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Early development of O2 chemoreception and hypoxic responses under normoxic 

(150 mmHg) and chronically hypoxic (110 mmHg) conditions were investigated in 

Xenopus laevis from hatching to 3 weeks post fertilization.  Development, growth, O2 

consumption, ventilatory and cardiac performance, and branchial neuroepithelial cells 

(NEC) density and size were determined.  At 3 days post fertilization (dpf), larvae 

started gill ventilation at a rate of 28 ± 4 beats/min and showed increased frequency to 

60 ± 2 beats/min at a PO2 of 30 mmHg.  Also at 3 dpf, NECs were identified in the gill 

filament buds using immunohistochemical methods.  Lung ventilation began at 5 dpf 

and exhibited a 3-fold increase in frequency from normoxia to a PO2 of 30 mmHg.  

Hypoxic tachycardia developed at 5 dpf, causing an increase of 20 beats/min in heart 

rate, which led to a 2-fold increase in mass-specific cardiac output at a PO2 of 70 

mmHg.  At 10 dpf, gill ventilatory sensitivity to hypoxia increased, which was associated 

with the increase in NEC density, from 15 ± 1 to 29 ± 2 cells/mm of filament at 5 and 10 

dpf, respectively.  Unlike the elevated rate, cardiac and ventilatory volumes were 

independent of acute hypoxia.  Despite increased cardioventilatory frequency, larvae 

experienced an average of 80% depression in during acute hypoxia.  Chronic 

hypoxia (PO2 of 110 mmHg) decreased mass-specific cardiac performance before 10 

dpf.  In older larvae (10 to 21 dpf), chronic hypoxia decreased acute branchial and 

pulmonary hypoxic hyperventilation and increased NEC size.  Collectively, these data 

suggest that larvae exhibit strong O2-driven acute hypoxic responses post-hatching, yet 



 

 

are still O2 conformers.  All acute hypoxic responses developed before 5 dpf, and then 

the effects of chronic hypoxia started to show between 7 and 21 dpf.  Thus, the early 

formation of acute hypoxic responses is susceptible to the environment and can be 

shaped by the ambient PO2. 
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CHAPTER 1 

GENERAL INTRODUCTION 

Background 

Oxygen, Systemic Response to Hypoxia and O2 Chemoreception 

Among the several pioneers who discovered the vital gas, O2, Priestley 

(1733 - 1804) kept mice in closed jars with a burning candle and observed that 

mice need something in the air that could be consumed by the candle to keep 

them alive.  In subsequent experiments, he found out that a plant or a gas 

produced by burning mercuric oxide would greatly extend the time that mice can 

live in a closed jar.  These findings, along with many others, contribute to the 

discovery of O2, which is now known as the final electron acceptor in the 

electron-transport chain.  Oxygen is required for the production of ATP by the 

electron-transport chain as well as for the oxidization of NADH2 and FADH2 to 

replenish the pool of NAD and FAD for glycolysis and the Krebs cycle.  However, 

O2 level could often be variable, especially during development, ranging from an 

arterial PO2 of 25 mmHg during fetal stage to approximately 80 mmHg at birth in 

mammals (Carroll, 2003; Gauda et al., 2009).  During an acute change in 

ambient O2 level, animals that are responsive to hypoxia may first adjust their 

physiological performance and then later responses may include changes in 

gene expression, hormonal secretion, cell and tissue remodeling and so on
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(López-Barneo et al., 2001).  If a prolonged change in O2 level occurs, such as 

living in high altitude, the alteration of O2 level may cause several pathological 

conditions, including defective vasculature, chronic pulmonary diseases, 

ischemic disorder and cancer (Brahimi-Horn and Pouysségur, 2007).  Acute 

responses to hypoxia, effects of prolonged hypoxia on hypoxic responses and 

developmental aspects of hypoxic influences will be summarized in this 

introductory chapter. 

In a multicellular organism, respiratory and cardiovascular systems are 

responsible for gas exchange and supplying cells with an adequate amount of O2 

for their metabolic need.  Thus, these systems need to respond rapidly to 

changes in O2 availability and demand to maintain tissue oxygenation.  In 

Priestley’s experiments, by keeping mice in a closed system, he might have also 

observed acute responses to hypoxia (and very possibly hypercarbia) in mice 

before the great discovery of O2.  We now know that acute hypoxic responses 

happen within seconds after a change in O2 level (López-Barneo et al., 2001).  

The responses include alteration in metabolism (see Chapter 2 for details), 

cardiac performance (Chapter 3), ventilation rate and amplitude (Chapter 4), and 

vascular resistance (López-Barneo et al., 2001; Wu, 2002).  To ensure adequate 

responses by each system, inputs from an array of receptors that are 

continuously monitoring the ambient O2 level are particularly important.  These 

O2-sensitive chemoreceptors (discussed in Chapter 4) are innervated by the 

cranial nerves and convey information about changes in arterial or environmental 
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PO2 to the central nervous system, which then send stimuli to control each 

effector that controls ventilation, cardiovascular activity and metabolism (Lahiri, 

2000; Milsom and Burleson, 2007; De Castro, 2009). 

The O2-Sensitive Chemoreceptors 

O2-sensitive receptors are located mainly peripherally in the first gill arch 

in fishes and larval amphibians, and in the carotid labyrinth of adult amphibians 

and the mammalian carotid body, which are homologous structures of the first gill 

arch at the bifurcation of the internal and external carotid arteries (West and Van 

Vliet, 1992; Milsom and Burleson, 2007; De Castro, 2009).  Other possible 

locations of O2-chemoreceptors include all other gill arches and the orobranchial 

cavity in fish (Milsom and Burleson, 2007), airways in amphibious vertebrates 

and mammals (West and Van Vliet, 1992; Zaccone et al., 1997; Yu, 2009), and 

the aortic arch in adult amphibians (West and Van Vliet, 1992).  Anatomical, 

cellular, physiological and pharmacological studies have shown that O2-

chemoreceptors in various locations are responsive to changes in O2 level and 

share morphological and functional similarities phylogenically (Jonz et al., 2004; 

Burleson et al., 2006; Milsom and Burleson, 2007).  However, despite a large 

body of literature on acute O2 sensing and hypoxic response at various levels, 

especially in mammalian models (Fitzgerald et al., 2009), less attention has 

focused on effects of development and chronically altered environments on O2 

sensing and hypoxic responses in non-mammalian vertebrates (Sundin et al., 

2007).  Studies over the years have suggested that knowledge gained from 
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comparative developmental research not only contributes to evolutionary 

physiology but is also beneficial to clinical research (Burggren and Warburton, 

2005). 

Effects of Chronic Hypoxia on O2 Chemoreception 

Animals are able to respond to a change in PO2 in their blood and 

environment within seconds to minutes, most notably with a sharp increase in 

ventilation.  Not surprisingly, accumulated stimuli over a prolonged period of time 

(from hours, weeks to even months) could also alter their hypoxic responses.  

The effects of long-term hypoxia are different depending on intensity, time course 

and pattern (chronic or intermittent) of exposure (Powell, 2007; Prabhakar et al., 

2009).  Details about each component of the hypoxic response are summarized 

and discussed in the later chapters.  In general, findings using mammalian 

models show enhanced ventilatory sensitivity to acute hypoxia and increased 

baseline activity of the carotid body following chronic hypoxic exposure (Powell, 

2007; Prabhakar et al., 2009).  In other words, the increase in their hypoxic 

responses is greater than the control animals at the same level of acute hypoxic 

exposure.  Among these long-term studies of cardiorespiratory control, mammals 

are the dominant model being used, and comparative research using other 

animals is rare.   

In terrestrial animals, PCO2 and pH are more influential in driving 

respiratory and cardiovascular responses than PO2 due to physical and chemical 

differences between air and water.  These animals usually have a much higher 
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venous PCO2 than aquatic animals because of the low CO2 buffer capacity of air.  

In addition, water is denser, more viscous, and has a much lower O2 capacitance 

than air.  Because of these attributes of water, water-breathing animals actively 

pumping water using the respiratory muscles through or over their respiratory 

surfaces have to spend much more energy on acquiring O2 from their 

environment.  Consequently, the respiratory and cardiovascular control systems 

of aquatic animals are affected predominantly by the uptake of O2 (Smatresk, 

1990; Taylor et al., 1999; Vulesevic et al., 2006).  This could make aquatic 

animals suitable models when conducting long-term research (Sundin et al., 

2007).  Studies using fishes as models showed that chronic hypoxia increased 

ventilatory sensitivity in catfish, Ictalurus punctatus, but heart rate sensitivity was 

not affected (Burleson et al., 2002).  Chronic hypoxia had no effect but chronic 

hyperoxia blunted ventilatory response in zebrafish, Danio rerio (Vulesevic et al., 

2006).  Like the studies in mammals, intensity and period of treatment are 

different in the above studies.  A basic conclusion drawn is that prolonged altered 

O2 level changes the level of response by the cardiorespiratory control system 

and O2 chemoreceptor.  However, exposure to chronic hypoxia during 

development, especially during ontogeny of the cardiovascular and respiratory 

systems, can have quite different, even opposite, effects than the ones observed 

in adult animals, as they are usually more susceptible to environmental stressors 

during development (Carroll, 2003; Sundin et al., 2007; Pawar et al., 2008). 

The Importance of Studying Developing Animals 
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Performance and functionality of organs and systems can be very different 

in developing animals compared to fully functional adults (Burggren, 2005).  

Consider, for example, how heart rate is controlled by the autonomic nervous 

system.  A fine balance between the sympathetic and parasympathetic branches 

of the autonomic nervous system is necessary to keep the beating heart 

delivering blood at an adequate rate and amount in various conditions in adult 

animals, such as resting and exercising.  However, this may not be the case for a 

developing anuran or a chicken embryo.  In Rana temporaria, heart rate 

responses to exogenous acetylcholine and epinephrine are seen early in 

development before any innervation of the heart occurs.  Innervation of the 

parasympathetic nerve fibers is established a week after the earliest heart rate 

response.  The appearance of cholinesterase-containing fibers, however, occurs 

almost 40 days earlier than catecholamine-containing fibers in the heart (Protas 

and Leontieva, 1992).  These differential onsets of the cholinergic and adrenergic 

systems indicate that during a significant developmental period, cardiac activity is 

only controlled by one of the dual systems evident in adults.  Similar patterns of 

differential onset of sympathetic and parasympathetic control of heart rate have 

also been reported in other amphibian species and bird embryos during 

development (Burggren and Pinder, 1991; Burggren, 2005).  These findings 

warrant investigation of physiological regulatory mechanisms in developing 

animals. 
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O2 Chemoreception during Early Development and Consequences of Early 

Exposure to Hypoxia 

O2 chemoreception is nearly absent in fetal or perinatal mammals (Gauda 

et al., 2009).  After birth, an increase in O2-sensitive chemoreceptor activity 

occurs, which may be related to the sharp increase in arterial PO2 (Gauda et al., 

2009).  Maturation of mammalian hypoxic sensitivity during the first few weeks of 

development is most susceptible to environmental perturbation.  Birthing into 

either hypoxia or hyperoxia decreases newborn hypoxic responses after the 

anticipated maturation period, and this low sensitivity to hypoxia may contribute 

to sudden infant death, due to failing or reduction of arousal responses to arterial 

hypoxia during sleep (Kinkead et al., 2005; Gauda et al., 2007; Gauda et al., 

2009).  In addition, the blunted response may be long-lasting and decrease adult 

ventilatory response to hypoxia, which could lead to cardiovascular and 

pulmonary disorders (Carroll, 2003; Schultz and Li, 2007).  Despite the 

substantial knowledge of postnatal effect of hypoxia, effects of chronic hypoxic 

exposure during fetal development are just starting to be understood, largely due 

to inaccessibility of mammalian embryos in the uterus.  By exposing pregnant 

rats to chronic hypoxia, one study reports a transient enhanced hypoxic response 

during early development caused by prenatal hypoxic exposure, as opposed to 

blunted response caused by postnatal hypoxia or hyperoxia (Peyronnet et al., 

2000).  The role that maternal response to chronic hypoxia plays, and how it 

would affect fetal hypoxic responses, was not known.  However, these 
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observations still suggest that developing mammals respond to pre- and 

postnatal exposure to chronic hypoxia differently, and the underlying 

mechanisms can also vary between the two developmental periods.  Further 

investigation of chronic hypoxic effects on animals prior to birth is necessary and 

should be rewarding. 

Aquatic vertebrates with free-living embryonic and larval stages are 

suitable models for studying long-term effects of environmental stressors during 

ontogeny of regulatory systems, for example the cardiorespiratory control 

system.  Hypoxia can be easily introduced at any developmental stage from a 1-

cell embryo through adulthood.  Due to the physical and chemical differences 

between air and water as mentioned in the previous section, aquatic dwellers 

may experience hypoxia in their environments periodically or even continuously.  

Taking a comparative and developmental approach to investigate the adaptive 

responses that have evolved in aquatic vertebrates not only helps us understand 

evolution and ontogeny of the system, but also contributes to the development of 

preventive medicine by investigating the key components and pathways that are 

conserved or have appeared during evolution (Torday and Rehan, 2009).  

Summarization of early development of the metabolic, cardiac and ventilatory 

responses to hypoxia in aquatic vertebrates can be found in subsequent 

chapters. 

Using Amphibians as Animal Models 

For such a large number of problems there will 
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be some animal of choice, or a few such animals, on 

which it can be most conveniently studied. 

 - August Krogh 

August Krogh (1874 - 1949) and many other Nobel Prize awardees have 

used frogs as their material to study various biological and medical phenomena 

(Burggren and Warburton, 2007).  Justification for using frogs may include animal 

availability, relatively easy experimental procedures, appropriate size, simple 

maintenance and most importantly, significant similarity between frog and human 

at various levels.  In addition, a wide diversity and tolerance to abiotic factors, 

including temperature, O2 and pH in amphibians make them good models for 

both short- and long-term studies of adaptation to different environmental 

stressors (Burggren and Warburton, 2007).   

Physiology of a newborn mammal changes dramatically after leaving an 

aquatic environment and taking the first breath, for example, an increase in 

arterial PO2 from 25 to ~80 mmHg could occur (Carroll, 2003).  Most amphibians 

and air-breathing fish are bimodal breathers using both gills and lungs to extract 

O2 from water and air, respectively (Burggren and Pan, 2009).  In fact, air-

breathing in fishes evolved numerous times independently, involving a great 

diversity of structures with different adaptions to extract O2 from the air (Graham, 

1997).  Thus, this group of animals has become important models for 

investigating these characteristics (Burggren and Warburton, 2007; Blank, 2009).  

While development of air-breathing has not been studied extensively, gas 
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exchange in developing amphibians attracts special attention from respiratory 

biologists because of the changes in complexity of gas exchange organs.  Larval 

anurans rely on simple diffusion across the skin for gas exchange during 

embryonic stages.  They then develop to trimodal breathers using the skin, gills 

and lungs for exchanging O2 and CO2, and finally become an obligate air-

breather after metamorphosis but still retain the skin for eliminating CO2 into the 

water (Burggren and West, 1982).  Just like the development of air-breathing, the 

effect of chronic hypoxia on hypoxic ventilatory behaviors in amphibians, 

especially during ontogeny of the systems, is just starting to be explored. 

The specific animal model used in the current study is the African clawed 

frog, Xenopus laevis.  Fast development and a well-defined developmental 

staging system of the species facilitate developmental studies (Nieuwkoop and 

Faber, 1967).  However, information on developmental physiology in larval 

Xenopus laevis is disproportionally less than that of this species’ developmental 

biology and genomics, mainly because of their relatively small size (several 

millimeters after hatching) and unsuitability for surgical procedures.  Hence, 

developmental physiologists prefer the larger larvae of the genera Rana and 

Bufo and create discontinuity between physiology and molecular biology of 

amphibians (Gdovin et al., 1999; Burggren and Warburton, 2007).  Fortunately, 

larval Xenopus laevis is optically translucent at almost all developmental stages.  

With the aid optophysiological methods and microtechniques (Schwerte and 

Fritsche 2003; Burggren and Warburton, 2005), direct and non-invasive 
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measurements of metabolism, ventilation and cardiac function are possible in 

unanesthetized animals (Hou and Burggren, 1995; Fritsche and Burggren, 1996; 

Jonz and Nurse, 2005).  Here, I aimed to establish a profile of larval O2-

consumption, cardiac activity, ventilation and O2-sensitive chemoreceptor in early 

stages (2 – 25 days post fertilization) that have not been examined.  In addition, 

larvae were reared under chronic hypoxia (PO2 of 110 mmHg) during their early 

development to assess the effect of long-term O2 alteration on larval responses 

to acute hypoxia.  

Current Aims and Hypotheses 

The specific aims of the study were to: 

1) Study early development of metabolic, cardiac and ventilatory responses 

2) Investigate early distribution and characteristics of the O2-sensitive 

chemoreceptor 

3) Understand development of the acute hypoxic responses and the O2-

sensitive chemoreceptor under chronic hypoxia 

The hypotheses tested here include: 

1) Acute hypoxic responses form during early development when O2 uptake 

is mainly limited by diffusion across respiratory epithelia.  Even though 

diffusion is sufficient to supply O2 need (Territo and Burggren, 1998), 

cardiac regulation may also develop early before it becomes necessary for 

O2 supply. 

2) The ontogeny of the O2-sensitive chemoreceptor is associated with early 
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development of the hypoxic.  Developmental study on the O2-sensitive 

chemoreceptor may explain the mechanism and developmental timing of 

the cardioventilatory regulatory system. 

3) Acute hypoxic responses are susceptible to alteration in the ambient O2 

level and can be shaped by chronic hypoxia during early development.  

Relevant mammalian research has shown that pre- and postnatal 

exposure to hypoxia causes altered respiratory function (Peyronnet et al., 

2000; Gauda et al., 2009).  Acute hypoxic responses in early larval 

amphibians may also be affected by chronic exposure to hypoxia. 

 

 

 

 

 

 

 

 

 

 

 

 



CHAPTER 2 

ONTOGENY AND HYPOXIA-INDUCED CHANGES IN DEVELOPMENT 

AND WHOLE-BODY O2 CONSUMPTION 

Introduction 

Amphibians dwell in a great variety of environments, from the xeric toads 

living in the desert to completely aquatic species, such as Xenopus and neotonic 

Ambystoma.  Even within species, populations can be found in different habitats 

with a huge range of temperature, pH, O2 level and salinity.  Although most 

information about Xenopus laevis is obtained from individuals that are reared in 

relatively constant laboratory conditions, they are found in various habitats 

across South Africa, from flowing and well-oxygenated streams to stagnant and 

temporary overpopulated farm ponds with no vegetation (Nieuwkoop and Faber, 

1967; Feder and Wassersug, 1984).  Oxygen levels in these environments can 

vary greatly, and not surprisingly, embryos and larvae may experience 

continuous hypoxia in their natural habitats from as early as fertilization.  Low O2 

level along with other environmental stressors may exert greater selection 

pressure on larval stages, at which animals experience a much higher mortality 

rate than adults (Burggren and Warburton, 2004).  In addition, hypoxia may affect 

larvae by changing their developmental trajectory, such as increasing the time to 

progress through developmental stages, which could potentially decrease their
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fitness (Adolph, 1979; Mills and Barnhart, 1999; Seymour et al., 2000; Valls and 

Mills, 2007). 

Chronic hypoxia delays development and hatching and causes larvae to 

hatch at earlier stages in three species of Ambystoma (Adolph, 1979; Mills and 

Barnhart, 1999; Valls and Mills, 2007).  In contrast to the urodele amphibians, 

hypoxia as low as 20 mmHg has no effect on developmental rate but does 

induce early hatching in two species of Rana (Mills and Barnhart, 1999).  Studies 

in field and laboratory conditions show no effect of chronic hypoxia on 

developmental stages when hatching occurs except for the lowest O2 level used 

(PO2 of 15 mmHg) in the Australian frog, Crinia georgiana (Seymour et al., 2000).  

Differences between the two orders of amphibians have been related to the 

longer embryonic period of salamanders, which may make them more 

susceptible to chronic hypoxia (Mills and Barnhart, 1999).  However, most 

studies have focused on the effect of chronic exposure to hypoxia on embryonic 

development and delay of hatching except for one, in which Adolph (1979) 

examined larval stages and found that hypoxia is more detrimental to larval 

development and growth as development progresses.  In fact, early amphibian 

larvae exhibit at least partial physiological responses to ambient hypoxia as 

mentioned in chapter 1, and these responses may compensate for the impact of 

low PO2 on decreased O2 gradient across the respiratory surface (Burggren and 

Just, 1992; West and Van Vliet. 1992).  By studying early larval animals exposed 

to chronic hypoxia, we not only examine the effects of environment on overall 
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development but also on each emerging regulatory system and their interaction. 

In addition to recording developmental stage, measurement of whole-body 

O2 consumption is another useful indicator showing developmental changes and 

larval performance under a chronically altered O2 level.  In larval anurans, O2 

consumption generally increases with the increase in body mass throughout 

development (Feder, 1982).  In contrast, mass-specific O2 consumption shows a 

constant decline as development progresses and body mass increases except 

for earlier stages, at which animals show higher metabolism associated with 

tissue differentiation and organogenesis (Feder, 1982; Territo and Altimiras, 

1998).  When exposed to acute hypoxia, larvae that develop lungs early during 

development, such as Rana and Xenopus, are capable of increasing aerial O2 

consumption by increasing air-breathing frequency and thus, maintaining O2 

consumption during moderate hypoxia.  However, if more severe hypoxia is 

present, overall metabolism is proportional to the ambient PO2 due to the 

dramatic decrease in aquatic O2 consumption (Feder and Wassersug, 1984).  

Such a relationship between aquatic PO2 and total O2 consumption has also 

been reported in the lungless larvae of Bufo woodhousei, despite a large 

increase in their gill ventilation frequency during acute hypoxic exposure (Feder, 

1983a).  Older larvae, generally with a dry body mass of 10 mg or more (larval 

Xenopus weighs less than 10 mg at more than half of developmental stages) 

have been the main focus in the above studies.  However, Hastings and 

Burggren (1995) established a compete profile of O2 consumption regulation 
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from fertilized eggs to juvenile Xenopus laevis.  Except for a few stages, larvae 

are O2 conformers whose O2 consumption directly depends on ambient PO2 until 

they reach metamorphic climax.  In addition, during acute hypoxia, larvae do not 

rely on anaerobic metabolism until PO2 has dropped below 30 mmHg (Hastings 

and Burggren, 1995).  Collectively, these findings suggest that the general 

strategy of larval anurans in response to aquatic hypoxia is to decrease whole-

body O2 demand, as opposed to switching to anaerobic energy production.  This 

response avoids the accumulation of lactate. 

Only one chronic study on metabolism in larval amphibian has been 

performed.  Territo and Altimiras (1998) raised Xenopus laevis from fertilized 

eggs to around 3 weeks post fertilization under chronically hypoxic (PO2 of 75 

mmHg) and hyperoxic (PO2 of 250 mmHg) conditions, and found no difference in 

mass-specific O2 consumption at any larval stage between the control and two 

treatment groups.  The maintenance of metabolism under altered O2 level 

supports the earlier findings that overall development in larval anurans is not 

affected by chronic hypoxia.   

Aims and Hypotheses Tested 

No study has characterized developmental changes in O2 consumption 

response to acute hypoxia in animals that are exposed to chronic hypoxia and 

presumably acclimated to their condition.  In this chapter, overall development 

determined by stages and body mass, ontogeny of whole-body mass-specific O2 

consumption and regulation of O2 consumption during acute hypoxia were 
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studied using Xenopus laevis.  In addition, I investigated developmental changes 

in these variables under a chronically hypoxic condition.  I hypothesized that 

Xenopus larvae can maintain normal overall development and growth under a 

chronic hypoxic condition, but that O2 consumption regulation during acute 

hypoxia may be altered to supply larval O2 need. 

Materials and Methods 

Animals 

Adult Xenopus laevis used for breeding were obtained from XENOPUS I 

(Ann Arbor, MI).  Adults were kept under a 14 h: 10 h light: dark cycle at 22 ± 2 

°C and fed daily with commercial frog food obtained from the same company.  To 

induce breeding, human chorionic gonadotropin (hCG, Sigma-Aldrich Corp., St. 

Louis, MO) was injected with a 1 ml syringe and a 26 gauge needle into the 

dorsal lymph sac.  Male frogs received two injections of 150 IU of hCG, one on 

the day prior to breeding and the other right before breeding.  Female frogs also 

received two injections, both on the day of breeding, with the first one of 250 IU 

in the morning and the second injection of 500 IU right before breeding.  After all 

the injections, female and male frogs (1 each) were put together into a breeding 

tank, and fertilized eggs were collected the next morning.  The overall breeding 

success rate was ~ 80% (29 fertilized clutches / 37 breeding attempts) in this and 

the following chapters.  The protocols used in the dissertation were approved by 

the IACUC committee. 

Chronic Exposure to Hypoxia 
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Fertilized eggs obtained were separated into two groups.  Each group was 

placed in either a covered normoxic or hypoxic tank, each formed a closed 

system, at a density of ~ 5 individuals per liter of water within 3 hr post 

fertilization.  Incubation tanks were kept in a water bath maintained at 22 oC.  

Larvae were fed daily, except for the day prior to O2 consumption measurement, 

with powder made from frog food followed by a water change.  Water in the 

normoxic tank was kept aerated by bubbling with room air, and hypoxic water 

was equilibrated with a gas mixture containing 30 % of N2 and 70 % of air.  PO2 

in the gas mixture was measured with a FC-1B oxygen analyzer (Sable System, 

Henderson, NV), and PO2 in the hypoxic tank was measured with an oxygen 

microelectrode (Microelectrodes Inc., NH).  Both aerial and aquatic PO2 in the 

hypoxic tank were kept at 110 mmHg during the whole incubation period, which 

ranged 21 to 30 days. 

Oxygen Consumption Measurement 

Measurements of O2 consumption were made at 3, 5, 7, 10, 14 and 21 dpf 

(corresponding to NF stage 42-44, 45-47, 48, 49, 50, and 51-52, respectively).  

Closed respirometry was used for determining whole-body O2 consumption (see 

Hastings and Burggren, 1995 for full detail).  Larvae were placed in a 

respirometry system consisting of a 10 mL Erlenmeyer flask and a 2-hole rubber 

stopper, which was used for accommodating 2 fiber-optic O2 probes (Ocean 

Optic Inc., Dunedin, FL).  One of the probes was used to measure PO2 in water 

(12 mL of aerated water at the beginning of experiments in each respirometer), 
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and the other was placed in the air space above (0.9 mL).  The O2 probes were 

connected to a multifrequency phase fluorometer (MFPF-100, TauTheta 

Instruments LLC, Boulder, CO), and OOISensors software was used to obtain O2 

readings, which were made every 5 min.  Animals were kept in respirometers 

until water PO2 dropped below 30 mmHg, at which most larvae lost equilibrium.  

Each experiment took an average of 40 min. Wet and dry mass were measured 

after each experiment.  Numbers of larvae in each respirometer at each stage 

were as follows: 3d: 52-65; 5d: 34-42; 7d: 33-40; 10d: 13-27; 14d: 13-21 and 

21d: 8-10.  Numbers of respirometers used are indicated in figure 2.3 and 2.4.  

Respirometers were maintained at 22 oC using a water bath in all experiments.  

Mass-specific O2 consumption was calculated as follows 

  ∆ ∆⁄ ⁄  

where  is mass-specific O2 consumption (μmol O2 mg-1 h-1), ∆PO2 is the 

decline in PO2 between readings, α is the O2 capacitance (μmol L-1 torr-1), V is 

the volume of water in respirometers (L), ∆t is the time elapsed between readings 

(h), and m is the total wet mass of larvae from each respirometer (g). 

Statistical Analysis 

The effects of age and chronic hypoxia on morphological stage, wet and 

dry body mass were analyzed using 2-way analysis of variance (ANOVA).  The 

effects of age, acute and chronic hypoxia on   were analyzed using a 3-way 

ANOVA.  If significant differences occurred (P < 0.05), Tukey’s multiple 

comparison tests were used to determine significance among PO2 levels at each 
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stage or among stages at normoxia.  All values are shown as mean ± 1 standard 

error of the mean. 

Results 

Larval Development and Growth in Chronic Hypoxia 

Larval development was categorized according to their morphological 

changes as well as increases in body mass during development.  Embryos and 

larvae progressed through stages measured by the NF staging system 

(Nieuwkoop and Faber, 1967) and showed significant increases in stage during 

development (table 2.1, P < 0.001).  Larval wet and dry mass remained constant 

between 3 and 7 days post fertilization (dpf), followed by an increase from 10 dpf 

to the last stage examined.  A sharp increase in body mass was observed 

especially between 14 and 21 dpf (fig. 2.2A and B).  However, neither the time to 

advance to the next stage nor body mass was significantly affected by chronic 

exposure to a PO2 of 110 mmHg (table 2.1). 

Routine  and Early ponse to Acute Hypoxia  Res

Larval whole-body  was highly affected by both development and 

acute hypoxia (table 2.1, p < 0.001 for both variables).  During early 

development, routine  (  of the normoxic larvae during normoxia) showed 

a gradual decrease from approximately 39 ± 5 µmol g-1 h-1 at 3 dpf to 19 ± 1 µmol 

g-1 h-1 at 10 dpf.  After this stage,  values then stayed constant until the last 

stage examined (fig. 2.3).  During acute hypoxia, larvae were O2 conformers at 

all stages and unable to maintain  during acute hypoxic exposure (fig. 2.3).  
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 declined an average of 80% from normoxia to the lowest hypoxic level (PO2 

of 30 mmHg).  The largest range of  during hypoxic exposure occurred at 3 

dpf, from 39 ± 5 µmol g-1 h-1 at normoxia to 8 ± 2 µmol g-1 h-1 at 30 mmHg of O2.  

Narrower ranges were found as development progressed, and at 5 dpf,  

dropped from 28 ± 1 to 3 ± 0.6 µmol g-1 h-1.  At all other stages, larvae showed an 

average decrease of about 15 µmol g-1 h-1 from values at normoxia to the lowest 

PO2 used (fig. 2.3).  In addition, on the three early developmental days examined 

(3, 5 and 7 dpf), the largest decline in  occurred between normoxia and the 

next level of hypoxia (PO2 of 110 mmHg), and this decrease at moderate hypoxia 

contributed to almost half of the total decline in .  Larvae at later stages 

showed a more even decrease as the ambient PO2 level gradually declines (fig. 

2.3). 

Chronic Hypoxia-Induced Changes in  Regulation 

Chronic hypoxia also affected larval  significantly (table 2.1, P < 

0.001).  However, the effects were only seen at PO2 of 70 and 150 mmHg in 5-d 

and 7-d-old larvae, respectively.  At these points, larvae from the hypoxic group 

showed a higher  than control animals. 

Discussion 

Larval Development and Growth under Chronic Hypoxia 

Changes in larval body mass showed a slow increase from 3 to 14 dpf, 

and then body mass increased sharply after this point (fig. 2.2A and B).  Territo 

and Burggren (1998) reported the same pattern of increase in body mass in 
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developing Xenopus laevis.  More than a 3-fold increase in body mass after 14 

dpf may indicate the start of prometamorphic phase, during which early 

organogenesis has mostly completed and growth becomes exponential 

(Nieuwkoop and Faber, 1967). 

Development and growth were not affected by moderate chronic hypoxia 

(110 mmHg).  Similar findings have been reported in other amphibian species, 

including Rana sphenocephala and R. palustris (Mills and Barnhart, 1999) and 

Ambystoma maculatum and A. annulatum (Mills and Barnhart, 1999; Valls and 

Mills, 2007).  However, at a lower PO2 (around 30 mmHg), chronic hypoxia 

delays development only in the embryos of Ambystoma, and an incremental 

effect appears as development progresses under hypoxia (Mills and Barnhart, 

1999; Valls and Mills, 2007).  In the more terrestrial anuran, Pseudophryne 

bibroni, even moderate hypoxia at a PO2 around 100 mmHg slows embryonic 

development and increases the time to hatching (Bradford and Seymour, 1988).  

The above studies and the current finding suggest that O2 level plays a more 

important role on early development of species with a long embryonic stage and 

a terrestrial life cycle.  Fertilized eggs are enclosed by the egg capsule, which 

limits O2 diffusion to the embryos.  This could also affect their susceptibility to 

hypoxia, although larvae of Rana palustris have the ability to actively increase 

fluid convection within the egg to decrease O2 gradient in the egg mass 

(Burggren, 1985). 

Adult Xenopus laevis lay single eggs, and the fertilized eggs hatch only 2 
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days after fertilization.  Fast and early development of hypoxic responses 

(Burggren and Just, 1992), combined with early mobility of the animal, may 

decrease the detrimental effect of hypoxia on overall development and growth.  

In addition, larval Xenopus laevis use their lungs and are able to increase lung 

ventilation frequency during early development at 5 dpf (see chapter 4 of this 

dissertation).  Although morphology of the early lungs is relatively simple and 

may not be efficient for gas exchange (Nieuwkoop and Faber, 1967), early filling 

of the lungs may help them to acquire O2 from the air and partially compensate 

for the limited supply of O2 during aquatic hypoxia (Feder, 1982; Pronych and 

Wassersug, 1994). 

Early Developmental Changes in Routin  e 

Early developmental changes in  in the current study generally follow 

the pattern reported by Territo and Altimiras (1998).  The highest value was 

found at 3 dpf, and then values gradually decrease until 10 dpf, when  began 

to level off through 21 dpf (fig. 2.3).  The highest  in 3-d-old larvae may 

indicate the intensive use of O2 during early ontogenesis and consumption of the 

yolk.  After this developmental day, the yolk has been mostly absorbed, and 

larvae become relatively more active and start feeding.  In addition, the increase 

during development in proportion of body composition with low metabolism, such 

as structural proteins, may also contribute to the gradual decline in  .  

However, the gradual decline in  during development differs from the rise in 

 reported by previous studies (Feder, 1981; Territo and Burggren, 1998; 
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Hastings and Burggren, 1995).  An explanation for the opposite results could be 

that mass-specific  are presented in the current study and the study by 

Territo and Altimiras (1998) while  of individual animals are shown in the 

other two publications (Feder, 1981; Territo and Burggren, 1998).  In addition, 

this study focused on the ontogeny of  regulation earlier in development.  

The sharp increase in mass seen at the last stage studied here (fig. 2.2 A and B) 

may cause a rise in  later on. 

Changes in  Induced by Acute and Chronic Hypoxia 

Closed respirometry was used to study larval  response to acute 

hypoxia.  Allowing larvae to decrease O2 level within the flask produced O2 

consumption values over a wide range of ambient PO2 and avoided physically 

transferring larvae or repeatedly introducing water at different PO2, which may 

both cause unnecessary stress to the animals (Hastings and Burggren, 1995).  

At all stages examined, larvae were O2 conformers and unable to maintain  

at normoxia during hypoxic exposure, corresponding to earlier studies (Feder, 

1983a; Feder and Wassersug, 1984; Hastings and Burggren, 1995).  Larval 

Xenopus during this period of development have internal gills, which are not only 

a respiratory organ but also a filtering apparatus for capturing food particles in 

the water.  Although larvae were fasted for at least a day before measurements, 

mucous released by the gills may still impede gas exchange across the gill 

epithelium.  Besides gas exchange across the internal gills, larvae at these 

stages are also capable of increasing aerial  up to 100% of the total  
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during aquatic hypoxia, however, the increase is insufficient to compensate for 

the dramatic drop in aquatic  (Feder and Wassersug, 1984).  Collectively, the 

dual functionality of the internal gills and the underdeveloped lungs during early 

development may contribute to the finding that larvae between 3 and 21dpf are 

O2 conformers. 

During acute hypoxia, the major decline in  took place between 

normoxia and the PO2 of 110 mmHg, especially in 3, 5 and 7-d-old larvae, and 

another decline occurred when PO2 dropped below 50 mmHg (fig. 2.3).  Hastings 

and Burggren (1995) have reported the same phenomenon in Xenopus, but the 

mechanism underlying it was unexplained.  However, the early developmental 

change in larval gill ventilatory responses to hypoxia in the current study may 

serve as an explanation for this phenomenon (fig. 4.1A in Chapter 4).  Due to the 

high viscosity and low O2 capacitance of water, water-breathing animals have to 

spend 30 to 40 times more energy than air-breathers to pump water over their 

gills to extract an adequate amount of O2 supplying whole-body needs (Burggren 

and Pan, 2009).  Increasing ventilation frequency, which in turn increases the 

water flow through the branchial chambers during hypoxia, may be especially 

costly for developing animals.  At 3, 5 and 7 dpf, larvae were able to increase gill 

ventilation frequency in response to hypoxia.  However, a significant increase did 

not appear until ambient PO2 had dropped below 70 mmHg (fig. 4.1A).  After 7 

dpf, larvae showed higher sensitivity to hypoxia, and a PO2 of 110 mmHg initiated 

hypoxic hyperventilation at a similar magnitude to the lower O2 levels (fig. 4.1A).  
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Lack of the ventilatory response to a moderate hypoxic level in early larvae may 

at least partially contribute to the greater decline seen in their  at a PO2 of 

110 mmHg.  In addition, larvae rely on the skin for more than half of the total O2 

uptake during early development (Burggren and West, 1982).  Increased 

ventilation frequency may reduce the boundary layer surrounding the skin, which 

has been found to improve the submergence time in several skin-breathing adult 

and developing amphibians (Feder and Booth, 1992).  Increasing ambient water 

flow close to the skin by increasing movement and ventilation would improve O2 

uptake by the skin especially during hypoxia.  However, while being beneficial at 

moderate hypoxia, high ventilation frequency may also cause larvae to lose O2 to 

the ambient water during severe hypoxia.  The significantly increased ventilation 

at PO2 of 50 and 30 mmHg in 3 and 5-d-old larvae could provide an explanation 

for the greater drop in  at 30 mmHg at these stages (fig. 4.1). 

The effect of chronic hypoxia on  regulation during acute hypoxia has 

not been examined.  In the current study, chronic hypoxia increased  at early 

stages, but these effects were only seen at PO2 of 70 and 150 mmHg at 5 and 7 

dpf, respectively (fig. 2.4).  The minor effect of chronic hypoxia on larval  

regulation corresponds to the finding that larvae are O2 conformers during the 

developmental stages examined in the present study.  Larval  at each stage 

may depend more on the acute PO2 instead of the environmental PO2 to which 

larvae have been acclimated.  However, the mechanism of a maintained growth 

in hypoxia-acclimated larvae despite a lower  is still unknown.  One 
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possibility is stimulation of the anaerobic pathway of energy production by the 

chronic exposure to hypoxia.  The adult cichlid, Cichlasoma amazonarum, is 

known to alter tissue distribution of the enzyme lactate dehydrogenase 

corresponding to O2 availability in the environment to survive chronic hypoxia 

(Almeida-Val, 1995).  However, no study has been done to show the relationship 

between anaerobic metabolism and chronic hypoxia in amphibians or developing 

vertebrates. 

Conclusions 

Early larval Xenopus laevis (3 - 21 dpf) are O2 conformers and are unable 

to maintain  upon hypoxic challenges.  Different patterns of  decline 

during acute hypoxia were evident in early (before 7 dpf) and older (after 10 dpf) 

larvae.  This phenomenon may be caused by the early developmental changes in 

gill ventilation frequency and larval sensitivity to different levels of hypoxia 

revealed in the current study (Chapter 4).  Although pulmonary respiration starts 

early in development, its contribution to overall  during hypoxia may be 

limited due to the less developed lungs in early larvae.  I also provide the first 

evidence showing that chronic exposure to hypoxia affected  regulation 

during early development, by increasing  during acute hypoxia.  The 

mechanism for the maintained growth with a lower  in the hypoxic tadpoles 

may be explained by the use of anaerobiosis to supplement a low aerobic 

metabolism.  However, more evidence showing an enhanced anaerobic 

metabolism induced by chronic hypoxia in developing animals is required. 



Table 2.1.  Test statistics of effects of days of development, chronic and acute 
exposures to hypoxia on stage, wet mass, dry mass and . 

  
Development 

(days) Chronic exposure Acute exposure 
  F P F P F P 
Stage 404.2 < 0.001 0.02 ns - - 
Wet
Dry m

 mass 164.7 < 0.001 0.04 ns - - 
ass 111.9 < 0.001 0.5 ns - - 

 277.2 < 0.001 12.8 < 0.001 412.3 < 0.001
Note. Stage, wet and dry mass data were analyzed by 2-way ANOVAs.   
was analyzed using a 3-way ANOVA.  α = 0.05 for all statistical comparisons.  
ns, not significant. 
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Figure 2.1.  Morphological development as a function of age at two rearing O2 
levels in early Xenopus laevis.  Mean values ± SE are plotted.  Numbers in 
parentheses show n at each day post fertilization (dpf) of both groups.  Letters 
show significance among dpf in the control group.  See results for statistical 
assessment. 
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Figure 2.2.  Wet mass (A) and dry mass (B) as a function of age at two rearing 
O2 levels in early Xenopus laevis.  Mean values ± SE are plotted.  In figure A, 
numbers in parentheses above the lines show n at each dpf of the control group, 
and numbers below the line shows n of the hypoxia group.  Numbers in 
parentheses in figure B show n at each dpf of both groups.  Letters show 
significance among dpf in the control group.  See results for statistical 
assessment. 
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Figure 2.3.   of the normoxic larvae as a function of age at five O2 levels of 
acute exposure in early Xenopus laevis.  Mean values ± SE are plotted.  
Numbers in parentheses show n at each dpf.  Letters show significance of 
routine  (solid line) among dpf.  Statistically identical means fall within boxes.  
See results for statistical assessment. 
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Figure 2.4.   of the normoxic (solid circle) and chronically hypoxic (open 
circle) larvae as a function of acute hypoxic exposure at different developmental 
stages in early Xenopus laevis.  Mean values ± SE are plotted.  Numbers in 
parentheses show n of the hypoxic group at each dpf.  Statistically identical 
means are shown within boxes.  See results for statistical assessment. 
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CHAPTER 3 

ONTOGENY AND CHRONIC HYPOXIA-INDUCED  

CHANGES IN CARDIAC REGULATION 

Introduction 

Cardiac activity and blood flow are usually adjusted according to metabolic 

needs of organs and systems.  The situation may be different in developing 

animals, especially for lower vertebrates during early development when simple 

diffusion is the major way to acquire O2 from the environment.  Mutation or 

removal of the heart or disruption of the O2 carrying ability of blood during this 

period of development can be independent of normal tissue formation and larval 

metabolism (Pelster and Burggren, 1996; Territo and Altimiras, 1998; Territo and 

Burggren, 1998; Grunz 1999; Burggren et al., 2000; Lemanski et al., 2001; 

Stainier, 2001; Jacob et al., 2002; Burggren, 2005).  However, with rapid growth 

and a sharp increase in body mass (thus a decrease in surface area to volume 

ratio) during development, the cardiac system and cardiac responses to 

environmental stressors need to be established at least partially, if not fully, 

during early development.  Such an early appearance of the cardiac system 

before the need for convective transport of O2 has been termed 

“prosynchronotrophy” (Territo and Altimiras, 1998; Territo and Burggren, 1998), 

which warrants the need to investigate the ontogenic change in the cardiac
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control of free-living aquatic larvae, animals already exposed to environmental 

disturbance during their early life. 

Development of cardiovascular function in amphibians has been studied 

extensively, especially in anurans.  In Xenopus laevis, the developing heart starts 

beating in 2-day-old larvae when hatching is about to occur (Nieuwkoop and 

Faber, 1967).  Only 3 days after the first heartbeat, the larval heart already has 

most structures that can be found in an adult heart, including correct looping, 

septation of the atria and the atrioventricular valve (Nieuwkoop and Faber, 1967; 

Kolker et al., 2000).  Along with fast cardiac development, cardiovascular 

function also undergoes rapid changes during larval stages.  Mean arterial 

pressure and stroke volume increase sharply with development and increasing 

body mass in Xenopus laevis (Burggren, 1995; Hou and Burggren, 1995b).  

Mean arterial pressure in Pseudis paradoxsus also increases about 4-fold after 

the completion of metamorphosis (Burggren et al., 1992).  Unlike stroke volume 

and arterial pressure, heart rate is more variable and without a consistent pattern 

among species (Burggren, 1995).  In Xenopus laevis and Rana catesbeiana, 

heart rate increases initially after the onset of heartbeat followed by significant 

decreases with development, but heart rate of Pseudis paradoxsus is less 

affected by stage (Burggren and Doyle, 1986a; Burggren et al., 1992; Hou and 

Burggren, 1995a).  The intraspecific difference reported may be due to different 

developmental rates, life cycles or allometric changes during ontogeny and 

metamorphosis, which can greatly affect the importance of cutaneous gas 
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exchange in larval amphibians (Burggren and Pinder, 1991).  

Similar to variability seen in the developmental pattern of heart rate, the 

control over cardiac function in response to acute hypoxia also varies from one 

species to another (Burggren and Pinder, 1991).  In early larval Xenopus laevis, 

hypoxia depresses cardiac function by directly inhibiting cardiac muscle, which 

leads to a decrease in cardiac output (Orlando and Pinder, 1995; Fritsche and 

Burggren, 1996).  In late larvae, cardiac reflexes form and respond to acute 

hypoxia by decreasing heart rate and increasing stroke volume, as a result, 

cardiac output remains unchanged (Fritsche and Burggren, 1996).  By contrast, 

neither hypoxia nor hyperoxia affect heart rate in Rana catesbeiana at any larval 

stage examined (Burggren and Doyle, 1986a).  The autonomic nervous system is 

not responsible for the early control of cardiac activities since the heart is not 

innervated during early development (Nieuwkoop and Faber, 1967; Adolph and 

Ferrari, 1968; Protas and Leontieva, 1992).  However, adrenergic and cholinergic 

agonists and antagonists affect heart rate as early as a few days post hatching in 

the aurans Rana catesbeiana, Rana temporaria, Xenopus laevis and two 

salamanders, Ambystoma tigrinum and Ambystoma maculatum (Adolph and 

Ferrari, 1968; Burggren and Doyle, 1986a; Protas and Leontieva, 1992; 

Burggren, 1995; Jacobsson and Fritsche, 1999).  The early appearance of 

adrenergic receptors in the heart may be responsible for heart rate regulation by 

responding to circulating catecholamines, which are found in the heart and the 

kidney of larval Xenopus laevis (Kloberg and Fritsche, 2002). 
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In addition to acute hypoxia, larvae of aquatic vertebrates may hatch into 

and develop in a chronically hypoxic environment.  However, few studies have 

focused on the effect of chronic hypoxic exposure on development of the cardiac 

control system.  In adult catfish (Ictalurus punctatus), chronic hypoxia (PO2 ~ 75 

mmHg) increases resting heart rate, but heart rate sensitivity to hypoxia remains 

the same (Burleson et al., 2002).  Similar to the finding in adult fish, chronic 

exposure to the same level of hypoxia also increases heart rate and cardiac 

output in larval zebrafish, and this enhanced cardiac performance develops after 

a 3-day exposure to aquatic hypoxia (Jacob et al., 2002).  In contrast to the 

above findings, chronic hypoxia can also attenuate heart rate if larvae are reared 

in a severe hypoxic condition (PO2 ~ 30 mmHg) (Bagatto, 2005).  However, in 

this study severe hypoxia not only decreases heart rate but also retards overall 

development of the fish.  Studies on developing anuran and urodele amphibians 

show that neither heart rate nor cardiac output is affected by chronic exposure to 

hypoxia (PO2 below 75 mmHg) in Xenopus laevis (Territo and Altimiras, 1998) 

and neotenic Ambystoma tigrinum (Mckean et al., 2002). 

Aims and Hypotheses Tested 

Larval responses to hypoxia can vary depending on intensity of hypoxic 

exposure, period of exposure, species of interest and developmental stage of 

animals.  No study has characterized the effect of chronic hypoxia on early 

development of cardiac regulation in amphibians.  In this chapter, Xenopus laevis 

was reared from fertilization in control and hypoxic conditions.  Heart rate, stroke 
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volume, cardiac output and cardiac responses to acute hypoxia were 

investigated during early larval development.  I hypothesized that the cardiac 

control system appears early during development before the need for convective 

transport of O2, and that chronic exposure to hypoxia may delay development of 

cardiac response to hypoxia due to a less important role of the cardiac system in 

gas exchange during early development.   

Materials and Methods 

Animals 

Animal care, breeding procedures and incubation condition for chronic 

hypoxic exposure are as mentioned in the section of materials and methods in 

chapter 2. 

Heart Rate 

Heart rate was measured from stage 35/36 (~2 dpf), which is a stage after 

the onset of heartbeat, to stage 52 (~21 dpf) using larvae from the normoxic and 

hypoxic populations.  Larvae were transferred to a flow-through measurement 

chamber, which was modified from a 24-well cell culture plate (Falcon, BD 

Bioscience, San Jose, CA).  The bottom of each well was filled with 1.5% 

agarose gel.  A smaller, central space in which an unanethetized larva was 

placed was carved out from the agarose block.  The size of the space varied with 

the size of larvae at each stage.  A piece of nylon mesh was then put on the gel 

to confine the larva in the hollowed-out space (fig. 3.1).  The holding chamber 

with larval Xenopus laevis was then transferred to the stage of an inverted 
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microscope (TS-100, Nikon).  At the beginning of each measurement, animals 

were placed in wells and received normoxic water for 30 min.  After the first 

measurement in normoxic water was made, larvae were exposed to water with a 

PO2 of 110 mmHg and then 70 mmHg.  Both normoxic and hypoxic water was 

maintained at 22 oC.  A 10-minute period was allowed for larvae to adjust at each 

O2 level before measurement was made.  Water in the first and the last wells was 

sampled and measured with an oxygen microelectrode (Microelectrodes Inc., 

NH) to ensure that all larvae were exposed to the same PO2.  Heart rate was 

measured by direct counting using an inverted microscope and a stopwatch.   

Stroke Volume and Cardiac Output 

Stroke volume and cardiac output were measured from Stage 46 and 47 

(~ 5 dpf), at which point looping, valve and chamber formation and atrial 

septation are completed (Nieuwkoop and Faber, 1967; Kolker et al., 2000; 

Warkman and Krieg, 2007).  For stroke volume, the beating heart was recorded 

with a video camera (Javelin Electronics, Japan) on the inverted microscope at a 

rate of 30 frames/s.  A total magnification of 100 X was used for larvae younger 

than 10-day-old and 50 X was used for older ones.  At least 10 cardiac cycles 

were recorded and used for calculation of stroke volume in each animal.  

Calculation of ventricular volume followed the method used by Hou and Burggren 

(1995b) based on the assumption that the ventricle is spherical and the volume 

of the ventricular wall remains constant during contraction and relaxation.  In 

brief, the frame containing the largest ventricle size was selected as end-diastolic 
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volume, and the smallest size was end-systolic volume.  The ventricles in 

selected frames were analyzed using Image-Pro software to obtain the long and 

short radii.  Ventricular volume was calculated by the following formula: 

4 3⁄ , where a is the long radius and b is the short radius of the 

ventricle.  Stroke volume was determined by calculating the difference of end-

diastolic and end-systolic volumes. 

Statistical Analysis 

The effects of age, acute and chronic hypoxia on cardiac performance 

were analyzed using 3-way analysis of variance (ANOVA).  If significant 

differences were seen (P < 0.05), Tukey’s multiple comparison tests were used 

to determine significance among PO2 levels at each stage or among stages at 

normoxia.  All values are shown as mean ± 1 standard error of the mean. 

Results 

Routine Heart Rate, Stroke Volume and Cardiac Output 

Development significantly affected heart rate, especially during the first 3 

days after the onset of heartbeat (P < 0.001, table 3.1 and fig. 3.2).  Routine 

heart rate (heart rate of the normoxic larvae during normoxia) increased sharply 

from 75 beats / min at a stage after the onset of heartbeat (~ 2 dpf) to 120 beats / 

min at 3 dpf, then peaked at 4 dpf at a rate of over 150 beats / min (fig. 3.2).  It 

then remained constant for ~ 20 days before decreasing significantly to 123 ± 3 

beats / min at 25 dpf (fig. 3.2). 

As expected, larval stoke volume was also affected by development (P < 
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0.001, table 3.1), increasing dramatically from 30 ± 3 nL at 10 dpf to 340 ± 38 nL 

at 25 dpf (fig. 3.3A).  Cardiac output showed a similar pattern of increase to that 

of stroke volume, with an over 10-fold increase from 10 to 25 dpf (fig. 3.3B).  The 

dramatic increase in stroke volume and cardiac output after 10 dpf was related to 

the increase in body mass as shown by mass-specific stroke volume and cardiac 

output (fig. 3.4A and 3.4B).  These two variables were also highly influenced by 

development (both P < 0.001).  However, in contrast to absolute values of stroke 

volume and cardiac output, mass-specific stroke volume and cardiac output 

showed no change after 10 dpf.  Instead, these variables increased only during 

the first 2 stages measured, from 5 to 10 dpf (fig. 3.4A and 3.4B).  In other words, 

after the early increase, stroke volume and cardiac output per body mass 

remained constant during later stages examined in this study. 

Early Cardiac Responses to Acute Hypoxia 

Larval Xenopus laevis responded to acute hypoxia by increasing heart 

rate, cardiac output, mass-specific stroke volume and cardiac output (P < 0.001 

for all variables, table 3.1).  For the response of heart rate to acute hypoxia, 

stage 43 (~ 3 dpf) was the first stage showing a significant increase at the lowest 

O2 level tested (PO2 of 70 mmHg) (fig. 3.2).  From this stage, hypoxic tachycardia 

persisted to 25 dpf, which is the last stage examined here (fig. 3.2).  All tested 

levels of acute hypoxic exposure caused an average increase of about 20 beats / 

min from routine heart rate.    

No difference in stroke volume in response to hypoxia was found at any 
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stage investigated (fig. 3.3A).  Cardiac output was increased at 18 dpf (P < 

0.001, fig. 3.3B) due to hypoxic tachycardia.  Mass-specific stroke volume and 

cardiac output both showed higher statistical significance in response to acute 

hypoxia (Table 3.1, for example, F = 13.7 for cardiac output compared to F = 

41.7 for mass-specific cardiac output, respectively).  Increases in mass-specific 

stroke volume were found at 5 dpf only, but increased mass-specific cardiac 

output was seen at all stages with the exception of 14 and 25 dpf   (fig. 3.4A and 

B).  Collectively, the stimulatory effect of acute hypoxia was mainly and most 

apparently on heart rate throughout development, which caused significant 

increases in cardiac output and mass-specific cardiac output.   

Chronic Hypoxia-Induced Changes in Acute Cardiac Response 

Unlike the effects of development and acute hypoxia on cardiac activities, 

chronic exposure to hypoxia (PO2 of 110 mmHg) did not affect heart rate, stroke 

volume or cardiac output at any stages examined (table 3.1).  However, chronic 

hypoxia induced changes in mass-specific stroke volume and cardiac output (P < 

0.001 for both variables, table 3.1).  Chronic hypoxic exposure decreased both 

mass-specific stroke volume and cardiac output at 7 and 10 dpf.  Sensitivities of 

these two variables to acute hypoxia were not affected because similar 

decreases were found at all acute exposure levels (fig. 3.5 and 3.6). 

Discussion 

Early Developmental Changes in Routine Cardiac Activities 

The developmental pattern and level of heart rate in early larval Xenopus 
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in the current study are comparable to those reported in earlier studies 

(Burggren, 1995; Hou and Burggren, 1995a; Orlando and Pinder, 1995; Territo 

and Altimiras, 1998).  However, in the current study, I described the detailed 

developmental increases in early heart rate between 2 and 5 dpf.  During this 

period, increased heart rate nearly occurred as larvae progressed through each 

stage (fig. 3.2).  Later on, the sharp increase was followed by a period of gradual 

decrease between 5 and 21 dpf (fig. 3.2).  This pattern of change in heart rate 

during development is typical of many lower vertebrates (Burggren and 

Warburton, 1994; Burggren, 1995, 2005).  The early sharp increase in heart rate 

may reflect rapid cardiac development in Xenopus laevis, which takes about 5 

days for an adult-like heart to be developed (Nieuwkoop and Faber, 1967; Kolker 

et al., 2000; Warkman and Krieg, 2007).  In addition, an early adrenergic tonus is 

present and peaks between 4 to 5 dpf during larval development, which 

coincides with the early peak in heart rate (Jacobsson and Fritsche, 1999).  After 

the early organogenesis, the gradual decline in heart rate could be due to an 

scaling effect.  Larvae started to show increase in mass after 7 dpf, and a 

dramatic increase was seen between 14 and 21 dpf (see fig. 2.2A in Chapter 2), 

during which a drop in heart rate also occurred (fig. 3.2).  The effect of increase 

in body mass on heart rate has also been documented in other studies.  In 

Xenopus laevis, heart rate significantly decreases as body mass increases 

although the regression line describing this relationship only explains about 25% 

of the variation in heart rate and the reported slopes are generally less than -0.1 
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(Hou and Burggren, 1995a; Orlando and Pinder, 1995; Jacobsson and Fritsche, 

1999).  Developmental changes in heart rate in the bullfrog, Rana catesbeiana, 

can almost be entirely explained by a scaling effect (Burggren and Doyle, 1986a; 

Burggren and Pinder, 1991).  However, heart rate in Pseudis paradoxsus shows 

almost no changes despite an almost 80% decrease in body mass during 

development (Burggren et al., 1992).  Overall, developmental changes in heart 

rate are species-specific and cannot be explained solely by changes in body 

mass during development.  One possible reason is that the magnitude of 

changes in body mass greatly varies among species.  Other mechanisms 

contributing to developmental changes in heart rate are possible, such as 

changes in the intrinsic control of heart rate, which may include changing 

excitability of the pacemaker and development of the cholinergic tonus.  An 

increased sensitivity to acetylcholine during larval development may contribute to 

the latter decrease in heart rate (Burggren and Doyle, 1986c; Jacobsson and 

Fritsche, 1999).  However, further comparative investigation of early heart rate is 

necessary to understand the importance of changes in heart rate during 

development. 

During development, larval stroke volume showed a dramatic increase, 

which also causes an increase in cardiac output since heart rate declined during 

this period (fig. 3.3A and B).  The developmental pattern of stroke volume and 

cardiac output could better correlate to the increase in body mass than heart 

rate.  In the present study, wet mass, stroke volume and cardiac output all 
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followed the same pattern, which involved no increase during the first 7 days of 

development, then a gradual increase in the next 7 days and followed by a sharp 

increase between 14 and 25 dpf (fig. 2.2A and fig. 3.3A and B).  The same 

relationship between body mass and cardiac work has been described in 

previous studies (Hou and Burggren, 1995b; Tang and Rovainen, 1996; Territo 

and Altimiras, 1998).  In fact, the increase in stroke volume and cardiac output 

may even exceed the rate of increase in body mass (Hou and Burggren, 1995b).  

In contrast to larval stroke volume and cardiac output, mass-specific stroke 

volume and cardiac output only showed significant increases between 5 and 10 

dpf and then reached a constant value at the later stages examined.  Hou and 

Burggren (1995b) reported a linear relationship between mass-specific stroke 

volume (cardiac output) and body mass throughout development.  Discrepancy 

between the two studies may be due to a narrower range of stages examined in 

the current study, since values of stroke volume from both studies are 

comparable.  During development, increasing stroke volume and cardiac output 

with body mass may be necessary for O2 uptake as perfusion becomes more 

important in later larvae (Territo and Altimiras, 2001).  In addition, higher cardiac 

work is also required for transporting nutrients and other signaling molecules as 

development progresses and overall complexity increases (Territo and Burggren, 

1998).  The increase in stroke volume and cardiac output seen in the present and 

previous studies may be achieved by increases in number, size and contractility 

of the cardiac myocytes (Rudolph, 2000). 
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Early Developmental Changes in Cardiac Responses to Acute Hypoxia 

Hypoxic tachycardia, which was first shown in 3 dpf larvae and persisted 

to 25 dpf was the major cardiac response observed in this study (fig. 3.2).  The 

increase in heart rate also caused significant increases in cardiac output and 

mass-specific cardiac output (fig. 3.3B and 3.4B).  Adrenergic innervation of the 

heart is not found until metamorphosis, and thus, the increase in heart rate 

cannot be explained by the sympathetic control of the heart (Kloberg and 

Fritsche, 2002).  However, Rana temporaria at 4 – 5 dpf is able to respond to 

exogenous epinephrine by increasing heart rate (Protas and Leontieva, 1992).  In 

Xenopus laevis, the adrenergic antagonist slows heart rate down as early as 3 

dpf, and the inhibitory effect peaks at around 4 to 5 dpf (Jacobsson and Fritsche, 

1999), which corresponds to the onset of hypoxic tachycardia in the present 

study.  Without autonomic innervation, circulating catecholamines produced by 

the chromaffin cells, which are known to be responsive to hypoxia (López-Barneo 

et al., 2001), can bind to adrenergic receptors on the heart and cause a 

stimulatory effect.  In larval Xenopus laevis, catecholamines have been detected 

in the kidneys and the rest of the body at 3 dpf (Kloberg and Fritsche, 2002).  

Increased circulating catecholamines in response to acute hypoxia are also 

found in the plasma of the rainbow trout and African lungfish, and the branchial 

O2 chemoreceptors may be responsible for initiating the release of these 

chemicals (Reid and Perry, 2003; Perry et al., 2005).  In addition, an intrinsic 

source of catecholamines produced by the cardiac chromaffin cell may also 
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increase heart rate in response to hypoxia during early development before 

innervation occurs (Huang et al., 1996).  Norepinephrine, epinephrine, dopamine 

and enzymes responsible for catecholamine systhesis are all found in the heart 

of larval Xenopus laevis during early development (Kloberg and Fritsche, 2002).  

Collectively, catecholamines produced in and outside the heart are potential 

sources for early heart rate regulation before autonomic innervation appears.  

Circulating and endogenous catecholamines may induce early hypoxic 

tachycardia observed in the current study. 

Heart rate response to acute hypoxia has been documented extensively in 

vertebrates.  A general trend in adults is a decreased heart rate, or bradycardia 

in water-breathing animals, and in contrast, an increased heart rate, or 

tachycardia in air-breathers (Farrell, 2007).  However, in developing lower 

vertebrates, heart rate response to acute hypoxia still seems controversial.  In 

the present finding, I found a strong O2-driven heart rate response in larvae 

between 5 and 25 dpf (fig. 3.2).  Feder and Wassersug (1984) also reported 

increased heart rate in response to declining aquatic PO2 in free-swimming 

Xenopus laevis with access to air, although the effect of acute hypoxia was 

rather minor (P = 0.04).  Bradycardia has also been found using the same 

species, but in both studies, anesthesia and more invasive methods were 

involved (Orlando and Pinder, 1995; Fritsche and Burggren, 1996).  In Rana 

catesbeiana, heart rate is not affected by hypoxia except for at the earliest stage, 

at which a severe hypoxic depression of heart rate occurs (Burggren and Doyle, 
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1986a).  From the above studies, heart rate response to hypoxia is species-

specific and may be affected by experimental procedures.  Despite the extensive 

use in developmental study, millimeter-sized early Xenopus laevis often limits the 

investigation of cardiac activities.  Thus, the use of anesthesia, invasive 

measurement and restraint are usually involved when measuring cardiac 

functions (Schwerte and Fritsche, 2003).  Restraining method was also used in 

the present study.  Larvae had no access to air during measurement but had 

enough space for normal buccal pumping behaviors.  However, whether different 

methods result in inconsistent results is still unknown.  In addition, the time 

between the introduction of hypoxia and the start of measurement could also 

cause variation.  In the neotenous axolotl, NaCN decreases heart rate initially but 

induces tachycardia later on (McKenzie and Taylor, 1996).  Comparative studies 

of heart rate recorded over a longer period of time may be necessary to draw a 

conclusion. 

One of the potential benefits of bradycardia during hypoxic challenge is an 

increase in the residence time of blood in the heart, and thus increases in the O2 

supply to the myocardium (Farrell, 2007).  This is especially true in fish whose 

heart receives deoxygenated blood from the systemic circulation.  In most air-

breathing fish, especially obligate air-breathers, and adult amphibians, hypoxic 

bradycardia disappears and is replaced by either tachycardia or no response 

(Sanchez et al., 2001; Andersen et al., 2003; Perry et al., 2005; Farrell, 2007).  

Having an increased heart rate during aquatic hypoxia may be beneficial to air-
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breathers since an increase in circulation to the air-breathing organ may secure 

higher O2 supply to the heart and other tissues.  Hypoxic tachycardia and 

increased cardiac output observed here also coincides with the onset of 

increased air-breathing frequency in response to hypoxia (5 dpf) in the later 

chapter (fig. 4.2A in Chapter 4).  However, in amphibians, changes in circulation 

to air-breathing organs can also be achieved by intracardiac shunt and changing 

vascular resistance.  Hence, the emergence of air-breathing cannot completely 

explain the disappearance of hypoxic bradycardia during evolution.  In addition, 

this relationship has not been examined in developing animals.  Future study is 

required to explore the complex heart rate regulation during early development. 

Chronic Hypoxia-Induced Changes in Acute Cardiac Response 

Routine heart rate, stroke volume and cardiac output of Xenopus laevis 

were not affected by chronic exposure to hypoxia, suggesting that development 

of the cardiac performance may be independent or less dependent on a 

prolonged but moderate decrease in PO2 (110 mmHg) (table 3.1).  Territo and 

Altimiras (1998) reported similar results using larvae from the same species that 

were reared at even lower ambient PO2 (~75 mmHg).  Interestingly, the present 

study reports acute hypoxic tachycardia, but heart rate was not affected by 

chronic exposure to the same level of hypoxia.  One possibility is an altering or 

resetting of the stimulation threshold of the O2-sensitive chemoreceptor or the 

catecholamine-releasing chromaffin cell by chronic hypoxia.  An explanation for 

maintained cardiac activities under chronic hypoxia could be that convective 
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transport is not the limiting factor of O2 uptake during early larval development in 

amphibians.  Instead, diffusion across the skin and the respiratory surface may 

be the rate-limiting step in the O2 uptake process from the environment.  

Impaired O2 carrying capacity of blood by carbon monoxide exposure does not 

affect aerobic metabolism during development in Xenopus laevis (Territo and 

Burggren, 1998; Territo and Altimiras, 1998).  In addition, in the larval bullfrog, 

chronic hypoxia induces formation of a more vascularized and thinner skin and 

enlarged internal gills but causes no change in their blood properties, suggesting 

the importance of modification of the respiratory surfaces under prolonged 

hypoxia during larval development (Burggren and Mwalukoma, 1983; Pinder and 

Burggren, 1983). 

Unlike stroke volume and cardiac output, mass-specific stroke volume and 

cardiac output were significantly affected by chronic hypoxia, but the effects only 

showed at 7 and 10 dpf at all O2 levels examined (fig. 3.5 and 3.6).  Since no 

difference was found in body mass of the control and hypoxic populations (fig. 

2.2A and B in Chapter 2), differences in larval stroke volume and cardiac output 

may exist but be masked by the marked absolute increase in these variables 

during development.  No study has reported the development of larval mass-

specific cardiac performance.  I speculate that a direct inhibition of hypoxia on 

the heart during early development, as suggested by Fristche and Burggren 

(1996), may contribute to the lower mass-specific cardiac work in 7- and 10-d-old 

animals in our results.  However, because perfusion is relatively less important 
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on O2 uptake in early larvae, the decreased mass-specific cardiac works may 

have a small effect on larval O2 supply. 

Conclusions 

The developmental pattern of heart rate in newly hatched Xenopus laevis 

shows an early sharp increase after the onset of heartbeat to 4 dpf and then 

followed by a gradual decrease.  Cardiac output and stroke volume both increase 

dramatically during development with body mass.  When exposed to acute 

hypoxia, larvae mainly increase heart rate, which in turn causes an increase in 

mass-specific cardiac output.  Development of the adrenergic receptors on the 

heart and cardiac and non-cardiac catecholamines are possible candidates 

controlling heart rate in response to acute hypoxia during early larval life.  

Chronic hypoxia decreases mass-specific stroke volume and cardiac output 

during early development (7 and 10 dpf), suggesting a delayed development of 

cardiac performance by chronic hypoxia.  Our study shows that before the need 

for convective O2 transport, not only the cardiac system itself but also the 

regulatory system controlling cardiac functions have formed.  During 

development, the early formed cardiac control system can be shaped by the 

exposure to chronic hypoxia.  Further comparative and mechanistic studies of 

ontogenic changes of the regulatory system may provide insight into both 

evolution and importance of cardiac control. 

 

 



Table 3.1.  Test statistics of effects of days of development, chronic and acute 
exposures to hypoxia on cardiac variables. 

  
Development 

(Days) Chronic exposure Acute exposure 
  F P F P F P 
Heart rate 570.2 <0.001 0.8 ns 212.5 < 0.001
Stroke volume 454.5 < 0.001 1.3 ns 2.5 ns 
Caridac output 406.1 < 0.001 0.00015 ns 13.7 < 0.001
Stroke volume / 
mass 26.7 < 0.001 19.4 < 0.001 15.5 < 0.001

Caridac output / 
mass 25.5 < 0.001 14.6 < 0.001 41.7 < 0.001

Note. 3-way ANOVAs were used for all analysis.  α = 0.05 for all statistical 
comparisons.  ns, not significant. 
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Figure 3.1.  Schematic drawings of the flow-through measurement chamber (A) 
and method for larval restraint in each well (B).  Arrows show the direction of 
water flow through the chamber.  In B, the dashed rectangular prism represents 
the hollowed-out space in an agarose gel block, where a larva was placed.  A 
nylon mesh was placed above the larva to confine it to the space. 
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Figure 3.2.  Heart rate of the normoxic larvae as a function of age at three O2 
levels of acute exposure in early Xenopus laevis.  Mean values ± SE are plotted.  
Note that a different scale is used before 5 dpf to show the early developmental 
change in heart rate regulation.  Numbers in parentheses show n for each dpf.  
Letters show significance of routine heart rate (solid line) among dpf.  Statistically 
identical means are shown within boxes.  See results for statistical assessment. 
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Figure 3.3.  Stroke volume (A) and cardiac output (B) of the normoxic larvae as 
functions of age at three O2 levels of acute exposure in early Xenopus laevis.  
Mean values ± SE are plotted.  Numbers in parentheses show n at each dpf.  
Letters show significance of resting stroke volume and cardiac output (solid lines) 
among dpf.  Statistically identical means are shown within boxes.  See results for 
statistical assessment. 
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Figure 3.4.  Mass-specific stroke volume (A) and cardiac output (B) of the 
normoxic larvae as functions of age at three O2 levels of acute exposure in early 
Xenopus laevis.  Mean values ± SE are plotted.  Numbers in parentheses show n 
at each dpf.  Letters show significance of resting mass-specific stroke volume 
and cardiac output (solid lines) among dpf.  Statistically identical means are 
shown within boxes.  See results for statistical assessment. 
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Figure 3.5.  Mass-specific stroke volume of the normoxic (solid circle) and the 
chronically hypoxic (open circle) larvae as a function of age at three O2 levels of 
acute exposure in early Xenopus laevis.  Mean values ± SE are plotted.  
Numbers in parentheses show n of the hypoxic group at each dpf.  Statistically 
identical means are shown within boxes.  See results for statistical assessment. 
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Figure 3.6.  Mass-specific cardiac output of the normoxic (solid circle) and the 
chronic hypoxic (open circle) larvae as a function of age at three O2 levels of 
acute exposure in early Xenopus laevis.  Mean values ± SE are plotted.  
Numbers in parentheses show n of the hypoxic group at each dpf.  Statistically 
identical means are shown within boxes.  See results for statistical assessment. 
 

 

 

57 



CHAPTER 4 

ONTOGENY AND CHRONIC HYPOXIA-INDUCED CHANGES IN 

VENTILATORY REGULATION AND THE NEUROEPITHELIAL CELL 

Introduction 

Development of Aquatic and Aerial Ventilation in Amphibians 

The developmental change in the morphology and physiology of gas 

exchange organs of amphibians has been a fascinating phenomenon that 

attracts special attention from respiratory physiologists (Malvin, 1989. Burggren 

and Just, 1992; Gargaglioni and Milsom. 2007; Burggren and Warburton, 2007; 

Burggren and Pan, 2009).  Less than a day post hatching, the buccal pumping 

behavior starts, introducing water through the bucco-pharyngeal water passage 

and branchial chambers (Nieuwkoop and Faber, 1967; Feder and Wassersug, 

1984).  However, during early developmental stages, anuran larvae are strict 

water breathers and still rely on the skin and the external gills to acquire O2 from 

the environment (Burggren and Just, 1992).  In larval Xenopus, the external gills 

degenerate within a day after the start of buccal pumping behavior and are 

replaced by the developing internal gills (Nieuwkoop and Faber, 1967).  Along 

with the appearance and gradual branching of the internal gills, the lungs and 

trachea also develop shortly after hatching, although blood vessels around the 

lung epithelium are not found until approximately 3 weeks post hatching
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(Nieuwkoop and Faber, 1967).  However, unlike the ubiquitous aquatic 

ventilation, development of the lungs and surfacing behavior varies among 

amphibian species, with some lacking functional lungs until metamorphosis 

(Wassersug and Feder, 1983b).  In Xenopus laevis and Rana catesbeiana, 

larvae start air-breathing around the time when buccal pumping starts (Burggren 

and Doyle, 1986b; Pronych and Wassersug, 1994).  Despite an early 

development of aerial ventilation, the need for air-breathing behavior for whole-

body O2 consumption may not be significant.  In the bullfrog, Rana catesbeiana, 

the skin and the gills are responsible for about 60% and 40% of the total O2 

uptake, respectively, during early development, and the lungs do not participate 

in O2 uptake at this stage (Burggren and West, 1982).  However, early 

development of lung ventilation may be necessary for regulation of buoyancy, O2 

uptake during aquatic hypoxia, and during feeding, since many larval anurans 

are suspension feeders, who not only use the gill for gas exchange but also for 

feeding.  Capturing food particles using the respiratory surface would conflict with 

gas exchange across the gill epithelia, especially when food concentration is high 

(Wassersug and Feder, 1983; Feder and Wassersug, 1984; Feder et al., 1984).  

With the gradual maturation of the lungs, the relative importance of the gills 

decreases and account for less than 20% of the total O2 uptake before 

metamorphosis (Burggren and West, 1982).  Given the ontogenic changes in the 

gas exchange organs, not surprisingly, these changes in complexity also appear 

in the regulation of ventilatory behaviors. 
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Ventilatory Response to Hypoxia during Development 

O2 is the main stimulant of ventilatory response in water-breathing animals 

due to the low availability of O2 in aquatic environments (Chapter 1).  In early 

larval stages, amphibians respond to aquatic hypoxia mainly by increasing 

buccal pumping frequency, which in turn increases irrigation of the internal gills 

(West and Burggren, 1982; Feder, 1983b; Feder and Wassersug, 1984; 

Burggren and Doyle, 1986b; Burggren and Just, 1992; Orlando and Pinder, 

1995; McKenzie and Taylor, 1996; Jia and Burggren, 1997a).  This response is 

evident right after hatching in Xenopus laevis and Rana catesbeiana, even 

before the appearance of internal gills (Burggren and Doyle, 1986b; Orlando and 

Pinder, 1995).  However, buccal stroke volume is not responsive to hypoxia over 

the course of development (Feder and Wassersug, 1984).  In addition to an 

increase in aquatic respiration, larval anurans are also capable of increasing air-

breathing frequency, especially at extreme hypoxia (Burggren and Doyle, 1986b).  

During this condition, animals could even rely completely on aerial O2 uptake, but 

because of the relatively poor role of lungs in gas exchange during early 

development, larvae still experience depressed O2 uptake during acute hypoxia 

(Feder and Wassersug, 1984). 

O2 Chemoreception and the Neuroepithelial Cell 

In fish and larval amphibians, neuroepithelial cells (NECs) located mainly 

in the gills are believed to initiate the hypoxic ventilatory responses (Jonz and 

Nurse, 2006; Milsom and Burleson, 2007).  The gill arches are innervated by 
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cranial nerves IX (the first gill arch) and X (Sundin and Nilsson, 2002).  Neural 

recordings from the first gill arch has demonstrated the presence of O2-sensitive 

chemoreceptors in the rainbow trout and larval bullfrog (Burleson and Milsom, 

1993; Straus et al., 2001).  In addition, branchial denervation or surgical removal 

of the first gill arch either attenuates or completely abolishes hypoxic responses 

in both fish and larval anurans (Burleson and Smatresk, 1990; McKenzie et al., 

1991; Jia and Burggren, 1997b).  Besides the branchial O2-senstive 

chemoreceptor, a second, slower hypoxic response to inhalation of hypoxic water 

persists after the first gill arch has been removed in the larval bullfrog, indicating 

the presence of other populations of O2-sensitive receptors (West and Van Vliet, 

1992; Jia and Burggren, 1997b).  These locations include the oropharyngeal 

cavity (Burleson, 2009), the skin in early zebrafish (Jonz and Nurse, 2006), 

external gills in the neotenic tiger salamander (Goniakowska-Witalińska et al., 

1993), and airways and air-breathing organs of air-breathing fishes (Zaccone et 

al., 2006).  However, because of the structural homology between the first gill 

arch and carotid bodies, and morphological and functional similarities between 

the mammalian and fish O2 chemoreceptors, branchial NECs have received the 

most attention (Jonz et al., 2004; Burleson et al., 2006; Milsom and Burleson, 

2007). 

Neuroepithelial cells were first identified in the gill filaments using 

formaldehyde vapor, which has been shown to stain the neurotransmitter, 

serotonin (5-HT) (Dunel-Erb et al., 1982).  Since this study, NECs and their 
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innervations have been studied in several species of fishes and amphibians 

(Bailly et al., 1992; Goniakowska-Witalińska et al., 1993; Goniakowska-

Witalińska, 1997; Jonz and Nurse, 2003; Burleson et al., 2006; Zaccone et al., 

2006; Coolidge et al., 2008).  In almost all species examined, NECs appear in 

the gill filaments, although there are interspecific differences in distribution of the 

cells (Bailly et al., 1992; Coolidge et al., 2008).  Some characteristics of NECs 

that suggest their role on O2 sensing include abundant mitochondria, a well-

developed Golgi complex, presence of dense-core vesicles and 

neurotransmitters, contact with nerve endings, and degranulation of dense core 

vesicles following acute hypoxic exposure (Dunel-Erb et al., 1982; Bailly et al., 

1992; Goniakowska-Witalińska et al., 1993).  In addition, chronic hypoxia induces 

NEC hypertrophy and extension of NEC processes in adult zebrafish (Jonz et al., 

2004).  Cell isolation and patch-clamp studies indicate that fish NECs respond to 

hypoxia in the same fashion as their putative mammalian homologue – a 

decrease in K+ current, followed by depolarization of the cell and the release of 

neurotransmitters, which in turn stimulate the afferent nerve fibers (Jonz et al., 

2004; Burleson et al., 2006).   

Collectively, a substantial amount of research on development of 

ventilation, ventilatory response to hypoxia, and NECs has been done.  However, 

few studies have focused on the onset of the ventilatory control system.  During 

development, the earliest branchial NECs are observed in 5-d-old larval zebrafish 

and an increase in innervation of NECs has been correlated with an increase in 
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ventilatory frequency and sensitivity (Jonz and Nurse, 2005).  In developing 

Xenopus laevis, gill filaments start to form in 3-d-old larvae (Nieuwkoop and 

Faber, 1967), but NECs have only been described in larvae with fully developed 

gills (Saltys et al., 2005).  Distribution of cells along the gill filaments in larval 

Xenopus is conserved with the findings in zebrafish (Jonz and Nurse, 2003; 

Saltys et al., 2005). 

Aims and Hypotheses Tested 

With the rapid larval development in Xenopus laevis, changes in aquatic 

and aerial ventilatory response to hypoxia and development of the branchial NEC 

may occur soon after hatching.  No study to date has characterized the 

development of ventilatory reflexes in larvae growing in an altered gas 

composition.  The aim of this chapter was to explore onsets of the aquatic and 

aerial ventilatory responses to acute aquatic hypoxia, and the role of NECs on 

early ventilatory responses.  The effect of chronic hypoxia on ventilatory 

response to acute hypoxia and NECs in the gill filaments was also studied.  I 

hypothesized that gill ventilatory regulation is correlated with the appearance of 

NEC shortly after hatching, and that due to the important role of ventilation in 

early O2 uptake, the ventilatory responses to hypoxia and the branchial NECs 

may be modified by chronic hypoxia. 

Materials and Methods 

Animals 

Animal care, breeding procedures and incubation condition for chronic 
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hypoxic exposure are as mentioned in the section of materials and methods in 

chapter 2. 

Buccal Pumping Frequency 

Measurements were made from the normoxic and hypoxic populations at 

3, 5, 7, 10, 14 and 21 dpf.  Larvae at each stage were transferred to and placed 

in a flow-through measurement chamber, which was similar to the one used for 

cardiac variable measurement (fig. 3.1) but modified from a larger, 12-well cell 

culture.  Each well was a cube (2.5 cm X 2.5 cm X 2.5 cm) with flat, transparent 

walls, which allowed video recording from either side of the chamber for 

measurement of buccal volume (described in the measurement of buccal floor 

depression).  Methods for larval restraint followed the description in figure 3.1.  

The measurement chamber with larval Xenopus laevis was transferred to the 

stage of an inverted microscope (TS-100, Nikon).  The holding apparatus 

received water containing normoxic and hypoxic water at various O2 levels (PO2 

of 110, 70, 50 and 30 mmHg) at 22 °C.  Water in the first and the last wells was 

sampled and measured with an oxygen microelectrode to ensure that all larvae 

were exposed to the same PO2.   

At the beginning of each measurement, animals were placed in wells of 

the measurement chamber, in which larvae were exposed to normoxic water for 

30 min.  After the first measurement in normoxic water was made, hypoxic water 

was then introduced into the chamber and a 10-minute period was allowed for 

larvae to adjust before the measurement was made.  Between each O2 level, 
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normoxic water was reintroduced for 10 minutes to avoid accumulated effects of 

acute hypoxia and lack of access to air.  Ventilatory responses to acute hypoxia 

were measured by direct observation via an inverted microscope at a total 

magnification of 40X (TS-100, Nikon). 

Buccal Floor Depression 

Buccal floor depression has been shown to be directly proportional to 

buccal pumping volume in Xenopus laevis (Feder and Wassersug, 1984). The 

same larvae holding chamber was used for measuring buccal floor depression.  

The head of a dissecting microscope was rotated by 90 degrees to allow 

horizontal observation, and a video camera (Javelin Electronics, Japan) on the 

microscope was used to record buccal pumping at 30 frames / s from the lateral 

side of the larva.  In each ventilatory cycle, the distance between the top of the 

head and the bottom of the buccal floor was measured using Image-Pro 

software.  The difference in distance between resting and the maximal 

depression of the buccal floor was calculated. At least 3 consecutive video 

segments were recorded, and depending on O2 level, 2 to 10 buccal pumping 

cycles were included in each video.   

Air-Breathing Frequency and Volume 

Larvae were kept in a modified 10-mL Erlenmeyer flask at 22 oC, on which 

a tube was pulled from the bottom of the flask to accommodate a fiber-optic O2 

probe (Ocean Optic Inc., Dunedin, FL).  The probe was connected to a 

multifrequency phase fluorometer (MFPF-100, TauTheta Instruments LLC, 
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Boulder, CO) to allow continuous measurement of aquatic PO2.  Animals in the 

flask had free access to air and consumed O2 in the water until the PO2 dropped 

below 30 mmHg.  This method allowed observations of the air-breathing behavior 

over a wide range of ambient PO2 without physically transferring larvae or 

introducing water flow.  A video camera (HDR-SR1, Sony) was placed above the 

flask to record air bubbles on the water surface expelled by larvae after taking air 

breaths.  Air-breathing frequency was obtained by counting bubbles formed at 

each PO2 in the video and calculated as air-breathing events per hour per animal.  

For air-breathing volume, individual video frames of each air bubble were taken 

from the videos and analyzed using Image-Pro software.  From these images 

were obtained the radius of each air bubble allowing the calculation of the 

volume of each bubble using the following equation: 4 3⁄ , where V is 

the volume (µL) and r is the radius (mm) of each air bubble. 

Immunocytochemical Identification of NECs 

Larvae were sacrificed by overdosing them with MS-222 buffered to pH 

7.4 (Sigma-Aldrich, St. Louis, MO).  They were fixed with 4% paraformaldehyde 

for 20 min at 4 °C.  The gills were removed and fixed for another 30 min at 4 °C.  

After washing in cold phosphate-buffered saline (PBS), which contained (in mM) 

NaCl 137; Na2HPO4 15.2; KCl 2.7 and KH2PO4 1.5; pH 7.4, fixed samples were 

subjected to a blocking solution composed of 3% BSA and 1% triton in PBS at 

room temperature for 30 min.  The whole gill was then incubated in a polyclonal 

rabbit primary antibody against 5-HT (Sigma-Aldrich, St. Louis, MO), which has 
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been identified to label NECs in fish and larval Xenopus (Jonz and Nurse, 2003; 

Saltys et al., 2006), at a dilution of 1:100 in blocking solution at 4 °C overnight.  

Samples were washed several times in the blocking solution and then incubated 

with a goat anti-rabbit IgG secondary antibodies conjugated with fluorescein 

(FITC) at a dilution of 1:200 (Jackson ImmunoResearch Laboratories Inc., West 

Grove, PA) for 1 h in dark at room temperature.  The gills were then rinsed in 

PBS and mounted on microscope slides. 

The preparations were examined using an inverted microscope (Zeiss 

200M, Carl Zeiss Inc., Thornwood, NY), a confocal scanning system (CSU10, 

Yokogawa, Atlanta, GA) equipped with an argon laser and a band pass 488/532 

nm filter set to monitor FITC.  Images obtained were analyzed using Image-Pro 

software to measure density and size of 5-HT immunoreactive NECs in the gill 

filaments.  Density was expressed as number of cells per filament length (in mm).  

Randomly selected cells were outlined and used for measuring cell size.  At least 

100 cells were measured in the gills of each animal. 

Statistical Analysis 

The effects of development, acute and chronic hypoxia on buccal pumping 

frequency, buccal floor depression, air-breathing frequency and volume of air 

bubbles were analyzed using 3-way ANOVAs.  NEC density and size were 

analyzed using 2-way ANOVAs.  If significant differences were seen (P < 0.05), 

Tukey’s multiple comparison tests were used to determine significance among 

PO2 levels at each stage or among stages at normoxia.  All values are shown as 
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mean ± 1 standard error from the mean. 

Results 

Routine Buccal Pumping Frequency and Amplitude  

Buccal pumping frequency and amplitude of the normoxic larvae at 

normoxia were both highly dependent on development (table 4.1, P < 0.001 for 

both variables).  Larval Xenopus laevis started buccal pumping at 3 day post 

fertilization (dpf) at a rate of 28 ± 4 beats / min (fig. 4.1A).  The frequency then 

increased as development progressed and peaked at 7 dpf at a rate of 48 ± 3 

beats / min, before gradually decreasing to half of the highest rate at 

approximately 22 ± 3 beats / min at 21 dpf.  Unlike the more complex 

developmental change in buccal pumping frequency, buccal floor depression at 

normoxia showed increased throughout early development, and the value at 21 

dpf (0.26 mm) was more than 2 times higher than the buccal floor depression of  

0.12 mm at 5 dpf (fig. 4.1B). 

Early Gill Ventilatory Responses to Acute Hypoxia 

Upon exposure to acute hypoxia, larval Xenopus laevis increased buccal 

pumping frequency and amplitude, and air-breathing frequency (table 4.1, P < 

0.001 for all variables).  Increased buccal pumping frequency was the earliest 

hypoxic response, appearing at 3 dpf.  On this developmental day, moderate 

hypoxia (PO2 of 110 mmHg) had no effect on buccal pumping frequency, but 70 

mmHg of O2 caused an approximately 75% increase.  Still lower levels of O2 (30 

and 50 mmHg) induced an even greater increase of about 114% from the routine 
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value (fig. 4.1A).  In 5 and 7-d-old larvae, elevated buccal pumping frequency in 

response to hypoxia generally followed a similar pattern to that of 3-d-old larvae, 

although a more significant stimulatory effect at a PO2 of 70 mmHg occurred at 7 

dpf.  The sensitivity to the PO2 of 110 mmHg increased further at 10 and 14 dpf, 

since acute exposure to this PO2 elicited a similar response to all other lower O2 

levels (fig. 4.1A).  At 21 dpf, buccal pumping response to hypoxia decreased 

again, and moderate hypoxia failed to cause an increase in buccal pumping 

frequency.  However, the ventilatory response to PO2 less than 70 mmHg 

remained about 2 to 3 times higher than resting frequency. 

In addition to buccal pumping frequency, acute hypoxia also caused an 

increase in buccal amplitude.  However, this effect was relatively small and only 

seen at a PO2 of 30 mmHg at 5 (P = 0.022) and 21(P = 0.018) dpf in chronically 

hypoxic larvae (not shown).   

Routine Air-Breathing Frequency and Volume 

Larval development also highly affected air-breathing frequency and 

volume of the normoxic larvae (table 4.1, P < 0.001 for both variables), as it did 

to buccal pumping frequency and amplitude.  The earliest use of air by larvae 

from the normoxic populations occurred at 3 dpf, but on this developmental day, 

air-breathing frequency was less than 1 breath / hr (fig. 4.2A).  As development 

progressed, the rate increased slightly to 3 ± 1 breaths / hr at 5 dpf, and 

remained constant until larvae reached 21 dpf, at which point the breathing rate 

more than doubled to 7 ± 3 breaths / hr (fig. 4.2A).  In contrast to a relatively 
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constant breathing rate during early development, larval routine air-breathing 

volume increased from 0.5 ± 0.03 µL at 5 dpf to 2.9 ± 0.66 µL at 14 dpf.  The 

value then showed a sharp increase to 6.8 ± 1.89 µL at 21 dpf (fig. 4.2B). 

Early Lung Ventilatory Response to Hypoxia 

Pulmonary hyperventilation in response to hypoxia started at 5 dpf, 

increasing from about 3 breaths / hr at normoxia to 9 breaths / hr at 30 mmHg of 

O2 (fig. 4.2A).  The magnitude of this response continued to increase throughout 

subsequent stages examined with the highest magnitude of increase found at 21 

dpf, from a routine value of 7 ± 3 to 33 ± 5 breaths / hr at the lowest PO2.  Despite 

the enhanced response during development, larvae only increased air-breathing 

frequency when aquatic PO2 had dropped below 50 mmHg at all stages.  In 

contrast, air-breathing volume was independent of ambient PO2 (fig. 4.2B). 

Chronic Hypoxia-Induced Changes in Acute Ventilatory Response 

Chronic exposure to hypoxia (PO2 of 110 mmHg) induced changes in 

buccal pumping (table 4.1, P < 0.001) and air-breathing frequency (P = 0.01) 

compared to control populations.  However, volumes of aquatic and aerial 

ventilation were not affected (table 4.1).  In both 10- and 14-d-old larvae, chronic 

hypoxia attenuated buccal pumping frequency at a PO2 of 110 mmHg, and 

decreased frequency was also observed at a PO2 of 70 mmHg at 14 dpf (fig. 4.3).  

However, acute hypoxic responses at PO2 of 30 and 50 mmHg were not affected.  

Compared to buccal pumping frequency, the effect of chronic hypoxia on air-

breathing frequency was less significant, and frequency was affected only at a 
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PO2 of 50 mmHg in 21-d-old larvae, at which hypoxic larvae showed a lower 

value, 16 ± 3 than 25 ± 3 events / hr in the control population. 

Ontogenic and Chronic Hypoxia-Induced Changes in NECs in the Gill Filaments 

Larval Xenopus laevis possess 4 gill arches with 1 row of filaments on the 

first and fourth gill arches, and 2 rows of filaments on the second and third 

arches (Minnich et al., 2002).  At 3 dpf, filaments started to develop on gill arch 1, 

2 and 3, and 5-HT immunoreactive NECs were first visualized during this period 

of development (fig. 4.5A and B).  From 3 dpf, NEC density increased to 15 ± 1 

cells / mm of filament at 5 dpf, and it remained constant at 7 dpf followed by 

another increase at 10 dpf to 29 ± 2 cells / mm of filament (fig. 4.5 C and D and 

4.6A).  At this point in development, branching of the gill filaments occurred and 

NECs were first identified in the respiratory terminal branches (fig. 4.5D and 

4.6A).  Density of NECs along the filaments reached the highest value at 14 and 

21 dpf, at approximately 37 ± 2 and 45 ± 3 cells / mm of filament, respectively 

(fig. 4.6A).  At all stages examined except for the earliest one, NECs generally 

appeared in the central axis of the gill filaments in a linear fashion, with some 

located on the terminal branches starting from 10 dpf (fig. 4.5).  In the filament, 

NECs were found on the apical side where the main fold venules, carrying 

oxygenated blood returning to the atrium, are located (Minnich et al., 2002).  

Unlike the strong developmental effect on NEC density, chronic hypoxic 

exposure had no significant effect on NEC density (table 4.1). 

NEC size was not significantly affected by development, ranging from 75 ± 
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3 µm2 at 5 dpf to 66 ± 2 µm2 at 21 dpf.  However, in larvae exposed to chronic 

hypoxia, NECs (77 ± 2 µm2) were larger than the control animals at 21 dpf (fig. 

4.6B). 

Discussion 

Early Developmental Changes in Routine Gill Ventilation 

Routine gill ventilation and ventilatory response to hypoxia both showed 

complex developmental changes.  Larval Xenopus laevis started buccal pumping 

at 3 dpf, and an increase in buccal pumping frequency in response to hypoxia 

also appeared during this time (fig. 4.1A).  On this developmental day, the gills 

are still external, and movement of the buccal cavity may only increase water 

movement around the gills, rather than irrigating them directly and efficiently.  

Interestingly, a similar observation of ineffective early ventilation was made in the 

newly hatched bullfrog (Burggren and Doyle, 1986b), showing a common early 

development of the ventilatory behavior between these two species.  Routine 

ventilation frequency in Xenopus laevis gradually increased until 7 dpf, which 

may be related to an increase in the total number of O2 chemoreceptors and 

development of structures related to the buccal pumping mechanism, such as the 

levator and dilator muscles (Gargaglioni and Milsom, 2007).  After the early 

increase, buccal pumping frequency then showed decreases at later stages 

examined here (fig. 4.1A).  The decrease could be due to a scaling effect 

associated with sharp increase in body mass, which has also been described in 

the bullfrog larvae (Burggren and Doyle, 1986b).  This frequency decrease may 
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also result from a less important role of the gills on gas exchange, because 

during this period of development, an increase in routine air-breathing frequency 

also occurred (fig. 4.2A).  However, the decrease in buccal pumping rate may not 

be linked to the degeneration of the internal gills, since branching of the gills 

does not reach its climax until around 38 dpf (Minnich et al., 2002).  In addition, 

buccal floor depression, which is directly proportional to buccal pumping volume 

(Feder and Wassersug, 1984), increased during development (fig. 4.1B).  This 

finding along with a increasing fluid velocity in the branchial chamber as 

development progresses (Ryerson and Deban, 2009) suggests the rate of gill 

irrigation may remain unchanged.  Collectively, it suggests that after the gradual 

emergence of the air-breathing behavior, the primary role of gills may be 

capturing food particles rather than gas exchange during normoxic conditions. 

Early Developmental Changes in Gill Ventilatory Response to Acute Hypoxia 

On the first developmental day (3 dpf, fig. 4.1A) when gill hypoxic 

hyperventilation started, acute PO2 stimulus of 70 mmHg or less was necessary 

to initiate a response.  Hypoxic sensitivity increased at 7 dpf and then again at 10 

dpf, at which a moderate level of hypoxia (PO2 of 110 mmHg) had the same 

stimulatory effect as lower O2 levels (fig. 4.1A).  Given the role of NECs on O2 

sensing (Dunel-Erb et al., 1982; Jonz et al., 2004; Burleson et al., 2006), the 

increase in NEC density at 10 dpf (fig. 4.6A), associated with the appearance of 

an enhanced ventilatory response in our finding, may explain the developmental 

increase in hypoxic sensitivity.  Other factors may also contribute to the 
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increased hypoxic responses, such as development of the gill central pattern 

generator and chemoreceptors at other locations (West and Van Vliet, 1992; 

Torgerson et al., 1997), however, these variables were not investigated in our 

study. 

Except for the lack of response in early larvae to moderate hypoxia, 

increases in ventilation were observed at all hypoxic levels in Xenopus, which 

differs from the depressed ventilation frequency at severe hypoxia at early stages 

in the bullfrog (Burggren and Doyle, 1986b).  The observed difference could be 

due to the procedure used in the present study, with which larvae were exposed 

to normoxic water between the switch of hypoxic levels, while the in the other 

study, progressively decreased PO2 was used.  The accumulation of successive 

acute hypoxia may depress ventilation, especially at the lowest PO2, which is 

usually the last level of PO2 used in a protocol.  In addition, interspecific 

differences, such as the completely aquatic life cycle or earlier development of 

the lungs of Xenopus than Rana, could make Xenopus a more active species 

and have higher O2 uptake efficiency at severe aquatic hypoxia. 

Unlike the strong O2-driven increase in gill ventilation frequency, buccal 

amplitude, another component of ventilation, showed little response to acute 

hypoxia.  A similar finding for larval Xenopus laevis was reported (Feder and 

Wassersug, 1984).  In the bullfrog, larvae are able to increase total branchial 

water flow and buccal pressure during acute hypoxia exposure (Jia and 

Burgrgen, 1997a).  It could be an interspecific difference in larval hypoxic 
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response, or the difference in methods used between studies.  Due to the small 

size of larval Xenopus laevis, a direct measurement of buccal pressure and total 

brachial water flow are difficult, and measuring the amplitude of buccal floor 

depression may not be sensitive enough to detect a change in buccal volume or 

water flow. However, the increase seen at a PO2 of 30 mmHg suggests that 

larvae are capable of changing their buccal pumping amplitude, but it may be 

less dependent on the ambient PO2 level than the change seen in the rate of 

buccal pumping. 

Early Developmental Changes in Routine Lung Ventilation 

Lung ventilation started at 3 dpf at a rather low rate, but increased to and 

was maintained at about 2 to 3 breaths / hr at normoxia during the first 2 weeks 

of development (fig. 4.2A).  This surfacing frequency in the earliest air-breathing 

larvae has not been reported before.  However, lung ventilation frequency in 

older larvae in the current study agrees with values reported earlier and shows a 

less important role of aerial ventilation at normoxia during the ontogeny of the air-

breathing behavior (Feder and Wassersug, 1984).  After this period of 

development, lung ventilation frequency increased at 21 dpf, which corresponds 

to the innervation of blood vessels in the lungs and thinning of the pulmonary 

membrane (Nieuwkoop and Faber, 1967), indicating the occurrence of the lung 

ventilation-perfusion coupling on this developmental day. 

Instead of making a respiratory contribution, early filing of the lungs has 

been attributed to the regulation of buoyancy, development of the lungs, with 
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perhaps limited acquisition of O2 when the gills are potentially compromised 

during filter feeding (Feder and Wassersug, 1984; Wassersug and Murphy, 1987; 

Pronych and Wassersug, 1994; Gdovin et al., 2006).  Larval Xenopus are mid-

water feeders and spend most of their time in the middle layer of the water 

column in a relatively stationary head-down position.  Denial of air from both 

early Rana and Xenopus larvae causes them to stay on the bottom or to swim 

continuously to remain in a stable position (Feder and Wassersug, 1984; 

Pronych and Wassersug, 1994; Gdovin et al., 2006).  While surfacing has an 

energetic cost, adequate inflation of the lungs, on the other hand, could be cost-

effective due to reduced muscular activity for maintaining the preferred midwater 

position.  In addition to buoyancy regulation, larvae denied access to air from 

hatching develop smaller lungs later in development, take longer to 

metamorphose and suffocate at a high food concentration (Wassersug and 

Murphy, 1987; Pronych and Wassersug, 1994).  This indicates that, although 

larvae can live without air in a laboratory condition during early development, 

regular inflation of the lungs may be essential for normal growth of the lungs, and 

provide O2 to compensate for reduced branchial gas exchange during feeding. 

Early Developmental Changes in Lung Ventilatory Response to Acute Hypoxia 

Pulmonary ventilatory reflexes in hypoxia were established at 5 dpf, which 

is about 2 developmental days after the appearance of the gill ventilatory 

responses to hypoxia.  Thus, development of the lung ventilatory reflex in 

Xenopus laevis precedes that of the larval bullfrog (Burggren and Doyle, 1986b), 
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perhaps due to Xenopus’ shorter larval stage and a higher reliance on the gills 

for feeding.  Similar to the change in branchial hypoxic hyperventilation, the 

magnitude of the pulmonary response to hypoxia also increased as development 

progressed (fig. 4.2A).  However, despite the gradual increase in the hypoxic 

sensitivity during development, the PO2 required to stimulate pulmonary 

hyperventilation stayed at a PO2 of 50 mmHg at all stages examined (fig. 4.2A).  

The same level of O2 also caused a maximal magnitude of increase in buccal 

pumping frequency throughout the stages examined (fig. 4.1A).  Collectively, 

these data suggest that at this relatively low O2 level, the highest rate at which 

larvae can ventilate their gills has been reached, and larvae must start to rely 

more on air as the source of O2.  In addition, a high gill ventilation frequency at a 

very low ambient PO2 could potentially cause larvae to lose O2 from the gills and 

skin to the ambient water (West and Burggren, 1982; Feder and Wassersug, 

1984).  The combination of an early development of pulmonary hypoxic 

hyperventilation and a capped level of gill ventilation frequency may limit the loss 

of blood-borne O2 at severe hypoxia.   A possible mechanism underlying the 

differential stimulation of branchial and pulmonary ventilation rates could be the 

predominant role of the gill central pattern generator (CPG) on generating 

respiratory motor output during early development, and this gill CPG may then be 

gradually replaced by the lung CPG as suggested by using the brainstem in the 

larval bullfrog (Torgerson et al., 1997).  I speculate that after 21 dpf, the last 

developmental day investigated here, lung ventilatory sensitivity to hypoxia may 
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gradually increase and a PO2 higher than 50 mmHg could then initiate lung 

hyperventilation. 

Early Developmental Changes in Branchial Neuroepithelial Cells 

Neuroepithelial cells were observed in the developing gill filament buds at 

3 dpf, a stage at which hypoxic branchial hyperventilation had also started (fig. 

4.1A, 4.5A and B).  There are little data on early developmental changes of the 

NEC and its association with ventilation in amphibians. However, ventilatory 

response to hypoxia has been documented in 3 dpf zebrafish, and it corresponds 

to appearance of NECs on the gill arches (Jonz and Nurse, 2005).  Although gill 

filaments and NECs of gill filaments are not formed until 5 dpf in zebrafish, which 

is relatively later than the observation in the present study, the ontogeny of 

branchial NECs and their role on O2 chemoreception in newly hatched lower 

vertebrates seems to be well conserved. 

The density of NECs started to increase at 10 dpf, which corresponded to 

the period when an elevated hypoxic ventilatory response developed (Fig. 4.1A 

and 4.2A).  However, Saltys et al. (2006) reported a similar NEC density in pre- 

and pro-metamorphic Xenopus laevis.  Although the specific stage at which 

larvae were used was not reported in the study (pro-metamorphic larvae may be 

beyond the stages examined in our study), the difference may be due to 

differences in density calculation between studies.  Density in the current study 

was calculated as the number of cells per millimeter of filament instead of cells 

per area of tissue in the other study.  The increase in cell density seen here is 
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very possibly due to the appearance of the respiratory terminal branches at 10 

dpf and NECs in these structures (fig. 4.5D) in addition to differentiation of cells 

along the central axis of the gill filaments.  In any event, the total number of 

NECs in the gills increases as development progresses due to either a longer 

filament or larger area of gill tissues in older larvae than the earlier ones. 

NECs have been described in the gills of several species of fish (Dunel-

Erb et al., 1982; Bailly et al., 1992; Jonz and Nurse, 2003) and larval and 

neotenic amphibians (Goniakowska-Witalińska et al., 1993; Saltys et al.; 2006).  

In fish, NECs are separated from the environment by the thin gill epithelium in gill 

filaments, and the specific location of NECs within filaments is near the efferent 

vasculature (Dunel-Erb et al., 1982; Bailly et al., 1992; Jonz and Nurse, 2003; 

Burleson, 2009).  In larval Xenopus laevis, the gill filaments develop on the filter 

plates, which are supplied by the branchial and the pulmonary arteries.  These 

arteries branch several times and then form the terminal arterioles, which run at 

the base of gill filaments and close to the filter plates.  The terminal arterioles 

give rise to the capillary beds beneath the respiratory terminal branches and are 

emptied by the venule located on the opposite side to the arterioles within the gill 

filaments (Minnich et al., 2002).  In the current study, NECs were observed in the 

venules side of the filament carrying oxygenated blood back to the left atrium and 

in the respiratory terminals.  These locations are consistent with the observation 

made in fish and may make them ideal for sensing both PO2 in the water and 

blood.  Studies on the physiology of O2 chemoreception also favor findings using 
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immunocytochemical and histological methods.  Injection of NaCN, an O2-

senstitive chemoreceptor stimulant, into inspired water stream and circulation 

both initiate ventilatory responses in the larval bullfrog (Jia and Burggren, 1997a, 

b), the neotenous axolotol (McKenzie and Taylor, 1996) and adult fish (Smatresk 

et al., 1986; Burleson and Milsom, 1995; Sundin et al., 2000; Shingles et al., 

2005; Leite et al., 2007; Micheli-Campbell et al., 2009; Perry et al., 2009).  

Collectively, the branchial NECs, which initiate the O2-driven ventilatory response 

in water-breathing animals, show a common role in monitoring both internal and 

external PO2 in amphibians and fish.  Although O2 chemoreception in adult frogs 

is beyond the aim of our study, a “fish-like” NEC may gradually disappear as 

larvae undergo metamorphosis, being replaced by internally located arterial and 

airway O2 receptors that are similar to other tetrapods (West and Van Vliet, 1992; 

Milsom and Burleson, 2007).  

Chronic Hypoxia-Induced Changes in Acute Ventilatory Responses and NECs 

Chronic exposure to 110 mmHg of PO2 decreased the magnitude of the 

responses of gill and lung ventilation frequency to moderate hypoxia, but the 

volumes remained unchanged, suggesting ventilatory pumps with a constant 

volume but an adjustable rate during hypoxia in early larvae.  The decreases in 

gill ventilation frequency were observed at 10 and 14 dpf at the rearing PO2 (fig. 

4.3).  This indicates an acclimation of larvae to this level of O2. However, neither 

NEC density nor size was affected during these stages (fig. 4.6A and B).  A 

possible mechanism may involve the resetting of the stimulation threshold of 
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NECs or the gill CPG in the brainstem although further experiments are 

necessary to demonstrate this point.  Despite a lower ventilation frequency at 

110 mmHg of O2, larvae showed similar responses at lower PO2, indicating the 

sensitivity to more severe hypoxia was not changed by chronic exposure to 

hypoxia. 

There is little information of the effect of chronic hypoxia on the ventilatory 

reflexes during development in lower vertebrates.  However, Vulesevic and Perry 

(2006) exposed zebrafish to hypoxia (PO2 = 30 - 40 mmHg) for the first 7 days 

post fertilization and measured their ventilatory response to hypoxia when the 

fish had reached maturity.  The chronically hypoxic population showed no 

difference in their hypoxic ventilatory response but growth was retarded.  A 

transient modification of ventilation by chronic hypoxia during early development 

may be possible, however, this was not investigated in the study (Vulesevic and 

Perry, 2006). 

In the present study, the decreased magnitude of hypoxic gill 

hyperventilation found at 10 and 14 dpf, disappeared later at 21 dpf (fig. 4.3).  On 

the same developmental day, lung ventilation was depressed although 

significance was only found at a PO2 of 50 mmHg (fig. 4.4).  With the gradual 

development of the lungs, lung ventilatory response to hypoxia may become 

more susceptible than the gill responses to a chronically altered environment.  In 

addition, the lower air-breathing frequency by chronic hypoxia raises the 

interesting question of why chronically hypoxic larvae would decrease its use of 
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air under hypoxia?  A possibility could be that in the current study, larvae were 

reared under combined aquatic and aerial hypoxia.  Continuously breathing air 

containing lower PO2 during the ontogeny of air-breathing may suppress larval 

lung ventilation.  Although having no access to air induces a smaller lung in 

Xenopus laevis (Pronych and Wassersug, 1994), the effect of long-term aerial 

hypoxia on development of the air-breathing behavior is still unknown, which may 

induce heterokairy by lowering overall lung ventilatory response to hypoxia 

(Spicer and Burggren, 2003). 

In addition to ventilation frequencies, the size of NECs was also affected 

by chronic hypoxia, and the difference in cell size between the control and 

hypoxic groups appeared to be larger as development progresses (fig. 4.6B).  A 

larger projection area of the branchial NECs has also been reported in adult 

zebrafish exposed to 35 mmHg of O2 for 60 days (Jonz et al., 2004).  As 

suggested in this study, the increase in size may be related to a higher surface 

area and more complex shape of the cells, which could increase the production 

of synaptic vesicles and enhance the release of 5-HT or other neurotransmitters 

to the postsynaptic neurons.  Other possibilities may include more abundant 

mitochondria or a more developed Golgi apparatus that are required for energy 

production and protein synthesis during O2 chemoreception at an environment 

with lower O2 availability, and it may explain a maintained routine ventilation in 

the control and hypoxic larvae. 
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Conclusions 

Our results demonstrate that ventilatory reflexes started early, shortly after 

hatching, and a transition of the relative importance of the gills and lungs on gas 

exchange happens between 14 and 21 dpf, corresponding to the increase in lung 

volume and the onset of blood perfusion in the lungs.  Sensitivity to hypoxia, 

especially lower O2 levels, develops first, and then elevated response to 

moderate hypoxia appears later, which can be associated with the increase in 

NEC density during development.  Chronic hypoxia causes an increase in the 

size of NECs and larval acclimation to the rearing PO2 as shown by decreased 

gill ventilation frequency but suppresses lung ventilation at 21 dpf.  Our study 

suggests a conserved ontogeny of O2 chemoreception and the role of NECs on 

development of the ventilatory response between larval fish and anuran 

amphibian.  However, a more complex ventilatory regulation appears in 

amphibians with the gradual emergence of the lungs later on.  The role of the gill 

and lung CPGs on the different gill and lung ventilatory responses to hypoxia, 

and the effects of hypoxia in the air, water or a combination of the 2 media on the 

ontogeny of lung development are fascinating but unsolved questions, which 

requires further investigations. 

 



Table 4.1.  Test statistics of effects of days of development, chronic and acute 
exposures to hypoxia on the neuroepithelial cell and respiratory variables.   

Development 
(Days) Chronic exposure Acute exposure 

  F p F p F p 
Buccal pumping 
frequency 60.7 < 0.001 13.3 < 0.001 215.9 < 0.001

Air-breathing 
frequency 159.4 < 0.001 6.1 0.01 260.3 < 0.001

Buccal floor 
depression 37.7 < 0.001 0.3 NS 6.7 < 0.001

Volume of air 
bubble 191.2 < 0.001 1.328 NS 0.2 NS

Density of 
neuro-epithelial 
cell 

71.9 < 0.001 0.3 NS - - 

Size of neuro-
epithelial cell 1.5 NS 10.9 0.001 - - 

Note. Density and size of neuroepithelial cells were analyzed with 2-way 
ANOVAs, while 3-way ANOVAs were used for all other variables.  α = 0.05 for all 
statistical comparisons. 
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Figure 4.1.  Buccal pumping frequency (A) and buccal floor amplitude (B) of the 
normoxic larvae as functions of age at five O2 levels of acute exposure in early 
Xenopus laevis.  Mean values ± SE are plotted.  Numbers in parentheses show n 
at each dpf.  Letters show significance of routine buccal pumping frequency and 
buccal amplitude among dpf.  Statistically identical means are shown within 
boxes.  See results for statistical assessment. 
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Figure 4.2.  Air-breathing frequency (A) and volume of exhaled gas bubbles (B) 
of the normoxic larvae as functions of age at five O2 levels of acute exposure in 
early Xenopus laevis.  Mean values ± SE are plotted.  Numbers in parentheses 
show n at each dpf.  Letters show significance of routine air-breathing frequency 
and volume among dpf.  Statistically identical means are shown within boxes.  
See results for statistical assessment. 
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Figure 4.3.  Buccal pumping frequency of the normoxic (solid circle) and the 
chronically hypoxic (open circle) larvae as functions of acute hypoxic exposure at 
different developmental stages in early Xenopus laevis.  Mean values ± SE are 
plotted.  Numbers in parentheses show n of the hypoxic group at each dpf.  
Statistically identical means are shown within boxes.  See results for statistical 
assessment. 
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Figure 4.4.  Air-breathing frequency of the normoxic (solid circle) and the 
chronically hypoxic (open circle) larvae as functions of acute hypoxic exposure at 
different developmental stages in early Xenopus laevis.  Mean values ± SE are 
plotted.  Numbers in parentheses show n of the hypoxic group at each dpf.  
Statistically identical means are shown within boxes.  See results for statistical 
assessment. 
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Figure 4.5.  Serotonin immunoreactive neuroepithelial cells on gill filaments (F) 
and respiratory terminal branches (TB) at 3 dpf (A and B), 5 dpf (C), 10 dpf (D) 
and 21 dpf (E) in Xenopus laevis.  In A and B, cells (arrows) were found in 
developing gill filament on the gill arch 1, 2 and 3 (GA1, GA2 and GA3).  In C, 
terminal branches formed and NECs were found in these structures at 10 dpf.  At 
21 dpf, NECs were located along the axis of filaments and in terminal branches.  
Scale bars = 50 µM. 
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Figure 4.6.  Density (A) and size (B) of neuroepithelial cells as a function of age 
in the normoxic (solid circle) and the chronically hypoxic (open circle) larvae in 
early Xenopus laevis.  Mean values ± SE are plotted.  Numbers in parentheses 
show n at each dpf.  Letters show significance among dpf in the control group 
(solid line).  Statistically identical means are shown within boxes.  See results for 
statistical assessment. 
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CHAPTER 5 

GENERAL CONCLUSIONS AND PERSPECTIVES 

Background 

Development of O2 chemoreception occurs in fetal mammals, even though 

sensitivity to hypoxia is low during this period.  However, fetal exposure to long-

term hypoxia alters hypoxic responses after birth, and the potentially long-lasting 

effects may cause respiratory and cardiovascular disorders in adults (Carroll, 

2003; Schultz and Li, 2007; Gauda et al., 2009).  In mammals, fetal stages are 

relatively inaccessible, and experimentally manipulated O2 level often does not 

reach the fetus due to the intervention of protective maternal hypoxic responses.  

Hence, animals with free-living embryonic and larval stages, such as fish and 

amphibians, can serve as important models for testing long-term effects of 

environmental stressors on ontogeny of organs and systems.  Few studies have 

focused on early development of the O2 uptake process and O2 chemoreception 

in lower vertebrates exposed to long-term hypoxia.  In this dissertation, I 

investigated ontogenic as well as acute and chronic hypoxia-induced changes in 

mass-specific O2 consumption, cardiac performance and gill and lung ventilation 

in Xenopus laevis. 
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Conclusions 

Routine Metabolic, Cardiac and Ventilatory Performance during Early 

Development 

The onset and complex developmental changes of the physiological 

processes of sensing and acquiring O2, including cardiac and ventilatory 

performance and brachial NECs from the current and previous studies, are 

summarized in figure 5.1.  The cardiac and ventilatory systems both became 

functional and responsive to hypoxia before 5 dpf, although rate, volume and 

hypoxic sensitivity are low at the onset of the systems.  The developmental 

patterns of , heart rate and gill ventilation frequency were generally similar, 

involving an initial relatively sharp increase followed by a gradual decrease.  

Lung ventilation frequency, however, remained constant until it increases late at 

21 dpf.  Unlike the more complex developmental change that occurred in cardiac 

and gill and lung frequency, ventilatory volumes all increased throughout the 

developmental stages measured here.  Fast development of each component in 

the O2 acquisition system may contribute to the early increase in system 

performance, and a scaling effect is believed to cause the later drop in the 

absolute rate of each physiological process (Burggren, 1995).  The increase 

shown in lung ventilation corresponds to the appearance of blood vessels in the 

lungs during development, which indicates the occurrence of perfusion-lung 

ventilation coupling during this period of development (Nieuwkoop and Faber 

1967). 
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Early Development of the Metabolic, Cardiac and Ventilatory Responses to Acute 

Hypoxia 

During acute hypoxia, a suppressed , elevated heart rate and 

increased ventilation frequency were the major larval responses observed in this 

study.  Tachycardia, which in turn caused an increase in mass-specific cardiac 

output, appeared at 5 dpf at the peak of the developmental pattern for routine 

heart rate.  Gill and lung hyperventilation in response to hypoxia emerged at 3 

and 5 dpf, respectively.  Sensitivity of the gill ventilatory response to lower levels 

of hypoxia developed first, and then the elevated response to moderate hypoxia 

appeared later, followed by a decrease in hypoxia sensitivity at 21 dpf, 

corresponding to the elevated lung ventilatory response to hypoxia.  Despite the 

increased cardiac and ventilatory performance, larvae still experienced an 

average of 80% metabolic depression in the range of PO2 tested, from normoxia 

to approximately 30 mmHg of O2.  The early hypoxic responses suggest that 

volumes of the cardiac and ventilatory pumps are relatively constant during acute 

hypoxia while frequencies are strongly O2-driven.  Due to the dual role of the 

internal gills in gas exchange and food particle capturing, early larvae are not 

able to maintain  during acute hypoxic exposure. 

The Branchial Neuroepithelial Cells 

The O2-sensitive NECs in the internal gills were first observed in the 

filament bud at 3 dpf, and the number of cells increased as development of the 

gills progressed, especially at 10 and 14 dpf, which correlates with the increase 
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in sensitivity of hypoxic gill hyperventilation.  In addition to the elongation of the 

gill filaments, formation of the respiratory terminal branches on the filaments and 

the appearance of NECs in these structures also contribute to the increase in 

NEC density at 10 and 14 dpf.  In contrast to density, the size of NECs remained 

unchanged developmentally.  The specific location of NECs in gill filaments is 

close to the venules carrying oxygenated blood away from the gills and to the 

capillary beds underneath the terminal branches.  The developmental pattern of 

NEC number suggests their role on early O2 chemoreception and association 

with the ontogenic changes in gill and lung ventilation.  Within gill filaments, the 

locations of NECs are appropriate to monitor PO2 in both the blood and water. 

Chronic Hypoxia-Induced Changes in the Acute Hypoxic Responses 

Chronic exposure to moderate hypoxia had no effect on larval 

development and body mass, but increased  at 5 and 7 dpf.  In addition, 

chronic hypoxia decreased mass-specific stroke volume and cardiac output 

during early stages (7 and 10 dpf), and gill and lung ventilation at 10 - 14 and 21 

dpf, respectively.  The size of NECs showed an increase at 21 dpf by chronic 

hypoxia, however, cell density was not affected.  Chronic exposure to hypoxia 

may delay development of larval cardiac performance during early development 

due to a direct depression of prolonged hypoxia on the heart.  Since diffusion is 

the main factor limiting larval O2 uptake rather than perfusion, a lower mass-

specific cardiac performance may not affect O2 acquisition during ontogeny.  As 

development progresses, continuous exposure to hypoxia induced larval 
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acclimation, in which a lower gill ventilation frequency occurred at the rearing O2 

level.  However, the mechanism and importance of chronic hypoxia-induced 

changes in lung ventilation frequency and cell morphology at 21 dpf are still 

unknown. 

Collectively, larval Xenopus are capable of adjusting their physiological 

performance in response to hypoxia in as early as a few days post fertilization.  

Based on the cellular and physiological evidence, O2 chemoreception and 

hypoxic response in early larval anuran resemble that of larval fish, except for the 

cardiac responses, suggesting the conserved role of the internal gills in gas 

exchanges and O2 sensing in developing lower vertebrates.  However, with the 

fast emergence of lungs in Xenopus, O2 chemoreceptive control of ventilation 

becomes more complex than any animal breathing solely water or solely air.  In 

addition to the early pulmonary response to hypoxia, the present study also 

provides the first evidence of the chronic hypoxia-induced alteration in O2 

chemoreception of larval amphibian.  It not only allows comparison with existing 

information on other vertebrates, but also warrants future comparative and 

ontogenic study on the transition of gill and lung O2 uptake and O2 sensing in the 

trimodal breather, larval amphibians, exposed to a chronically altered 

environment. 

Future Directions 

While the present study has provided a detailed description of the 

ontogenic changes in O2 chemoreception and the hypoxic responses in Xenopus 
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laevis, several phenomena remain unanswered, including: 

1) The significance of anaerobic metabolism on chronically hypoxic larvae 

based on the observation that larval Xenopus laevis exhibited a significant 

drop in  at 110 mmHg of PO2 but were able to maintain normal growth 

despite a lower  

2) The importance of cardiac and non-cardiac catecholamine-releasing 

chromaffin cells on the cardiac response to acute hypoxia in larval 

amphibians 

3) The effects of aquatic or aerial hypoxia on lung development and air-

breathing behavior, especially an artificial condition containing aquatic 

hypoxia but aerial normoxia, which may be more similar to a natural 

environment than both aquatic and aerial hypoxia used in the present 

study 

4) The role of the external gills and the skin in early O2 chemoreception in 

both anuran and urodele amphibians, since hypoxic responses may start 

prior to hatching and formation of the internal gills 

5) The appearance of neurotransmitters other than serotonin in NECs during 

development, such as acetylcholine, which has been suggested to play a 

stimulatory role on O2-sensitive chemoreceptors in the adult rainbow trout 

(Burleson and Milsom, 1995) 

6) The difference between continuous and intermittent hypoxic incubation on 

development of cardiac and ventilatory regulation in developing lower 
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vertebrate since studies using adult mammals have suggested that 

intermittent hypoxia may have a different effect on O2 chemoreception 

(Prabhakar et al., 2009) 

The investigation of the above and many other future directions of the 

development, especially the early ontogeny, of amphibian cardiorespiratory 

physiology will not only continue to hold great promise for comparative 

physiologists, but also provide vertebrate ontogenic mechanistic physiology for 

clinical researchers. 

 

 

 

 

 

 

 

 

 

 

 

 



 
Figure 5.1.  The ontogeny of cardioventilatory regulation and NECs in Xenous laevis.  The horizontal bar indicates 
the whole larval stage.  Numbers in the bar are shown in dpf. Vertical arrows represent the onset of each 
developmental event. Italic events are obtained from Nieuwkoop and Faber (1967). Note that the horizontal scale is 
distorted to accommodate more events during early development.  NECs: neuroepithelial cells; HV: 
hyperventilation; CH: chronic hypoxia; SV: stroke volume; CO: cardiac output; TB: terminal branches; fG: gill 
ventilation frequency; fL: lung ventilation frequency; : O2 consumption. 
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