminished in ADKtg mice, therefore attenuating 

the hypoxic hypometabolic response, the V̇O2 of WT mice may already be closer to the endogenous 

“floor” under normoxia conditions and cannot fall as much as transgenic mice that have altered 

ADOe equilibrium and V̇O2 homeostasis. This hypothesis attempts to merge my observations with 

previous literature, however further investigation is needed to unravel the complex mechanisms 

that have evolved to overcome drops in available O2. If nothing else, my data highlight the 

importance in measuring both ventilatory and metabolic changes during hypoxia as each are 

crucial in determining the odds of survival for vulnerable populations.  

  
5.5 Conclusion 

Development has large effects on both ventilatory and metabolic responses to hypoxia, 

highlighting the lengths evolution has progressed to maintain energy homeostasis in a rapidly 

changing period of life. Longstanding data suggested that newborns are susceptible to greater 

reductions in breathing during hypoxia due to greater inhibition of respiratory networks in the 

brain, which was believed to be the only contribution of the CNS to this response. Recent results 

challenged this dogma, showing that ATP is not only released in the brainstem inspiratory network 

during hypoxia, but stimulates breathing and attenuates secondary reductions in ventilation 

(Angelova et al., 2015; Gourine et al., 2005; Rajani et al., 2017). In this thesis, I tested the 

hypotheses that elements influencing purinergic signaling in the preBötC inspiratory network, 

termed the purinome, underlie developmental increases in the excitatory effects of ATP in the 

network and contribute to postnatal reductions in the secondary respiratory depression of the 

HVRV̇E. This work suggests that clearance of inhibitory ADOe in the preBötC is immature at birth, 

as ADK-S is minimally expressed and as levels increase to adult-like levels during the first three 

weeks, the HVRV̇E also matures. My experiments led me to also test whether the HVRV̇E/V̇O2 of 

newborn rodents was attenuated due to immature hypometabolic responses to hypoxia. Results 

supports previous data from rats (Liu et al., 2009; Liu and Wong-Riley, 2013) showing that 

newborn rodents do not reduce V̇O2 during hypoxia and the HVRV̇E/V̇O2 is compromised in the 

youngest mice.  
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Studies exploring the roles of ADO transporters (ENTs), and intracellular enzymes important in 

controlling ADOi and ADOe clearance (e.g., ADK), on the HVRV̇E are only in their infancy. 

Furthermore, understanding how/if the purinome affects metabolic responses during hypoxia is 

crucial, since data suggests while neonates exhibit an inadequate HVRV̇E, the HVRV̇E/V̇O2 can be 

compensated by greater reductions in  V̇O2. The developmental dynamics of purinergic signaling 

in the respiratory network also requires investigation, especially given the potential involvement 

of the immature purinome in the greater susceptibility of premature and newborn mammals to 

hypoxic respiratory depression. Additional key areas of future investigation not discussed above 

include how the effects of purinergic signaling on cerebral vasculature could affect network 

excitability, and how the mechanisms and dynamics of purinergic signaling differ between 

conditions like hypoxia, when ATP is released through physiologically-relevant processes, and 

traumatic injury where ATP is released in high concentration from damaged/ruptured cells 

including red blood cells. A key translational challenge is to selectively manipulate the balance 

between ATP/ADO signaling to stimulate ventilation without simultaneously interfering with the 

beneficial actions of ADOe in other brain regions. To do so will require detailed understanding, 

not only of the purinome within the preBötC and other respiratory nuclei, but the rest of the CNS. 

 

In conclusion, this thesis expands our understanding of the physiological mechanisms that mediate 

the HVR through development and across species. This work may inform future studies that 

ultimately elucidate novel therapeutic targets to prevent respiratory depression in apnea of 

prematurity and SUDEP, amongst other pathologies. While therapies will require rigorous 

experimental testing and optimization that may take years, bedside therapies breakthrough from a 

swell of observations amassed by physiological studies much like those presented here. 
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