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Abstract 

The environment in which animals are maintained is a factor that has the potential 

to alter the physiologic phenotype. We addressed the hypothesis that the standard animal 

care (SAC) environment cause significant deviations in the circadian variation of heart 

rate (HR), body temperature (Tb) and activity (ACT) in chronically instrumented mice.   

These data were used to inform the design of a subsequent study addressing the 

hypothesis that loss of transient receptor potential vanilloid 1 (TRPV1) function blunts 

the thermoregulatory, ventilatory and metabolic responses to hypoxia. Mice were 

implanted with intraperitoneal transmitters for chronic recording of HR, Tb and ACT. 

The animal environment study consisted of a 3-week protocol comprised of  SAC (wk 1) 

utilizing standard animal care procedures of a health check and bottle and cage changes 

SPA (service personnel absent; wk 2) with no SAC interventions and building 

malfunction (BLDMAL+SAC, wk 3).  Mean HR was elevated across the week of SAC, 

as well as for the light and dark cycles.  Cage change caused the most profound changes 

(lasting 4 h), while health check/bottle change alterations lasted approx. 30 min. TRPV1
-/-

 

and TRPV1
+/+

 (wild-type, WT) mice exposed acutely to hypoxia (FIO2=0.1 for 4 h) resulted in a 

greater hypometabolic response for the mutant compared with WT genotype, reaching a lower 

value for HR, Tb, ACT,  ̇CO2 (carbon dioxide production) and ventilation. We conclude that the 

animal care environment provides a novel environment to assess murine phenotype and must be 

considered in genotype/phenotype assessments. Further, TRPV1 provides a significant tonic input 

to the integrated thermoregulatory, metabolic and ventilatory responses to hypoxia. 
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Chapter 1 

Introduction 

The use of murine models in studies of fundamental regulatory mechanisms has 

led to powerful insights into mammalian biology.  In the present thesis I employ 

chronically instrumented murine animal models to firstly, evaluate the effects of the 

animal care environment on murine phenotype and secondly the role of the transient 

receptor potential vanilloid 1 (TRPV1) ion channel in the integrated thermoregulatory 

metabolic and ventilatory responses to an acute hypoxic challenge.  The former examined 

the effect of standard murine animal care procedures associated with CCAC and 

international animal ethics guidelines.  These results guided the design of the second 

study, which provided insight with respect to the interpretation of results linked to the 

TRPV1/hypoxia protocol.  

1.1 Impact of the Animal Care Environment on the Murine Phenotype 

The murine animal model is a popular methodological tool due to its cost 

effectiveness, ease of use, short gestation and ability to manipulate genotype (Schaper & 

Winkler, 1998), which is accompanied by the ability to obtain long term physiologic 

recordings from chronically instrumented animals. Chronically instrumented animals 

represent a powerful experimental paradigm that has been used to define the impact of 

selective disruption of protein function through single or multiple gene mutations or the 

pathophysiology of disease (Schaper & Winkler, 1998;Vincent et al., 2007).  Thus, given 
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the ubiquity of the model and its roles in research, an examination of factors that may 

affect the murine phenotype would have a significant impact on the methodology and 

design of experiments and their interpretation. 

The environment in which the animals are housed can exert a significant impact 

on behavioural and physiologic responses (Larsson et al., 2002;Burn et al., 2008;Izidio et 

al., 2005) and thus, requires careful experimental design in order to appreciate 

confounding variables.  The environment includes a variety of factors including ambient 

noise, light and animal husbandry and handling procedures.  These factors elicit varying 

responses from the animals and have the power to affect experimental outcomes.  

Standard animal care (SAC) procedures or exposure to novel environments affect 

autonomic control in the rat; for example Burwell and Baldwin (2006) reported increased 

heart rate (HR) and mean arterial pressure in rats as a result of a daily 15 minute white 

noise regiment designed to simulate audible noise in the lab.  Furthermore, Azar et al 

(2008) showed that male Sprague-Dawley Rats and male/female spontaneously 

hypertensive rats display significantly reduced heart rates when housed under dim light or 

extended night conditions. In the murine model other factors (ambient temperature, social 

stressors and cage changes) within the animal care environment may also affect 

fundamental biology of the animal (Swoap et al., 2008;Morimoto et al., 1991;Duke et al., 

2001).  

Rasmussen et al (Rasmussen et al., 2011) demonstrated that mice actively 

handled during transfer between cages display significantly increased levels of serum 
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corticosterone compared with mice that were minimally handled during the transfer 

process. Hurst and West (2010) recently demonstrated that mice have varying anxiety 

responses to handling depending on the method used, as well as prior exposure to the 

method and experimenter.   

In addition to the environmental effect on murine biology, the genotype of the 

mice also affects the response to stressors.  Gibb et al (2011) assessed the effect of a 

social stressor (a dominant mouse) in conjunction with an immune stressor 

(lipopolysaccharide injection) on the stress and immune responses in BALB/c and 

C57BL/6 mice.  The corticosterone response in BALB/c mice was greater than that of 

C57BL/6 mice, while C57BL/6 mice demonstrated greater levels of circulating cytokines 

compared to those of BALB/c mice.  Reports of single gene mutations, such as the loss of 

dopamine transporter (DAT) function, result in a significant behavioral phenotype 

(hyperactivity) (Giros et al., 1996), which requires careful control of the physical 

environment in order to assess the cardiopulmonary phenotype (Vincent et al., 2007). 

Indeed, preliminary observations from our physiologic monitoring of mice revealed that 

the animal care environment/procedures had an exaggerated effect on DAT mutant mice 

(increased heart rate, body temperature and activity compared to controls) and that such 

influences may be detected in other genotypes, such as the muscarinic receptor subtype 

system (unpublished).  These observations suggest that animal care environmental 

influences have the potential to offset normal cardiopulmonary function differently for 
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control and mutant animals, depending on the array of autonomic and behavioral 

potential encoded within their respective genotypes.  

1.1.1 Research Problem 

The results from these experiments have led to our working hypothesis, that 

standard animal care environment and procedures influence phenotype and are as 

important as the experimental design in providing investigators with a stable phenotype.  

To test this hypothesis, we determined the impact of SAC environment/procedures on 

murine physiology both acutely and chronically. 

1.1.2 Objectives 

We examined the impact of three standard CCAC (Canadian Council on Animal 

Care) animal care procedures during SAC in our facility on a group of C57BL/6 mice, 

chosen for their common use in laboratories as well as their use as genetic backcrosses 

for genetically modified mice.  The three CCAC interventions were: the health check, 

bottle change and cage change.  The objectives of the study are as follows: 

1. Assessment of the chronic impact of animal care procedures as reflected by heart 

rate (HR), core body temperature (Tb) and activity (ACT) 

2. Assessment of the acute response to each procedure. 

1.1.3 Hypothesis 

We hypothesize that the animal care procedures will alter the murine phenotype, 

eliciting significant perturbations on our measured variables of heart rate, body 

temperature and activity.  Specifically, we predict that cage change will cause the largest 
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stress response (increase in HR, Tb and ACT) in the mice due to the combined handling 

and introduction to a new environment.  We expect that bottle change and health check 

will exert alterations in HR, Tb and ACT that are less than cage change, with health 

check having the least effect, since it incorporates only handling and no novel 

environmental stressor.  All interventions will be compared with time- and day- matched 

variables in the same mice exposed to no animal care interventions (the SPA arm of the 

experiment). 

1.2 TRPV1 and Hypoxia 

The transient receptor potential vanilloid 1 (TRPV1) receptor plays an important 

role in respiratory sensation and the control of breathing.  Its role in the lung is linked to 

the C-fibre afferents of the vagus nerve, where TRPV1 is believed to be the mediator 

through which the C-fibres initiate afferent signalling that leads to respiratory reflexes 

(Adcock, 2009;Fisher, 2009;Jia & Lee, 2007;Lee & Gu, 2009;Geppetti et al., 2006).  The 

array of physiologic mechanisms through which TRPV1 influences respiration and the 

control of breathing are still emerging and thus, the purpose of this investigation.   

1.2.1 TRP Superfamily 

The TRPV1 receptor is a member of the TRP superfamily of ion channels, first 

described in the visual system of Drosophila (Li et al., 2011;Montell et al., 

1985;Clapham et al., 2003).  Since their discovery, these channels have been found 

across species (Montell, 2001) including yeast, worms, mice and humans (Li et al., 

2011).  The TRP family consists of non-selective cationic channels (Li et al., 2011;Desai 
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& Clapham, 2005;Montell, 2001) with certain members displaying a modest preference 

for Ca
2+ 

or Mg
2+ 

(Venkatachalam & Montell, 2007).  Seven sub-families of TRP have 

been identified: TRPC (canonical), TRPM (melastatin-related), TRPV (vanilloid), 

TRPML (mucolipin), TRPA (ankyrin) and TRPP (polycystin) and TRPN (NOMPC – no 

mechanoreceptor potential C) (Li et al., 2011;Desai & Clapham, 2005;Ramsey et al., 

2006;Pedersen et al., 2005;Montell, 2001) and each species displays varying numbers of 

the receptors in their genome.  Mammalian TRP is encoded by a minimum of 21 genes 

coding for various subunits (Clapham et al., 2003) and consists of approximately 30 

distinct members across 6 of the 7 known TRP sub-families; TRPN is not found in 

mammals (Li et al., 2011;Desai & Clapham, 2005;Ramsey et al., 2006;Pedersen et al., 

2005).   

The structure for all TRP channels is similar to that of other ion channels in which 

six transmembrane spanning domains are linked together and a pore domain is formed 

between the fifth and sixth segments; the C and N terminals are both located within the 

cell (Li et al., 2011;Desai & Clapham, 2005;Clapham et al., 2003;Montell, 2001).  

Identification of the TRP family is primarily through structural homology between these 

transmembrane domains (Montell, 2001), which can be as low as 25% between sub-

families (Clapham et al., 2003). However, common motifs and sequences do exist 

between certain sub-families (i.e., all TRPs except TRPA and TRPP contain a “TRP box” 

(Clapham et al., 2003;Montell, 2005) as well as ankyrin repeats near the N terminal of 

the cytoplasmic domain (Clapham et al., 2003).  
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TRP channels are present in various cells and extensively within the nervous 

system (Ramsey et al., 2006).  They are heavily involved in sensory physiology and are 

important mediators of a wide range of sensory modalities (Montell, 2001;Ramsey et al., 

2006), from pain and temperature (Caterina et al., 2000) to olfaction (Colbert et al., 

1997).   They respond to diverse physical and chemical stimuli and the specific 

polymodal activation of an individual receptor is due to the different genetic make-up of 

their subunits.  Beyond receptor activation through the phospholipase C (PLC) pathways 

(Clapham et al., 2001;Montell, 2001), certain channels also display ligand activation as 

well as direct activation (i.e. TRPV1 activation due to ambient temperature change), 

though this last mechanism is poorly understood (Ramsey et al., 2006).   

1.2.2 The TRPV1 Ion Channel 

The mammalian vanilloid sub-family consists of 6 members (TRPV1-6) 

(Clapham et al., 2003) and are thus, named due to their activation by vanilloids, though 

only TRPV1 is activated in this manner.  TRPV1-4 (along with TRPM8 and TRPA1), are 

of particular significance as they are part of a group of TRP receptors known as the 

thermoTRPs (Ramsey et al., 2006). The thermoTRPs are a set of channels that have 

important roles in thermoregulation due to a strong propensity to be activated at different 

temperatures. Each channel is sensitive to a specific range of temperature, though a slight 

overlap and sensitization across ranges does exist.  TRPV1-4 responds to changes in 

temperatures from 17°C to >52°C while TRPM8 and TRPA1 are responsive to 
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temperatures below 17°C.  While these receptors are important for thermoregulation, they 

may not be involved with thermosensation (Todaka et al., 2004;Moqrich et al., 2005).   

The TRPV1 channel, also known as the capsaicin receptor or the vanilloid 

receptor 1, was discovered in 1997 by Caterina et al (Caterina et al., 1997)  and is the 

best understood member of the vanilloid sub-family (Caterina & Julius, 2001;Ramsey et 

al., 2006).  Named primarily for its activation by the vanilloid compound capsaicin 

(pungent portion of hot peppers) and such related compounds as resiniferatoxin and 

olvanil, it is nonetheless a promiscuous receptor, activated as well by heat >43°C, 

protons, physical stimuli (i.e. mechanical stress) (Caterina et al., 1997;Caterina & Julius, 

2001;Pedersen et al., 2005) and reactive oxygen species (Ruan et al., 2005;Ruan et al., 

2006).  Endogenous ligands known as “endovanilloids”, such as anandamide (a 

derivative of N-arachidonoylphosphatidylethanolamine), N-arachidonoyldopamine and 

arachidonic acid lipooxygenase products like leukotriene B can also activate the channel 

(Di, V et al., 2002;Van Der Stelt & Di, V, 2004;Ross, 2003).  The polymodal activation 

of the channel relies on varying sites of action; capsaicin utilizes an intracellular site 

(Julius & Basbaum, 2001) while proton activation occurs extracellularly (Jordt et al., 

2000).  How temperature activates TRPV1 is not fully understood. 

Channel conductance can be influenced by such other factors as acidic pH and 

intracellular phosphotidylinositol 4, 5 bisphosphate (PIP2).  PIP2 release increases TRPV1 

activity and hydrolysis of PIP2 inhibits TRPV1 activation (Chuang et al., 2001), while 

acidity increases the current through the channel and is able to sensitize the channel such 
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that a pH of 6 can reduce the temperature at which activation occurs from >43°C to 

around room temperature (Jordt et al., 2000;Julius & Basbaum, 2001).  Other modulators 

include proteases (Amadesi et al., 2004;Amadesi et al., 2006), nerve growth factor 

(Chuang et al., 2001) and bradykinin (Carr et al., 2003;Premkumar & Ahern, 2000).  

Loss of the TRPV1 gene function in mice causes a lossof sensitivity to capsaicin, reduced 

responses to painful proton and heat stimuli, and loss of the development of thermal 

hypersensitivity (Clapham et al., 2003;Caterina et al., 2000).    

1.2.3 Role in the Lung 

Within the lung, TRPV1 positive localization is found in sensory afferents, 

primarily in the C-fibres (Lee & Pisarri, 2001;Jia & Lee, 2007;Fisher, 2009).  Afferent 

activity from the lungs is conducted through the vagus nerve with cell bodies located 

within the nodose, jugular and dorsal root ganglia (Sant'Ambrogio, 1982).  

Approximately 75% of these afferents consist of non-myelinated, slowly-conducting C-

fibres (Jammes et al., 1982), while the rest consist of myelinated Aβ and Aδ fibres.  C-

fibre afferents can be found throughout the entire respiratory tract from the upper airways 

to the small airways and from the mucosa to close to the airway smooth muscle 

(Adriaensen et al., 1998;Baluk et al., 1992;Komatsu et al., 1991).  The C-fibres display 

sensitivity to capsaicin (Lee & Pisarri, 2001;Ho et al., 2001), while the myelinated fibres 

do not (Ho et al., 2001), consistent with TRPV1 expression at the sensory terminals of C-

fibres.  Allergic ovalbumin sensitization also upregulates the expression of TRPV1 within 

the lung (Watanabe et al., 2008;Zhang et al., 2008) and injection of capsaicin into the 
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vasculature also elicits the pulmonary chemoreflex (apnea, bradycardia and hypotension) 

followed by bronchoconstriction, rapid shallow breathing and secretion of mucus (Fisher, 

2009;Lee & Pisarri, 2001;Coleridge & Coleridge, 1984;Anderson & Fisher, 1993), a sign 

of C-fibre activation in several animal species (Coleridge & Coleridge, 1984;Lee & 

Morton, 1995;Lee et al., 1996).  The use of TRPV1 knockout mice also demonstrates the 

vital role of TRPV1 in C-fibres, since the pulmonary chemoreflex is abolished in 

response to several compounds in these mice (Smith et al., 2005; Vincent & Fisher, 

2007a).  C-fibres are also sensitive to irritants and TRPV1 is co-localized with 

tachykinins and calcitonin gene-related peptide within the same fibres (Watanabe et al., 

2005;Watanabe et al., 2006;Dinh et al., 2004).  TRPV1 activation can release tachykinins 

and calcitonin gene-related peptides which can act on various cells within the respiratory 

tract (i.e. airway smooth muscles, inflammatory cells, etc.) to elicit bronchoconstriction, 

edema, recruitment of inflammatory cells and protein extravasation (Joos et al., 

2000;Lundberg & Saria, 1987).  The combined effect of persistent stimulation leads to a 

neurogenic inflammatory reaction (Joos et al., 2000;Trevisani et al., 2004).    

  As a result of neurogenic inflammation, TRPV1 has been implicated in various 

disease processes within the respiratory system, including asthma, which is an 

inflammatory disease characterized by airway obstruction and airway 

hyperresponsiveness to a variety of stimuli.  The role of TRPV1 is linked to C-fibre 

activation as exposure to endogenous activators or irritants activates these nerves and is 

believed to contribute to the inflammatory effects of the disease.  In asthmatics, several 
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endogenous activators of TRPV1 have been detected.  These include acidified airways 

and arachidonic acid lipooxygenase products (Hunt et al., 2000).  Related to the acidified 

airways, gastroesophageal reflux is associated with asthma as asthmatics display a greater 

incidence when compared with healthy individuals (Harding, 2005).  A 

bronchospasm/inflammatory response within the lung is believed to be caused by either 

inhalation of small quantities of acid within the oesophagus (due to the proximity of the 

trachea and the oesophagus) or through activation of TRPV1 receptors in the oesophageal 

wall (Harding, 2005;Canning & Mazzone, 2003).  Animal models of asthma have also 

contributed greatly to our understanding of the potential role of TRPV1.  TRPV1 

desensitization by capsaicin pre-treatment prevents induced airway constriction in guinea 

pigs (Manzini et al., 1987) and hyperresponsiveness in rabbits (Herd et al., 1995).  

Capsaicin-induced desensitization of TRPV1 also prevents inflammatory cell 

accumulation and airway hyper-responsiveness in a mouse model. In asthmatics, 

sensitivity to TRPV1 activators is increased, such that there is a greater bronchomotor 

response and increased cough sensitivity (Doherty et al., 2000;O'Connell et al., 1996).  

Like the effects of pH on TRPV1 sensitivity, the inflammatory mediators associated with 

bronchial hyperresponsiveness can enhance the sensitivity of TRPV1 and lower its 

threshold (Lee et al., 2001).  The combined effects of the lower activation threshold and 

increased sensitivity may result in a more severe bronchoconstriction, as well as a greater 

propensity to be activated. Finally, asthmatic patients have demonstrated increased tissue 
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temperature in the airways (Paredi et al., 2002), which may be related to the 

thermoregulatory functions of TRPV1 and also contribute to a sensitization of TRPV1.   

Other respiratory pathologies may also be linked to TRPV1. Although no direct 

evidence exists for a role of TRPV1 in chronic obstructive pulmonary disease (COPD), 

chronic airway inflammation in COPD includes the presence of cytokines that can 

stimulate C-fibres, as well as enhance TRPV1 sensitivity (Barnes, 2003;Groneberg et al., 

2004;Chung, 2006).  Activation of TRPV1 may therefore contribute to the inflammatory 

state of the disease.  In terms of viral infections, the inflammatory response is linked with 

tachykinin release mediated by TRPV1 and capsaicin-induced inflammation in the lungs 

was amplified in virally infected rats (Piedimonte et al., 1999).    Finally, TRPV1 is also 

involved in irritant tracheobronchitis, which results in inflammation as a result of inhaled 

irritants.  Sustained exposure to irritants sensitizes nerves to capsaicin (Bergren, 

2001;Hunter et al., 2000) and TRPV1 inhibition prevents irritant-related calcium increase 

in airway epithelial cells (Agopyan et al., 2003).   

While C-fibre activation leads to release of inflammatory mediators that affect 

disease states, there is also a sensory component involved. TRPV1 has been shown to be 

involved in the in vivo thermal hyperalgesia following injury (Clapham et al., 

2003;Caterina & Julius, 2001).  Recently, it has been suggested that the respiratory 

sensation of dyspnea or uncomfortable breathing, is mediated by vagal C-fibres (Undem 

& Carr, 2002;Fisher, 2009). Therapeutic stimulation of the vagus nerve for epilepsy was 

reported to elicit cough and dyspnea as major side effects (Handforth et al., 1998).  PGE2
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(Ho et al., 2000) and histamine (Vidruk et al., 1977), both known agonists of TRPV1, 

can alter C-fibre and Aδ-fibre discharges and are linked with the sensation of dyspnea in 

humans.   

1.2.4 TRPV1, Thermoregulation and Metabolism  

Due to the role of TRPV1 in the transduction of pain, it has become a target 

within the pharmaceutical industry (Jia & Lee, 2007).  The aim is to create an antagonist 

that will block the inflammatory effects or act as an analgesic.  While these antagonists 

have shown success as analgesics (Honore et al., 2005;Gavva et al., 2005), they have also 

revealed an interesting role for TRPV1.  A phase I clinical trial by Gavva et al (Gavva et 

al., 2008) used a TRPV1 antagonist (AMG 517) to explore the dose-response tolerance, 

safety and possible analgesia for pain linked with a dental root canal.  In response to the 

antagonist, all the subjects in the trial developed acute hyperthermia, with one subject 

reaching body temperatures exceeding 40°C.  These results suggested that TRPV1 is 

tonically activated to control body temperature.  These data were supported by studies 

showing that agonism of TRPV1 induces a hypothermic effect and antagonism of TRPV1 

induces hyperthermia in different species (Gavva et al., 2007b;Gavva et al., 

2007a;Steiner et al., 2007;Swanson et al., 2005).  It is important to note that antagonism 

of TRPV1 alone causes this hyperthermia, whereas mutant TRPV1 mice have normal 

body temperatures (Garami et al., 2011a), perhaps due to compensatory mechanisms. 

Romanovsky et al (Romanovsky et al., 2009) suggested that the antagonism of TRPV1 

removes the tonic signal, which inhibits cold-defense mechanisms such as 
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vasoconstriction and may also affect neurons in the medial preoptic area to elicit 

hyperthermia (McGaraughty et al., 2009).  Furthermore, it has been suggested that 

antagonism of the proton-mediated activation of TRPV1 elicits the hyperthermic 

response (Steiner et al., 2007), prompting speculation that the development of antagonists 

of TRPV1 could utilize a different mechanism that does not elicit hyperthermia. 

Given the role for TRPV1 in respiratory sensation, tonic thermoregulation, and its 

polymodal activation, we suspected that TRPV1 may provide a link between the 

ventilatory and thermoregulatory components of the metabolic adaptation to hypoxia. 

During hypoxic challenge, mammals respond by changing their ventilatory pattern and/or 

their metabolism (Teppema & Dahan, 2010;Mortola, 1987).  The ability to utilize either 

mechanism differs between newborn and adult mammals, as well as between mammals 

of varying sizes; the ability to utilize the metabolic response is believed to be inversely 

related to size (Frappell et al., 1992a).  Neonates and small mammals (i.e. mice, rat etc) 

generally display an acute (minutes) increase in ventilation, but will undergo a reduction 

in metabolism during continued exposure (Teppema & Dahan, 2010).  This drop in 

metabolic rate is associated with a decrease in body temperature.  In large adult species, 

the response is a sustained increase in ventilation with no change in metabolism 

(Teppema & Dahan, 2010).  The ventilatory response is primarily mediated through the 

carotid bodies, where hypoxia sensitive cells are located (Gonzalez et al., 1994;Gonzalez 

et al., 2003).  During hypoxia, the decrease in oxygen is detected and increased afferent 
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input from the carotid bodies increases ventilation (Gonzalez et al., 1994;Gonzalez et al., 

2003).   

While the exact mechanism of TRPV1’s role during hypoxia is unknown, recently 

Ristoiu et al (Ristoiu et al., 2011) described a cellular link between TRPV1 sensitization 

and activation of hypoxia-inducible factor-1 alpha (HIF-1α) and protein kinase C epsilon 

(PKC-ε) during hypoxia.  The thermoregulatory role of TRPV1 and the putative 

sensitivity to hypoxia make it an attractive candidate as an integrative mechanism 

between the ventilatory and metabolic two systems.   

1.2.5  Research Problem  

We addressed the working hypothesis that TRPV1 plays a regulatory role in the 

mammalian response to hypoxia.  To test this hypothesis we utilized a mutant TRPV1
-/-

 

model to assess the effect of loss of TRPV1 function on the murine ventilatory and 

thermoregulatory responses to acute hypoxia.  

1.2.6 Objectives 

 In comparing TRPV1
-/-

 and TRPV1
+/+

 genotypes, we addressed 3 specific 

objectives, which measured the effect of hypoxia on: 

1. telemetered measurements of heart rate, body temperature and activity in both 

TRPV1
-/-

 and wild-type mice. 

2. the pattern of breathing of knockout and wild-type mice with respect to 

ventilation, respiratory frequency and tidal volume. 

3. the metabolic response of knockout and wild-type mice. 
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1.2.7 Hypothesis 

We hypothesize that the TRPV1
-/-

 genotype will display a reduced hypothermic 

response to hypoxia, consisting of a smaller decrease in ventilation and metabolism 

compared the control, TRPV1
+/+

 wild-type (WT) mice. The latter is expected to  exhibit a 

characteristic integrated response to hypoxia consisting of a fall in metabolism reflected 

by reductiond in O2 consumption ( ̇ 2) and CO2 production ( ̇  2), as well as an 

accompanying decrease in body temperature, heart rate and ventilation. 
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Chapter 2 

Methods 

2.1 Impact of the Animal Care Environment 

All experimental procedures conform to the guidelines of the Canadian Council of 

Animal Care and were approved by the Queen’s University Animal Care Committee. 

2.1.1 Animals and Instrumentation 

Male C57BL/6 mice were obtained from Charles River Laboratories 

(Wilmington, MA, USA) at 5 weeks of age. Because previous experience in our 

laboratory indicated that these mice have enhanced recovery and survival when 

intraperitoneal implantation occurs at a body weight of > 22g (likely due to a reduction in 

complications related to abdominal compression), all animals were 6 weeks of age at time 

of implantation (body weight = 26.2 ± 0.5 grams (mean ± SEM; n=14)).  Mice were 

instrumented with intraperitoneal transmitters (TA 10 ETA-F20, Data Science 

International, St. Paul, MN, USA) (Fig. 1) in order to measure ECG for heart rate (HR), 

body temperature (Tb) and activity (ACT). Transmitters were implanted under sterile 

conditions during ketamine-xylazine (80:4 mg/kg) anesthesia (intraperitoneal injection).  

Mice were kept on a warming pad for the duration of the implantation procedure to 

maintain core body temperature.  The transmitter was placed in the abdomen with two 

leads placed subcutaneously, one above the rib cage to the left of the xyphoid process and 

the second beneath the right shoulder (axilla) and both sutured to the underlying skeletal 

muscle (post implantation body weight = 30.1 ± 0.5 g; n=14).  Mice were given a post-
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surgery two week recovery period for recovery of normal circadian variation (Thireau et 

al; unpublished observations).  Age of the mice was approximately 10 weeks at the onset 

of the experimental protocol. 

 

 

 

 

 

 

 

 

 

 

Animals were housed in the animal care facility maintained at ~23
o
C and 

entrained to a 12 h-12 h light-dark cycle (lights on: 0800 h; lights off: 2000 h). Food and 

water was supplied ad libitum. The mice were housed individually in standard, opaque 

murine cages (Allentown Inc., Allentown, NJ, USA) placed on a telemetry receiver base 

(RPC-1 Receiver, Data Science International, St. Paul, MN, USA) for the duration of the 

study.  Receiver bases were a minimum of 18 inches apart to prevent signal interference.  

Signals from the receiver were collected and stored using a computer data acquisition 

Figure 1 Schematic of murine intraperitoneal transmitter placement.  

The body of the transmitter is located within the peritoneum while 

the ECG leads are located at the right axilla and left rib cage. 
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system (Dataquest ART, DSI International, St. Paul, MN) and exported to Excel 

(Microsoft, Redmond, WA, USA) for further analysis. 

2.1.2 Study Design and Measurements 

Mice were subjected to a 3-week protocol (see Fig 2) designed to compare the 

impact of one week of a standard animal care (SAC) environment with that of a week of 

minimal care (SPA).  SAC included three procedures routinely recommended by 

international animal care guidelines, including the CCAC: a health check, bottle change, 

and cage change.  The health check, performed daily, consists of removal of the animal 

from the cage by the animal care staff, physical examination and handling, and return to 

the cage. Completion of the procedure for 14 animals housed in individual cages requires 

15-20 min.  Bottle change, occurring on Day 2, consists of installation of a fresh water 

bottle combined with the health check and also requires 15-20 min. Cage change is 

performed once per week on Day 5. Mice receive the health check and are placed in a 

clean cage environment with new bedding and a fresh water bottle. The procedure lasts 

approximately 20-30 minutes. Data were collected continuously throughout the study 

with a sampling schedule of 3 min of recording every 15 min. Physiologic variables from 

each 3-min interval were averaged by the data acquisition software to produce a single 

value for each time point. 

 

 

 



 

20 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3
6

3
8

TB (C)

3
6

3
8

TB (C)

0
6

1
2

1
8

2
4

3
6

3
7

3
8

3
9

S
A

C
S

P
A

Tb (C)

H
C

H
C

H
C

H
C

H
C

B
C

C
C

R
E

1
2

3
4

5
6

7
1

2
3

4
5

6
7

R
E

R
E

R
E

R
E

R
E

R
E

S
A

C

S
P

A

P
ro

to
c
o
l T

im
e
lin

e
 (d

a
ys

)

S
A

C

S
P

A

C
a
g
e
  C

h
a
n
g
e

m
e
a
n

,m
in

/m
a
x
,

s
w

in
g



 

21 

 

 

During the SPA week, all animal care procedures were halted. Our laboratory 

assumed responsibility for animal care during the SPA week with supervision performed 

by an animal care trained research technologist. No physical interaction, bottle changes or 

cage changes were performed.  Room entry occurred daily to confirm data acquisition 

and the presence of feed and water and normal environmental control.  

The third week of the study was originally designed to bracket SPA with SAC 

(plus the required additional Cage Change on the Monday following the SPA week). 

However, an unanticipated building malfunction occurred, resulting in a loss of 

thermostat control (BLDMAL), which introduced an additional variable that was 

superimposed on the SAC protocol.  We took advantage of this malfunction, an ~7°C 

decrease in the temperature in the animal housing room, between 1400 h on Day 4 until 

1430 h on Day 5.  We analyzed the data separately to assess the added impact of the 

temperature malfunction on top of the standard animal care protocols.  

2.1.3 Analysis 

Graphical and numerical analysis of data was performed with Excel (Microsoft, 

Redmond, WA, USA) and SigmaStat 3.0 (Systat Software, San Jose, CA, USA).  The 

data from each week for Tb, HR, and ACT were averaged to obtain overall mean, 

maximum 10% data, the minimum 10% data, and the mean amplitude swings (difference 

Figure 2 Application of Analysis Procedures: Mean data for all animals during a week of NAC and SPA 

with an expanded view of a single 24 h period illustrating analyses comprised of weekly mean, maximum 

and minimum 10% and swing values. The 24 h data illustrate the SPA and NAC cage change data as a 

typical data set for interventions compared between protocols. The lower panel indicates the protocol 

timeline and the animal care procedures performed.  Day 1 = Monday, Day 2= Tuesday, etc.  HC = 

health check, BC = bottle change, CC = cage change, RE = room entry 
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between maximum and minimum).  The weekly mean values, average maximum 10% 

and average minimum 10% were calculated for the light/dark cycles and compared 

between SAC and SPA.  Group comparisons were made between SAC and SPA using 

paired t-tests or Wilcoxon Signed Rank Tests for non-parametric data. A statistical 

difference was defined as P<0.05. 

 The short term impact of SAC interventions (health check, bottle change, cage 

change) was determined by comparison to day- and time-matched values of the SPA 

week.  The health check performed on Day 3 was chosen as representative for this daily 

intervention. Difference plots (see for example Fig. 3, 3
rd

 column) were created for a 4.5 

h period (lights on 0800 h till 1230 h) by subtracting the time-matched values between 

the SAC and SPA weeks to measure the magnitude of change that each intervention 

introduced. Difference plots are aligned to the onset of each intervention.  Analyses of 

difference data were performed using two-way ANOVAs (non-parametric data were 

ranked prior to performing the ANOVA).   

The building malfunction (BLDMAL) data were analyzed by matching the data 

from the ~24 h thermostat malfunction against the corresponding 24 h in the SPA data.  

Data were initially separated into their light-dark cycles in order to analyze physiologic 

responses during the sleep/wake cycles.  We analyzed light cycle data from the onset of 

the building malfunction (1400 h) until the last recorded point before lights out (1945 h).  

Dark cycle data were obtained between 2000 h until the last recorded point before lights 

on the next day (0745 h + 1d).  Mean data alone were used in these comparisons since 
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maximum and minimum 10% data would be skewed due to the decrease in ambient 

temperature.  Data were analyzed using two-way ANOVAs with a Holm-Sidak post-hoc 

analysis. Time-matched differences were calculated for an 18 h period only as the 

building malfunction coincided with a cage change, which represented an additional 

confounding variable. The time-matched difference data were analyzed with one-way 

repeated measure ANOVAs with post hoc analysis using Dunn’s Test. 

2.2 Hypoxia Study Design and Measurements 

2.2.1 Animal Population 

Sixteen mice (Jackson Laboratories, ME, USA), consisted of 8 controls (male 

C57Bl/6 TRPV1
+/+

) and 8 mutant (TRPV1
-/-

) mice.  They were 5 weeks old at the time of 

arrival and were housed in individual cages under standard animal housing conditions 

(~22
o
 C and entrained to a 12 h-12 h light-dark cycle).  Food and water were provided ad 

libitum but withheld during the study protocol. 

Intraperitoneal transmitters were surgically implanted according to the procedures 

described above. One TRPV1-/- mutant was euthanized due to complications associated 

with transmitter implantation. 

2.2.2 Telemetry 

Telemetry receivers were positioned under the experiment chamber during the 

protocols. Physiologic signals were acquired by the DSI software system (DataQuest 

A.R.T. version 4.1, Data Sciences International, St. Paul, MN, USA) at a sampling rate of 

2000 Hz (ECG), 250 Hz (Tb) and 60 Hz (ACT).  Transmitter thermocouples measured 
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Tb values and the ECG waveforms were analyzed using R wave detection algorithms by 

the DSI software, which also produced the HR values. Arbitrary measurements of 

physical activity were obtained from movement of the transmitter across the receiver. 

2.2.3 Ventilatory Measurements 

Pattern of breathing was measured using the barometric method (DRORBAUGH 

& FENN, 1955;Frappell et al., 1992b). The technique relies on a sealed chamber (for up 

to 90 s) in which the change in pressure signal reflects the heating and humidification of 

the inspired air.  Tidal volume (VT) was calculated using the following formula: 

          
  

     
  

 

   
        

        
 

  
  

  

where ΔP represents the change in pressure in each respiratory cycle, ΔPcal is the change 

in pressure for a 0.1 mL calibration volume injected into the sealed chamber, PB is 

barometric pressure, Tc is the temperature within the chamber, Tb is the body temperature 

of the mouse, PaH2O is the pressure of water vapour in the lungs and PcH2O is the pressure 

of water vapour in the chamber.  Tb was collected using the implanted transmitter.  A 

custom analysis algorithm was used to obtain values for breath timing and respiratory 

frequency (f).  Mean ventilation ( ̇E: L/kg/min) was calculated from the product of VT 

and f; total cycle duration (TTot) is calculated as the time taken between adjacent troughs 

of the pressure recordings (see Fig. 4) and the components of TTot, inspiratory time (TI) 

(distance from trough to peak) and expiratory time (TE) (difference between TTot and TI).  



 

25 

 

Duty cycle (TI/Ttot) and mean inspiratory flow (VT/TI) were derived from the measured 

values. 

2.2.4 Metabolic Measurements 

Metabolism was measured using an open flow technique in which gas 

concentrations were sampled from the inflow and outflow from the chamber using mass 

flow meters (G265, Qubit Systems Inc., Kingston, ON, Canada).  Measurements of 

metabolism were made by measuring O2 consumption ( ̇ 2) and CO2 production ( ̇  2) 

in conjunction with measured values of HR, Tb and ACT.  Calculations of  ̇ 2 and  ̇  2 

were determined using the following formulas: 

 

               
                           

   
            

 

               
                         

   
              

 

FIO2source is the fractional concentration of oxygen in the inspired gas, FIO2outflow is the 

fractional concentration of oxygen in the gas leaving the chamber, and Flow is the 

volume of gas per minute at the outflow end of the chamber.  CO2 measured is the 

measured fraction of CO2 leaving the chamber, CO2 known is the known fraction of CO2 

in the air or gas mixture, and post-flow is as previously described.  Fractional 

concentrations of O2 and CO2 were measured by an O2 analyzer (Galvanic cell: acid 
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electrolyte, Teflon Diffusing Membrane, S102, Qubit Systems Inc., Kingston, ON, 

Canada) and an infrared CO2 analyzer (S153, Qubit Systems Inc., Kingston, ON, 

Canada).  All metabolic measurements were normalized to body weight to yield units of 

ml/min/kg. Due to a malfunction of the O2 measurement system, we relied on CO2 

production as an index of metabolism.  

2.2.5 Experimental Protocol 

Pattern of breathing and metabolism data were collected simultaneously from two 

separate chambers and a single mouse was placed in either the metabolic (Fig 4) or 

pattern of breathing chamber (Fig 3). Each mouse required two separate recording 

sessions in order to obtain data for both metabolism and pattern of breathing.  The second 

exposure for each animal was separated from the first exposure by a minimum of 7 days.  

Experiments were performed at approximately the same time (beginning at 10 am) in 

order to maintain consistency within the circadian rhythm.   

Mice were placed into the chambers for a 1 h acclimation period (normoxia) prior 

to control measurements.  The measurement period consisted of a normoxic control 

(FIO2=0.2093, room air; 45 min), a hypoxic challenge (FIO2 = 0.1, balance N2 , 4 h 

duration), and a normoxic recovery (room air, 45 min).  The pressure transducer and O2 

and CO2 meters were calibrated daily prior to the experiment. 
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2.2.6 Metabolism Protocol 

Tb, HR and ACT were sampled for 3 min every 5 min.  Chamber flow, FIO2 and 

FICO2 were sampled once every 10 s (LoggerPro version 3, Vernier Instruments, 

Beaverton, OR, USA).  Recordings of chamber temperature were manually recorded 

from the chamber probe reading every 15 min starting at time 0. 

 

 

Figure 3 Schematic of metabolism set-up.   Metabolic measurements used flow and gas 

concentration measurements obtained from O2 and CO2 gas analyzers positioned in series with the 

chamber outflow. Gas was passed through a desiccant prior to the gas analyzers to ensure analysis 

of dry gas concentrations. Flow into the chamber (room air or 10% O2) was controlled by a mass 

flow meter which ensured ~400 ml/min of flow.  A second mass flow meter measured outflow from 

the chamber.   
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2.2.7 Pattern of Breathing Protocol 

The pressure recording from the plethysmography chamber was continuously 

sampled at 2000 Hz  (Spike 2 version 7, Cambridge Electronic Design, Cambridge, UK).  

At the onset of normoxic control, hypoxia, and normoxic recovery, pattern of breathing 

measurements were obtained at 5 and 10 min following each gas switch and subsequently 

at 10 min intervals.  A 0.1 ml calibration was applied through a syringe at the end of the 

90-s interval, and flow through the chamber was re-established.  Chamber humidity and 

temperature readings were noted manually for each measurement epoch.  

 

 

 

 

 

 

 

 

 

 



 

29 

 

 

 

Figure 4 Schematic of whole body plethysmography.  Assessment of the breathing pattern was made with 

the barometric method, utilizing pressure changes within a sealed chamber.  Flow into the plethysmography 

chamber (room air or 10% O2 mixture) was set to ~400 ml/min.  An external probe attached to the chamber 

allowed recording of chamber temperature and humidity.  A pressure sensor (DP103 Validyne Engineering, 

Northridge, CA, USA) inserted between the plethysmography chamber and a second reference chamber 

measured pressure swings when the chamber was sealed.  The inflow and outflow ends of the 

plethysmography chamber were attached to 3-way stopcocks, allowing the chamber to be sealed for 

measurements every 90 s. 
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2.2.8 Data Analysis 

Heart rate (HR), body temperature (Tb), and activity (ACT) data from the pre-

hypoxic control, hypoxia and post-hypoxic recovery periods were compared between 

genotypes using two-way ANOVAs with Holm-Sidak post-hoc analysis.  Breathing 

pattern data were assessed using two-way ANOVAs with Holm-Sidak post-hoc analysis 

to evaluate time-matched values between genotypes during pre-hypoxic control, hypoxia 

and post-hypoxic recovery.  Data during hypoxia were also compared to the control value 

(time 40 min) within each genotype.  The control point was the last recording of 

breathing pattern obtained prior to hypoxia and was selected based on analysis of pre-

hypoxic control data within each genotype using a one-way ANOVA.    ̇ 2 and  ̇  2 

data were also compared between genotypes with two-way ANOVAs with Holm-Sidak 

post-hoc analysis.  Statistical significance was defined as P<0.05. 
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Chapter 3 

Results 

3.1 Results – Impact of Animal Care 

3.1.1 Full Week Comparisons 

 Values for HR, Tb and ACT for a week of SAC and SPA are summarized in 

Table 1. The average HR was significantly increased during the SAC week by 11 + 3 

bpm (paired analysis). The HR means for the maximum and minimum 10% values also 

displayed similarly small, but statistically significantly increases during the SAC week by 

approximately 9 + 2 and 12 + 4 bpm, respectively. The week-long means for the average, 

maximum 10% and minimum 10% values for Tb and ACT did not differ between SAC 

and SPA.  There were no significant differences in the amplitude swings between the 

SAC and SPA weeks in Tb, ACT or HR. 

3.1.2 Light/Dark Cycle Analysis on Full Week Data 

 Data from the full week comparisons were separated into their light/dark cycles 

and data are displayed in Fig. 5 and summarized in Tables 2 and 3 for light cycle and 

dark cycle data, respectively.  For the light cycle, mean ACT and HR were significantly 

increased during SAC, while mean Tb did not change.  The maximum 10% data, Tb, HR 

and ACT during the light cycle all increased significantly during SAC.  Minimum 10% 
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HR was also significantly higher during SAC during the light cycle, whereas Tb and 

ACT did not differ. 

 During the dark cycle, HR (maximum 10%) was significantly increased during 

the SAC week, but Tb and ACT did not change between the two protocols.  Mean data 

for all measured parameters did not change during the dark cycle.  Minimum 10% data 

for all variables during the dark cycle also did not differ between SAC and SPA.  
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Figure 5 Light/Dark Cycle 

comparisons.  Solid columns 

indicate the light cycle; shaded 

columns with horizontal black bars 

the dark cycle.  Data are mean + 

SEMs (n = 13).  Paired t-tests and 

Wilcoxon signed Ranks 

comparisons for light cycles or 

dark cycles between NAC and 

SPA; * = P<0.05. 
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3.1.3 Time and Day Matched Comparison of Specific SAC Interventions 

Day/time-matched comparisons for individual interventions are displayed in Fig. 

6.  The raw data for bottle change are not shown since they were similar to those for the 

health check. Cage change had the greatest effect on all physiologic variables with a 

prominent peak as a result of the intervention.  There was a significant increase in Tb as a 

result of the cage change compared to the time- and day-matched SPA week starting 15 

min following onset of the intervention until at least 210 min afterwards.  Similarly, HR 

was significantly increased for 210 min and ACT was significantly increased for 195 

min. 

Health check had an equally clear effect on physiologic variables, although it was 

less severe and long lasting as that caused by cage change. For example, HC caused a 

significant increase in Tb compared to the time- and day- matched SPA control that 

lasted for 45 minutes (Fig. 6, 2
nd

 column). HR significantly increased for 30 min and 

ACT was significantly increased for 45 min. As expected, bottle change effects were 

similar to those due to the health check alone (Fig. 6, 3
rd

 column), with a transient rise in 

all variables.  Tb increased at 15 and 30 min, HR at 15 min, and ACT at 30 min.  

Plots of the differences between time- and day-matched SAC and SPA weeks 

(Fig. 6, 3
rd

 column) further illustrates the magnitude of the changes in raw data.  

Comparisons between the effects of SAC interventions confirmed that cage change had a 

significantly greater effect than both the bottle change and health check for all variables 

(two-way ANOVA with Holm-Sidak post-hoc test; P<0.001, P<0.001 and P<0.001, for 

Tb, HR, and ACT respectively). HR was statistically greater between the health check 
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and bottle change (two-way ANOVA with Holm-Sidak post-hoc test; P=0.004) but post-

hoc analysis revealed only a single time point at which HR was different between the two 

procedures.  Given that differences in the raw data from SPA were only present until 45 

min post-onset of either intervention, this is likely due to small time differences in exact 

procedure time and not a difference between procedures. There were no significant 

differences in Tb or ACT (two-way ANOVA with Holm-Sidak post-hoc test; P=0.163 

and P=0.635, respectively) between the bottle change and health check procedures. 
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Building Malfunction 

The thermostat malfunction (BLDMAL) in the animal care facility introduced a 

third variable (a drop in temperature) that influenced mice subjected to standard animal 

care interventions.  Plots of the BLDMAL against time- and day-matched data from the 

SAC week are presented in the first panel of Figure 7.  No change in circadian 

rhythmicity of Tb and ACT was observed at the onset of the malfunction but the 

BLDMAL data diverged from the SAC data as the malfunction continued.  The most 

obvious effect was on HR; following onset of the malfunction, there was a rapid increase 

in HR that was sustained for the duration of the BLDMAL.  Included in the BLDMAL is 

a cage change at the beginning of Day 5.  BLDMAL Tb, ACT and HR data all 

demonstrated a rapid increase, similar to that previously observed with the cage change; 

however, BLDMAL Tb and ACT were lower than time-matched values in the SAC, 

whereas HR was higher, demonstrating a synergistic effect of both the cage change and 

malfunction to increase HR.   

Light/dark data from BLDMAL were compared with time-matched data from the 

SAC week in order to gauge the added effect of the temperature change (summarized in 

Table 4).  During the light cycle, HR was significantly greater during BLDMAL but Tb 

Figure 6 Comparison of normal animal care interventions.  Time series data for cage change and 

health check are displayed in the first and second columns respectively. The third column provides 

the time- and day-matched differences for NAC vs. SPA. Overhead black bar in the first column 

indicates lights off (dark cycle).  * = Significant difference between NAC and SPA.  Vertical line 

in column 3 indicates the onset of all interventions.  Note the different scale in the y and x-axes in 

the three columns.  Data are mean + SEMs  
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and ACT did not change.  During the dark cycle, BLDMAL Tb and ACT were both 

significantly lower than during SAC but BLDMAL HR were greater. 

Based on the difference plots derived from comparisons to time-matched data in 

the same animals (Fig. 7, 2
nd

 column), we examined the period from 2 h prior to the onset 

of the BLDMAL (1200h) until 0830 h the next day, a period chosen to encompass only 

the effect of BLDMAL on the variables without the added effect of a cage change.  The 2 

h period prior to the onset of the malfunction was set as control. Tb and ACT during 

BLDMAL were significantly less than during SAC (P<0.001 and P<0.001, respectively) 

and demonstrated a decreasing trend as the malfunction continued.  In contrast, HR was 

significantly elevated during the BLDMAL (P<0.001) and demonstrated a rising trend 

that was present as the malfunction continued (Fig. 7). 

The correlations between variables (HR vs. ACT, Tb vs. ACT and HR vs. Tb) 

illustrate the potential for interdependence between physiologic variables (Fig. 8) (Swoap 

et al., 2008). Data for the BLDMAL and the time-matched data of the previous day (Day 

3, regular Health Check) illustrated the association between Tb and ACT, with R values 

of 0.90 and 0.82 for the previous day (PD) and BLDMAL weeks, respectively (P=0.01).    

HR was also strongly correlated to ACT (R=0.79 and R=0.73, PD and BLDMAL, 

respectively) but with coefficients of determination (R
2
 = 0.62 and R

2
 = 0.53, PD and 

BLDMAL, respectively), which suggest other variables also had a significant influence 

on HR.  The association between Tb and ACT was maintained between SAC and 

BLDMAL weeks.   
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Figure 7 Building Malfunction Comparisons.  Left column shows the physiologic variables and 

animal holding room temperature during the building malfunction as compared to the time- and day-

matched data for the NAC week.  Horizontal black bar indicates the night cycle while horizontal 

hatched line indicates the cage change for BLDMAL and NAC.  Data sets are from 2.5 hours prior to 

the onset of the BLDMAL and ends when normal facility temperature is restored.  Right column 

shows the time- and day-matched differences between BLDMAL and NAC. Data set for the 

differences ends before cage change. All data are mean ± SEMs. 
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Figure 8 Plot of circadian physiologic 

variables during building malfunction 

and the day prior to BLDMAL.  Plots 

demonstrate the interdependence 

between physiologic variables.  Data 

are mean + SEM.   
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3.2 Results – Impact of TRPV1 on Physiologic Responses to Hypoxia   

3.2.1 Pre-hypoxia Control Measurements 

Pre-hypoxia control data were recorded for 45 min following 60 min of 

acclimation to the chamber and are summarized in Table 5. There were no significant 

differences between TRPV1
-/-

 and TRPV1
+/+

 genotypes for the mean values of HR, Tb, 

ACT, VE, VT and f during the normoxic control period (Figures 9 and 10).  TTot did not 

differ between genotypes; however, the slightly longer TTot for the TRPV1-/- genotype 

was associated with a significantly longer TE but not TI (Figure 12).  No significant 

differences were found between mean VT/TI or TI/TTot (Figure 11). 

3.2.2 Pattern of Breathing – Hypoxia (Table 6) 

Adjustment of the gas supply lines to deliver hypoxia resulted in an immediate, 

transient increase in HR and ACT in both genotypes, similar to that seen for standard 

animal care (SAC) procedures (see Fig. 6 above).  After the onset of hypoxia, there was a 

sustained reduction in HR, Tb and ACT.  In general, Tb, HR and ACT values were lower 

in KO mice than WT mice and remained so for the duration of the hypoxic exposure.  

The reduction in Tb had a similar trajectory in both genotypes; however, data from KO 

mice had a nadir that was approximately 1
o
C lower than the WT (Tb = 29.71 + 0.29 vs. 

30.73 + 0.38°C; KO vs. WT, respectively).  KO mice also reached a lower HR nadir (218 

+ 9 vs. 260 + 29 bpm; mean + SEM).  Mean Tb (P<0.001), HR (P<0.001) and ACT 

(P<0.001) were significantly lower in KO mice than in WT mice.  
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The ventilatory pattern between genotypes followed a similar trajectory during 

hypoxia.  Both genotypes demonstrated an overall reduction in  ̇  due to a substantial 

decrease in f while VT remained the same. The decrease in f was due to an increased TTot 

in both genotypes due to increases in both TI and TE.  Mean  ̇  and f were significantly 

less in the KO mice throughout hypoxia compared with the WT while VT did not change.  

TTot was significantly greater in KO mice; both TI and TE were significantly longer in KO 

mice than in WT.  Mean VT/TI was significantly less in KO mice but TI/TTot did not 

differ. 

3.2.3 Post-hypoxia Recovery Measurements (Table 7) 

Upon return to normoxia, both genotypes responded with rapid increases in HR, 

Tb and ACT back towards control values.  HR and Tb were significantly higher in KO 

mice during the recovery period but ACT was not.   

Breathing pattern also returned rapidly to control in both genotypes when 

normoxia was restored; mean  ̇ , VT, VT/TI, and TI/TTot did not differ between genotypes. 

However, certain parameters exhibited a separation in values towards the end of the 

recovery period; f was significantly lower in the KO mice.  TTot was significantly higher 

in the KO but its individual components, TI and TE, did not differ between genotypes. 

 



 

43 

 

 

 

 

 

 

 

Figure 9 Body temperature, heart rate 

and activity responses of TRPV1
+/+

 and 

TRPV1
-/-

 mice to hypoxia (FIO2 = 0.1) 

Hypoxia (blue horizontal bar) caused a 

significant decrease in Tb, HR, and ACT 

(all on ranks) that differed between 

genotypes (P<0.001; two-way ANOVA). 

* = significant difference between WT 

and KO; † = significant difference from 

control in WT; ‡ = significant difference 

from control in KO. 
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Figure 10 Ventilation, respiratory 

frequency and tidal volume 

responses to hypoxia (FIO2 = 0.1). 

Hypoxia (horizontal blue bar) caused 

an initial small increase in VE, 

followed by a significant decrease 

(P<0.001; two-way ANOVA) in 

mean VE in both genotypes. The 

hypoxia-induced reduction in VE was 

due to a profound drop in f, itself due 

to a significant increase in TTot (see 

Fig 8 below) during hypoxia that was 

greater in the TRPV1
-/-

 mice 

(P<0.001, two-way ANOVA). 

Hypoxia caused an initial increase in 

VT, followed by a decrease in mean 

VT that recovered slowly as hypoxia 

continued and was observed in both 

genotypes. VT did not differ between 

genotypes (P=0.782. * = significant 

difference between WT and KO; † = 

significant difference from control in 

WT; ‡ = significant difference from 

control in KO.  
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Figure 11 Mean inspiratory flow and duty cycle responses to hypoxia (FIO2 = 0.1). Hypoxia (horizontal 

blue bar) caused an initial increase in mean TI/TTot that was demonstrated in both genotypes. VT/TI initially 

increased in response to hypoxia, followed by a significant decrease (P<0.001; two-way ANOVA). * = 

significant difference between WT and KO; † = significant difference from control in WT; ‡ = significant 

difference from control in KO. 
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Figure 12 Total breath duration, 

inspiratory and expiratory duration 

responses to hypoxia (FIO2 = 0.1). 

The increase in TTot was due to 

proportional changes in TI and TE 

and was significantly greater in KO 

mice (P<0.001, two-way ANOVA).  

KO demonstrated a significantly 

increased TI and TE compared with 

WT (P<0.001, two-way ANOVA).  * 

= significant difference between WT 

and KO; † = significant difference 

from control in WT; ‡ = significant 

difference from control in KO. 
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3.2.4 Metabolism – Telemetered Values 

Telemetered data associated with the metabolism measurements are summarized 

in Table 8.  Tb, HR and ACT were collected during pre-hypoxia control, hypoxia, and 

post-hypoxia recovery and analyzed like the data for breathing pattern.  The data 

(summarized in Table 8) displayed no significant differences during pre-hypoxia control.  

During hypoxia, Tb, HR and ACT all decreased from control values, with KO mice 

reaching significantly lower values than WT mice (P<0.001, for HR, Tb and ACT).  

Upon return to normoxia, HR was significantly lower (P=0.043) in KO mice but Tb and 

ACT were not different.  While the trends in the data obtained from the two metabolic 

and pattern trials were the same, we noted a small increase in HR, Tb, and ACT within 

genotypes during pre-hypoxia for the breathing pattern experiments. Based on our results 

from the animal care environment study (see above), we suspect this reflects the impact 

of the experimental protocol, which required human manipulation of the plethysmograph 

to seal the chamber every time breathing pattern was recorded. 

3.2.5 Metabolism –  ̇CO2 

*Due to apparent malfunction of the oxygen sensor,  ̇O2 values are not reported. 

 

 Pre-hypoxia control values revealed no significant difference in  ̇  2 between 

KO and WT mice (on ranks; 38.97 + 2.92 vs. 43.36 + 3.15 ml/min/kg, respectively; 

P=0.810, two-way ANOVA).  Upon exposure to hypoxia,  ̇CO2 fell rapidly in both 

genotypes, from ~40ml/min/kg during control to ~20ml/min/kg in hypoxia.  KO mice fell 

to a lower nadir than WT mice and demonstrated a significantly lower  ̇CO2 (on ranks; 
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17.67 + 2.45 vs. 23.88 + 1.87 ml/min/kg, respectively; P<0.001, two-way ANOVA) 

throughout the hypoxic exposure. Upon return to normoxia,  ̇CO2  in both KO and WT 

mice rapidly increased but the differences between the genotypes remained as  ̇CO2  

remained significantly lower in KO mice (on ranks; P=0.006, two-way ANOVA). 

 

 

Figure 13 Carbon dioxide production in TRPV1
-/-

 and 
+/+

 mice in response to hypoxia (FIO2 = 0.1).  

Following a transient increase at the onset of hypoxia, both genotypes exhibit a sustained reduction in 

 ̇CO2.  TRPV1-/- mice displayed a lower  ̇CO2 during hypoxia, indicating a greater hypometabolic 

response to hypoxia than wild-type mice.  Vertical red lines indicate the beginning and end of the hypoxic 

exposure.  Data are mean + SEM. 
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Chapter 4 

Discussion 

To our knowledge, this is the first comprehensive evaluation of the chronic effects 

of the standard animal care (SAC) environment on the physiology (HR, Tb, and ACT) of 

chronically instrumented freely behaving mice.  The standard animal care environment 

had a significant impact on the murine phenotype, as evidenced by disruption of the 

normal circadian variations in body temperature, heart rate, and activity. The impact of 

standard animal care (SAC) had a small but significant impact on the 7-day average heart 

rate values compared with minimally disruptive care (SPA). Furthermore, specific 

procedures based on CCAC and other animal care guidelines all induced significant 

phenotype effects that varied with respect to amplitude and duration. Cage change had 

the most profound effect on the variables, as shown by deviations in HR, Tb and ACT, 

comprising intense changes that lasted for 1 h with approximately 4 h required for a 

return to non-intervention, day- and time-matched controls. A similar trajectory, albeit 

with a much shorter timeline, was present after bottle change or health check.  

Our data also demonstrate the susceptibility of murine models to building 

/environmental malfunctions that influence ambient temperature, causing significant 

adaptive changes in heart rate to maintain core temperature. Thus, our results indicate 

that the animal care environment can profoundly influence the apparent phenotype of 

murine models and therefore, the interpretation of the results of physiologic, behavioural 
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or genetic manipulations. However, SAC also provides a potential tool that may be 

employed to explore genotype-phenotype translation.    

Despite the fact that TRPV1 has been linked to thermoregulatory control 

(Caterina, 2007;Gavva et al., 2007b) and is thought to have a tonic influence on Tb in 

human subjects (Gavva et al., 2008), it was unclear if the nature of the thermoregulatory 

response would translate to the complex adaptive response associated with acute hypoxia 

(Mortola, 2004;CROSS et al., 1958). Our data show that loss of TRPV1 function alters 

both the thermoregulatory and ventilatory responses to acute hypoxia. Small mammals, 

and human and other neonates, routinely adapt to acute hypoxia with an initial increase in 

ventilation followed by a drop in ventilation and metabolism to below control values 

(Teppema & Dahan, 2010). This general pattern was seen in both genotypes; however, 

TRPV1
-/-

 mice responded with greater reductions in Tb, HR and ACT than the TRPV1
+/+

 

genotype. These changes reflect the metabolic response, in which the TRPV1
-/-

 genotype 

displayed a greater fall in CO2 production during hypoxia, which is accompanied by 

significantly lower ventilation. Thus, TRPV1 appears to be an important modulator of the 

coordinated response to hypoxia.   
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4.1 Impact of the Animal Care Environment 

4.1.1 Discussion of Results 

Week-long Comparisons 

Comparisons between the SAC and SPA weeks demonstrated that heart rate 

increased significantly during SAC with respect to the mean, maximum 10% and 

minimum 10% values but not the amplitude of the swing.  Thus, SAC caused an upward 

set-point shift for the entire SAC week compared to the SPA, without any change in the 

normal amplitude of HR circadian variation. Phase shifts in circadian rhythms in 

response to stressors have been observed in humans (Scheer et al., 2009;Mendlewicz, 

2009;Preuss et al., 2008;Arendt, 2009) as well as mice (Bartolomucci et al., 2003;Costoli 

et al., 2004a), and are believed to be associated with increased risk for disease (Scheer et 

al., 2009;Mendlewicz, 2009;Preuss et al., 2008;Arendt, 2009). Costoli et al (2004a) 

reported that mice under chronic psychosocial stress display elevated heart rate, 

consisting of a decrease in the amplitude in heart rate, and a decrease in activity. Our 

findings are consistent with the elevated HR they observed; however, we observed 

neither a decrease in heart rate amplitude swing nor in activity.  This difference may 

reflect the added psychosocial stressor of social dominance in their study, which may 

result in a different adaptive response.  
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Light/Dark Cycles 

 Data from the light/dark cycles were used to determine differences within the 

sleep and active periods of the mice.  During the light cycle (murine sleep cycle), all 

variables displayed significant increases over the SPA.  These data confirm what was 

already suspected, that animal care interventions would have the greatest impact during 

the light cycle as this is when they occur and mice are asleep.  However, we also 

observed a significant increase in the maximum 10% HR during the dark cycle (mouse 

active cycle) as well during the SAC week.  This was surprising as we did not anticipate 

that the effect of relatively short interventions could persist for almost 12 h into the night 

cycle.  Our results suggest that the effects of interventions may carry over from the light 

cycle into the dark cycle to at least some degree.  While HR was the only variable that 

increased during the dark cycle, it does raise an interesting question: How long does an 

intervention affect an animal’s physiology?  An interesting avenue of study would be to 

perform these interventions during the dark cycle, in order to observe if the mice have 

similar responses to those in the light cycle. 

Impact of Individual Interventions 

 Individual interventions were assessed in order to determine their effects on our 

measured variables.  Comparisons of the interventions indicate that the cage change is a 

much more stressful event than either the bottle change or health check.  This is 

consistent with the literature, as many studies have assessed the effects of cage changes 

on mice (Rasmussen et al., 2011;Sanderson et al., 2010;Rosenbaum et al., 2009).  We 
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therefore conclude that the main stressors for the bottle change and health check were 

physical contact as a new bottle did not seem to significantly affect the mice.  The 

primary difference between the cage change and the other two interventions was the 

introduction of a novel environment.  Indeed, there is much evidence that a novel 

environment is a significant stressor on laboratory animals.  Introduction to a novel 

environment increases heart rate and blood pressure in rats (Morimoto et al., 

1991;Morimoto et al., 1993;Duke et al., 2001).  Sprague-Dawley rats transferred to a 

novel environment display increased heart rate, mean arterial pressure and arousal 

behaviour.  There was no attenuation of the effects when soiled bedding was moved from 

the old cage, and the physiologic response was also similar between cage changes in the 

first and fourth weeks.  This indicates that the novel environment represented by a cage 

change is a stressor that continued to affect the animals despite successive repetition.  

These results are consistent with those of Beynen and Van (1990)  that shows diminished 

weight gain in mice as a result of successive cage changes. 

 

Building Malfunction 

 Building thermostat malfunction (BLDMAL) provided an opportunity to analyze 

an important, albeit unexpected, environmental factor: a fall in ambient room temperature 

from ~23.5°C to just under 17°C.  Mice are typically housed at approx 22-23°C, which is 

a mild cold stressor compared to the thermoneutral range of ~28-30°C (Swoap & Gutilla, 

2009).  BLDMAL caused a large increase in heart rate, which presumably represents a 

metabolic compensation to maintain body temperature.  Interestingly, the cardiac 
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response was not associated with an increase in activity during the dark cycle (active 

period), suggesting that maintenance of core temperature was driven primarily by a 

cardiovascular response and perhaps an increase in metabolism.   

That a cage change during BLDMAL elicited a greater increase in HR than that 

during SAC indicates that significant reserves existed with respect to cardiac 

responsiveness. Thus, cage changes coupled with unplanned interventions exceed the 

limits of ‘normal’ responses and have the potential to mislead investigators during 

protocols involving conscious freely behaving animals. 

In addition to BLDMAL-induced changes, mice were exceptionally sensitive to 

small environmental cues.  Two lab members entered the animal facility for a short 

unplanned visit and briefly handle a single mouse during the afternoon of an SAC day.  

While only one mouse was handled, all mice modestly increased in all three variables.  

While this change was not analyzed, it highlights the remarkable sensitivity of mice to 

changes in their environment. Other evidence, using interventions such as food 

withdrawal and changes in ambient temperature (Swoap & Gutilla, 2009) or noise 

(Turner et al., 2007;Turner et al., 2005), stress the sensitivity of mice to their 

environment . Indeed, our findings, coupled with those of others, indicate the importance 

of having in place robust mechanisms to monitor and control the animal care 

environment, minimizing unplanned human interventions or noise by animal care facility 

staff. 
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Future Directions 

Our study reveals that the animal care environment is a powerful modulator of 

murine phenotype as evidenced by changes in heart rate, body temperature and activity. 

Nevertheless, several opportunities exist to provide additional insight into the biology of 

mammals with high metabolism and the measurement, expression and interpretation of 

phenotype. Perhaps the most obvious control variables would be timing of procedures 

during the light-dark cycle and housing at the thermoneutral range coupled with 

additional analysis measurements such as heart rate variability (HRV) to assess 

autonomic control (Thireau et al., 2008) or stress hormones such as serum cortisol 

(Monjan & Collector, 1977).  It is also likely that genetics plays an important role in the 

development of phenotypic responses. Mouse strain affects many physiologic variables 

and the production of mutant or transgenic animals, such as those for the dopamine 

transporter, also alters the sensitivity to environmental interventions (Vincent et al., 

2007;Gainetdinov et al., 1999;Miyakawa et al., 2001). 

4.1.2 Consideration of Other Variables 

Due to the added complexity, we did not study other factors related to behaviour, 

housing or other biological factors that may have influenced our observations. For 

example, we focused exclusively on the physiology of telemetered signals while 

controlling environmental interventions/cues. We did not assess fear or anxiety responses 

(Desbonnet et al., 2012;Delgado-Morales et al., 2012) such as urination and defecation 

(Henderson et al., 2004). Recent evidence suggests that mice have varying reactions to 
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different handling procedures (Hurst and West 2010) and that habituation to these 

procedures with repeated exposures may attenuate the response. Although not 

specifically part of our study design, prior to the onset of the protocol, mice were exposed 

routinely to SAC from the time they had transmitters implanted.  

Mice were housed individually in the current study, to accommodate the 

limitation of telemetry receivers to monitor only a single transmitter input. Multiple 

animal housing can influence both the exposure to social interactions and psychosocial 

stress that influence murine physiology (Bartolomucci et al., 2003;Costoli et al., 2004b), 

as well as influencing the temperature response associated with “huddling” reported for 

hypoxia (Mortola, 2004).   

Mouse strain, sex and time of intervention within the light/dark cycle are all 

variables that were controlled in our protocol. However, it would be of interest to 

examine the impact of altering these variables on the physiologic responses to SAC. 

Nevertheless, our data provide a robust overview of the effect of the animal care 

environment on murine phenotype/ biology. 
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4.2 TRPV1 and Hypoxia 

4.2.1 Discussion of Results 

Pre-Hypoxia 

 During pre-hypoxia, no differences in heart rate, body temperature, activity or 

 ̇CO2 were present between TRPV1
-/-

 and TRPV1
+/+

 mice.  This is consistent with the 

general consensus that no differences exist in gross physiological variables between 

TRPV1
-/-

 and TRPV1
+/+

 mice (Caterina et al., 2000;Szelenyi et al., 2004;Marsch et al., 

2007).  Recently, Garami et al (2011) reported that TRPV1
-/-

 mice possess an altered 

thermoeffector profile, maintaining a similar core temperature to WT mice through 

hyperkinesis (increased activity levels and locomotor velocity).  They suggested others 

have failed to observe this due to relatively short recording periods. However, we 

observed no difference in activity profiles over 24 h between TRPV1
-/-

 and TRPV1
+/+

 

genotypes, despite a small difference in Tb at the circadian nadir in TRPV1
-/- 

mice 

(unpublished observations).  These observations remain to be investigated through long-

term physiologic recordings designed to fully assess the phenotype in the TRPV1
-/-

 

mutant model. 

To our knowledge, studies of the respiratory phenotype of TRPV1
-/-

 mice have 

not been described previously.  Variables associated with breathing pattern did not differ 

between genotypes with the exception of TE, which was significantly shorter in TRPV1
-/-

 

mice.  However, we noted that there was also a trend towards longer TI and TTOT in 

TRPV1
-/-

 mice, especially towards the end of the control period, and the change in TTot 
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just failed to attain significance (P=0.053). Since mice are more acclimated to their 

surroundings at the end of the control period, it appears that TRPV1
-/-

 mice tend to have 

longer TTot at rest.  Whether or not this is sufficient to result in a decrease in ventilation 

and metabolism remains to be seen (Mortola & Matsuoka, 1993), but it would be 

consistent with Garami’s hypothesis that TRPV1
-/-

 mice are hypometabolic (Garami et 

al., 2011b) compared to WT mice. 

Hypoxia 

Upon exposure to hypoxia, both TRPV1
+/+

 and TRPV1
-/-

 mice transiently (5 min) 

increased HR and ACT, likely linked to the initial ventilatory increase in response to 

hypoxia (Gallego & Matrot, 2010;Horne et al., 2004). This was followed by a decrease in 

all physiologic variables that was sustained throughout hypoxia.  The trajectories of the 

decreases were similar in both genotypes and consistent with the suggestion that general 

autonomic thermoregulatory control is unaltered in TRPV1
-/-

 mice (Motter & Ahern, 

2008;Iida et al., 2005).  However, the magnitude of the response was different in that 

TRPV1
-/-

 mice displayed lower values for variables compared with the TRPV1
+/+

 

genotype and they remained lower for the duration of the hypoxic exposure.  These data 

implicate TRPV1 as a significant modulator of the response to hypoxia, a response that 

normally appears to limit the magnitude of the decrease.   

The hypoxic hypometabolic response (i.e. a fall in  ̇CO2) was present in both 

genotypes (Fig. 13)(Frappell et al., 1992a).  The response conserves energy based on O2 

availability and is tightly matched to ventilation. Similar to telemetered variables,  ̇CO2 
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in the TRPV1
-/-

 genotype fell to a lower nadir and was sustained below the  ̇CO2 for the 

control genotype throughout the hypoxic exposure. The consequences of the additional 

decline in  ̇CO2 during hypoxic stress remains to be determined but sustained 

hypometabolism reduces tissue growth and repair and may lead to developmental 

consequences (i.e. stunted growth) in neonatal animals (Mortola et al., 2000;Monge & 

Leon-Velarde, 1991). 

In terms of breathing pattern, both genotypes responded with a modest increase in 

ventilation when exposed to hypoxia.  The HVR is biphasic in small mammals, as well as 

in human and other neonates, consisting of an initial increase followed by a drop in 

ventilation, often below control values (Mortola, 2004;Teppema & Dahan, 

2010;Bissonnette, 2000).  The second phase constitutes the hypoxic hypometabolic 

response and represents the ventilatory response to the change in metabolic rate (Mortola, 

2004;Bissonnette, 2000;Richardson et al., 2006;Bollen et al., 2009).  This response was 

present in both TRPV1
-/-

 and TRPV1
+/+

 mice, due to a decrease in f.  TRPV1
-/-

 mice 

displayed significantly lower ventilations, consistent with the reduced metabolism. The 

decrease in f was the result of a longer TTot in both genotypes, although knockout mice 

had longer TI and TE than WT mice.  As a result, no differences were observed between 

genotype for the duty cycle due to proportional increases in TI and TTot, but there was a 

decreased drive to breathe (reduced VT/TI) in the TRPV1
-/-

 mice.  These data show that, 

like the autonomic thermoregulatory response, TRPV1
-/-

 mice do not exhibit altered 

ventilatory sensitivity or responsiveness to hypoxia.  The data further strengthen the 
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notion that loss of TRPV1 function yields a hypometabolic phenotype under hypoxic 

stress. 

It is unclear why loss of TRPV1 function yields a hypometabolic phenotype 

during acute hypoxia.  Given that TRPV1 activation elicits a hypothermic response and 

TRPV1 antagonism yields a hyperthermic response (Gavva et al., 2007b;Gavva et al., 

2007a;Steiner et al., 2007;Swanson et al., 2005), one might expect that TRPV1 knockout 

would yield a hyperthermic model or a blunted response to hypoxia.  However, the data 

demonstrate that there are no apparent differences in the sensitivity (i.e. rate of change of 

variables with time) to hypoxia with respect to the metabolic and ventilatory response; 

TRPV1
-/-

 mice achieve a lower metabolism during hypoxia.  In addition to our previous 

finding (unpublished) that TRPV1
-/-

 mice demonstrate a lower Tb over the course of a 24 

h cycle, this suggests that the metabolic set-point is reduced when TRPV1 function is 

absent.  Gavva (2008) has suggested that TRPV1 has a tonic thermoregulatory role that is 

likely absent in the knockout.  This may allow compensation and tonic thermoregulatory 

function to fall to another TRP channel such as TRPV3, which operates at a lower 

temperature range (>33°C)(Dhaka et al., 2006). However, the thermoregulatory control 

byTRPV1, especially during hypoxia, is still poorly understood.   

Thermoregulation is controlled through the pre-optic anterior hypothalamus 

(POAH) (Schonbaum & Lomax, 1990) and injection of a nitric oxide (NO) inhibitor into 

this region attenuates the hypothermic response to hypoxia (Osaka, 2011).  Although 

controversial (Mishra et al., 2011), some have reported evidence of TRPV1 expression in 
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the hypothalamus as well as activation of the hypothalamus by injections of capsaicin to 

induce hypothermia (Jancso-Gabor et al., 1970) and NO-mediated TRPV1 activation 

(Miyamoto et al., 2009).  It is possible, therefore, that the decrease in core temperature 

may result from a hypoxia-induced increase in NO (Osaka, 2011) that activates TRPV1 

in the POAH to induce hypothermia.  However, this hypothesis is remains uncertain due 

to several reasons.  Currently, there is controversy on whether TRPV1 influences 

thermoregulation through a peripheral (Almeida et al., 2006;Szolcsanyi, 1977;Tominaga 

et al., 1998) or central (hypothalamic) mechanism (Jancso-Gabor et al., 1970;Hajos et al., 

1985).  Furthermore, Osaka (2011) was able to attenuate the hypothermic but not the 

hypometabolic response following NO inhibitor treatment in the POAH.  These data 

indicate that while there is evidence for the mechanism of TRPV1-mediated hypoxic 

responses, much work is required in order to elucidate the exact mechanisms. 

Post-Hypoxic Recovery 

 Following a return to normoxia (air), there was a rapid increase in Tb, HR and 

ACT towards control values in both genotypes.  A similar trend was observed for  ̇CO2 

and breathing pattern.  Most parameters did not differ between genotypes after return to 

hypoxia.  We noted that HR and Tb in TRPV1
-/-

 mice increased during the recovery 

period.   ̇CO2 remained lower in TRPV1
-/-

 mice and TTot was significantly shorter, 

resulting in a lower f.  Saiki and Mortola (1995) demonstrated that exposure to hypoxia 

eliminates day and night differences in the ventilatory response to hypoxia, as well as Tb 

and metabolism (Mortola, 2007). Consequently, these differences in TRPV1
-/-

 mice may 
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reflect an altered circadian rhythm.  Also, the delay in metabolic ( ̇CO2) and ventilatory 

parameters  in returning to normoxic baseline may reflect the fact that TRPV1
-/-

 mice had 

a lower metabolic rate during hypoxia and thus may take longer to return to control 

values. 

Future Directions 

 We tested the hypothesis that the loss of TRPV1 function alters the murine 

response to acute hypoxia.  Our data indicate the initial hypothesis that TRPV1
-/-

 mice 

would exhibit a blunted thermoregulatory response to hypoxia was false; rather, loss of 

TRPV1 function yielded an exaggerated hypometabolic response, possibly due to a lower 

metabolic set-point. In future studies, we will seek to determine the site of TRPV1’s 

thermoregulatory/metabolic action, be it in the peripherally or centrally mediated. 

As well, we will elucidate the mechanism of hypoxia sensing through TRPV1.  TRPV1 

activation influences afferent signalling from the carotid bodies (Roy et al., 2012) and 

may be sensitized by HIF-1α (Ristoiu et al., 2011).  Examination of the interaction 

between TRPV1 and known hypoxia sensors such as the carotid bodies or as a 

downstream product of hypoxia-induced physiologic responses (HIF) should provide a 

better understanding of the role of TRPV1, whether it is directly involved in the 

signalling in response to hypoxia or as an integrator of various stimuli.  

4.2.2 Consideration of Other Variables 

A limitation of our study was the inability to collect metabolic and breathing 

pattern data simultaneously.  This is due to both the physical limitations of the apparatus 
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and the methodology associated with the techniques.  Even if our plethysmography 

chambers could permit placement of the sensors required for both experimental 

paradigms, the barometric technique used for recording breathing pattern requires the 

chamber to be completely sealed, whereas metabolic measurements require constant flow 

of gas through the O2 and CO2 sensors.  This means that two sets of experiments are 

performed on each animal, separated by several days. This may introduce subtle 

variations in response, although HR and Tb data obtained during both protocols suggest 

the responses are reproducible. 

 The barometric technique requires the physical manipulation of stopcocks to 

temporarily halt the flow of air through the chamber, something that be detected by mice.  

While we attempted to minimize this, we noted that Tb, HR and ACT during 

measurements of breathing pattern was elevated during the pre-hypoxic control compared 

to the metabolism study when such manipulation was absent, likely due to perturbations 

similar to those observed in our animal environment study (see above).   

4.3 Summary 

We examined the effect of animal care procedures on the physiologic responses in 

mice and the effect of loss of TRPV1 function on the thermoregulatory and ventilatory 

responses to hypoxia.  Animal care procedures can and do influence heart rate over the 

course of a week, due to  perturbations caused by health checks, bottle changes and cage 

changes.  Cage changed had the greatest effect, eliciting the largest and longest 

perturbations of HR, Tb and ACT.  Furthermore, we demonstrated the exquisite 
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sensitivity of mice to their environment, be it changes in ambient temperature or room 

entry by our technicians. 

We also demonstrated that TRPV1 is integral to the thermoregulatory and 

ventilatory responses to hypoxia.  Both genotypes have similar hypometabolic responses 

to hypoxia but TRPV1
-/-

 mice reached a lower metabolic plateau compared with 

TRPV1
+/+ 

mice. They also displayed lower body temperature, heart rate and activity as 

well as decreased ventilation.   
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Appendix A 
 

 

Table 1  Week average, maximum and minimum10% values, and swing values for SAC and 

SPA.  All data are mean ± SEMs.  Significance at P < 0.05 

Parameters SAC SPA Statistics 

(Paired t-tests) 

Body Temperature (°C) 

Mean Tb 36.81 + 0.03 36.78 + 0.03 P=0.369 

10% Max Tb 38.09 + 0.04 38.05 + 0.04 P=0.217 

10% Min Tb 35.71 + 0.04 35.69 + 0.05 P=0.677 

Tb Swing 2.38 + 0.05 2.36 + 0.06 P=0.687 

Heart Rate (BPM) 

*Mean HR 582 + 7 571 + 7 Reciprocal transform, 

P=0.001 

*10% Max HR 745+ 5 736 + 6 P<0.001 

*10% Min HR 436 + 9 424 + 9 P=0.008 

HR Swing 309 + 10 312 + 10 P=0.340 

Activity (Arbitrary Units) 

Mean ACT 8.26 + 1.28 7.86 + 1.33 P=0.316 

10% Max ACT 29.10 + 3.49 29.72 + 3.91 P=0.596 

10% Min ACT 0.11 + 0.04 0.06 + 0.02 Square Root 

Transform, P=0.078 

ACT Swing 28.99 + 3.46 29.66 + 3.90 Natural Logarithmic 

Transform, P=0.877 
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Table 2  Light cycle average, maximum and minimum10% values for SAC and SPA.  All data 

are mean ± SEMs.  Significance at P < 0.05 

Parameters SAC SPA Statistics 

(Paired t-tests) 

Body Temperature (°C) 

Mean Tb 36.29 ± 0.04 36.22 ± 0.04 P=0.053 

*10% Max Tb 37.62 ± 0.06 37.28 ± 0.05 P<0.001 

10% Min Tb 35.57 ± 0.06 35.56 ± 0.06 P=0.890 

Heart Rate (BPM) 

*Mean HR 551 ± 7  537 ± 7 On Ranks, P<0.001 

*10% Max HR 722 ± 5 702 ± 5 P<0.001 

*10% Min HR 429 ± 8 416 ± 9 P=0.001 

Activity (Arbitrary Units) 

*Mean ACT 4.56 ± 0.6 3.42 ± 0.62 P=0.007 

*10% Max ACT 22.7 ± 2.37 17.12 ± 2.89 P=0.008 

10% Min ACT 0.03 ± 0.01 0.01 ± 0.00 On Ranks, P=0.147 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

82 

 

Table 3  Dark cycle average, maximum and minimum10% values for SAC and SPA.  All data are 

mean ± SEMs.  Significance at P < 0.05 

Parameters SAC SPA Statistics 

(Paired t-tests) 

Body Temperature (°C) 

Mean Tb 37.32 ± 0.04 37.34 ± 0.04 P=0.502 

10% Max Tb 38.17 ± 0.04 38.18 ± 0.04 P=0.805 

10% Min Tb 36.31 ± 0.07 36.33 ± 0.07 P=0.455 

Heart Rate (BPM) 

Mean HR 611 ± 8 603 ± 8 P=0.067 

*10% Max HR 757 ± 5 751 ± 6 P=0.014 

10% Min HR 439 ± 10 431 ± 9 P=0.149 

Activity (Arbitrary Units) 

Mean ACT 11.98 ± 1.95 12.30 ± 2.15 P=0.787 

10% Max ACT 32.28 ± 3.90 33.95 ± 4.22 P=0.414 

10% Min ACT 0.33 ± 0.11 0.22 ± 0.06 P=0.116 

 

 

 

 

 

 

 

 

 



 

83 

 

Table 4  Light cycle and dark cycle average values for SAC and BLDMAL.  All data are mean ± 

SEMs.  Significance at P < 0.05 

Light Cycle 

Parameters SAC BLDMAL Statistics 

(Paired t-tests) 

Body Temperature (°C) 

Mean Tb 36.11 ± 0.05 36.08 ± 0.05 P=0.612 

Heart Rate (BPM) 

*Mean HR 547 ± 9 611 ± 7 On Ranks, P<0.001 

Activity (Arbitrary Units) 

Mean ACT 3.83 ± 0.80 3.34 ± 0.79 P=0.491 

Dark Cycle 

Parameters SAC BLDMAL Statistics 

(Paired t-tests) 

Body Temperature (°C) 

*Mean Tb 37.37 ± 0.06 37.13 ± 0.08 P=0.016 

Heart Rate (BPM) 

*Mean HR 621 ± 14 698 ± 7 P<0.001 

Activity (Arbitrary Units-) 

*Mean ACT 12.94 ± 2.51 8.06 ± 0.94 On Ranks, P=0.005 
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Table 5  Mean pattern of breathing and telemetry data during pre-hypoxic control.  All data are 

mean ± SEMs.  Significance at P < 0.05 

Parameters KO WT Statistics 

(two-way ANOVA) 

Telemetered Parameters 

Mean Tb (°C) 37.61 + 0.16 37.8 + 0.10 On Ranks P=0.983 

Mean HR (Beats per 

minute) 

646 + 12 645 + 5 On Ranks, P=0.120 

Mean ACT (Arbitrary 

Units) 

2.88 + 0.54 4.62 + 0.40 On Ranks, P=0.596 

Pattern of Breathing 

VE (mL/min/kg) 2199.69 + 188.06 2364.94 + 130.05 Square Root 

transform, 

P=0.219 

f (Breaths per minute) 328 + 20 345 + 13 On Ranks, P=0.266 

VT (mL) 0.196 + 0.009 0.192 + 0.006 Reciprocal Transform, 

P=0.566 

VT/TI 3.273 + 0.268 3.302 + 0.297 P=0.911 

TI/TTot 0.345 + 0.006 0.364 + 0.014 Reciprocal Transform, 

P=0.086 

TTot (s) 0.228 + 0.011 0.210 + 0.007 P=0.053 

TI (s) 0.075 + 0.004 0.073 + 0.004 P=0.681 

*TE (s) 0.153 + 0.005 0.137 + 0.006 P=0.014 
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Table 6  Mean pattern of breathing and telemetry data during hypoxia.  All data are mean ± 

SEMs.  Significance at P < 0.05 

Parameters KO WT Statistics 

(two-way ANOVA) 

Telemetered Parameters 

*Tb (°C) 31.23 + 0.24 31.98 + 0.23 On Ranks P<0.001 

*HR (Beats per 

minute) 

303 + 12  359 + 12 On Ranks, P<0.001 

*ACT (Arbitrary Units) 0.33 + 0.06 0.6 + 0.08 On Ranks, P<0.001 

Pattern of Breathing 

*VE (mL/min/kg) 1127.99 + 49.42 1281.73 + 43.9 On Ranks, 

P<0.001 

*f (Breaths per 

minute) 

161 + 5  179 + 4 On Ranks, P<0.001 

VT (mL) 0.201 + 0.008 0.199 + 0.005 Logarithmic 

Transform, P=0.782 

*VT/TI 1.612 + 0.066 1.750 + 0.062 On Ranks, P<0.001 

TI/TTot 0.353 + 0.009 0.354 + 0.007 Reciprocal Transform, 

P=0.548 

*TTot (s) 0.410s + 0.010 0.367 + 0.008 Logarithmic 

transform, P<0.001 

*TI (s) 0.139s + 0.003 0.125 + 0.002 On Ranks, P<0.001 

*TE (s) 0.271s + 0.008 0.242 + 0.006 % change from 

control, On Ranks, 

P<0.001 
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Table 7  Mean pattern of breathing and telemetry data during post-hypoxic recovery.  All data are 

mean ± SEMs.  Significance at P < 0.05 

Parameters KO WT Statistics 

(two-way ANOVA) 

Telemetered Parameters 

Mean Tb (°C) 35.52 + 0.57 35.21 + 0.51 On Ranks P=0.015 

*Mean HR (Beats per 

minute) 

566 + 19 531 + 15 On Ranks, P=0.029 

Mean ACT (Arbitrary 

Units) 

0.48 + 0.12 0.70 + 0.15 On Ranks, P=0.741 

Pattern of Breathing 

VE (mL/min/kg) 1960.07 + 67.89 2001.81 + 98.88 Reciprocal Transform, 

P=0.323 

*f (Breaths per 

minute) 

269 + 19 282 + 8 Reciprocal Transform, 

P=0.017 

VT (mL) 0.211 + 0.007 0.199 + 0.007 P=0.100 

VT/TI 2.604 + 0.128 2.613 + 0.210 Reciprocal Transform; 

P=0.983 

TI/TTot 0.374 + 0.009 0.372 + 0.006 Reciprocal Transform; 

P=0.775 

*TTot (s) 0.238 + 0.018 0.227 + 0.009 P=0.045 

TI (s) 0.086 + 0.002 0.082 + 0.002 On Ranks, P=0.057 

TE (s) 0.153 + 0.005s  0.137 + 0.004s Natural Logarithmic 

Transform, P=0.209 
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Table 8  Average Tb, HR and ACT during pre-hypoxic control, hypoxia, and post-hypoxic 

recovery within the metabolism apparatus.  All data are mean ± SEMs.  Significance at P < 0.05 

Parameters KO WT Statistics 

(Paired t-tests) 

Pre-hypoxic Control 

Mean Tb 37.61 + 0.16 37.80 + 0.10 P=0.572 

Mean HR 646 + 12 645 + 5 P=0.150 

Mean ACT 2.88 + 0.54 4.62 + 4.62 On Ranks, P=0.566 

Hypoxia 

*Mean Tb 31.23 + 0.24 31.98 + 0.23 On Ranks, P<0.001 

*Mean HR 303 + 12 359 + 12 On Ranks, P<0.001 

*Mean ACT 0.33 + 0.06 0.60 + 0.08 On Ranks, P<0.001 

Post-hypoxic Recovery 

Mean Tb 35.52 + 0.57 35.21 + 0.51 On Ranks, P=0.153 

*Mean HR 566 + 19 531 + 15 P=0.043 

 


