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ABSTRACT

Nicotine or ethanol exposure early in development are both risk factors 

for Sudden Infant Death Syndrome (SIDS). I tested the hypothesis that 

both nicotine and ethanol may be linked to SIDS by impairing central 

breathing control responses to low oxygen (hypoxia) and high carbon 

dioxide (hypercapnia) stressors. Experiments were conducted in bullfrog 

tadpoles, a model system for respiratory neurotoxicology research. I 

addressed three specific aims: to characterize the effect of chronic 

ethanol on central responses to hypercapnia and hypoxia, to characterize 

the effect of chronic nicotine on central hypoxic responses, and to 

determine the persistence o f hypercapnic impairments following 10-wk 

exposure to either nicotine or ethanol. 10-wk nicotine exposure resulted 

in neuroplastic changes that eliminated the central hypoxic responses of 

early but not late metamorphic tadpoles. Thus, central responses to both 

hypoxia and hypercapnia were impaired following nicotine exposure. The 

attenuated central hypercapnic response of nicotine-exposed tadpoles 

persisted for 1 - 3  wk. Following 10-wk chronic ethanol exposure central 

responses to hypercapnia and hypoxia were lost regardless of the 

developmental timing of exposure. Impairments in central hypercapnic 

responses persisted for 3 - 6  wk after ethanol exposure ended. The



recovery of central hypercapnic responses in nicotine- and ethanol- 

exposed tadpoles may be an example of recuperative neuroplasticity 

resulting in either a reinstatement of network components and functions 

or an accommodation to deleterious nicotine- and ethanol-evoked 

neuroplastic changes. Collectively these data suggest that both nicotine 

and ethanol may target adaptive and compensatory mechanisms in 

central breathing control. The teratogen-induced impairments were 

developmentally dependent in the case of nicotine, and they persisted 

longer following ethanol exposure. The overall result of exposure to either 

neuroteratogen was an inability to respond to central breathing 

stressors, supporting the possible link to SIDS.
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1

CHAPTER ONE 

General introduction

Breathing is a vital behavior; it plays an essential role in the exchange of 

gases necessary to maintain life. The control of breathing, which must 

tightly regulate systemic conditions, must be fully functional at birth to 

orchestrate the first breath (Achard et al., 2005, Greer et al., 2006). 

Neural control o f breathing has been the subject of considerable 

research, and there is much to be understood. There are several 

conditions in which the control of breathing falters in early development 

leading to notable pathologies and even death (Gaultier, 2000, 2001, 

Chen and Keens, 2004, Gozal, 2004, Abu-Shaweesh and Martin, 2008, 

Ogier and Katz, 2008). Understanding the drives that maintain breathing 

and pathologies that interfere with these drives will aid in the treatment, 

and ideally prevention, of breathing-related pathologies.

Ethanol and the active ingredient in tobacco smoke, nicotine, are both 

neuroteratogens (West and Goodlett, 1990, Seidler et al., 1994, Abreu- 

Villaca et al., 2003, Goodlett et al., 2005). Exposure to either nicotine or 

ethanol during development has been associated with numerous 

functional and neurological deficits (King and Fabro, 1983, Brien and



Smith, 1991, Dwyer et al., 2008). In recent years, the consequences of 

exposure to nicotine or ethanol on the control of breathing have grown as 

a research interest (Hafstrom et al., 2005, Dubois et al., 2006, Dubois et 

al., 2008a, b, Eugenin et al., 2008, Fregosi and Pilarski, 2008, Mahliere 

et al., 2008, Campos et al., 2009). Interest was sparked by 

epidemiological studies that determined infants born to mothers who 

smoked or drank during pregnancy had an increased risk of sudden 

infant death syndrome (SIDS; Milerad and Sundell, 1993, Iyasu et al., 

2002, Kinney et al., 2003, Blair et al., 2006, Kinney, 2009).

Studies seeking to identify a causative link between nicotine or ethanol 

exposure and breathing disorders have had mixed results (Smith et al., 

1991, Bamford et al., 1996, Watson et al., 1996, Eugenin et al., 2008). 

Difficulties arise in designing animal studies in species where the 

influences of maternal-fetal interactions can be differentiated from the 

influences of nicotine or ethanol (Hafstrom et al., 2005). It is also difficult 

to design studies that test the impact of nicotine or ethanol on the 

development of central breathing control because most of the 

experimental preparations established to test central breathing control 

have a limited developmental window of viability (Fong et al., 2008). Both



3

these difficulties can be overcome by using the bullfrog tadpole animal 

model.

Bullfrogs are oviparous; eggs are laid in water and development occurs 

as free-living aquatic tadpoles that metamorphose into frogs, a process 

that can take up to two years. Nicotine, ethanol, and other agents can be 

added directly to the water where the animals develop, and the 

concentration of these compounds can be easily monitored and 

manipulated (Taylor et al., 2008). Nicotine and ethanol both cross the 

epithelial layers of bullfrog skin and exposure can be highly controlled 

(Yorio and Bentley, 1976, Horimoto and Koyama, 1982, Hedin and 

Larsson, 1986). The central control of breathing in bullfrogs has been 

well characterized, and isolated brainstem preparations used to asses 

central breathing activity are viable and stable at all free-living bullfrog 

life stages (early metamorphic tadpoles - geriatric frogs; Gdovin et al., 

1999, Torgerson et al., 2001, Gargaglioni and Milsom, 2007).

The aim of my work was to use the developing bullfrog as a tool to 

investigate the functional consequences of nicotine and ethanol exposure 

on the development of breathing control. An over-arching hypothesis of 

my work was that nicotine and ethanol impair breathing responses to



extremes in systemic gas conditions (low oxygen, O2, and high carbon 

dioxide, CO2), which was based on previous findings (Taylor et al., 2008) 

that nicotine and ethanol impair the centrally-mediated and whole- 

animal breathing responses to high CO2. My intent was to establish 

causative links between nicotine- or ethanol-exposure and impaired 

breathing control and to establish research models that could be used to 

investigate the underlying mechanisms of those causations. Identifying 

causes of impairment during development and creating research models 

to compare impaired and normal neural development within the 

breathing control network will lead to a better understanding of the 

pathogenesis o f SIDS, as well as the development and plasticity of 

breathing control.

1.1 Sudden Infant Death Syndrome: An impairment in homeostasis

SIDS is a diagnosis of exclusion. Cause of death is recorded as SIDS if an 

infant under 1 year o f age dies and all other causes of death are ruled 

out (Willinger et al., 1991). It might seem counter-intuitive to investigate 

the "cause" of SIDS. Once a new cause of infant mortality is identified it 

no longer, by definition, could be a SIDS death. To eliminate SIDS 

entirely infant deaths must be ascribed a specific cause, which ideally



will lead to preventative interventions, because fewer unexplained deaths 

will result in fewer cases of SIDS.

All deaths may, to some extent, be considered the result of failed 

homeostasis. The lack of identifiable evidence about the specific events 

that result in a SIDS death suggest that SIDS infants may have difficulty 

simply maintaining physiological homeostasis (Harper et al., 2000, 

Kinney, 2009). Physiological stressors that can be accommodated in 

normal infants become life-threatening in a SIDS infant (Filiano and 

Kinney, 1994). When a physiological stressor causes a deviation from 

homeostasis, an organism can make a compensatory response, one that 

returns the system to a set-point, or an adaptive response, one that 

allows the system to accommodate a new set-point. Breathing responses 

to shifts in systemic gas conditions (either high CO2, hypercapnia, or low 

O2, hypoxia) are attenuated during sleep and prone-sleeping can 

decrease O2 uptake and increase systemic CO2 levels (Kuwaki et al.,

2008, Rao et al., 2009, Kuwaki et al., 2010). SIDS deaths often occur 

while an infant is asleep (Hunt, 1989, Harper et al., 2000, Hauck et al., 

2003, Kahn et al., 2003), and prone sleeping infants have a three to five 

times greater risk for SIDS (Willinger et al., 1991, Duncan et al., 2009). 

These observations suggest that both an infant’s state of wakefulness

5



and position may be relevant to SIDS. Physiological stressors such as low 

O2 and high CO2 can easily occur in a sleeping infant and, if the infant is 

unable to generate the appropriate adaptive or compensatory response, a 

SIDS death may result. Thus, the pathology of SIDS may lie with 

impairments of homeostatic processes.

Hannah Kinney and colleagues have investigated neural morphology in 

SIDS infants (Kinney et al., 1983, Filiano and Kinney, 1994, Kinney et 

al., 2001, Paterson et al., 2006). They have identified abnormalities in 

the serotonergic system in the medullary raphe of SIDS infants, 

including a reduction in the binding of serotonin type 1a receptors (5- 

HT ia; Kinney et al., 2001, Kinney et al., 2005, Paterson et al., 2006). The 

medullary serotonergic network is involved in cardiorespiratory activity 

and arousal (Halmagyi and Colebatch, 1961, Doherty et al., 1996, 

Leonard, 1996, Jordan, 2005, Dutschmann et al., 2009, Murillo- 

Rodriguez et al., 2009, Hodges and Richerson, 2010). Impairments in 

cardiorespiratory function that contribute to the maintenance of systemic 

O2 and CO2 homeostasis, and are exacerbated by sleep state and 

position, may contribute to SIDS. Medullary 5-HT ia receptors may play a 

role in central hypercapnic-sensitivity and compensatory responses to 

CO2 (Severson et al., 2003, Corcoran et al., 2009). Similarly central

6



hypoxic responses rely on serotonergic mechanisms (Herman et al.,

2000, Simakajornboon and Kuptanon, 2005, Gargaglioni et al., 2006, 

Dergacheva et al., 2009). To date the impaired cardiorespiratory control 

hypothesis is considered one of the most compelling explanations for 

SIDS (Hunt, 1992, Duncan et al., 2010).

Centrally, hypercapnia and hypoxia result in changes in the neural 

activity that signals for a breath to occur. This signal, neuro ventilation, 

dictates the frequency, type, and pattern of breaths that ventilate a gas 

exchange surface. The central, or neuroventilatory, response to 

hypercapnia is increased breath frequency in an attempt to off load CO2 

(Nattie, 1999, Milsom, 2002, Putnam et al., 2005), and is a classic 

homeostatic compensatory mechanism (Corcoran et al., 2009). The 

central, or neuroventilatory, response to hypoxia, on the other hand, is 

an adaptive response where breathing is actively depressed to 

complement reduced metabolic demand for O2, which is limited 

(Neubauer et al., 1990, Bisgard and Neubauer, 1995). The central 

responses to hypercapnia and hypoxia are, thus, opposite with respect to 

their effect on the frequency of breathing-related neural activity.



An infant with an underlying vulnerability (e.g., an impaired medullary 

serotonergic system) that is exposed to hypercapnia or hypoxia at a point 

when responses to these stressors are blunted (e.g., during sleep) may 

not respond adequately and death may result. The triple risk hypothesis 

for SIDS proposes that SIDS results when an infant with an underlying 

vulnerability (impaired medullary serotonergic system) is unable to 

respond to an exogenous stressor (hypercapnia or hypoxia) during a 

discrete critical period of development (Filiano and Kinney, 1994,

Caddell, 2001, Kinney et al., 2001, Kinney, 2009). The development- 

period component of the triple risk hypothesis for SIDS may explain the 

prevalence of SIDS deaths in the 1st year of infant life and suggests that 

vulnerability, exposure, and/or response to the stressor are 

developmentally limited.

The triple risk hypothesis is an over arching theme in this dissertation. I 

sought to identify developmental changes in central responses to 

hypercapnia and hypoxia, to elicit vulnerabilities that resulted in 

impaired responses to those stressors, and to determine whether those 

vulnerabilities were permanent or could be resolved over time.

Ultimately, I wanted to determine if nicotine or ethanol exposure could 

induce a temporary impairment of central responses to O2 and CO2

8



stressors in a model vertebrate breathing control network, the isolated 

bullfrog brainstem.

1.2 Nicotine and ethanol are neuroteratogens

Use of nicotine or ethanol during pregnancy has numerous deleterious 

effects on a developing fetus (West and Goodlett, 1990, Haustein, 1999, 

Muneoka et al., 2001, Olney et al., 2002, Pauly et al., 2004, Dwyer et al., 

2008). Growth retardation, miscarriages, premature birth, and impaired 

neurodevelopment are just a few examples of why nicotine and ethanol 

are widely accepted as teratogens (West and Goodlett, 1990, Brien and 

Smith, 1991, Ernst et al., 2001, Ginzel et al., 2007, Henderson et al., 

2007). Both nicotine and ethanol exposures also have widespread effects 

on all aspects of neurogenesis and neural communication (Powrozek et 

al., 2004, Slotkin, 2004, Shingo and Kito, 2005, Slikker et al., 2005,

Aloe, 2006, Heath and Picciotto, 2009, Abreu-Villaca et al., 2010,

Mooney and Miller, 2010), but their effects are distinct. These two 

neuroteratogens target different aspects of the central nervous system, 

the functional result of their exposure is dissimilar, and the mechanisms 

by which they alter fetal development vary.

9



Nicotine is an agonist of nicotinic acetylcholine receptors (nAchRs), 

heteropentameric ligand-gated ion channels assembled by the 

combination of a (al-10), p(pl-4), y, 8, and s subunits (Lena et al., 1999, 

Shao and Feldman, 2002). nAchRs are widespread across the central 

nervous system (Kinney et al., 1993, Slotkin, 2004) and play a critical 

role in development as early as gastrulation (Lauder and Schambra, 

1999). The cholinergic system helps facilitate the transition in neuronal 

development from primary replication to terminal differentiation (Slotkin, 

1998, 1999, Slotkin et al., 2007a), and it modulates synaptogenesis and 

axonogenesis (Slotkin, 2004, Slikker et al., 2005). The cholinergic system 

is also important in maintaining the integrity and assembly of brain 

regions that regulate learning, memory, and behavior (Hohmann et al., 

1988, Hohmann et al., 1998). Chronic stimulation of nAchRs by nicotine 

can alter any o f these processes or result in desensitization, which 

attenuates normal cholinergic activity (Gentry and Lukas, 2002, Quick 

and Lester, 2002). Nicotine exposure also alters serotonergic neuron 

density and receptor subtype expression (Mihailescu et al., 2002, Say et 

al., 2007, Slotkin et al., 2007b, Duncan et al., 2009). Thus, although 

nicotine is an agonist of one specific receptor type, it can influence other 

neural signaling systems.

10



Ethanol has widespread direct and indirect effects on cell replication, 

neuroendocrine activity, ligand-gated ion channel signaling, neuronal 

migration, and neuron-glia communication (Gressens et al., 1992, Zhang 

et al., 2005, Camarillo and Miranda, 2008, Lee et al., 2008, Weinberg et 

al., 2008, Crews and Nixon, 2009, Gonzalez and Salido, 2009). At the 

synapse level, ethanol mimics y-aminobutyric acid (GABA) and is an 

allosteric potentiator of GABAa receptors via the imidazobenzodiazepine 

binding site, an agonist producing widespread neural inhibition (Aguayo 

et al., 2002, Criswell and Breese, 2005, Breese et al., 2006, Wallner and 

Olsen, 2008). Ethanol also reduces activity at N-methyl-D-aspartic acid 

(NMDA) type glutamate receptors, which further reduces neural activity 

(Hoffman et al., 1990, Wirkner et al., 1999, Ron, 2004). The results of 

chronic exposure to ethanol are generally associated with its direct 

inhibitory actions (Harris and Mihic, 2004); however, chronic ethanol 

exposure can cause either sensitization or desensitization to multiple 

neurotransmitter systems (Trujillo and Akil, 1995, Faingold et al., 1998, 

Dubois et al., 2006, Dopico and Lovinger, 2009).

11
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1.3 Nicotine and ethanol exposure affects breathing

The activation of nAchRs is fundamental to respiratory rhythm 

generation (Shao and Feldman, 2001, Shao et al., 2008). nAchRs are 

widespread in regions associated with breathing control (Wada et al., 

1989, Kinney et al., 1993, Dominguez del Toro et al., 1994). The 

neuroventilatory effect of nicotine exposure in the brain varies based on 

the duration, developmental timing, and concentration of exposure, as 

well as the research preparation used to test the effect (Fernandez et al., 

2002, Hafstrom et al., 2005, Brundage and Taylor, 2009). Persistent 

exposure to nicotine during early development impairs both central and 

whole-animal ventilatory responses to hypercapnia and hypoxia (Milerad 

et al., 1995, Hafstrom et al., 2002, Neff et al., 2004, Simakajornboon et 

al., 2004, Eugenin et al., 2008), and these response impairments are 

transient, with full recovery in rodent models by postnatal day eight 

(Simakajornboon et al., 2004, Eugenin et al., 2008).

The effects of ethanol on breathing have not been as extensively 

investigated as those of nicotine. Acutely, ethanol suppresses fetal 

breathing movements (Brien and Smith, 1991), and chronic prenatal 

ethanol exposure depresses respiratory responses to hypoxia (Dubois et 

al., 2005, Dubois et al., 2008a, Dubois et al., 2008b). Central responses



to hypoxia have not been specifically investigated following prenatal 

ethanol exposure nor have hypercapnic responses in general.

GABAergic signaling, the major target of ethanol, is fundamental to 

respiratory rhythm generation (Bonham, 1995, Brockhaus and Ballanyi, 

1998, Ren and Greer, 2006) and may play a key role in central responses 

to hypercapnia and hypoxia (Richter et al., 1999, Curran et al., 2001, Li 

et al., 2006, Fournier et al., 2007). Both ethanol and GABA depress 

normal breathing activity (Gibson and Berger, 2000, Dubois et al., 2006). 

Acute ethanol exposure can result in a near cessation of breathing 

movements in the human fetus (McLeod et al., 1983, Brien and Smith, 

1991). Responses to hypercapnia are thought to be produced in part 

through an inhibition of GABA activity (Peano et al., 1992, Horn and 

Waldrop, 1994, Gourine and Spyer, 2001, Liu et al., 2003, Kuribayashi 

et al., 2008). GABA’s role in hypoxia, however, may be through the 

inhibition of adrenergic pathways, generating the hypoxia-induced 

central adaptive reduction in breathing (Fournier et al., 2007).
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1.4 Animal models for neurotoxicology and breathing control

Studies investigating the effects of neuroteratogen exposures in 

mammals are hindered because fetal development occurs within a 

maternal organism. Controlling fetal exposure levels requires accounting 

for maternal metabolism. Rats, for example, metabolize nicotine at a 

faster rate than humans (Hafstrom et al., 2005). Investigators looking at 

prenatal exposure in rat models must use higher maternal doses to 

approximate comparable fetal human exposure levels (Hafstrom et al., 

2005). Elevated maternal exposure may have other effects on the mother 

that impact the developing fetus. Monitoring fetal exposure levels can 

involve invasive sampling techniques that may otherwise compromise the 

fetus. Thus, the internal development of mammals creates several 

impediments to studying the developmental neurotoxicology of nicotine 

or ethanol with respect to breathing or a physiological process. The 

developing bullfrog tadpole has been used as an alternative model to 

evaluate the effects of developmental nicotine and alcohol exposure, 

because exposure conditions can be controlled for without maternal 

influence (Taylor et al., 2008, Brundage and Taylor, 2009).



The bullfrog tadpole develops in an aquatic environment to which 

teratogens like nicotine and ethanol can be added directly, and they will 

freely cross amphibian skin (Yorio and Bentley, 1976, Horimoto and 

Koyama, 1982). The concentration of nicotine or ethanol can be 

monitored and manipulated by sampling the water housing each tadpole 

(Taylor et al., 2008). Exposure can be maintained without maternal 

interactions for any period of time, at any point in development. This 

allows the testing of the direct effects of nicotine or ethanol exposure 

without any nonspecific effects generated by the effect of these teratogens 

on the mother. Furthermore, the bullfrog tadpole animal model 

capitalizes on the advantages of free-living developmental stages, without 

sacrificing physiological comparability. The cholinergic and GABAergic 

systems of bullfrogs are functionally similar to mammals at the receptor 

level and the breathing control network (Dickinson et al., 1988, Shen et 

al., 1994, Broch et al., 2002, Hollis and Boyd, 2003, Fournier et al.,

2007, Brundage et al., 2010a, Brundage et al., 2010b), suggesting that 

the direct effects of nicotine or ethanol exposure at both these levels 

would be comparable between bullfrogs and mammals. Thus, in my 

studies, I opted for the bullfrog model to gain advantages of free-living 

development without losing the ability to extrapolate my findings to 

mammals, including humans.
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The bullfrog has long been a research tool for physiologists. With respect 

to breathing, the mechanics of bullfrog ventilation are well understood as 

are the neural signals that stimulate each breath. Ventilatory-related 

motor output from the isolated bullfrog brainstem was first identified by 

Robert Schmidt (Schmidt, 1971), this preparation was developed and 

characterized independently in the 1990s (McLean et al., 1995, Galante 

et al., 1996, Liao et al., 1996). Since that time, the isolated bullfrog 

brainstem preparation has been used as a tool to study central 

mechanisms underlying vertebrate respiratory rhythmogenesis (Galante 

et al., 1996, Gdovin et al., 1999, Milsom et al., 1999, Straus, 2000, 

Torgerson et al., 2001, Harris et al., 2002, Winmill and Hedrick, 2003).

Central responses to both hypercapnia and hypoxia have been 

characterized throughout bullfrog development. Similar to mammals, 

bullfrogs increase lung breath frequency in response to hypercapnia and 

decrease breath activity with central hypoxia (Torgerson et al., 1997, 

Taylor et al., 2003a, Taylor et al., 2003b, Winmill et al., 2005, Fournier et 

al., 2007, Fournier and Kinkead, 2008). Bullfrogs are considerably more 

hypoxia tolerant than mammals, but despite the temporal difference in



bullfrog responses, the general effect of hypoxia on neuroventilation is 

consistent in frogs and mammals (Winmill et al., 2005).

Apart from control of breathing, the breathing control network in the 

bullfrog is an excellent research tool to investigate function of a central 

neural network. The isolated bullfrog brainstem can maintain a robust 

breathing rhythm in vitro for more than 2 d (personal observation). 

Chemical agents, temperature, pH, and ion concentrations can all be 

easily manipulated to gain a functional understanding of this central 

neural network. The consequences of exposure to different toxins at 

different concentrations, as well as the ability to compare direct in vivo 

and in vitro developmental exposure, make the developing bullfrog CNS 

an ideal model system for neuro toxicology and neuroplasticity research.

The effect of nicotine and ethanol exposure on bullfrog tadpole 

neuroventilation was first investigated following 8-12 wk of exposure to 

either 30 gg/L nicotine or 0.1 % ethanol (v/v) in early metamorphic 

tadpoles (Taylor et al., 2008). Responses to hypercapnia were impaired in 

both the intact animal and the isolated brainstem preparation. Taylor et 

al. (2008) were the first to demonstrate attenuated responses to 

hypercapnia following early developmental exposure to either nicotine or
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ethanol in any animal model. Baseline ventilation was unaffected 

suggesting that the compensatory mechanism involved in responding to 

hypercapnia was impaired rather than normal ventilatory activity. 

Subsequent research showed that 3 wk of nicotine exposure was 

sufficient to attenuate the central hypercapnic response of early 

metamorphic tadpoles, but the responses of late metamorphic tadpoles 

and juvenile bullfrogs were unaffected by the shorter nicotine exposure 

(Brundage and Taylor, 2009, Brundage et al., 2010b). Furthermore, the 

central hypercapnic response was impaired in both early and late 

metamorphic tadpoles following 10 wk of nicotine exposure (Brundage 

and Taylor, 2009). Thus, the effects of chronic nicotine exposure on the 

central hypercapnic response are dependent upon the duration and 

developmental timing of exposure.

The effects of acute nicotine exposure on the isolated bullfrog brainstem 

are notably different than those of chronic treatment. Acute exposure to 

18 pg/L nicotine did not alter early metamorphic tadpole 

neuro ventilation. However, it did cause a reduction in normocapnic 

breath frequency in late metamorphic tadpoles and juvenile bullfrogs, 

and attenuated the central hypercapnic response of juvenile bullfrogs 

(Brundage et al., 2010a). We further demonstrated that higher



concentrations of nicotine attenuated the hypercapnic responses of the 

earlier developmental groups (50 and 100 pg/L for the late and early 

metamorphic tadpoles, respectively) and that these are specific effects 

arising through nAchR activation because they are blocked by 

mecamylamine (Brundage et al., 2010a) and similar to the effects of 

galantamine (Brundage et al., 2010b). Thus, our data suggest that the 

role of the cholinergic system in the breathing control network changes 

with development and may be directly involved in the regulation of 

central responses to hypercapnia.

1.5 Experimental design, scope, and direction

The primary aim of my research was to develop a model that would help 

advance our understanding of how nicotine or ethanol exposure during 

development may contribute to SIDS. My hypothesis was that nicotine or 

ethanol exposure both directly (outside of any maternal influences) 

impaired normal central homeostatic responses to the neuroventilatory 

stressors, hypercapnia and hypoxia. This was based on research 

suggesting impairments in hypercapnic and/or hypoxic responses 

contribute to SIDS (Hunt, 1992, Duncan et al., 2010). For my Master of 

Science degree, we characterized nicotine-induced impairment of the

19



tadpole central hypercapnic response (Brundage and Taylor, 2009). This 

doctoral dissertation extended in a natural direction from my Master’s 

research.

In research for this dissertation, I first characterized ethanol-induced 

impairment of the tadpole central hypercapnic response. I tested acute, 

3-wk, and 10-wk durations of chronic ethanol exposure during early and 

late periods of metamorphosis (see chapter two). This is the first study to 

evaluate the duration and timing of developmental ethanol exposure on 

responses to a ventilatory stressor. I then tested the same duration of 

exposure to nicotine and ethanol on central responses to hypoxia in early 

and late metamorphic tadpoles (see chapter three). This is the first study 

to examine the effects of ethanol exposure on central responses to 

hypoxia. I also quantified the hypoxic effect on other breathing 

parameters (gill breaths, durations, and amplitudes) to determine if 

chronic neuroteratogen exposure had any other effect on tadpole 

neuro ventilation. In a final set of experiments, I determined if central 

responses to hypercapnia could return if a teratogen-free period of 

development was allowed to occur (see chapter four).
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Future research that extends in a natural direction from this dissertation 

should investigate the mechanisms by which central ventilatory 

responses are able to recover as well as the mechanisms by which they 

are impaired by chronic exposure to nicotine or ethanol. Investigating 

mechanisms of both impairment and recovery will provide important 

insight into the neural network that controls breathing and the capacity 

for neuroplasticity within that network. The results of the studies 

presented here meet the aim of establishing a model that can be used to 

identify the mechanisms by which nicotine or ethanol impairs a centrally 

mediated homeostatic response and how those responses are able to 

recover.

1.6 References

Abreu-Villaca Y, Filgueiras CC, Manhaes AC (Developmental aspects of 

the cholinergic system. Behav Brain Res.2010).

Abreu-Villaca Y, Seidler FJ, Tate CA, Slotkin TA (Nicotine is a neurotoxin 

in the adolescent brain: critical periods, patterns of exposure, 

regional selectivity, and dose thresholds for macromolecular 

alterations. Brain Res 979:114-128.2003).

21



Abu-Shaweesh JM, Martin RJ (Neonatal apnea: what's new? Pediatr 

Pulmonol 43:937-944.2008).

Achard P, Zanella S, Rodriguez R, Hilaire G (Perinatal maturation of the 

respiratory rhythm generator in mammals: from experimental 

results to computational simulation. Respir Physiol Neurobiol 

149:17-27.2005).

Aguayo LG, Peoples RW, Yeh HH, Yevenes GE (GABAa receptors as

molecular sites of ethanol action. Direct or indirect actions? Curr 

Top Med Chem 2:869-885.2002).

Aloe L (Alcohol intake during prenatal life affects neuroimmune

mediators and brain neurogenesis. Ann 1st Super Sanita 42:17

21.2006).

Bamford OS, Schuen JN, Carroll JL (Effect of nicotine exposure on

postnatal ventilatory responses to hypoxia and hypercapnia. Respir 

Physiol 106:1-11.1996).

Bisgard GE, Neubauer JA (Peripheral and central effects of hypoxia. In: 

Lung Biology in Health and Disease; Regulation of breathing, 

Second edition (Dempsey, J. A. and Pack, A. I., eds) pp 617-668. 

1995).



Blair PS, Sidebotham P, Berry PJ, Evans M, Fleming PJ (Major

epidemiological changes in sudden infant death syndrome: a 20- 

year population-based study in the UK. Lancet 367:314-319.2006).

Bonham AC (Neurotransmitters in the CNS control of breathing. Respir 

Physiol 101:219-230.1995).

Breese GR, Criswell HE, Carta M, Dodson PD, Hanchar HJ, Khisti RT, 

Mameli M, Ming Z, Morrow AL, Olsen RW, Otis TS, Parsons LH, 

Penland SN, Roberto M, Siggins GR, Valenzuela CF, Wallner M 

(Basis of the GABAmimetic profile of ethanol. Alcohol Clin Exp Res 

30:731-744.2006).

Brien JF, Smith GN (Effects of alcohol (ethanol) on the fetus. J Dev 

Physiol 15:21-32.1991).

Broch L, Morales RD, Sandoval AV, Hedrick MS (Regulation of the 

respiratory central pattern generator by chloride-dependent 

inhibition during development in the bullfrog (Rana catesbeiana). J 

Exp Biol 205:1161-1169.2002).

Brockhaus J, Ballanyi K (Synaptic inhibition in the isolated respiratory 

network of neonatal rats. Eur J Neurosci 10:3823-3839.1998).

Brundage CM, Cartagena CM, Potter EA, Taylor BE (Nicotine elicits a

developmentally dependent depression in bullfrog neuroventilatory 

response to CO2 . Respir Physiol Neurobiol.2010a).



Brundage CM, Nelson CA, Taylor BE (Sensitivity of the developing 

bullfrog (Rana catesbeiana) does not explain vulnerability to 

chronic nicotine exposure. Adv Exp Med Biol 669: 103-107.2010b).

Brundage CM, Taylor BE (Timing and duration of developmental nicotine 

exposure contribute to attenuation of the tadpole hypercapnic 

neuroventilatory response. Dev Neurobiol 69:451-461.2009).

Caddell JL (A triple-risk model for the sudden infant death syndrome 

(SIDS) and the apparent life-threatening episode (ALTE): the 

stressed magnesium deficient weanling rat. Magnes Res 14:227

238.2001).

Camarillo C, Miranda RC (Ethanol exposure during neurogenesis induces 

persistent effects on neural maturation: evidence from an ex vivo 

model of fetal cerebral cortical neuroepithelial progenitor 

maturation. Gene Expr 14:159-171.2008).

Campos M, Bravo E, Eugenin J (Respiratory dysfunctions induced by 

prenatal nicotine exposure. Clin Exp Pharmacol Physiol 36:1205

1217.2009).

Chen ML, Keens TG (Congenital central hypoventilation syndrome: not 

just another rare disorder. Paediatr Respir Rev 5:182-189.2004).



Corcoran AE, Hodges MR, Wu Y, Wang W, Wylie CJ, Deneris ES, 

Richerson GB (Medullary serotonin neurons and central CO2 

chemoreception. Respir Physiol Neurobiol 168:49-58.2009).

Crews FT, Nixon K (Mechanisms of neurodegeneration and regeneration 

in alcoholism. Alcohol 44:115-127.2009).

Criswell HE, Breese GR (A conceptualization of integrated actions of 

ethanol contributing to its GABAmimetic profile: a commentary. 

Neuropsychopharmacol 30:1407-1425.2005).

Curran AK, Darnall RA, Filiano JJ, Li A, Nattie EE (Muscimol dialysis in 

the rostral ventral medulla reduced the CO2 response in awake 

and sleeping piglets. J Appl Physiol 90:971-980.2001).

Dergacheva O, Kamendi H, Wang X, Pinol RM, Frank J, Jameson H, 

Gorini C, Mendelowitz D (The role of 5 -HT3 and other excitatory 

receptors in central cardiorespiratory responses to hypoxia: 

implications for sudden infant death syndrome. Pediatr Res 

65:625-630.2009).

Dickinson KE, Matsumoto H, Anderson W, Pruitt RE, Uemura N,

Hirschowitz BI (Muscarinic cholinergic receptor subtype on frog 

esophageal peptic cells: binding and secretion studies. J 

Pharmacol Exp Ther 246:879-886.1988).



Doherty TJ, McDonell WN, Dyson DH, Black WD (Cardiorespiratory

effects of a 5HT2 antagonist (R51703) in awake and anesthetized 

dogs. Can J Vet Res 60:172-178.1996).

Dominguez del Toro E, Juiz JM, Peng X, Lindstrom J, Criado M

(Immunocytochemical localization of the a7 subunit of the nicotinic 

acetylcholine receptor in the rat central nervous system. J Comp 

Neurol 349:325-342.1994).

Dopico AM, Lovinger DM (Acute alcohol action and desensitization of 

ligand-gated ion channels. Pharmacol Rev 61:98-114.2009).

Dubois C, Houchi H, Naassila M, Daoust M, Pierrefiche O (Blunted

response to low oxygen of rat respiratory network after perinatal 

ethanol exposure: involvement of inhibitory control. J Physiol 

586:1413-1427.2008a).

Dubois C, Houchi H, Naassila M, Daoust M, Pierrefiche O (Depressed 

respiratory response to hypoxia and increased central glycinergic 

inhibitions in a rat model of fetal alcohol syndrome. Rev Mai Respir 

25:1197.2008b).

Dubois C, Naassila M, Daoust M, Pierrefiche O (Early chronic ethanol 

exposure in rats disturbs respiratory network activity and 

increases sensitivity to ethanol. J Physiol 576:297-307.2006).



Duncan JR, Garland M, Myers MM, Fifer WP, Yang M, Kinney HC, Stark 

RI (Prenatal nicotine-exposure alters fetal autonomic activity and 

medullary neuro transmitter receptors: implications for sudden 

infant death syndrome. J Appl Physiol 107:1579-1590.2009).

Duncan JR, Paterson DS, Hoffman JM, Mokler DJ, Borenstein NS, 

Belliveau RA, Krous HF, Haas EA, Stanley C, Nattie EE, 

Trachtenberg FL, Kinney HC (Brainstem serotonergic deficiency in 

sudden infant death syndrome. J Am Med Assoc 303:430

437.2010).

Dutschmann M, Waki H, Manzke T, Simms AE, Pickering AE, Richter 

DW, Paton JF (The potency of different serotonergic agonists in 

counteracting opioid evoked cardiorespiratory disturbances. Philos 

Trans R Soc Lond B Biol Sci 364:2611-2623.2009).

Dwyer JB, Broide RS, Leslie FM (Nicotine and brain development. Birth 

Defects Res C Embryo Today 84:30-44.2008).

Ernst M, Moolchan ET, Robinson ML (Behavioral and neural

consequences of prenatal exposure to nicotine. J Am Acad Child 

Adolesc Psychiatry 40:630-641.2001).



Eugenin J, Otarola M, Bravo E, Coddou C, Cerpa V, Reyes-Parada M, 

Llona I, von Bernhardi R (Prenatal to early postnatal nicotine 

exposure impairs central chemoreception and modifies breathing 

pattern in mouse neonates: a probable link to sudden infant death 

syndrome. J Neurosci 28:13907-13917.2008).

Faingold CL, N'Gouemo P, Riaz A (Ethanol and neurotransmitter

interactions-from molecular to integrative effects. Prog Neurobiol 

55:509-535.1998).

Fernandez R, Larrain C, Zapata P (Acute ventilatory and circulatory 

reactions evoked by nicotine: are they excitatory or depressant? 

Respir Physiol Neurobiol 133:173-182.2002).

Filiano JJ, Kinney HC (A perspective on neuropathologic findings in

victims of the sudden infant death syndrome: the triple-risk model. 

Biol Neonate 65:194-197.1994).

Fong AY, Corcoran AE, Zimmer MB, Andrade DV, Milsom WK

(Respiratory rhythm of brainstem-spinal cord preparations: Effects 

of maturation, age, mass and oxygenation. Respir Physiol 

Neurobiol 164:429-440.2008).

Fournier S, Allard M, Roussin S, Kinkead R (Developmental changes in 

central O2 chemoreflex in Rana catesbeiana: the role of 

noradrenergic modulation. J Exp Biol 210:3015-3026.2007).

28



Fournier S, Kinkead R (Role of pontine neurons in central O2 chemoreflex 

during development in bullfrogs (Lithobates catesbeiana). 

Neuroscience 155:983-996.2008).

Fregosi RF, Pilarski JQ (Prenatal nicotine exposure and development of 

nicotinic and fast amino acid-mediated neurotransmission in the 

control o f breathing. Respir Physiol Neurobiol 164:80-86.2008).

Galante RJ, Kubin L, Fishman AP, Pack Al (Role of chloride-mediated

inhibition in respiratory rhythmogenesis in an in vitro brainstem of 

tadpole, Rana catesbeiana. J Physiol 492 ( Pt 2):545-558.1996).

Gargaglioni LH, Bicego KC, Nucci TB, Branco LG (Serotoninergic 

receptors in the anteroventral preoptic region modulate the 

hypoxic ventilatory response. Respir Physiol Neurobiol 153:1

13.2006).

Gargaglioni LH, Milsom WK (Control of breathing in anuran amphibians. 

Comp Biochem Physiol A Mol Integr Physiol 147:665-684.2007).

Gaultier C (Development of the control of breathing: implications for 

sleep-related breathing disorders in infants. Sleep 23 Suppl 

4:S 136-139.2000).

Gaultier C (Abnormalities o f the chemical control of breathing: Clinical

correlates in infants and children. Pediatr Pulmonol Suppl 23:114

117.2001).

29



Gdovin MJ, Torgerson CS, Remmers JE (The fictively breathing tadpole 

brainstem preparation as a model for the development of 

respiratory pattern generation and central chemoreception. Comp 

Biochem Physiol A Mol Integr Physiol 124:275-286.1999).

Gentry CL, Lukas RJ (Regulation of nicotinic acetylcholine receptor

numbers and function by chronic nicotine exposure. Curr Drug 

Targets CNS Neurol Disord 1:359-385.2002).

Gibson IC, Berger AJ (Effect of ethanol upon respiratory-related

hypoglossal nerve output of neonatal rat brain stem slices. J 

Neurophysiol 83:333-342.2000).

Ginzel KH, Maritz GS, Marks DF, Neuberger M, Pauly JR, Polito JR, 

Schulte-Hermann R, Slotkin TA (Critical review: nicotine for the 

fetus, the infant and the adolescent? J Health Psychol 12:215

224.2007).

Gonzalez A, Salido GM (Ethanol alters the physiology of neuron-glia 

communication. Int Rev Neurobiol 88:167-198.2009).

Goodlett CR, Horn KH, Zhou FC (Alcohol teratogenesis: mechanisms of 

damage and strategies for intervention. Exp Biol Med (Maywood) 

230:394-406.2005).



Gourine AV, Spyer KM (Chemosensitivity of medullary inspiratory 

neurones: a role for GABAa receptors? Neuro report 12:3395

3400.2001).

Gozal D (New concepts in abnormalities of respiratory control in children. 

Curr Opin Pediatr 16:305-308.2004).

Greer JJ, Funk GD, Ballanyi K (Preparing for the first breath: prenatal 

maturation of respiratory neural control. J Physiol 570:437

444.2006).

Gressens P, Lammens M, Picard JJ, Evrard P (Ethanol-induced

disturbances of gliogenesis and neuronogenesis in the developing 

murine brain: an in vitro and in vivo immunohistochemical and 

ultrastructural study. Alcohol 27:219-226.1992).

Hafstrom O, Milerad J, Sandberg KL, Sundell HW (Cardiorespiratory 

effects of nicotine exposure during development. Respir Physiol 

Neurobiol 149:325-341.2005).

Hafstrom O, Milerad J, Sundell HW (Prenatal nicotine exposure blunts 

the cardiorespiratory response to hypoxia in lambs. Am J Respir 

Crit Care Med 166:1544-1549.2002).

Halmagyi DF, Colebatch HJ (Serotonin-like cardiorespiratory effects of a 

serotonin antagonist. J Pharmacol Exp Ther 134:47-52.1961).



Harper RM, Kinney HC, Fleming PJ, Thach BT (Sleep influences on 

homeostatic functions: implications for sudden infant death 

syndrome. Respir Physiol 119:123-132.2000).

Harris MB, Wilson RJ, Vasilakos K, Taylor BE, Remmers JE (Central

respiratory activity o f the tadpole in vitro brain stem is modulated 

diversely by nitric oxide. Am J Physiol Regul Integr Comp Physiol 

283:R417-428.2002).

Harris RA, Mihic SJ (Alcohol and inhibitory receptors: unexpected

specificity from a nonspecific drug. Proc Natl Acad Sci U S A 101:2

3.2004).

Hauck FR, Herman SM, Donovan M, Iyasu S, Merrick Moore C,

Donoghue E, Kirschner RH, Willinger M (Sleep environment and 

the risk of sudden infant death syndrome in an urban population: 

the Chicago Infant Mortality Study. Pediatrics 111:1207

1214.2003).

Haustein KO (Cigarette smoking, nicotine and pregnancy. Int J Clin 

Pharmacol Ther 37:417-427.1999).

Heath CJ, Picciotto MR (Nicotine-induced plasticity during development: 

modulation of the cholinergic system and long-term consequences 

for circuits involved in attention and sensory processing. 

Neuropharmacology 56 Suppl 1:254-262.2009).



Hedin CA, Larsson A (In vitro activation of amphibian dermal

melanocytes by nicotine. Scand J Dent Res 94:57-65.1986).

Henderson J, Kesmodel U, Gray R (Systematic review of the fetal effects 

of prenatal binge-drinking. J Epidemiol Community Health 

61:1069-1073.2007).

Herman JK, O'Halloran KD, Bisgard GE (Serotonin and the hypoxic

ventilatory response in awake goats. Adv Exp Med Biol 475:559

569.2000).

Hodges MR, Richerson GB (The role of medullary serotonin (5-HT) 

neurons in respiratory control: Contributions to eupneic 

ventilation, CO2 chemoreception and thermoregulation. J Appl 

Physiol. 2010).

Hoffman PL, Rabe CS, Grant KA, Valverius P, Hudspith M, Tabakoff B 

(Ethanol and the NMDA receptor. Alcohol 7:229-231.1990).

Hohmann CF, Brooks AR, Coyle JT (Neonatal lesions of the basal 

forebrain cholinergic neurons result in abnormal cortical 

development. Brain Res 470:253-264.1988).

Hohmann CF, Wallace SA, Johnston MV, Blue ME (Effects of neonatal 

cholinergic basal forebrain lesions on excitatory amino acid 

receptors in neocortex. Int J Dev Neurosci 16:645-660.1998).

33



Hollis DM, Boyd SK (Characterization of the GABAa receptor in the brain 

of the adult male bullfrog, Rana catesbeiana. Brain Res 992:69

75.2003).

Horimoto M, Koyama T (Acute microcirculatory response to nicotine in 

frog web. Jpn J Physiol 32:771-782.1982).

Horn EM, Waldrop TG (Modulation of the respiratory responses to 

hypoxia and hypercapnia by synaptic input onto caudal 

hypothalamic neurons. Brain Res 664:25-33.1994).

Hunt CE (Impaired arousal from sleep: relationship to sudden infant 

death syndrome. J Perinatol 9:184-187.1989).

Hunt CE (The cardiorespiratory control hypothesis for sudden infant 

death syndrome. Clin Perinatol 19:757-771.1992).

Iyasu S, Randall LL, Welty TK, Hsia J, Kinney HC, Mandell F, McClain M, 

Randall B, Habbe D, Wilson H, Willinger M (Risk factors for sudden 

infant death syndrome among northern plains Indians. J Am Med 

Assoc 288:2717-2723.2002).

Jordan D (Vagal control of the heart: central serotonergic (5-HT) 

mechanisms. Exp Physiol 90:175-181.2005).

Kahn A, Groswasser J, Franco P, Scaillet S, Sawaguchi T, Kelmanson I, 

Dan B (Sudden infant deaths: stress, arousal and SIDS. Early 

Hum Dev 75 Suppl:S 147-166.2003).



King JC, Fabro S (Alcohol consumption and cigarette smoking: effect on 

pregnancy. Clin Obstet Gynecol 26:437-448.1983).

Kinney HC (Brainstem mechanisms underlying the sudden infant death 

syndrome: evidence from human pathologic studies. Dev 

Psychobiol 51:223-233.2009).

Kinney HC, Burger PC, Harrell FE, Jr., Hudson RP, Jr. ('Reactive gliosis' 

in the medulla oblongata of victims of the sudden infant death 

syndrome. Pediatrics 72:181-187.1983).

Kinney HC, Filiano JJ, White WF (Medullary serotonergic network

deficiency in the sudden infant death syndrome: review of a 15- 

year study of a single dataset. J Neuropathol Exp Neurol 60:228

247.2001).

Kinney HC, Myers MM, Belliveau RA, Randall LL, Trachtenberg FL,

Fingers ST, Youngman M, Habbe D, Fifer WP (Subtle autonomic 

and respiratory dysfunction in sudden infant death syndrome 

associated with serotonergic brainstem abnormalities: a case 

report. J Neuropathol Exp Neurol 64:689-694.2005).

Kinney HC, O'Donnell TJ, Kriger P, White WF (Early developmental 

changes in [3H]nicotine binding in the human brainstem. 

Neuroscience 55:1127-1138.1993).



36

Kinney HC, Randall LL, Sleeper LA, Willinger M, Belliveau RA, Zee N, 

Rava LA, Dominici L, Iyasu S, Randall B, Habbe D, Wilson H, 

Mandell F, McClain M, Welty TK (Serotonergic brainstem 

abnormalities in Northern Plains Indians with the sudden infant 

death syndrome. J Neuropathol Exp Neurol 62:1178-1191.2003).

Kuribayashi J, Sakuraba S, Hosokawa Y, Hatori E, Tsujita M, Takeda J, 

Yanagawa Y, Obata K, Kuwana S (CC>2-sensitivity of GABAergic 

neurons in the ventral medullary surface of GAD67-GFP knock-in 

neonatal mice. Adv Exp Med Biol 605:338-342.2008).

Kuwaki T, Li A, Nattie E (State-dependent central chemoreception: a role 

of orexin. Respir Physiol Neurobiol.2010).

Kuwaki T, Zhang W, Nakamura A, Deng BS (Emotional and state- 

dependent modification of cardiorespiratory function: role of 

orexinergic neurons. Auton Neurosci 142:11-16.2008).

Lauder JM, Schambra UB (Morphogenetic roles of acetylcholine. Environ 

Health Perspect 107 Suppl 1:65-69.1999).

Lee S, Choi I, Kang S, Rivier C (Role of various neuro transmitters in 

mediating the long-term endocrine consequences of prenatal 

alcohol exposure. Ann N Y Acad Sci 1144:176-188.2008).



Lena C, de Kerchove D'Exaerde A, Cordero-Erausquin M, Le Novere N, 

del Mar Arroyo-Jimenez M, Changeux JP (Diversity and 

distribution of nicotinic acetylcholine receptors in the locus 

ceruleus neurons. Proc Natl Acad Sci U S A  96:12126

12131.1999).

Leonard BE (Serotonin receptors and their function in sleep, anxiety

disorders and depression. Psychother Psychosom 65:66-75.1996).

Li A, Zhou S, Nattie E (Simultaneous inhibition of caudal medullary

raphe and retrotrapezoid nucleus decreases breathing and the CO2 

response in conscious rats. J Physiol 577:307-318.2006).

Liao GS, Kubin L, Galante RJ, Fishman AP, Pack Al (Respiratory activity 

in the facial nucleus in an in vitro brainstem of tadpole, Rana 

catesbeiana. J Physiol 492 (Pt 2):529-544.1996).

Liu X, Sood S, Liu H, Nolan P, Morrison JL, Horner RL (Suppression of 

genioglossus muscle tone and activity during reflex hypercapnic 

stimulation by GABAa mechanisms at the hypoglossal motor 

nucleus in vivo. Neuroscience 116:249-259.2003).

Mahliere S, Perrin D, Peyronnet J, Boussouar A, Annat G, Viale JP, 

Pequignot J, Pequignot JM, Dalmaz Y (Prenatal nicotine alters 

maturation of breathing and neural circuits regulating respiratory 

control. Respir Physiol Neurobiol 162:32-40.2008).



McLean HA, Kimura N, Kogo N, Perry SF, Remmers JE (Fictive

respiratory rhythm in the isolated brainstem of frogs. J Comp 

Physiol [A] 176:703-713.1995).

McLeod W, Brien J, Loomis C, Carmichael L, Probert C, Patrick J (Effect 

of maternal ethanol ingestion on fetal breathing movements, gross 

body movements, and heart rate at 37 to 40 weeks' gestational age. 

Am J Obstet Gynecol 145:251-257.1983).

Mihailescu S, Guzman-Marin R, Dominguez Mdel C, Drucker-Colin R 

(Mechanisms of nicotine actions on dorsal raphe serotoninergic 

neurons. Eur J Pharmacol 452:77-82.2002).

Milerad J, Larsson H, Lin J, Sundell HW (Nicotine attenuates the

ventilatory response to hypoxia in the developing lamb. Pediatr Res 

37:652-660.1995).

Milerad J, Sundell H (Nicotine exposure and the risk of SIDS. Acta 

Paediatr Suppl 82 Suppl 389:70-72.1993).

Milsom WK (Phylogeny of CO2/H+ chemoreception in vertebrates. Respir 

Physiol Neurobiol 131:29-41.2002).

Milsom WK, Reid SG, Meier JT, Kinkead R (Central respiratory pattern 

generation in the bullfrog, Rana catesbeiana. Comp Biochem 

Physiol A Mol Integr Physiol 124:253-264.1999).

38



Mooney SM, Miller MW (Prenatal exposure to ethanol affects postnatal 

neurogenesis in thalamus. Exp Neurol.2010).

Muneoka K, Ogawa T, Kamei K, Mimura Y, Kato H, Takigawa M (Nicotine 

exposure during pregnancy is a factor which influences serotonin 

transporter density in the rat brain. Eur J Pharmacol 411:279

282.2001).

Murillo-Rodriguez E, Arias-Carrion O, Sanguino-Rodriguez K, Gonzalez- 

Arias M, Haro R (Mechanisms of sleep-wake cycle modulation. CNS 

Neurol Disord Drug Targets 8:245-253.2009).

Nattie E (CO2, brainstem chemoreceptors and breathing. Prog Neurobiol 

59:299-331.1999).

Neff RA, Simmens SJ, Evans C, Mendelowitz D (Prenatal nicotine

exposure alters central cardiorespiratory responses to hypoxia in 

rats: implications for sudden infant death syndrome. J Neurosci 

24:9261-9268.2004).

Neubauer JA, Melton JE, Edelman NH (Modulation of respiration during 

brain hypoxia. J Appl Physiol 68:441-451.1990).

Ogier M, Katz DM (Breathing dysfunction in Rett syndrome:

understanding epigenetic regulation of the respiratory network. 

Respir Physiol Neurobiol 164:55-63.2008).

39



Olney JW, Wozniak DF, Farber NB, Jevtovic-Todorovic V, Bittigau P,

Ikonomidou C (The enigma of fetal alcohol neurotoxicity. Ann Med 

34:109-119.2002).

Paterson DS, Trachtenberg FL, Thompson EG, Belliveau RA, Beggs AH, 

Darnall R, Chadwick AE, Krous HF, Kinney HC (Multiple 

serotonergic brainstem abnormalities in sudden infant death 

syndrome. J Am Med Assoc 296:2124-2132.2006).

Pauly JR, Sparks JA, Hauser KF, Pauly TH (In utero nicotine exposure

causes persistent, gender-dependant changes in locomotor activity 

and sensitivity to nicotine in C57B1/6 mice. Int J Dev Neurosci 

22:329-337.2004).

Peano CA, Shonis CA, Dillon GH, Waldrop TG (Hypothalamic GABAergic 

mechanism involved in respiratory response to hypercapnia. Brain 

Res Bull 28:107-113.1992).

Powrozek TA, Sari Y, Singh RP, Zhou FC (Neurotransmitters and 

substances o f abuse: effects on adult neurogenesis. Curr 

Neurovasc Res 1:251-260.2004).

Putnam RW, Conrad SC, Gdovin MJ, Erlichman JS, Leiter JC (Neonatal 

maturation of the hypercapnic ventilatory response and central 

neural CO2 chemosensitivity. Respir Physiol Neurobiol 149:165

179.2005).



Quick MW, Lester RA (Desensitization of neuronal nicotinic receptors. J 

Neurobiol 53:457-478.2002).

Rao H, Saiki T, Landolfo F, Smith AP, Hannam S, Rafferty GF, Milner AD, 

Greenough A (Position and ventilatory response to added dead 

space in prematurely born infants. Pediatr Pulmonol 44:387

391.2009).

Ren J, Greer JJ (Modulation of respiratory rhythmogenesis by chloride- 

mediated conductances during the perinatal period. J Neurosci 

26:3721-3730.2006).

Richter DW, Schmidt-Garcon P, Pierrefiche O, Bischoff AM, Lalley PM 

(Neurotransmitters and neuromodulators controlling the hypoxic 

respiratory response in anaesthetized cats. J Physiol 514 ( Pt 

2):567-578.1999).

Ron D (Signaling cascades regulating NMDA receptor sensitivity to 

ethanol. Neuroscientist 10:325-336.2004).

Say M, Machaalani R, Waters KA (Changes in serotoninergic receptors 1A 

and 2A in the piglet brainstem after intermittent hypercapnic 

hypoxia (IHH) and nicotine. Brain Res 1152:17-26.2007).

Schmidt RS (A model of the central mechanisms of male anuran acoustic 

behavior. Behaviour 39:288-317.1971).

41



Seidler FJ, Albright ES, Lappi SE, Slotkin TA (In search of a mechanism 

for receptor-mediated neurobehavioral teratogenesis by nicotine: 

catecholamine release by nicotine in immature rat brain regions. 

Brain Res Dev Brain Res 82:1-8.1994).

Severson CA, Wang W, Pieribone VA, Dohle Cl, Richerson GB (Midbrain 

serotonergic neurons are central pH chemoreceptors. Nat Neurosci 

6:1139-1140.2003).

Shao XM, Feldman JL (Mechanisms underlying regulation of respiratory 

pattern by nicotine in preBotzinger complex. J Neurophysiol 

85:2461-2467.2001).

Shao XM, Feldman JL (Pharmacology of nicotinic receptors in

preBotzinger complex that mediate modulation of respiratory 

pattern. J Neurophysiol 88:1851-1858.2002).

Shao XM, Tan W, Xiu J, Puskar N, Fonck C, Lester HA, Feldman JL (a4* 

nicotinic receptors in preBotzinger complex mediate 

cholinergic/nicotinic modulation of respiratory rhythm. J Neurosci 

28:519-528.2008).

Shen WX, Jobling P, Horn JP (The sensitivity of nicotinic synapses in 

bullfrog sympathetic-ganglia to a-bungarotoxin and neuronal- 

bungarotoxin. Brit J Pharmacol 113:898-902.1994).



Shingo AS, Kito S (Effects o f nicotine on neurogenesis and plasticity of 

hippocampal neurons. J Neural Transm 112:1475-1478.2005).

Simakajornboon N, Kuptanon T (Maturational changes in

neuromodulation of central pathways underlying hypoxic 

ventilatory response. Respir Physiol Neurobiol 149:273-286.2005).

Simakajornboon N, Vlasic V, Li H, Sawnani H (Effect of prenatal nicotine 

exposure on biphasic hypoxic ventilatory response and protein 

kinase C expression in caudal brain stem of developing rats. J Appl 

Physiol 96:2213-2219.2004).

Slikker W, Jr., Xu ZA, Levin ED, Slotkin TA (Mode of action: disruption of 

brain cell replication, second messenger, and neurotransmitter 

systems during development leading to cognitive dysfunction- 

developmental neurotoxicity of nicotine. Crit Rev Toxicol 35:703

711.2005).

Slotkin TA (Fetal nicotine or cocaine exposure: which one is worse? J 

Pharmacol Exp Ther 285:931-945.1998).

Slotkin TA (Developmental cholinotoxicants: nicotine and chlorpyrifos. 

Environ Health Perspect 107 Suppl 1:71-80.1999).

Slotkin TA (Cholinergic systems in brain development and disruption by 

neuro toxicants: nicotine, environmental tobacco smoke, 

organophosphates. Toxicol Appl Pharmacol 198:132-151.2004).



Slotkin TA, Ryde IT, Seidler FJ (Separate or sequential exposure to 

nicotine prenatally and in adulthood: persistent effects on 

acetylcholine systems in rat brain regions. Brain Res Bull 74:91- 

103.2007a).

Slotkin TA, Ryde IT, Tate CA, Seidler FJ (Lasting effects of nicotine 

treatment and withdrawal on serotonergic systems and cell 

signaling in rat brain regions: separate or sequential exposure 

during fetal development and adulthood. Brain Res Bull 73:259- 

272.2007b).

Smith GN, Patrick J, Sinervo KR, Brien JF (Effects of ethanol exposure 

on the embryo-fetus: experimental considerations, mechanisms, 

and the role of prostaglandins. Can J Physiol Pharmacol 69:550

569.1991).

Straus C (Ontogeny of respiratory muscle control. Evidence from the 

amphibian model. Rev Mai Respir 17:585-590.2000).

Taylor BE, Croll AE, Drucker ML, Wilson AL (Developmental exposure to 

ethanol or nicotine inhibits the hypercapnic ventilatory response in 

tadpoles. Respir Physiol Neurobiol 160:83-90.2008).

Taylor BE, Harris MB, Coates EL, Gdovin MJ, Leiter JC (Central CO2 

chemoreception in developing bullfrogs: anomalous response to 

acetazolamide. J Appl Physiol 94:1204-1212.2003a).



Taylor BE, Harris MB, Leiter JC, Gdovin MJ (Ontogeny of central CO2 

chemoreception: chemosensitivity in the ventral medulla of 

developing bullfrogs. Am J Physiol Regul Integr Comp Physiol 

285:R1461-1472.2003b).

Torgerson C, Gdovin M, Remmers J (Ontogeny of central chemo reception 

during fictive gill and lung ventilation in an in vitro brainstem 

preparation of Rana catesbeiana. J Exp Biol 200:2063-2072.1997).

Torgerson CS, Gdovin MJ, Remmers JE (Sites of respiratory

rhythmogenesis during development in the tadpole. Am J Physiol 

Regul Integr Comp Physiol 280:R913-920.2001).

Trujillo KA, Akil H (Excitatory amino acids and drugs of abuse: a role for 

N-methyl-D-aspartate receptors in drug tolerance, sensitization 

and physical dependence. Drug Alcohol Depend 38:139-154.1995).

Wada E, Wada K, Boulter J, Deneris E, Heinemann S, Patrick J,

Swanson LW (Distribution of alpha 2, alpha 3, alpha 4, and beta 2 

neuronal nicotinic receptor subunit mRNAs in the central nervous 

system: a hybridization histochemical study in the rat. J Comp 

Neurol 284:314-335.1989).



Wallner M, Olsen RW (Physiology and pharmacology of alcohol: the 

imidazobenzodiazepine alcohol antagonist site on subtypes of 

GABAa receptors as an opportunity for drug development? Br J 

Pharmacol 154:288-298.2008).

Watson CS, White SE, Homan J, Abdollah S, Brien JF, Challis JR,

Bocking AD (Fetal breathing is not inhibited by ethanol exposure 

during prolonged reduced uterine blood flow. Can J Physiol 

Pharmacol 74:1016-1024.1996).

Weinberg J, Sliwowska JH, Lan N, Hellemans KG (Prenatal alcohol

exposure: foetal programming, the hypothalamic-pituitary-adrenal 

axis and sex differences in outcome. J Neuroendocrinol 20:470

488.2008).

West JR, Goodlett CR (Teratogenic effects of alcohol on brain 

development. Ann Med 22:319-325.1990).

Willinger M, James LS, Catz C (Defining the sudden infant death

syndrome (SIDS): deliberations of an expert panel convened by the 

National Institute of Child Health and Human Development. 

Pediatr Pathol 11:677-684.1991).

Winmill RE, Chen AK, Hedrick MS (Development of the respiratory

response to hypoxia in the isolated brainstem of the bullfrog Rana 

catesbeiana. J Exp Biol 208:213-222.2005).



Winmill RE, Hedrick MS (Developmental changes in the modulation of 

respiratory rhythm generation by extracellular K+ in the isolated 

bullfrog brainstem. J Neurobiol 55:278-287.2003).

Wirkner K, Poelchen W, Koles L, Muhlberg K, Scheibler P, Allgaier C, Illes 

P (Ethanol-induced inhibition of NMDA receptor channels. 

Neurochem Int 35:153-162.1999).

Yorio T, Bentley PJ (Effects of ethanol on the permeability of frog skin. J 

Pharmacol Exp Ther 197:340-351.1976).

Zhang X, Sliwowska JH, Weinberg J (Prenatal alcohol exposure and fetal 

programming: effects on neuroendocrine and immune function.

Exp Biol Med (Maywood) 230:376-388.2005).



48

CHAPTER TWO 

Chronic ethanol exposure during development impairs central 

hypercapnic ventilatory drive1

2.1 Abstract

Chronic ethanol exposure early in development is a Sudden Infant Death 

Syndrome (SIDS) risk factor, it is unclear how ethanol exposure may 

contribute to SIDS cases; however, ethanol may act to impair drives that 

maintain homeostasis. Central hypercapnic ventilatory drive (CHVD) 

potentiates ventilation to mitigate acidosis. We tested the hypothesis that 

chronic ethanol exposure impairs CHVD in bullfrog tadpoles. Early and 

late metamorphic tadpoles were exposed in vivo to 0.12 - 0.06 g/dL for 

either 3- or 10-wk durations. Brainstems from these animals were 

isolated at the end of exposure, and the neural correlates of ventilation 

were recorded in vitro during superfusion with normocapnic (1.5 % CO2:

98.5 % O2) and hypercapnic (5.0 % CO2: 95.0 % O2) artificial cerebral 

spinal fluid. Normocapnic neuro ventilation was unaffected by chronic

!Brundage, C.M. and Taylor, B.E. 2010. Chronic ethanol exposure during 
development impairs central hypercapnic ventilatory drive.(formatted for 
submission to Neuroscience).



ethanol exposure. Central ventilatory potentiation was lost in response to 

hypercapnia following 10 but not 3 wk of ethanol exposure in both early 

and late metamorphic tadpoles. The neuroventilatory effects of chronic 

ethanol exposure were distinguishable from those of acute 

central ethanol (0.08 g/dL) exposure, which attenuated early 

metamorphic tadpole normocapnic neuroventilation, but had no effect on 

tadpole CHVD. Thus, 10 wk of ethanol exposure both early and late in 

metamorphosis impairs CHVD in bullfrog tadpoles.

2.2 Introduction

Breathing is a vital homeostatic process modulated primarily by the need 

to neutralize the acidosis created by CO2 produced by the catabolism of 

metabolic fuels (Nattie, 1999, McCrimmon et al., 2000, Feldman et al., 

2003). An inability to adequately compensate for a homeostatic deviation 

is hypothesized to be an underlying cause of Sudden Infant Death 

Syndrome (SIDS; Bolton, 1990, Filiano and Kinney, 1994, Jin et al., 

2006). Central hypercapnic acidosis elicits an increase in the rate of 

ventilation to expedite exhalation of CO2 (O'Regan and Majcherczyk,

1982, Milsom, 1995, Nattie, 1999, Putnam et al., 2004, Putnam et al., 

2005). This central hypercapnic ventilatory drive (CHVD) is one of many
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fundamental processes that may be inadequate in SIDS cases (Shannon 

et al., 1977, Dunne et al., 1992, Richerson et al., 2001, Jin et al., 2006). 

The underlying cause for this impairment is currently unknown, but 

early developmental ethanol exposure is considered a SIDS risk factor 

(Iyasu et al., 2002, Kinney et al., 2003).

Responsiveness to the ventilatory stressor, hypoxia, is decreased 

following chronic developmental ethanol exposure (Dubois et al., 2008, 

Kervern et al., 2008). Fewer studies have looked at the effect of ethanol 

on hypercapnic responses and CHVD, despite evidence that ethanol’s 

action on yaniinobutyric acid (GABA) neurotransmission may alter 

GABA’s alleged role in disinhibiting responses to hypercapnia (Peano et 

al., 1992, Horn and Waldrop, 1994, Gourine and Spyer, 2001, Liu et al., 

2003, Kuribayashi et al., 2008). Acute ethanol lowers the response 

threshold of CHVD in adults, but acute, late-gestational exposure has no 

impact on fetal hypercapnic drive (Sahn et al., 1975, Michiels et al.,

1983, Marchal and Droulle, 1988). Investigating the effect of chronic 

ethanol exposure on responsiveness of the respiratory neural circuit to 

the stressor hypercapnia could provide information about the causes of 

SIDS.
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Ethanol is a neuroteratogen that causes a wide range of adverse effects 

on development including central nervous system dysfunctions 

comprising cognitive impairments, behavioral disturbances, and 

neurological damage (Clarren et al., 1978). Prenatal ethanol exposure is 

associated with alterations in autonomic control that occur during sleep 

soon after birth (Fifer et al., 2009). The neuroventilatory consequences of 

developmental ethanol exposure depend on the timing of exposure 

relative to development. Acute ethanol exposure nearly abolishes fetal 

breathing movements in late but not early gestation (Goodlett et al., 

2005). Chronic late-gestational ethanol exposure results in numerous 

neuronal deficits (Marchal and Droulle, 1988, Smith et al., 1990, Brien 

and Smith, 1991, Hamre and West, 1993, Marcussen et al., 1994, 

Watson et al., 1996, Goodlett and Eilers, 1997, Goodlett et al., 1998), 

while early gestational ethanol exposure confers the greatest risk of SIDS 

(Iyasu et al., 2002). Ethanol exposure during different periods of brain 

development results in regional differences in cell loss (West et al., 1990, 

Maier et al., 1999), and this could account for disparate ethanol 

vulnerability, based in the developmental timing and duration of 

exposure, of the neural network controlling breathing.



To our knowledge the only evaluation of the consequences of chronic 

developmental ethanol exposure on CHVD was done in early 

metamorphic bullfrog tadpoles (Taylor et al., 2008). Developing bullfrog 

tadpoles have been used as a model to evaluate the consequences of 

teratogen exposures (Beatty et al., 1976, Neal et al., 1979, Schuytema et 

al., 1991, Brundage, 2008). Tadpoles continuously exposed to 0.1 % 

ethanol (v/v) for 8-12 wk throughout development failed to respond 

normally to hypercapnic challenges in vivo and in vitro (Taylor et al., 

2008). It was unclear, however, whether this response was based on the 

developmental stage of the tadpoles, the duration of ethanol exposure, or 

an acute reaction to ethanol. The present study was designed to clarify 

these issues. Tadpoles from both early and late periods of 

metamorphosis were exposed to ethanol for either 3- or 10-wk durations 

prior to assessing CHVD in their isolated brainstems. Responses were 

compared with control tadpoles and those of brainstems acutely exposed 

to ethanol via bath application. We hypothesized that early metamorphic 

tadpoles would demonstrate an increased susceptibility to chronic 

ethanol exposure, and that CHVD would be impaired in a fashion 

distinguishable from that of late metamorphic tadpoles and brainstems 

acutely exposed to ethanol. This hypothesis was based on the early 

period of developmental ethanol exposure being more closely linked with
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SIDS (Iyasu et al., 2002) and early metamorphic tadpoles being more 

susceptible to CHVD impairments following nicotine exposure, another 

SIDS risk factor (Taylor et al., 2008, Brundage and Taylor, 2009).

2.3 Experimental Procedures

Animals

Studies were performed on Lithobates (formerly Rana) catesbeiana 

tadpoles (n = 108) purchased from a commercial supplier (Sullivan Co. 

Inc., www.researchamphibians.com). Tadpoles were maintained at room 

temperature and were fed goldfish food daily. Tadpoles were housed for 

10 wk in aquaria with either dechlorinated water only or dechlorinated 

water containing ethanol (0.12 - 0.06 g/dL). The ethanol concentration 

varied due to the volatilization of ethanol from the tank. This range 

encompasses the concentration of a previous study using bullfrogs 

(Taylor et al., 2008) and the 0.08 g/dL blood alcohol content that is the 

legal definition of alcohol intoxication in many western countries 

(Caldeira et al., 2004). 3-wk ethanol exposure was achieved by 

maintaining tadpoles in dechlorinated water for 7 wk before transferring 

them to ethanol-containing water for 3 wk. Consequently, all animals
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were maintained in the laboratory for 10 wk regardless of the duration of 

ethanol exposure. Taylor et al. (2008) reported impairments of 

hypercapnic response after 8 to 12 wk of ethanol exposure. We wanted to 

reproduce those findings and determine if CHVD impairment is stage- or 

duration-dependent; thus, the mid-range 10-wk exposure was selected. 3- 

wk ethanol exposure was chosen to determine whether a significantly 

shorter exposure could lead to a similar impairment.

The developmental stage of each tadpole was determined twice, once at 

the start of treatment and again at the time of dissection to ensure 

developmental homogeneity of the treatment groups. At the time of 

dissection each tadpole was either “early metamorphic” (forelimbs 

absent, hind limbs paddle-like without joints or separated toes) or “late 

metamorphic” (forelimbs and hind limbs present, tail being resorbed), 

which corresponded to developmental stages 7 - 12 or 20 - 25, 

respectively, in the classification scheme of Taylor and Kollros (1946). 

Tadpoles included in early metamorphic groups were stages 7 - 9 at the 

start of their 10-wk laboratory maintenance, while those included in late 

metamorphic groups were stages 18 - 20. This was true for animals that 

received either 3 or 10 wk of chronic ethanol exposure, as they were all 

maintained for 10 wk. Animals that did not remain within these stage
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ranges were excluded from the datasets. All animal care and 

experimental protocols were approved by the Institutional Animal Care 

and Use Committee at the University of Alaska Fairbanks and complied 

with all state and federal ethical guidelines

Surgical preparation

Each tadpole was anesthetized by immersion for 1-2 min in cold (4 °C)

0.2 mM tricaine methanesulfonate (MS222; Sigma, 

www.sigmaaldrich.com) in dechlorinated water buffered to pH 7.8 with 

NaHCOs. The front of the head rostral to the nares and the back of the 

body (hind limbs and tail, if present) were removed. The dorsal cranium 

and forebrain rostral to the diencephalon were resected and the fourth 

ventricle opened by removing the choroid plexus. The remaining 

brainstem and spinal cord were removed en bloc and further trimmed 

rostrally to the optic tectum and caudally to the brachial nerve. During 

dissection, exposed tissues were superfused with cold artificial cerebral 

spinal fluid (aCSF) composed of (in mM) 104 NaCl, 4 KC1, 1.4 MgCh, 10 

D-glucose, 25 NaHCC>3 and 2.4 CaCh equilibrated with 100 % O2 . The 

aCSF HCO3' concentration is similar to that of plasma from late 

metamorphic tadpoles and frogs but higher than that in plasma from
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early metamorphic tadpoles (Just et al., 1973). This HCO3" concentration 

has been used in previous tadpole studies (Taylor et al., 2003a, 2003b, 

2008) and was selected here to ensure comparability with previous 

studies and between experiments on animals of different metamorphic 

stages.

The isolated brainstem was transferred en bloc to a 2.5 ml, Plexiglas, 

flow-through recording chamber and was supported, ventral side up, 

between coarse nylon mesh such that all surfaces were bathed with 

aCSF flowing from rostral to caudal at a rate of 5 ml/min. A supply of 

aCSF, equilibrated with O2-CO2 mixtures that produced the desired pH, 

flowed through plastic tubing to the recording chamber and bathed the 

isolated brainstem. The pH of the aCSF was maintained at either pH 7.8 

(1.5 % CO2 : 98.5 % O2; normocapnia) or pH 7.4 (5.0 % CO2 : 95.0 % O2; 

hypercapnia) by adjusting the fractional concentrations of O2 and CO2 in 

the equilibration gas. CO2 was monitored with a CO2 analyzer (Capstar 

100; CWE, www.cwe-inc.com). After isolation the brainstem was allowed 

to stabilize for 1 h while superfused at 23 °C, with aCSF of pH 7.8 (~9 

torr PCO2).
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Nerve recording

Roots of the facial and hypoglossal nerves were drawn into glass suction 

electrodes pulled from 1-mm-diameter capillary glass to tip diameters 

that fit the nerve roots. Whole-nerve discharge was amplified (X100 by 

DAM 50 amplifiers, World Precision Instruments, www.wpiinc.com; 

X1000 by a model 1700 amplifier, A-M Systems, www.a-msystems.com) 

and filtered (100 Hz high pass to 1 kHz low pass). The amplified and 

filtered nerve output was sent to a data acquisition system (Powerlab, AD 

Instruments, www.adinstruments.com), which sampled at 1 kHz. Data 

were archived as whole-nerve discharge, and duplicate integrated (full- 

wave rectified and averaged over 200 ms) neurograms were acquired 

simultaneously. Such recordings were made during the initial 1 -h post

isolation stabilization period and recorded continuously throughout the 

duration of each treatment protocol.

Treatment groups

Chronic ethanol-exposed animals contributed to four distinct brainstem 

groups: early and late metamorphic 3-wk ethanol-exposed brainstems (n 

= 13 and n = 14, respectively), and early and late metamorphic 10-wk
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ethanol-exposed brainstems (n = 13 and n = 14, respectively). About half 

of each chronically exposed group of brainstems received a hypercapnic 

challenge in vitro after isolation from the animal (early and late 

metamorphic 3-wk ethanol-exposed, n = 8 and n = 8, respectively; early 

and late metamorphic 10-wk ethanol-exposed, n = 7 and n = 7, 

respectively). Neurograms were recorded during 30 min of normocapnia, 

followed by 30 min of hypercapnia, followed by a 30 min return to 

normocapnia. In this way putative baseline ventilation, response to 

hypercapnia, and recovery from hypercapnia were evaluated for each 

brainstem in a single 90-min protocol. The remainder of each chronically 

exposed group of brainstems, as well as brainstems from unexposed 

early and late metamorphic tadpoles (n = 6 for both groups) served as 

time-controls. These preparations remained normocapnic throughout 

the experiment. In this way the robustness of neuroventilation over the 

90-min period of experimentation, despite chronic ethanol exposure, was 

confirmed.

Unexposed animals (tadpoles held for 10 wk without exposure to ethanol) 

contributed to 8 brainstem groups. As described above, 2 groups served 

in the time-control experiment, and 2 groups served as hypercapnic 

treatment-controls for assessing the effects of CHVD in control animals.
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Four groups of unexposed brainstems were used to assess the 

neuroventilatory effects of acute ethanol exposure.

Two groups of early and 2 groups of late metamorphic unexposed 

tadpoles contributed brainstems for assessment of acute ethanol effects 

on neuro ventilation. One early and 1 late metamorphic group (n = 8 for 

both) received the hypercapnic challenge described above, were allowed 

to recover for 60 min under normocapnic conditions, then the aCSF 

superfusate was switched to one containing 0.08 g/dL for 30 min of 

normocapnia and a 30-min hypercapnic challenge, with final recovery 

occurring during superfusion with ethanol-free aCSF. Neurograms were 

recorded throughout this 210-min treatment protocol, which allowed us 

to compare CHVD before and after acute ethanol exposure. It has 

previously been shown that early and late metamorphic tadpoles respond 

to sequential hypercapnic challenges with statistically significant and 

indistinguishable increases in lung burst frequency (Brundage et al., 

2010). To confirm that finding and provide a control for the dual 

hypercapnic challenge, 1 early and 1 late metamorphic group (n = 6 for 

both) underwent the same dual hypercapnic challenge but received only 

ethanol-free aCSF.
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Data and statistical analyses

Activity bursts in the neurograms were designated as either putative gill 

or putative lung breaths on the basis o f the amplitude of the integrated 

nerve activity and the presence or absence of coincident firing in both the 

facial and hypoglossal nerves, as previously described (Torgerson et al., 

1998, Taylor et al., 2003a, 2003b). Putative gill breaths had lower 

integrated burst amplitude on the facial nerve and little or no coincident 

burst activity in the hypoglossal nerve. Putative lung breaths had higher 

integrated burst amplitude in the facial nerve and coincident burst 

activity in the hypoglossal nerve. Taylor et al. (2003a, 2003b) 

demonstrated that increased frequency of putative lung breaths is the 

primary manifestation of the CHVD; the duration and amplitude of 

putative lung breaths and the frequency, duration, and amplitude of 

putative gill breaths are unaffected by hypercapnia. Thus, we quantified 

only the frequency of lung bursts by calculating the mean number of 

lung bursts per minute over the final 3 minutes of a 30-min brainstem 

treatment of CCh/pH (normocapnia or hypercapnia) and aCSF (ethanol 

or ethanol-free).



Frequencies of lung bursts were compared using repeated-measures 

analysis of variance (RM-ANOVA; SigmaStat, www.systat.com). When 

RM-ANOVA indicated that significant differences existed between the 

chronic treatment conditions, multiple comparisons were made using the 

Holm-Sidak multiple comparison test. Frequencies of lung bursts in 

acute ethanol-exposed brainstems were also analyzed using a 2-way RM- 

ANOVA to determine if the presence of ethanol affected responses to CO2. 

Relative changes in lung burst frequency in response to hypercapnia 

were determined by expressing the change in lung burst frequency 

between normocapnia to hypercapnia by the mean normocapnic lung 

burst frequency for each group. Comparisons between early and late 

metamorphic tadpoles and between chronic ethanol-exposed and 

unexposed groups were conducted using t-test comparisons (SigmaStat, 

www.systat.com). Values reported in the text are always means ± SE.

http://www.systat.com
http://www.systat.com
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2.4 Results

Normocapnic lung burst frequency was unaffected by chronic 

ethanol exposure

Chronic ethanol exposure did not affect normocapnic lung burst 

frequency in early metamorphic brainstems. Lung burst frequency in 

early metamorphic brainstems, both those that had been previously 

exposed to 0.12 - 0.06 g/dL ethanol for 3 or 10 wk and those unexposed, 

was monitored for 90 min under normocapnic conditions (Fig. 2.1). 

Normocapnic lung neuroventilatory frequency in unexposed brainstems 

(0.68 ± 0.28 bursts/min) was not significantly different from that of early 

metamorphic brainstems exposed to ethanol for 3 wk (1.3 ± 0.9 

bursts/min; p = 0.24) or 10 wk (1.1 ± 1.7 bursts/min; p = 0.55). The 

lung burst frequency of time-control experiments from all 3 early 

metamorphic groups did not vary significantly over the 90-min period of 

experimentation (p = 0.61, p = 1.00, and p = 0.39 for control, 3-wk, and 

10-wk ethanol-exposed brainstems, respectively). Lung neuroventilation 

in early metamorphic tadpole brainstems was consistently robust for 

over 90 min regardless of whether or not the animal was chronically 

exposed to ethanol for 3 or 10 wk.
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Chronic ethanol exposure did not affect the normocapnic lung burst 

frequency in late metamorphic brainstems (Fig. 2.1). Lung burst 

frequency in late metamorphic brainstems was significantly greater than 

that in early metamorphic brainstems (7.6 ± 3.0 bursts/min; p < 0.01). 

The lung burst frequency in unexposed late metamorphic brainstems 

and those exposed to ethanol for 3 wk was not significantly different (7.6 

± 3.2 bursts/min; p = 1.00). There was no significant change in the lung 

burst frequency in late metamorphic brainstems over the 90-min period 

of experimentation (p = 0.67, p = 0.06, and p = 0.10 for control, 3-wk, 

and 10-wk ethanol-exposed brainstems, respectively). Similar to early 

development, lung neuroventilation in late metamorphic brainstems is 

consistently robust for over 90 min regardless of whether or not the 

intact animal was chronically exposed to ethanol for 3 or 10 wk.

10-wk ethanol exposure impaired central hypercapnic ventilatory 

drive

Ten-wk, but not 3-wk, ethanol exposure blocked the hypercapnic 

response of early metamorphic brainstems. Unexposed brainstems 

exhibited significantly increased lung burst frequency in response to



hypercapnia (Fig. 2.2A; from 0.5 ± 0.10 to 1.5 ± 0.4 bursts/min; p <

0.01). Brainstems from early metamorphic tadpoles continuously 

exposed to 0.12 - 0.06 g/dL ethanol for 3 wk responded similarly by 

significantly increasing lung burst frequency in response to hypercapnia 

(from 0 . 8 ± 0 . 4 t o  1.5±0.6 bursts/min; p = 0.02). Early metamorphic 

brainstems that had been exposed to ethanol for 10 wk failed to respond 

to hypercapnia (0. 7 ± 0.2 bursts/min during normocapnia and 0.7 ± 0.3 

bursts/min during hypercapnia; p = 0.82). 10-wk ethanol exposure 

impaired CHVD in early metamorphic tadpoles.

Ten-wk, but not 3-wk, chronic ethanol exposure blocked the hypercapnic 

response of late metamorphic brainstems. Unexposed late metamorphic 

brainstems increased the frequency of lung bursts in response to 

hypercapnia (Fig. 2.2B; from 8.4 ± 1.3 to 15.9 ± 1.8 bursts/min; p < 

0.001). Three-wk ethanol exposure did not block this hypercapnic 

response in late metamorphic brainstems, which increased from 4.8 ±

0.9 to 8.8 ±1.1 bursts/min (p < 0.01). Late metamorphic brainstems 

exposed to ethanol for 10 wk failed to increase lung burst frequency in 

response to hypercapnia (3.6 ± 1.8 bursts/min during normocapnia and

3.4 ± 1.7 bursts/min during hypercapnia; p = 0.96). Thus, CHVD
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impairment by 10-wk but not 3-wk ethanol exposure was consistent 

across tadpole metamorphosis.

Acute ethanol decreased normocapnic lung burst frequency but not 

central hypercapnic ventilatory drive

Impact of acute ethanol treatment on the frequency of lung 

neuroventilation was used to compare chronic ethanol CHVD 

impairments with the acute effect of ethanol. Lung burst frequency was 

quantified for each minute in the 210-min acute ethanol-exposure 

protocol (Fig. 2.3). Acute ethanol significantly decreased normocapnic 

lung burst frequency in early metamorphic brainstems (Fig. 2.4A; from 

0.8 ± 0.2 to 0.4 ± 0.2 bursts/min; p < 0.01), but did not alter 

normocapnic lung burst frequency in late metamorphic brainstems (Fig. 

2.4B; 7.0 ± 2.0 bursts/min prior to ethanol and 5.4 ± 1.6 bursts/min 

during ethanol exposure; p =0.38). Thus, acute ethanol exposure had a 

development-dependent effect on normocapnic lung neuro ventilation; 

decreased lung burst frequency was limited to early development.

Unlike 10-wk chronic ethanol treatment, acute ethanol exposure had no 

effect on the hypercapnia-induced increase in lung burst frequency.



Acutely exposed early metamorphic brainstems demonstrated a 

significant increase in lung burst frequency in response to hypercapnia 

(Fig. 2 Ah\ 2.0 ± 0.9 bursts/min; p < 0.01). The presence or absence of 

ethanol in the aCSF had no significant effect on the CHVD in these 

brainstems (1.5 ± 0.6 bursts/min before ethanol and 2.0 ± 0.9 

bursts/min during ethanol; p = 0.18). Unexposed early metamorphic 

brainstems that received the dual protocol without acute ethanol 

exposure responded to and recovered from both hypercapnia challenges; 

they exhibited a similar significant increase in lung burst frequency (1.9 

±0.9 bursts/min during the first hypercapnic challenge and 1.9 + 0.6 

bursts/min during the second hypercapnic challenge; p = 0.86). The first 

hypercapnic challenge did not sensitize or acclimatize the brainstem to 

high CO2, either could have masked an effect of ethanol on CHVD. 

Therefore, acute exposure to 0.08 g/dL ethanol depressed normocapnic 

lung neuroventilation without significantly affecting CHVD in early 

metamorphic brainstems.

Late metamorphic brainstems also exhibited a statistically similar and 

significant CHVD before and during acute ethanol exposure, and lung 

burst frequency was significantly increased by hypercapnia (Fig. 2.4B;

18.6 ± 3.3 bursts/min during a first hypercapnic challenge without



ethanol and 16.2 ± 2.5 bursts/min during a second hypercapnic 

challenge with ethanol; p = 0.58). There was not a significant interaction 

between acute ethanol exposure and the level of CO2 in the aCSF (p = 

0.89). Thus, similar to early metamorphosis, acute exposure to 0.08 g/dL 

ethanol had no significant effect on CHVD in late metamorphic 

brainstems.

Central hypercapnic ventilatory drive was consistent throughout 

development despite acute and 3-wk ethanol exposure

Thus far we have compared lung burst frequency only among 

developmentally matched brainstems. A steady increase in lung burst 

frequency across bullfrog tadpole development has been demonstrated 

(Taylor et al., 2003b). Therefore, to compare CHVD at different stages of 

development, we calculated relative hypercapnic responses by expressing 

the hypercapnia-induced increase in lung burst frequency as a 

percentage of lung burst frequency during normocapnia. To minimize the 

effect of the very low normocapnic lung burst frequency exhibited by a 

few animals, the difference in each animal’s lung burst frequency during 

normocapnia and hypercapnia was divided by the mean normocapnic 

lung burst frequency for the treatment group. This did not affect the
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results of t-tests comparing the groups and provided a more 

representative depiction of CHVD in each group.

Unexposed early metamorphic brainstems increased lung burst 

frequency 176 ± 62 % in response to hypercapnia. Similarly, both acute 

and 3-wk ethanol-exposed early metamorphic brainstems exhibited 

increases during hypercapnia that were statistically similar to those of 

controls (Fig 2.5; 450 ± 200 %; p = 0.09 and 86 ± 30 %; p = 0.09, 

respectively). 10-wk ethanol-exposed early metamorphic brainstems 

exhibited no significant CHVD (lung burst frequency during hypercapnia 

was 11 ± 46 % greater than during normocapnia), and this was 

significantly lower than the hypercapnia-induced frequency increases 

exhibited by the other early metamorphic brainstems (p = 0.09).

CHVD in late metamorphic brainstems was also unaffected by acute and 

3-wk ethanol exposure. Lung burst frequency in unexposed as well as 

acute and 3-wk ethanol-exposed late metamorphic brainstems increased 

90 ± 12 %, 98 ± 29 %, and 81 ± 17 %, respectively (Fig. 2.5), and all 

preparations increased lung burst frequency in response to hypercapnia. 

The hypercapnia-induced increases in acute and 3-wk ethanol-exposed 

brainstems were not statistically different from that of the unexposed



brainstems (p > .05 for both). Among the 10-wk ethanol-exposed late 

metamorphic brainstems, 5 of 7 failed to increase lung burst frequency 

during hypercapnia, and the group’s mean change during hypercapnia 

was -4 ± 70 %. Thus, the hypercapnic effect on lung burst frequency 

exhibited by 10-wk ethanol-exposed late metamorphic brainstems was 

significantly different from that of the other late metamorphic groups (p = 

0 .02).

When early and late metamorphic brainstems were compared, there were 

no significant differences in CHVDs in brainstems that received the same 

ethanol exposure (p = 0.18, p = 0.10, p = 0.89, p = 0.85 for unexposed, 

acute, 3-wk, and 10-wk ethanol-exposed brainstems, respectively). Thus, 

CHVD was consistent from early to late metamorphosis; it consistently 

elicited a 147 ± 58 % increase in lung burst frequency. This consistency 

was not affected by ethanol exposure. Extending this statement to 10-wk 

ethanol-exposure, which negated CHVD in early and late metamorphic 

brainstems, may be somewhat pedantic. Nonetheless, these data show 

that the central hypercapnic response did not change with tadpole 

development and was impaired by ethanol only when exposure was 

chronic for 10 wk.
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2.5 Discussion

Effects of chronic ethanol exposure on central hypercapnic 

ventilatory drive

Ten-wk, but not 3-wk, exposure to 0.12 - 0.06 g/dL ethanol during 

development impaired the central hypercapnic ventilatory drive (CHVD) 

of both early and late metamorphic tadpoles without affecting 

normocapnic lung burst frequency. The neuroventilatory impairment was 

distinguishable from acute ethanol exposure, which decreased the 

normocapnic lung burst frequency of only early metamorphic tadpoles 

without altering CHVD. Our findings suggest that the duration of ethanol 

exposure during development is a critical factor in determining the 

ventilatory consequences of developmental ethanol exposure. The 

ethanol-induced CHVD impairments in early and late metamorphic 

tadpoles were not significantly different. Both early and late 

metamorphic tadpoles significantly increased their lung burst frequency 

in response to hypercapnia following 3-wk ethanol exposure but failed to 

respond significantly to hypercapnia following 10-wk ethanol exposure.



Three-wk chronic ethanol exposure was not sufficient to impair CHVD; 

the minimum duration of ethanol exposure necessary to affect 

hypercapnic ventilation is unknown, as is the minimum concentration of 

ethanol needed to impair CHVD. In mammalian studies, chronic ethanol 

exposure fluctuates with maternal consumption as well as maternal 

metabolism and cardiovascular perfusion. In this study the level of 

ethanol exposure was kept relatively constant. One of the benefits of this 

animal model is the ability to control and manipulate the level of ethanol 

exposure. An important future direction is to determine the minimum 

exposure needed to induce CHVD impairments and whether intermittent 

exposure to ethanol over the 10-wk exposure duration would produce a 

similar neuroventilatory impairment.

Our finding and those of Taylor et al. (2008) that chronic ethanol 

exposure impairs the tadpole hypercapnia response represent the only 

known studies on the effects of developmental ethanol exposure on 

central breathing control responses to CO2. In rats, chronic prenatal 

ethanol exposure decreased minute lung ventilation due to a reduction in 

expiratory duration (Dubois et al., 2006). Normocapnic ventilation was 

unaffected following chronic ethanol exposure in the tadpole. Differences 

in baseline ventilation between these studies may be attributed to
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species differences, or variations in the design and scope of each 

experiment. It is interesting to note that there is no published report of 

minute ventilation being altered in infants diagnosed with fetal alcohol 

syndrome.

Effects of acute ethanol exposure on central hypercapnic 

ventilatory drive

Acute ethanol treatment was used to distinguish the effects of chronic 

ethanol exposure from the physiological response to acute ethanol. Acute 

exposure significantly depressed the normocapnic lung burst frequency 

of brainstem preparations from early but not late metamorphic tadpoles 

so severely that lung ventilation was nearly abolished. Maternal ethanol 

consumption during the third trimester of gestation elicits a similar 

reaction with an inhibition of fetal breathing movements (Marchal and 

Droulle, 1988, Smith et al., 1990, Brien and Smith, 1991, Watson et al., 

1996). The respiratory output of the neonatal rat brainstem slice 

preparation is also inhibited by acute ethanol exposure primarily via the 

action of ethanol on respiratory-related glycine, GABA, and NMDA 

receptor activity (Gibson and Berger, 2000). The acute ethanol-induced 

decrease in lung burst frequency of early metamorphic tadpoles was fully
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reversed within the 30-min washout period, which confirms that bath 

application of normal (i.e., ethanol-free) aCSF during the stabilization 

period after brainstem isolation in chronic ethanol-exposed tadpoles 

groups was sufficient to wash out any extracellular ethanol. This assures 

that the chronic effects we report are due to a neurophysiological change 

induced by ethanol rather than an in situ effect of this chemical. There 

may also be some sensitization to acute ethanol in the long-term ethanol 

exposed preparations. Chronic early developmental ethanol exposure has 

been found to alter the sensitivity of the rat respiratory network to acute 

ethanol (Dubois et al., 2006).

Acute ethanol exposure, like 3-wk chronic exposure, had no effect on 

CHVD; early and late metamorphic tadpoles significantly increased their 

lung burst frequency in response to hypercapnia during acute ethanol 

exposure. The relative CHVD of acute ethanol-exposed early 

metamorphic tadpoles was considerable (450 ± 200 %). This increase 

may be due to a central drive to overcome the normocapnic ventilatory 

depression induced by acute ethanol exposure. Such a compensation 

would suggest that early metamorphic tadpoles may increase lung 

ventilation to a threshold level in response to hypercapnia in spite of an 

ethanol-evoked ventilatoiy depression. Alternatively the CHVD response



mechanism of early metamorphic tadpoles may be selectively 

upregulated by acute ethanol.

The CHVD of bullfrog tadpoles was consistent across development; 

hypercapnia induced a 2- to 3-fold increase in lung burst frequency in 

brainstems isolated from early and late metamorphic tadpoles. 

Furthermore, this consistency persisted despite acute or 3-wk ethanol 

exposure. In several species, CO2 sensitivity increases with development 

but this change is not consistent: CO2 sensitivity is low in newborn mice 

and dogs, then increases to adult levels in the postnatal period; it is high 

in newborn rats and pigs, drops over the first 1-2 wk of development, 

and then increases to adult levels in the postnatal period; it is consistent 

across development in humans; and it hasn’t been investigated across 

development in most species (for review see Putnam et al., 2005).

In rats, investigation of CO2 sensitivity has been conducted at the cellular 

level, and again the results are confounding. The abundance of CO2- 

sensitive neurons and the sensitivity of each neuron seem to be stable 

during development in some chemo sensitive sites (Stunden et al., 2001); 

however, there is a developmental increase in the abundance of CO2- 

sensitive neurons in the parvocellular lateral reticular nucleus
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(Wickstrom et al., 2002) and in the CO2 sensitivity of raphe neurons 

(Wang and Richerson, 1999). Variability in the developmental stability of 

CO2 sensitivity and the mechanisms of its change may reflect a scope for 

neuroplasticity in the respiratory CO2 response, one that could 

compensate for a deficiency in the respiratory neural control of CO2/PH 

homeostasis. Whether early or late metamorphic tadpoles have sufficient 

neuroplasticity to recover CHVD following ethanol exposure or if the 

impaired hypercapnic response persists throughout development 

remains to be determined.

Amphibians are unique in that their free-living development includes a 

transition from C>2-driven aquatic respiration to C02-driven aerial 

respiration. The consistency of bullfrog CO2 sensitivity across ontogeny 

suggests responses to CO2 may develop concurrently with the onset of 

respiratory rhythm generation. Although the net effect of ethanol 

exposure on CHVD did not differ between early and late metamorphic 

tadpoles in this study, the consequences of that impairment may have 

been greater in the more aerial-dependent (C02-driven) late metamorphic 

tadpoles.



Chronic ethanol is a ventilatory neuroteratogen
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Ethanol does not target a specific receptor type; there is considerable 

evidence that chronic ethanol directly or indirectly alters a number of 

neurotransmitter pathways most notably affecting glutamatergic, 

glycinergic, catecholaminergic, and GABAergic transmission (Suzdak et 

al., 1986, Hoffman et al., 1989, Lovinger et al., 1989, Hoffman et al., 

1990, Eckardt et al., 1998, Ikonomidou et al., 1999, Harris and Mihic, 

2004, Badanich et al., 2007, Lobo and Harris, 2008). Chronic ethanol 

exposure may alter the function of any or all of these systems in the 

developing tadpoles. The mechanism(s) by which ethanol impairs CHVD 

is the focus of other investigations in our laboratory, with an emphasis 

on GABAa receptors because chronic developmental ethanol exposure 

potentiates GABAa receptors. (Ikonomidou et al., 2000, Olney et al.,

2002, Sanderson et al., 2009). Both this GABAergic potentiation as well 

as an ethanol-induced inhibition of NMDA receptor activation may, with 

time, result in a general neuronal inhibition altering hypercapnic 

response mechanisms. GABAergic inhibition has been linked with CHVD; 

the potentiation of GABAa receptors may attenuate the inhibition of 

GABAergic transmission necessary to adequately respond to hypercapnia 

(Peano et al., 1992, Gourine and Spyer, 2001, Liu et al., 2003,



Kuribayashi et al., 2008). It remains to be seen whether GABAergic 

transmission is altered in tadpoles following chronic ethanol exposure.

The observed deficiencies in CHVD could result from impaired CO2 

chemoreception and/or impaired compensatory response mechanisms. 

Chronic ethanol exposure does not lower normocapnic ventilation, which 

itself is driven by normocapnic levels o f metabolically produced CO2, 

suggesting that sensing CO2 is not significantly impaired and normal 

ventilatory mechanisms are intact. Consequently, chronic ethanol 

exposure may affect compensatory response mechanisms, specifically the 

drive to increase lung burst frequency in response to hypercapnia.

Similar impairments in compensatory response mechanisms are 

hypothesized to contribute to SIDS (Bolton, 1990, Filiano and Kinney, 

1994, Jin et al., 2006), and developmental ethanol exposure is a SIDS 

risk factor (Iyasu et al., 2002, Kinney et al., 2003). Gestational ethanol 

exposure may act to impair similar compensatory response mechanisms 

in humans, thereby limiting the ability of infants to adequately respond 

to hypercapnia. Early developmental ethanol exposure depresses rat 

hypoxic ventilatory compensatory responses (Dubois et al., 2008). It will 

be interesting to see if developmental ethanol exposure impairs the 

hypoxic response in tadpoles.
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2.6 Conclusions

Chronic developmental ethanol exposure impairs the central ventilatory 

CO2 response of early and late metamorphic bullfrog tadpoles following 

10 but not 3 wk of continuous exposure. Neither the frequency nor the 

consistency of normocapnic ventilation is affected by chronic ethanol 

exposure. The ventilatory consequences of chronic ethanol treatment 

differ from that of acute treatment, which decreases the lung burst 

frequency of only early metamorphic tadpoles without affecting responses 

to hypercapnia. The specific action of ethanol and the central 

hypercapnic ventilatory response are only partially understood; 

nonetheless this study offers insight into developmental ethanol- 

associated pathologies and illustrates the teratogenic effects of chronic 

ethanol exposure on a ventilatory compensatory response mechanism.
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2.9 Figures

Time (min)

Fig 2.1 Time-control data on lung burst frequency of control and chronic 
ethanol-exposed tadpoles. Mean lung burst frequency over 3-min 
periods throughout normocapnic treatment. Neither early metamorphic 
(dashed lines) nor late metamorphic (solid lines) tadpoles significantly 
changed lung burst frequency over 90 min of normocapnia. Neither 3 wk 
(triangle) nor 10 wk (diamond) of ethanol exposure significantly changed 
lung burst frequency relative to controls (circle) Data presented are 
means ± SE for 7 -8  tadpoles; p > 0.05 for all.
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Fig 2.2 Effect of 3-wk and 10-wk ethanol exposure on tadpole central
responses to hypercapnia. Mean lung burst frequency over last 3 min of 
30-min normocapnia, hypercapnia, and normocapnic recovery in early 
(A) and late (B) metamorphic tadpoles. Both early and late metamorphic 
control and 3-wk ethanol-exposed tadpoles significantly increased lung 
burst frequency in response to hypercapnia (* = p < 0.05). Regardless of 
developmental stage, 10-wk ethanol-exposed tadpoles did not 
significantly change lung burst frequency during hypercapnia (p > 0.05). 
Data presented are means ± SE for 6 -8  tadpoles.
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Fig 2.3 Acute ethanol exposure during the 210-min dual hypercapnic
treatment protocol. Mean lung burst frequency per min, dashed lines 
signify a change in gas conditions from normocapnia to hypercapnia 
(black triangle) or hypercapnia to normocapnia (white triangle). Early (A) 
and late (C) metamorphic control tadpoles increased lung burst 
frequency during both hypercapnic treatments. Acute ethanol exposure 
(shaded region) depressed early metamorphic tadpole (B) lung burst 
frequency but did not inhibit response to hypercapnia. Late metamorphic 
tadpoles (D) were similar to controls; lung burst frequency during 
normocapnia and hypercapnia were unaffected by ethanol exposure.
Data presented are mean ± SE for 6 -8  tadpoles.
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Fig 2.4 Effect of acute ethanol exposure on tadpole responses to
hypercapnia. Mean lung burst frequency over the last 3 min of 30-min 
normocapnia (NCI), 30-min hypercapnia (HC), 60-min normocapnic 
recovery (NC2), 30-min acute ethanol normocapnia (eNC), 30-min acute 
ethanol hypercapnia (eHC), and 30-min normocapnic and ethanol-free 
recovery (NC3). Early metamorphic tadpoles (A) responded to 
hypercapnia with and without acute ethanol treatment (+ = p < 0.05), but 
their normocapnic lung neuroventilation was significantly decreased (* = 
p < 0.01). Neither the normocapnic nor hypercapnic lung burst frequency 
of late metamorphic tadpoles (B) was altered significantly by acute 
ethanol exposure. Data presented are means ± SE for 6- 8 tadpoles.
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response to hypercapnia (* = p < 0.05). Data presented are means ± SE 
for 6 -8  tadpoles.
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CHAPTER THREE 

Chronic nicotine and ethanol exposure both disrupt central 

ventilatory responses to hypoxia in bullfrog tadpoles1

3.1 Abstract

Central hypoxic ventilatory response (HVR) consists of a reduction in 

ventilatory activity that follows a peripherally mediated ventilatory 

augmentation. Chronic early developmental nicotine and ethanol 

exposure are both impair the peripherally mediated HVR; nicotine 

impairs the central HVR, but the effect of ethanol on the central HVR has 

not been investigated. Additionally, chronic nicotine and ethanol 

exposure are known to impair ventilatory responses to hypercapnia in 

bullfrog tadpoles but HVRs were not tested. Here, early and late 

metamorphic tadpoles were exposed to either 30 pg/L nicotine or 0.12 - 

0.06 g/dL ethanol for 10 wk. Tadpole brainstems were then isolated, and 

the neurocorrelates o f ventilation were monitored in vitro over 180 min of 

hypoxia (PO2 = 5.05 ± 1.04 kPa). Nicotine exposure reduced the normoxic

iBrundage, C.M., McLane, L.H. and Taylor, B.E. 2010. Chronic nicotine and 
ethanol exposure both disrupt central ventilatory responses to hypoxia in 
bullfrog tadpoles.(formatted for submission to) Journal of Physiology (London).



gill burst frequency of both early and late metamorphic tadpoles. 

Normoxic ventilation was unaffected by ethanol exposure. Both nicotine 

and ethanol disrupted central HVR. Nicotine impairments were 

dependent upon development. Central HVRs were impaired in only early 

metamorphic nicotine-exposed tadpoles. Both early and late 

metamorphic ethanol-exposed tadpoles failed to exhibit central HVRs. 

Thus, central HVRs are impaired following both nicotine and ethanol 

exposure

3.2 Introduction

Breathing is a vital behavior controlled by a brainstem neural network 

that must be responsive to respiratory stressors like hypercapnia and 

hypoxia. The ability to modulate breathing in response to hypoxia is 

characteristic o f all vertebrate classes (McKenzie & Taylor, 1996).

Prenatal exposures to the neuroteratogens, nicotine or ethanol, have 

been found to elicit functional impairments in the control of breathing 

and ventilatory responses to hypoxia (Smith et a l, 1991; Simakajornboon 

et a l, 2004; Dubois et a l, 2008; Campos et a l, 2009). Functional 

impairments in the breathing responses of neonates results often in
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infant morbidity, mortality, and may be associated with sudden infant 

death (Hunt et a l, 1981; Kotagal, 2003; Cohen & Katz-Salamon, 2005; 

Bavis & Mitchell, 2008). Nicotine or ethanol exposure during early 

development are both associated with an increased risk of Sudden Infant 

Death Syndrome (SIDS; Haglund & Cnattingius, 1990; Feng, 1993; Iyasu 

et a l, 2002; Duncan et a l, 2008).

In mammals the hypoxic ventilatory response (HVR) consists of a 

peripherally mediated augmentation to compensate for low O2 levels, 

followed by a ventilatory reduction that reflects a metabolic depression to 

adapt to low O2 levels (Vizek et a l, 1987; Bisgard 85 Neubauer, 1995; 

Powell et a l, 1998). Most studies investigating the consequences of 

prenatal nicotine exposure on the HVR have focused on the 

augmentation phase (Milerad et a l, 1995; Bamford et a l, 1996; Ueda et 

a l, 1999). Simakajornboon and colleagues (2004) identified that both 

phases of the HVR are attenuated in 5-d rat pups following 15 d of 

continuous prenatal nicotine exposure. Prenatal ethanol exposure 

reduced baseline ventilation in juvenile rats and attenuated the 

peripherally mediated augmentation phase of the HVR (Dubois et a l, 

2006; Dubois et a l, 2008). The effect of early developmental ethanol
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exposure on the centrally mediated reduction phase of the HVR is 

however, currently unknown.

The developing bullfrog has been used as a model to investigate the 

ventilatory effects of nicotine and ethanol exposure (Taylor et a l, 2008; 

Brundage 85 Taylor, 2009; see chapter two). Use of bullfrogs is 

advantageous in providing for precise control of the conditions of 

exposure by eliminating maternal influences. The isolated brainstem 

preparation of the bullfrog produces a highly robust ventilatory motor 

output that has been used to study the control of breathing at all stages 

of development (Gdovin et a l, 1999; Harris et a l, 2002; Davies et a l, 

2009). Eight to 12 wk of exposure to either 30 (ig/L nicotine or 0.10 % 

ethanol (v/v) disrupts tadpole ventilatory responses to hypercapnia, both 

in vivo and in isolated brainstem preparations, without affecting baseline 

ventilation (Taylor et a l, 2008). Both the duration and timing of 

teratogen exposure are determining factors in the nicotine-, but not the 

ethanol-induced, hypercapnic impairments; early metamorphic tadpoles 

show increased vulnerability to nicotine (Brundage 8s Taylor, 2009; see 

chapter two). The aim of this study was to determine if the ventilatory



impairments elicited by developmental nicotine and ethanol exposure 

extend to the bullfrog tadpole central HVR.

Early metamorphic tadpoles initially increase gill and lung activity in 

response to moderate hypoxia (PC>2~100 mmHg; West & Burggren,

1982), but studies have not investigated the tadpole response to hypoxia 

that persists in vivo beyond the augmentation phase. The augmentation 

phase in lung ventilation during hypoxia becomes more dominant as 

metamorphosis progresses and tadpoles transition from obligate water to 

obligate air breathers (Burggren & Doyle, 1986). In the absence of 

peripheral afferents the isolated brainstems of bullfrog tadpoles 

demonstrate only the reduction phase of the HVR (Winmill et a l, 2005). 

Winmill and colleagues (2005) found that early metamorphic tadpoles are 

significantly more hypoxia tolerant than later developmental stages; 

reductions in lung neuroventilation are seen following 180 min of severe 

hypoxia (PO2 near 0 kPa). Responding to similar conditions, later 

metamorphic tadpole stages show an earlier reduction in lung 

neuroventilation to the point of cessation within 30 min of severe hypoxia 

(Winmill et al., 2005). There is some discrepancy among studies of the 

tadpole central HVR. Fournier and colleagues (2007) investigated
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responses to 10-min hypoxia and identified an increase in lung burst 

frequency in early metamorphic tadpole preparations and a reduction in 

late metamorphic tadpole preparations. It is possible that amphibians 

are unique in that they retain some central involvement in the 

augmentation phase of the HVR early in development. Both studies are 

consistent in that neither found significant effects of hypoxia on gill 

neuroventilation (Winmill et al., 2005; Fournier et al., 2007). Thus, the 

central HVR of bullfrog tadpoles can be generally characterized as a 

change in lung burst frequency with persistent hypoxia.

We hypothesized that 10 wk of nicotine and ethanol exposure would both 

impair the central HVR of bullfrog tadpoles. Simakajornboon and 

colleagues (2004) reported central HVR impairment in mammals 

prenatally exposed to nicotine. Ours is the first study to evaluate the 

consequences of ethanol exposure on central HVRs. We expected that the 

teratogen impairment o f the tadpole neuroventilatory response to one 

respiratory challenge, hypercapnia (Taylor et al., 2008; see chapter two), 

would extend to another challenge, hypoxia. We assessed changes in 

neuroventilatory activity in both early and late metamorphic tadpoles to 

determine if developmental changes in hypoxia tolerance contribute to
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the degree of central HVR impairment evoked by nicotine or ethanol 

exposure.

3.3 Methods

Animals

Studies were performed on Lithobates (formerly Rand) catesbeiana 

tadpoles (n = 39) purchased from a commercial supplier (Sullivan Co. 

Inc., www.researchamphibians.com). Tadpoles were maintained at room 

temperature and fed goldfish food daily. Tadpoles were housed for 10 wk 

in aquaria of either dechlorinated water only, dechlorinated water 

containing nicotine (30 gg/L (-)-nicotine hydrogen tartrate salt; Sigma, 

www.sigmaaldrich.com) or dechlorinated water containing ethanol (0 . 1 2  - 

0.06 g/dL). The concentrations of nicotine and ethanol were consistent 

with those of a previous study using bullfrogs (Taylor et al., 2008). The 

nicotine concentration was based on that found in the body fluids of 

average smokers (Moyer et al., 2002). The ethanol concentration varied 

due to the volatilization from the aquarium water and was equivalent to 

0.75 - 1.5 times the 0.08 g/dL blood alcohol content that is the legal

http://www.researchamphibians.com
http://www.sigmaaldrich.com


limit o f many western countries (Caldeira et a l, 2004). We chose 10-wk 

exposure because that duration of exposure impairs ventilatory 

responses to hypercapnia in both early and late stage tadpoles (Taylor et 

a l, 2008; Brundage 85 Taylor, 2009; see chapter two). We sought to 

determine if responses to hypoxia were affected after the same 1 0 -wk 

teratogen exposures.

The developmental stage of each tadpole was determined twice, once at 

the start of treatment and again at the time of dissection to ensure 

developmental homogeneity of the treatment groups. At the time of 

dissection each tadpole was either “early metamorphic” (forelimbs 

absent, hind limbs paddle-like without joints or separated toes) or “late 

metamorphic” (forelimbs and hind limbs present, tail being resorbed), 

corresponding to developmental stages 7 - 10 or 19 - 25, respectively, in 

the classification scheme of Taylor and Kollros (1946). This was true for 

animals that received either 3 or 10 wk of chronic teratogen exposure, as 

they were all maintained for 10 wk. Animals that were not within these 

stage ranges after 10 wk were excluded from the datasets. Tadpoles 

included in this study consisted of 19 early metamorphic tadpoles (6 

control, 7 nicotine-, and 6  ethanol-exposed) and 20 late metamorphic



tadpoles (6  control, 6  nicotine-, and 8  ethanol-exposed). All animal care 

and experimental protocols were approved by the Institutional Animal 

Care and Use Committee at the University of Alaska Fairbanks and 

complied with all state and federal ethical guidelines

Surgical preparation

Each tadpole was anesthetized by immersion for 1 -2  min in cold (4 °C) 

0.2 mM tricaine methanesulfonate (MS222; Sigma, 

www.sigmaaldrich.com) in dechlorinated water buffered to pH 7.8 with 

NaHCC>3 . The front of the head rostral to the nares and the back of the 

body (hind limbs and tail, if present) were removed. The dorsal cranium 

and forebrain rostral to the diencephalon were resected and the fourth 

ventricle opened by removing the choroid plexus. The remaining 

brainstem and spinal cord were removed en bloc and further trimmed 

rostrally to the optic tectum and caudally to the brachial nerve. During 

dissection, exposed tissues were superfused with cold artificial cerebral 

spinal fluid (aCSF) composed of (in mM) 104 NaCl, 4 KC1, 1.4 MgCU, 10 

D-glucose, 25 NaHCC>3 and 2.4 CaCh equilibrated with 100 % O2. This 

single aCSF composition has been used in previous studies of
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neuroventilation in bullfrog tadpoles and juveniles (Taylor et a l, 2003a; 

2003b; 2008) and was employed here to ensure comparability with those 

studies and between experiments on animals of different metamorphic 

stages.

The isolated brainstem-spinal cord was transferred en bloc to a 2.5 ml, 

Plexiglas, flow-through recording chamber and was supported, ventral 

side up, between coarse nylon mesh such that all surfaces were bathed 

with aCSF flowing from rostral to caudal at a rate of 5 ml/min. A supply 

of aCSF, equilibrated with O2-CO2 mixtures, flowed through plastic 

tubing to the recording chamber and bathed the isolated brainstem. CO2 

was monitored with a CO2 analyzer (Capstar 100; CWE, www.cwe- 

inc.com). The pH of the aCSF was maintained at pH 7.8 (~9 torr PCO2) by 

adjusting the fractional concentration of CO2 in the equilibration gas. 

After isolation the brainstem was allowed to stabilize for 1 h while 

superfused at 23 °C.
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Nerve recording

Roots o f the facial and hypoglossal nerves were drawn into glass suction 

electrodes pulled from 1 mm diameter capillary glass to tip diameters 

that fit the nerve roots. Whole-nerve discharge was amplified (X100 by 

DAM 50 amplifiers, World Precision Instruments, www.wpiinc.com; 

X1000 by a four-channel model 1700 amplifier, A-M Systems, www.a- 

msystems.com) and filtered (100 Hz high pass to 1 kHz low pass). The 

amplified and filtered nerve output was sent to a data acquisition system 

(Powerlab, AD Instruments, www.adinstruments.com), which sampled at 

1 kHz, data were archived as whole-nerve discharge, and duplicate 

integrated (full-wave rectified and averaged over 2 0 0  ms) neurograms 

were acquired simultaneously. Such recordings were made during the 

initial 1 -h post-isolation stabilization period and recorded continuously 

throughout the duration of each treatment protocol.

Hypoxia treatment

After the stabilization period the aCSF brainstem perfusate remained at 

pH 7.8 with the equilibrated O2-CO2 mixtures for an additional 30 min to

http://www.wpiinc.com
http://www.adinstruments.com


establish normoxic baseline neuroventilation. Then the O2 gas was 

replaced with N2 while CO2 levels remained constant. The N2/CO2 

equilibrated aCSF (hypoxia) bathed the tissue at a flow rate of 5-7 

ml/min for 180 min. After the hypoxia treatment the N2 was replaced 

with O2 for 30 min of normoxic recovery. The aCSF remained isocapnic 

throughout the entire treatment protocol. The hypoxia treatment and 

duration is similar to that employed in other bullfrog studies (Winmill et 

a l, 2005; Fournier et a l, 2007) and differs only by our use of a single 

aCSF reservoir rather than separate reservoirs for normoxic and hypoxic 

aCSF. Using an oxygen electrode (MI-730, Microelectrodes Inc., 

www.microelectrodes.com) the PO2 in the recording chamber of our 

apparatus was evaluated; within 1 0  min of switching to hypoxic 

equilibration of the aCSF reservoir, the recording chamber reached 5.05 

±1.04 kPa of O2 . There was no subsequent change in PO2 over the 180 

min of hypoxia treatment.

Data and statistical analyses

Neurograms recorded from the isolated brainstems were quantified for 30 

min of normoxia, 180 min of hypoxia, and for 30 min of subsequent
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return to normoxia. Burst activity patterns were designated as either 

putative gill or putative lung breaths on the basis of the amplitude of the 

integrated nerve activity and the presence or absence of coincident firing 

in both the facial and hypoglossal nerves as previously described 

(Torgerson et a l, 1998). Putative gill breaths had lower integrated burst 

amplitude on the facial nerve than putative lung breaths, and little or no 

coincident burst activity in the hypoglossal nerve. Putative lung breaths 

had higher integrated burst amplitude in the facial nerve and coincident 

burst activity in the hypoglossal nerve.

The frequency of lung ventilation was quantified as the mean number of 

lung bursts per minute over 1 0 -min intervals of normoxia and hypoxia. 

Each animal’s peak hypoxic response was calculated as the lowest 10- 

min lung burst frequency during the 180 min of hypoxia. The change in 

lung burst frequency for each 1 0  min of hypoxia relative to the last 1 0  

min of baseline was used to quantify treatment group responses over 

time. The duration and amplitude of putative lung and gill bursts as well 

as the frequency of gill bursts were quantified for the last 3 consecutive 

minutes of normoxic baseline, the 10-min intervals ending at 10, 60, 90, 

120, 150, and 180 min of hypoxia, and normoxic recovery. The mean
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values for each of the quantified neuroventilatory parameters were 

compared using repeated-measures analysis of variance (RM-ANOVA; 

SigmaStat, www.systat.com). When an RM-ANOVA indicated that 

significant differences existed, multiple comparisons were made using 

the Holm-Sidak multiple comparison test. Comparisons between early 

and late metamorphic tadpoles, and between control and treatment 

groups during normoxia, were made using t-test comparisons 

(SigmaStat, www.systat.com). All values reported in the text are means ± 

SE. The lowest P value is listed in instances when more than three non

significant values are reported.

3.4 Results

Effect of chronic nicotine or ethanol exposure on early 

metamorphic tadpole lung neuroventilation

Control tadpole brainstems exhibited decreased lung burst frequency in 

response to hypoxia. Early metamorphic tadpoles reduced lung burst 

frequencies from 0.52 ± 0.12 to 0.09 ± 0.04 bursts/min (P = 0.010; Fig. 

3.1A); this reduction took place late in hypoxia with a significant percent
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change from baseline at 170 and 180 min of hypoxic exposure (P = 0.011 

and P = 0.046, respectively; Fig. 3. IB), and lung burst frequency 

recovered fully within 30 min of return to normoxia (15.04 ± 47.88 %).

Early metamorphic tadpoles exposed to nicotine for 10 wk had a mean 

lung burst frequency of 1.26 ± 0.61 burst/min, which was not 

significantly different from control tadpoles (P = 0.291; Fig. 3.1A). In 

response to hypoxia, early metamorphic nicotine-exposed tadpoles did 

lower lung burst activity, but not significantly (0.21 ± 0.07 bursts/min; P 

= 0.116). The percent change in lung burst frequency from baseline 

showed an early drop, but did not change significantly over the course of 

hypoxic exposure (P = 0.980; Fig. 3 .IB).

Early metamorphic tadpoles exposed to ethanol for 10 wk had a mean 

lung burst frequency of 0.63 ± 0.24 burst/min, which was not 

significantly different from control tadpoles (P = 0.680). Mean of the 

animals’ lowest 1 0 -min period of lung neuroventilation was not 

depressed significantly during hypoxia although it was lower than 

baseline (0.10 ± 0.04 burst/min; P = 0.056; Fig. 3.1A). The percent 

change in lung burst frequency from baseline in chronic ethanol-exposed
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early metamorphic tadpoles did not vary significantly over the course of 

hypoxic exposure (P = 0.997; Fig. 3. IB). Thus, 10 wk of either nicotine or 

ethanol exposure disrupted the early metamorphic tadpole central HVR.

Neither the duration (Fig. 3.2A) nor the amplitude (Fig. 3.2B) of lung 

bursts varied significantly during hypoxia in early metamorphic tadpoles 

(P = 0.675 and 0.939, respectively). Neither nicotine nor ethanol 

exposure affected the amplitude or duration of lung bursts in early 

metamorphic tadpoles, and neither teratogen altered these burst 

parameters significantly during hypoxia (all P values > 0.356). Therefore, 

lung burst frequency, the only burst parameter affected by hypoxia, was 

altered following 1 0 -wk nicotine or ethanol exposure.

Effect of chronic nicotine or ethanol exposure on late metamorphic 

tadpole lung neuroventilation

The lung burst frequency of late metamorphic tadpoles was significantly 

greater than early metamorphic tadpoles (9.39 ± 2.83 bursts/min; P = 

0.011). In response to hypoxia, brainstems from control late 

metamorphic tadpoles significantly reduced lung burst frequencies to
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3.39 ± 0.64 bursts/min (P = 0.032; Fig. 3.3A). In contrast to early 

metamorphic tadpoles, late metamorphic tadpoles demonstrated a more 

rapid reduction in lung burst frequency; a significant percent decrease 

was apparent after 60 min of hypoxia and extended throughout the 

hypoxia treatment except around 110 min (P < 0.05 for all; Fig. 3.3B). 

Lung burst frequency had recovered from the hypoxia-induced decrease 

by 30 min of normoxia, no longer exhibiting a significant percent change 

from baseline normocapnia (P = -17.98 ± 20.64 %).

The lung burst frequency of late metamorphic tadpoles following 10 wk of 

nicotine exposure was elevated, but not significantly different from 

control tadpoles (13.80 ± 9.98 bursts/min; P = 0.388; Fig. 3.3A). In 

response to hypoxia, this lung burst frequency decreased significantly to 

2.34 ± 0.82 bursts/min (P = 0.036). Significant reductions in lung burst 

frequency exhibited by nicotine-exposed late metamorphic tadpoles 

occurred at 100 - 130 min and 150 - 180 min of hypoxia (P < 0.001; Fig. 

3.3B), which is later than the 60-min response time of control late 

metamorphic animals. Following 30 min of normoxic recovery, the lung 

burst frequency recovered to a level not significantly different from 

baseline (-31.23 ± 18.44 %).
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Ten wk of ethanol exposure did not significantly alter the normoxic lung 

burst frequency of late metamorphic tadpoles (3.69 +1.16 bursts/min; P 

= 0.074; Fig. 3.3A) although this frequency was less than controls. The 

lowest 1 0 -min interval o f lung neuroventilation during hypoxia, though 

lower, was not significantly different from baseline (1.54 ± 0.54 

burst/min; P = 0.109). Hypoxia had no significant effect on the lung 

burst frequency of 1 0 -wk ethanol-exposed late metamorphic tadpoles 

through the duration of hypoxic exposure (P = 0.85; Fig. 3.3B). Thus, 10 

wk of ethanol, but not nicotine, exposure disrupts the central HVR of late 

metamorphic tadpoles.

Neither the duration (Fig. 3.4A) nor the amplitude (Fig. 3.4B) of lung 

bursts varied significantly during hypoxia in late metamorphic tadpoles 

(P = 0.648 and 0.396, respectively). Neither nicotine nor ethanol 

exposure affected the amplitude or duration of lung bursts in late 

metamorphic tadpoles, nor did either teratogen significantly alter these 

burst parameters during hypoxia (all P values > 0.220). It is interesting 

to note that the lung burst amplitude of ethanol-exposed late 

metamorphic tadpoles was elevated although not significantly during late 

hypoxia treatment. Ultimately, only those lung burst parameters
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associated with late metamorphic tadpole responses to hypoxia were 

significantly altered following 1 0 -wk ethanol but not nicotine exposure. 

Therefore, like early metamorphic tadpoles, lung burst frequency was the 

only lung neuroventilatory response parameter altered in 1 0 -wk ethanol- 

exposed late metamorphic tadpoles, and unlike the early developmental 

group, 1 0 -wk nicotine exposure had no effect on lung burst parameters 

during normoxia or hypoxia.

Effect of chronic nicotine or ethanol exposure on gill 

neuroventi lation

Gill burst frequency of control early metamorphic tadpoles was not 

significantly different during normoxia and hypoxia (42.67 ± 3.72 

bursts/min; P = 0.287; Fig. 3.5). Furthermore, this gill burst frequency 

was not significantly different from late metamorphic tadpoles (35.57 ± 

2.31 bursts/min; P = 0.122). The gill frequency of late metamorphic 

tadpoles did increase during hypoxia but not consistently. The increases 

occurred only around 60 and 90 min of hypoxic exposure (42.57 ± 2.45 

bursts/min; P = 0.028 and 44.50 ± 2.72 bursts/min; P = 0.050 for 60 

and 90 min of hypoxia, respectively; Fig. 3.5C).
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Compared to control tadpoles 10 wk of nicotine exposure had a 

considerable effect on gill burst frequency. The gill burst frequencies of 

early and late metamorphic 1 0 -wk nicotine-exposed tadpoles were 

significantly different from one another (P = 0.014) and both were 

significantly less than that of control animals (28.10 ± 1.64 bursts/min; 

P = 0.003 and 18.78 ± 2.86 bursts/min; P < 0.001 for early and late 10- 

wk nicotine-exposed tadpoles, respectively). Similar to controls, the gill 

burst frequency of early metamorphic nicotine-exposed tadpoles was 

unchanged during hypoxia (P = 0.267), but the gill frequency of late 

metamorphic tadpoles increased briefly around 90 and 120 min of 

hypoxia (30.39 ± 3.87 bursts/min; P = 0.021 and 28.44 ± 3.21 

bursts/min; P = 0.012 for 90 and 120 min of hypoxia, respectively).

The normoxic gill burst frequencies of early and late metamorphic 10-wk 

ethanol-exposed tadpoles was not significantly different from those of 

controls (34.83 ± 4.50 bursts/min; P = 0.209 and 39.29 ± 4.03 

bursts/min; P =0.440 for early and late metamorphic tadpoles, 

respectively) nor did they differ significantly from each other (P = 0.475). 

Unlike controls, the gill burst frequency of early metamorphic ethanol-



exposed tadpoles increased by 90 min of hypoxia and remained elevated 

for the duration of the hypoxic exposure (P = 0.039). This gill frequency 

remained significantly increased above baseline levels despite 30 min of 

normoxic recovery (40.67 ± 3.7 bursts/min; P = 0.013). Late 

metamorphic 1 0 -wk ethanol-exposed tadpoles also differed from controls 

in that they did not exhibit a significant change in gill burst frequency 

throughout the course of hypoxic exposure (P = 0.593).

Gill burst frequency is closely linked with burst duration. Gill burst 

duration did not change significantly either in response to hypoxia or 

following exposure to nicotine or ethanol (all P values > 0.203; Fig. 3.6). 

Early metamorphic nicotine-exposed tadpoles did demonstrate a 

transient increase in gill duration; however, this change was not 

significant and did not offset the lack of gill burst frequency change in 

that treatment group (P = 0.307). Thus, nicotine exposure alters baseline 

gill burst frequencies without affecting gill burst frequency responses to 

hypoxia, and ethanol exposure altered gill burst frequency responses to 

hypoxia without changing baseline gill burst activity.
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In control tadpoles the amplitude of gill bursts increased significantly 

with development from 0.10 ± 0.02 V in early metamorphic tadpoles to 

0.25 ± 0.05 V in late metamorphic tadpoles (P = 0.039). Hypoxia, 

however, did not have a significant effect on gill burst amplitude in either 

developmental group (P = 0.78 and P = 0.401 for early and late 

metamorphic tadpoles, respectively; Fig. 3.7). 10 wk of nicotine exposure 

did not significantly alter the normoxic gill burst amplitude of either 

developmental group (0.11 ± 0.03 V; P = 0.701 and 0.17 ± 0.04 V; P = 

0.229 for early and late metamorphic 10-wk nicotine-exposed tadpoles, 

respectively), and the gill burst amplitudes of early and late metamorphic 

nicotine-exposed tadpoles were not significantly different from each other 

(P = 0.312). In response to hypoxia, the gill burst amplitude of early 

metamorphic tadpoles did not change significantly during the course of 

hypoxia (P = 0.568). Late metamorphic tadpoles, however, demonstrated 

a significant reduction in gill amplitude at 150 and 180 min of hypoxia 

(0.08 ± 0.02 V; P = 0.043 and 0.08 ± 0.03; P = 0.031, respectively).

Within this developmental group, gill burst amplitude remained 

significantly reduced from baseline levels following 30 min of normoxic 

recovery (0.09 ± 0.03 V; P = 0.046).

116



Ten wk of ethanol exposure did not significantly alter the normoxic gill 

burst amplitude of either early or late metamorphic tadpoles relative to 

that of control tadpoles (0.12 ± 0.24 V; P = 0.552 and 0.15 ± 0.04 V; P = 

0.180, respectively), and the gill burst amplitudes of early and late 

metamorphic ethanol-exposed tadpoles were not significantly different 

from each other (P = 0.480). Similar to controls the gill burst amplitude 

of both early and late metamorphic ethanol-exposed tadpoles did not 

vary significantly over the 180 min of hypoxia (P = 0.196 and P = 0.891 

for early and late metamorphic tadpoles, respectively).

In summary, early and late metamorphic normoxic gill burst frequency 

and the late metamorphic hypoxic gill burst amplitude were affected by 

10 wk of nicotine exposure. Ten-wk ethanol exposure did not affect 

normoxic gill neuro ventilation; however, during hypoxia the gill burst 

frequency of ethanol-exposed animals was markedly changed.

3.5 Discussion

Ten-wk exposure to either nicotine or ethanol impaired tadpole central 

HVRs (hypoxic ventilatory responses). The tadpole central HVR is a



reduction in lung burst frequency as seen in control tadpoles. Late 

metamorphic tadpoles exhibited this reduction earlier in the hypoxic 

treatment than early metamorphic tadpoles, and in both metamorphic 

stages lung burst frequency recovered to baseline levels following 30 min 

of normoxia. Unlike lung ventilation which increases with tadpole 

development, gill ventilation remains relatively constant. Hypoxia had 

little effect on gill burst frequency. Only late metamorphic tadpoles 

demonstrated hypoxia-induced changes in gill burst frequency, transient 

increases around 60 and 90 min of hypoxia. Therefore, the tadpole 

central HVR manifests as a decrease in lung burst frequency and an 

ephemeral increase in late metamorphic tadpole gill burst frequency.,

The amplitude and duration of lung bursts, as well as the amplitude, and 

duration of gill bursts, were not altered in response to hypoxia.

Effect of nicotine on bullfrog tadpole neuroventilation

Early metamorphic tadpoles did not exhibit a central HVR following 10- 

wk nicotine exposure. There was an early attenuation in lung activity, 

however, neither the time course nor the degree of ventilatory depression 

were similar to control animals. Late metamorphic nicotine-exposed



tadpoles did exhibit decreased lung burst frequency, a central HVR, and 

an increase in gill burst frequency at 90 and 120 min of hypoxia. Both 

the lung burst frequency reduction and gill burst frequency 

augmentation in late metamorphic nicotine-exposed tadpoles occurred 

later in the hypoxic treatment than similar changes in controls. This 

delayed hypoxic response suggests increased hypoxia tolerance, 

decreased hypoxia sensitivity, or some hindrance to the hypoxic 

response. An increase in hypoxia tolerance is unlikely as nicotine also 

caused a reduction in gill burst amplitude late in hypoxia that did not 

recover during normoxia. These findings suggest that chronic nicotine 

exposure delays the central HVR by impairing the breathing control 

network's mechanisms for sensing and/or responding to hypoxia.

Loss of the central HVR following 10-wk nicotine exposure was 

dependent on the timing of that exposure coinciding with early 

development, which suggests that early metamorphic tadpoles are more 

vulnerable to the deleterious neural effects of chronic nicotine exposure. 

This finding was similar to those of studies looking at the effect of 

chronic nicotine exposure on hypercapnic ventilation, where early 

metamorphic tadpoles exhibited an impaired hypercapnic response after
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3-wk nicotine exposure, whereas late metamorphic tadpoles required 10- 

wk exposure to exhibit the same impairment (Brundage 8s Taylor, 2009). 

The effects o f acute nicotine exposure, however, are opposite in that they 

increase with bullfrog development (Brundage et a l, 2010). Maturation of 

the cholinergic system in the bullfrog brainstem and ontogeny of 

ventilatory chemoreflexes may play key roles in defining the period of 

nicotine vulnerability. Numerous studies have determined that prenatal 

nicotine exposure impairs the postnatal hypoxic response of rats and 

lambs (Slotkin et a l, 1995; Fewell & Smith, 1998; Fewell et a l, 2001b, a; 

Hafstrom et a l, 2002), but the effects of varying timing and duration of 

this developmental exposure have not been specifically investigated. In 

rat pups, prenatal nicotine exposure impairs the central HVR in an age- 

dependent manner; impairments are exhibited in the early postnatal 

days but not later than postnatal day 10 (Simakajornboon et a l, 2004). It 

remains to be seen if early metamorphic tadpoles can recover from 

nicotine-induced impairments of central ventilatory responses.

We have previously shown that 10 wk of nicotine exposure has no effect 

on normoxic / normocapnic lung neuroventilation nor does it affect the 

integrity of the isolated bullfrog brainstem lung activity over the duration
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of our experiment (Taylor et a l, 2008; Brundage & Taylor, 2009). Here 

we see that 1 0 -wk nicotine exposure did have a significant effect on gill 

burst activity. Nicotine-exposed tadpoles had significantly fewer gill 

bursts per min than control tadpoles of the same developmental group, 

and late metamorphic nicotine-exposed tadpoles had significantly fewer 

gill bursts than similarly exposed early metamorphic tadpoles. Gill 

amplitude was also reduced in late metamorphic nicotine-exposed 

tadpoles at the end of the hypoxia and did not recover, which suggests 

that chronic nicotine exposure may have disrupted hypoxia tolerance in 

these tadpoles rather than their central HVR. Early metamorphic 

tadpoles appear to be more vulnerable to a nicotine-induced impairment 

of the central HVR, but late metamorphic nicotine-exposed tadpoles 

appear to be more vulnerable to hypoxia given they were the only 

nicotine-exposed group to exhibit a hypoxia-induced neuroventilatory 

change that was not reversed during 30 min of normoxic recovery.

Effect of ethanol on bullfrog tadpole neuroventilation

This is the first study to investigate the effect of ethanol exposure on the 

central HVR. Ethanol exposure, regardless of developmental stage,
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disrupted the tadpole central HVR. Neither early nor late metamorphic 

tadpoles that were chronically exposed to ethanol demonstrated a 

significant change in lung burst frequency over the 180-min hypoxia 

treatment. There was a slight depression in the lung burst frequency of 

late metamorphic ethanol-exposed tadpoles at 180 min, and it is possible 

that a significant reduction in lung burst frequency would occur if 

hypoxia was sustained longer. Late metamorphic ethanol-exposed 

tadpoles failed to increase gill burst frequency at any time during 

hypoxia; however, early metamorphic ethanol-exposed tadpoles exhibited 

an increased gill burst frequency during the latter half of hypoxia 

treatment.

All neuroventilatory parameters were consistent between ethanol- 

exposed and control tadpoles during normoxic conditions; this is similar 

to previous studies demonstrating that the integrity of ethanol-exposed 

isolated brainstem preparations is unaltered over the duration of our 

experiment (Taylor et a l, 2008; see chapter two). This would suggest that 

the central HVR was specifically impaired by 10-wk ethanol exposure. 

These results are different than those of semi-intact preparations derived 

from neonatal rats that had been prenatally exposed to ethanol, where
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baseline ventilation and the HVR were reduced (Dubois et a l, 2008). It is 

possible that these differing results are due to chronic ethanol altering 

peripheral chemoreception and/or the presence of afferent signaling 

mechanisms which were present in the semi-intact rat preparations. 

Additional studies with either semi-intact tadpole preparations or 

isolated rat brainstem preparations would be required to clarify this 

point.

Consequences of nicotine and ethanol exposure on neural signaling

Signaling pathways that underlie the HVR in bullfrogs and mammals and 

pathways that are affected by chronic nicotine or ethanol exposure, to 

date, have been investigated separately. We can, however, make 

inferences about possible mechanisms of these teratogenic effects on the 

central HVR by jointly considering several independent studies. Fournier 

and colleagues (2007) determined that the bullfrog central HVR is 

modulated by noradrenergic neurons via an indirect

GABAergic/glycinergic pathway. The ai-antagonist prazosine blocked the 

central lung burst HVR in both early and late metamorphic tadpoles. 

Application of a bicuculine / strychine mixture blocked both the HVR and

123



the effect of the a 1-agonist phenylephrine in isolated brainstem 

preparations. In rats, prenatal nicotine exposure alters both GABAergic 

and glycinergic signaling in the Pre-Botzinger complex (Luo et a l, 2007), 

a putative respiratory rhythm generator. Nicotinic acetylcholine receptors 

are up-regulated on GABAergic and glycinergic neurons, and chronic 

stimulation of these neurons results in desensitization and a reduction 

in GABA and glycine release (Covernton 85 Lester, 2002; Neff et a l, 2003; 

Fregosi 86 Pilarski, 2008). In bullfrog tadpoles, a reduction in inhibitory 

signaling may contribute to the loss of the central HVR in early 

metamorphic tadpoles. Similarly, ethanol is a known GABAmimetic and 

imidazobenzodiazepine GABAa receptor agonist (Breese et a l, 2006; 

Wallner 86 Olsen, 2008). Prenatal ethanol exposure has also been shown 

to alter GABA transmission and GABAergic neuron activity (Janiri et a l, 

1994; Allan et a l, 1998). An increase in central glycinergic tonic 

inhibition is also seen following prenatal ethanol exposure (Dubois et a l,

2008). Binding characteristics and ligand specificity of GABAa receptors 

are similar in bullfrogs and mammals (Hollis 85 Boyd, 2003). Chronic 

ethanol may, therefore, generate similar disruptions in GABAergic and 

glycinergic activity in both early and late metamorphic tadpoles 

contributing to a loss o f the central HVR. Thus, existing evidence
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suggests that the central HVR and the effects of chronic nicotine and 

ethanol exposure overlap in their links to GABAergic and glycinergic 

signaling pathways but not to the exclusion of other possibilities.

If chronic nicotine and ethanol exposure exert their deleterious effects on 

control of breathing via a common mechanism, GABAergic signaling is a 

potential candidate. The mechanism by which nicotine and ethanol 

impair the central HVR, however, need not be a common pathway. 

Prenatal nicotine has been found to influence serotonergic, 

glutamatergic, and adrenergic signaling (Campos et a l, 2009). Ethanol 

has both direct and indirect effects on neural tissue including the 

desensitization of multiple ionotropic receptor subtypes (Aguayo et a l, 

2002; Dopico & Lovinger, 2009). Identifying the multifarious 

consequences of developmental nicotine and ethanol exposure remains 

the subject of on-going research as do the multiplicity of sites and 

heterogeneity of neural mechanisms involved in the control of breathing.
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The central hypoxic ventilatory response of bullfrog tadpoles

The central HVR of bullfrog tadpoles differed slightly in our study from 

those previously conducted. The central HVR we found in early 

metamorphic tadpoles was similar to Winmill and colleagues (2005) who 

identified a reduction in lung burst frequency late in hypoxia treatment. 

Fournier and colleagues (2007) described an increase in early 

metamorphic lung burst frequency at 1 0  min of hypoxia exposure 

suggesting some central involvement in the augmentation phase of the 

HVR exhibited by intact tadpoles. We saw no such increase; however, 

lung activity o f early metamorphic tadpoles fluctuated prior to the 

reduction in lung burst frequency. It is possible that individual variation 

precluded our ability to identify a significant increase. In all three studies 

the central HVR of later metamorphic stages was a reduction in lung 

burst frequency (Winmill et a l, 2005; Fournier et a l, 2007). Fournier and 

colleagues (2007) reported a significant reduction at 10 min hypoxia, 

Winmill (2005) reported a cessation of lung activity by 30 min of hypoxia, 

and in our hands lung burst frequency was significantly reduced after 60 

min of hypoxia. Variation in the time course and degree of reduction in 

lung burst frequency may be due to the onset speed and degree of



hypoxic insult employed in each study. In our study the onset of the 

hypoxia was slower (10 min vs. 5 min) and the degree of hypoxia was less 

(5.05 ± 1.04 kPa vs. near 0 kPa; Winmill et a l, 2005). Despite differences 

in technique, we recorded central HVRs in bullfrog tadpoles that were 

similar to previously reported responses. Furthermore, we demonstrated 

that the central HVR was impaired in 10-wk ethanol-exposed tadpoles of 

either developmental group and early metamorphic 1 0 -wk nicotine- 

exposed tadpoles.

The ability to respond to hypoxia is a fundamental feature of vertebrate 

ventilation (McKenzie & Taylor, 1996). Ten wk of nicotine exposure 

induced a development-dependent difference in gill burst frequency 

during normoxia and impaired the central HVR of early but not late 

metamorphic tadpoles. Ten wk of ethanol exposure impaired the central 

HVR of both early and late metamorphic tadpoles without affecting 

normoxic neuroventilation, gill or lung. Evidence presented here and by 

others suggests that developmental exposure to either nicotine or ethanol 

impairs both peripherally and centrally mediated responses to hypoxia in 

amphibians and mammals.
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Fig 3.1 Effect of 10-wk nicotine or ethanol exposure on lung burst 

frequency of early metamorphic tadpoles. (A) Mean lung burst 
frequency during last 1 0  min of normoxia and peak response to hypoxia 
in control and nicotine- or ethanol-exposed early metamorphic tadpoles. 
(B) Percent change in lung burst frequency from normocapnia during 
each 10-min period of hypoxia. Control, but not nicotine- or ethanol- 
exposed, early metamorphic tadpoles decreased lung burst frequency in 
response to hypoxia (* = P s  0.05). Data presented are means ± SE for 6  - 
7 tadpoles.
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Fig 3.2 Effect of 10-wk nicotine or ethanol exposure on lung burst
duration and amplitude of early metamorphic tadpoles. Mean lung 
burst duration (A) and amplitude (B) during last 3 min of normoxia, 10, 
60, 90, 120, 150, and 180 of min hypoxia, and 30 min of normoxic 
recovery in control and nicotine- or ethanol-exposed early metamorphic 
tadpoles. 1 0 -wk nicotine or ethanol exposure had no effect on lung burst 
duration or amplitude. Hypoxia had no effect on lung burst duration or 
amplitude of any early metamorphic tadpole treatment group. Data 
presented are means ± SE for 6  - 7 tadpoles (P > 0.05).
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Fig 3.3 Effect of 10-wk nicotine or ethanol exposure on lung burst 
frequency of late metamorphic tadpoles. (A) Mean lung burst 
frequency during last 1 0  min of normoxia and peak response to hypoxia 
in control and nicotine- or ethanol-exposed late metamorphic tadpoles.
(B) Percent change in lung burst frequency from normocapnia during 
each 10-min period of hypoxia. Control and nicotine-exposed tadpoles 
decreased lung burst frequency in response to hypoxia (* = Ps 0.05). 
Data presented are means ± SE for 6  - 8  tadpoles.
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Fig 3.4 Effect of 10-wk nicotine or ethanol exposure on lung burst
duration and amplitude of late metamorphic tadpoles. Mean lung 
burst duration (A) and amplitude (B) during last 3 min of normoxia, 10, 
60, 90, 120, 150, and 180 min of hypoxia, and 30 min of normoxic 
recovery in control and nicotine- or ethanol-exposed late metamorphic 
tadpoles. 1 0 -wk nicotine or ethanol exposure had no effect on lung burst 
duration or amplitude. Hypoxia had no effect on lung burst duration or 
amplitude of any late metamorphic tadpole treatment group. Data 
presented are means ± SE for 6  - 8  tadpoles (P > 0.05).



Fig 3.5 Effect of 10-wk nicotine or ethanol exposure on tadpole gill burst 
frequency. (A) Mean gill burst frequency during last 3 min of normoxia 
in control and nicotine- or ethanol-exposed early and late metamorphic 
tadpoles. The gill burst frequency of early and late metamorphic nicotine- 
exposed tadpoles were both less than controls (* = P < 0.05). Late 
metamorphic nicotine-exposed tadpoles had a lower gill burst frequency 
than early metamorphic nicotine-exposed tadpoles (+ = P = 0.014). Mean 
lung burst frequency during last 3 min of normoxia, 10, 60, 90, 120,
150, and 180 min of hypoxia, and 30 min of normoxic recovery in control 
and nicotine- or ethanol-exposed early (B) and late metamorphic tadpoles
(C). Early metamorphic ethanol-exposed tadpoles increased gill burst 
frequency from 90-180 min of hypoxia (* = P £ 0.05). Late metamorphic 
control tadpoles increased gill burst frequency at 60 and 90 min of 
hypoxia (* = P s  0.05). Late metamorphic nicotine-exposed tadpoles 
increased gill burst frequency at 90 and 120 min of hypoxia (# = P s  
0.05). Data presented Eire means ± SE for 6  - 8  tadpoles.
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Fig 3.6 Effect of 10-wk nicotine or ethanol exposure on tadpole gill burst 
duration. Mean gill burst duration during last 3 min of normoxia, 10, 60, 
90, 120, 150, and 180 min of hypoxia, and 30 min of normoxic recovery 
in control and nicotine- or ethanol-exposed early (A) and late (B) 
metamorphic tadpoles. 1 0 -wk nicotine or ethanol exposure had no effect 
on lung burst duration. Hypoxia had no effect on gill burst duration of 
any early or late metamorphic tadpole treatment group. Data presented 
are means ± SE for 6 - 8  tadpoles (P > 0.05).
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Fig 3.7 Effect of 10-wk nicotine or ethanol exposure on tadpole gill burst 
amplitude. Mean gill burst amplitude during last 3 min of normoxia, 10, 
60, 90, 120, 150, and 180 min of hypoxia, and 30 min of normoxic 
recovery in control, and nicotine- or ethanol-exposed early (A) and late 
(B) metamorphic tadpoles. 10-wk nicotine or ethanol exposure had no 
effect on normoxic gill burst amplitude. Hypoxia decreased gill burst 
amplitude of late metamorphic nicotine-exposed tadpoles at 150 and 180 
min of hypoxia, and after 30 min of normoxic recovery (* = P < 0.05).
Data presented are means ± SE for 6  - 8 tadpoles.
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CHAPTER FOUR 

Persistent loss and return of the hypercapnic neuroventilatory 

response following chronic nicotine or ethanol exposure1

4.1 Abstract

Neuroventilation is highly plastic; exposure to either of two distinct 

teratogens, nicotine or ethanol, during development results in a similar 

loss o f the neuroventilatory response to hypercapnia in bullfrog tadpoles. 

Whether this functional deficit is permanent or transient following 

nicotine or ethanol exposure was unknown. Here we tested the 

persistence of impairments in the hypercapnic neuroventilatory response 

in tadpoles exposed to either 30 pg/L nicotine or 0.12 - 0.06 g/dL 

ethanol for 10 wk. Brainstem breathing-related neural activity was 

assessed in tadpoles were allowed to develop teratogen-free after either 

nicotine or ethanol exposure. Nicotine-exposed animals responded 

normally to hypercapnia after a 3 wk teratogen-free period, but the 

hypercapnic response in ethanol-exposed tadpoles remained

1 Brundage, C.M. and Taylor, B.E. 2010. Persistent loss and return of the 
hypercapnic neuroventilatory response following chronic nicotine or ethanol 
exposure.(formatted for submission to) Developmental Neurobiology.



impaired. Tadpoles allowed to develop for only 1 wk after chronic nicotine 

exposure were unable to respond to hypercapnia. The hypercapnic 

response of ethanol-exposed tadpoles returned by 6  wk following chronic 

ethanol exposure. These findings suggest that some nicotine- and 

ethanol-induced functional impairments can be resolved during early 

development. Understanding both the disruptive effects of nicotine and 

ethanol exposure and how impaired responses return when teratogen 

exposure stops may offer insight into the function and plasticity of 

breathing control.

4.2 Introduction

Neuroventilation is considerably plastic, (Carroll, 2003; Mitchell and 

Johnson, 2003) and experiences generate short- to long-term changes in 

the function and morphology of the breathing control network (Bavis and 

Mitchell, 2008). The varying effects of these changes have a widespread 

impact on CO2 homeostasis, because compensating for shifts in pH by 

offloading CO2 is a critical homeostatic function of breathing (Milsom, 

1995; Nattie, 1999; Putnam et al., 2004). Early exposure to either 

nicotine or ethanol during development results in a loss of the ventilatory 

response that normally counteracts elevated CO2 (hypercapnia; Eugenin



et al., 2008; Taylor et al., 2008; see chapter two). This may explain why 

prenatal exposure to both nicotine and ethanol are risk factors for 

Sudden Infant Death Syndrome (SIDS; Iyasu et al., 2002; Kinney, 2009). 

An inability to adequately respond to hypercapnia has been hypothesized 

to contribute to SIDS (Shannon et al., 1977; Dunne et al., 1992; 

Richerson et al., 2001). Neuroplastic changes to the breathing control 

network that are evoked by nicotine or ethanol exposure result in 

impaired responses to hypercapnia in mice and bullfrog tadpoles 

(Eugenin et al., 2008; Taylor et al., 2008; Brundage and Taylor, 2009; 

see chapter two). Characterizing the neuroplastic changes induced by 

nicotine and ethanol could improve the understanding of the breathing 

control network and improve how clinical medicine addresses this 

vulnerability.

The timeline of impairments in hypercapnic responses offers insight into 

the development and lability of respiratory control. Response to 

hypercapnia is lost faster in early tadpole development following nicotine 

exposure compared to ethanol exposure (Brundage and Taylor, 2009; see 

chapter two). Despite the disparate actions of nicotine and ethanol in the 

brain, the breathing-related functional deficits following chronic 

exposures are the same. The duration of the impairment of hypercapnic



response may also differ following nicotine and ethanol exposure. The 

nicotine-induced impairment of hypercapnic response is transient in 

mice. Mice prenatally exposed to nicotine fail to respond to hypercapnia 

for 0 - 3  postnatal days; normal responses to hypercapnia return by 

postnatal day 8  (Eugenin et al., 2008). Persistence in the loss of 

hypercapnic responses following ethanol exposure, to our knowledge, has 

not been evaluated. It would be interesting if the timeline for recovery 

from nicotine and ethanol exposure were similar thereby suggesting that 

the neuroplastic changes evoked by nicotine and ethanol exposure may 

be comparable. Dissecting the mechanisms involved in nicotine and 

ethanol impairment of central hypercapnic drive can be aided 

significantly by first characterizing the developmental timeline for these 

impairments and their recovery.

The developing bullfrog tadpole has been used as a model to investigate 

the effects o f nicotine and ethanol exposure on control of breathing 

(Taylor et al., 2008; Brundage and Taylor, 2009). The neuroventilation of 

bullfrogs can be quantified using an isolated brainstem preparation at all 

free-living developmental stages, and the exposure conditions of the 

tadpoles to nicotine and ethanol can be highly controlled due to their 

aquatic environment (Brundage and Taylor, 2009). Ten wk of chronic
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nicotine or ethanol exposure results in the loss of the neuroventilatory 

response to hypercapnia in early metamorphic tadpoles (Taylor et al., 

2008; Brundage and Taylor, 2009; see chapter two). We hypothesized 

that similar to that of mice, normal tadpole responses to hypercapnia 

would return if animals were allowed to live in a nicotine-free 

environment after their chronic nicotine exposure. Vulnerability to SIDS 

is resolved by the first year of life (Filiano and Kinney, 1994; Kinney,

2009), and we have found no reports of higher incidence among infants 

with fetal alcohol spectrum disorders. Thus, we also hypothesized that 

the effects of ethanol exposure would be resolved following an ethanol- 

free period. To our knowledge this is the first study to look at the 

persistence of any teratogen-induced impairment of neuroventilatory 

responses to hypercapnia in the tadpole, and the first to make such a 

consideration for any animal following ethanol exposure.

4.3 Materials and Methods

Animals

Studies were performed on Lithobates (formerly Rana) catesbeiana 

tadpoles (n = 34) purchased from a commercial supplier (Sullivan Co.



Inc., www.researchamphibians.com). Tadpoles were maintained at room 

temperature and were fed goldfish food daily. Tadpoles were housed for 

1 0  wk in aquaria with dechlorinated water only, dechlorinated water 

containing nicotine (30 pg/L (-)-nicotine hydrogen tartrate salt; Sigma, 

www.sigmaaldrich.com), or dechlorinated water containing ethanol (0 . 1 2  

- 0.06 g/dL). We chose 10-wk exposure because that duration of 

exposure impairs ventilatory responses to hypercapnia in both early and 

late stage tadpoles (Taylor et al., 2008; Brundage and Taylor, 2009; see 

chapter two). The concentration of nicotine was similar to that found in 

the body fluids of an average smoker (Moyer et al., 2002). The ethanol 

concentration varied due to the volatilization of ethanol from the tank 

and was equivalent to 0.75 - 1.5 times the 0.08 g/dL blood alcohol 

content that serves as the legal limit of many western countries (Caldeira 

et al., 2004). Following 10 wk of nicotine exposure, tadpoles were allowed 

to recover for either 1 wk (n = 6 ) or 3 wk (n = 8 ) in nicotine-free 

dechlorinated water. Ethanol-exposed tadpoles recovered for either 3 wk 

(n = 5) or 6  wk (n = 7).

Tadpole developmental stages were determined at the start of treatment 

and at the end of the 1 0 -wk exposure to ensure developmental 

homogeneity. At the time of dissection each tadpole was at an early
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stage of metamorphosis corresponding to developmental stages 7 - 15 in 

the classification scheme of Taylor and Kollros (1946). All animal care 

and experimental protocols were approved by the Institutional Animal 

Care and Use Committee at the University of Alaska Fairbanks and 

complied with all state and federal ethical guidelines.

Surgical preparation

Each tadpole was anesthetized by immersion for 1-2 min in cold (4 °C)

0.2 mM tricaine methanesulfonate (MS222; Sigma, 

www.sigmaaldrich.com) in dechlorinated water buffered to pH 7.8 with 

NaHCC>3 . The front o f the head rostral to the nares and the back of the 

body (hind limbs and tail, if present) were removed. The dorsal cranium 

and forebrain rostral to the diencephalon were resected and the fourth 

ventricle opened by removing the choroid plexus. The remaining 

brainstem and spinal cord were removed en bloc and further trimmed 

rostrally to the optic tectum and caudally at the brachial nerve. During 

dissection, exposed tissues were superfused with cold artificial cerebral 

spinal fluid (aCSF) composed of (in mM) 104 NaCl, 4 KC1, 1.4 MgCh, 10 

D-glucose, 25 NaHCC>3 and 2.4 CaCh equilibrated with 100 % O2. These
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methods have been used in our previous tadpole studies (Taylor et al., 

2008; Davies et al., 2009).

The isolated brainstem was transferred to a 2.5 ml, Plexiglas, flow

through recording chamber and was supported, ventral side up, between 

coarse nylon mesh such that all surfaces were bathed with aCSF flowing 

from rostral to caudal at a rate of 5 ml/min. A supply of aCSF, 

equilibrated with O2-CO2 mixtures that produced the desired pH, flowed 

through plastic tubing to the recording chamber and bathed the isolated 

brainstem. The pH of the aCSF was maintained at either pH 7.8 (1.5 % 

CO2: 98.5 % O2 ; normocapnia) or pH 7.4 (5.0 % CO2 : 95.0 % O2; 

hypercapnia) by adjusting the fractional concentrations of O2 and CO2 in 

the equilibration gas. CO2 was monitored with a CO2 analyzer (Capstar 

100; CWE, www.cwe-inc.com). After isolation the brainstem was allowed 

to stabilize for 1 h while superfused at 23 °C, with aCSF of pH 7.8 (~9 

torr PCO2).

Neurogram recording

Roots of the facial and hypoglossal nerves were drawn into glass suction 

electrodes pulled from 1 -mm diameter capillary glass to tip diameters
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that fit the nerve roots. Whole-nerve discharge was amplified (X I00 by 

DAM 50 amplifiers, World Precision Instruments, www.wpiinc.com; 

X1000 by a four-channel model 1700 amplifier, A-M Systems, www.a- 

msystems.com) and filtered (100 Hz high pass to 1 kHz low pass). The 

amplified and filtered nerve output was sent to a data acquisition system 

(Powerlab, AD Instruments, www.adinstruments.com), which sampled at 

1 kHz. The data were archived as whole-nerve discharge, and duplicate 

integrated (full-wave rectified and averaged over 2 0 0  ms) neurograms 

were acquired simultaneously. Such recordings were made during the 

initial 1 h post-isolation stabilization period and recorded continuously 

throughout the duration of each treatment protocol.

Data and statistical analyses

Neurograms recorded from the isolated tadpole brainstems were 

quantified for 30 min of normocapnia, 30 min of hypercapnia, and a 

subsequent 30 min return to normocapnia. Burst activity patterns were 

designated as either putative gill or putative lung breaths on the basis of 

the amplitude of the integrated nerve activity and the presence or 

absence of coincident firing in both the facial and hypoglossal nerves as 

previously described (Torgerson et al., 1998). Putative gill breaths had
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lower integrated burst amplitude on the facial nerve than putative lung 

breaths and little or no coincident burst activity in the hypoglossal nerve. 

Putative lung breaths had higher integrated burst amplitude in the facial 

nerve and coincident burst activity in the hypoglossal nerve.

The frequencies o f lung and gill ventilation were quantified as the 

number o f bursts per minute for the last 3 min of normocapnia and 

hypercapnia. Taylor et al. (2003) demonstrated that an increase in lung 

burst frequency is the primary manifestation of the bullfrog hypercapnic 

response at all stages of their development (Fig. 4.1). Gill burst frequency 

during normocapnia, but not hypercapnia, was decreased after 1 0 -wk 

exposure to nicotine but not ethanol (see chapter three). Therefore, gill 

neuroventilation during normocapnia in post-ethanol exposed tadpoles 

was not considered in this study. Percent changes in lung burst 

frequency during the last 3 min of hypercapnia were determined relative 

to the last 3 min of normocapnia. The mean values for each of the 

quantified burst frequencies were compared using repeated-measures 

analysis o f variance (RM-ANOVA; SigmaStat, www.systat.com). When an 

RM-ANOVA indicated that significant differences existed, multiple 

comparisons were made using the Holm-Sidak multiple comparison test. 

Comparisons between control and treatment groups were conducted
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using t-test comparisons (SigmaStat, www.systat.com). Values reported 

in the text are always means ± SE.

4.4 Results

Lung burst frequency after a 3-wk teratogen-free period following 10 wk 

of either nicotine or ethanol exposure are presented in Fig. 4.2. Control 

tadpoles increased lung burst frequency from 1.38 ± 0.36 bursts/min 

during normocapnia to 1.71 ± 0.51 bursts/min during hypercapnia (P = 

0.029). Three wk of recovery following 10 wk of either nicotine or ethanol 

exposure did not significantly alter tadpole normocapnic lung burst 

frequencies (0.95 ± 0.30 bursts/min P = 0.393; 2.33 ± 0.48 bursts/min P 

= 0.138 for post-nicotine and post-ethanol exposure, respectively). 

Tadpoles previously exposed to nicotine for 10 wk responded similarly to 

control animals after 3 wk nicotine-free recovery by increasing lung burst 

frequency to 2.14 ± 0.41 bursts/min (P = 0.023); a 232.6 ± 0.5 % 

increase, compared to the 166.7 ± 85.9 % response to hypercapnia in 

controls. In contrast, 3-wk post-ethanol exposed tadpoles failed to 

increase lung burst frequency significantly during hypercapnia (2.46 ± 

0.53 bursts/min; P = 0.987) demonstrating only a 2.8 ±21.9 % change 

in lung burst frequency during hypercapnia. Thus, responses to

155

http://www.systat.com


hypercapnia were still impaired following 3-wk recovery from chronic 

ethanol, but not nicotine, exposure.

The disparate responses following 3-wk post-exposure periods prompted 

interest to determine if any persistent impairment of the neuroventilatory 

hypercapnic response occurred in chronic nicotine-exposed tadpoles, 

because the previous studies (Taylor et al., 2008; Brundage and Taylor, 

2009) had quantified this central hypercapnic response immediately after 

chronic exposure, without any nicotine-free period. 1 0 -wk nicotine- 

exposed tadpoles were, therefore, allowed to recover for 1 wk in nicotine- 

free water before experimentation. The normocapnic lung burst 

frequency of 1 -wk post-nicotine exposed tadpoles was slightly, although 

not significantly, elevated compared to controls (2.53 ± 0.41 bursts/min 

P = 0.059; Fig. 4.3). Responses to hypercapnia, however, were blocked; in 

fact there was a modest reduction in lung burst frequency during 

hypercapnia (1.56 ± 0.49 bursts/min; P = 0.287), a -43.2 + 9.5 % change 

in lung burst frequency. This reduction in lung burst frequency was not 

significant nor was there any significant change in lung burst frequency 

after 30-min return to normocapnia (1.39 ± 0.62 bursts/min). Therefore, 

the hypercapnia-induced increase in lung burst frequency that was 

impaired following 1 0 -wk nicotine exposure remained impaired 1 wk
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following nicotine exposure, but was fully returned after 3 wk in a 

nicotine-free environment.

Our previous work identified a diminished normocapnic gill burst 

frequency in tadpoles immediately following 1 0 -wk nicotine exposure (see 

chapter three). Here gill burst frequency was quantified during 

normocapnia in both the 1-wk and 3-wk post-nicotine exposed tadpoles 

(Fig. 4.4). One wk after exposure the gill burst frequency was 

significantly elevated compared to control tadpoles (36.2 ±2 .8  and 46.9 ±

2.7 bursts/min; P = 0.02 for control and 1-wk post-nicotine exposed 

tadpoles, respectively). Gill burst frequency of 3-wk post-nicotine 

exposed tadpoles was not significantly different from controls (41.3 ± 4.4 

bursts/min; P = 0.343), nor was it significantly different from 1-wk post

nicotine exposed tadpoles (P = 0.342). Thus, although lung burst 

responses to hypercapnia continued to be impaired after a 1 -wk nicotine- 

free period, the decreased gill burst frequency induced by chronic 

nicotine exposure was replaced with a full recovery and facilitation by 1 - 

wk post-nicotine exposure.

The persistent impairment of the hypercapnic neuroventilatory response 

in 3-wk post-ethanol exposed tadpoles prompted interest to determine if



the reduction in hypercapnic ventilatory drive was permanent following 

chronic ethanol exposure. Tadpoles allowed to recover for 6  wk after 10- 

wk ethanol exposure had a normocapnic lung burst frequency that was 

not significantly different than controls (0.57 ± 0.10 bursts/min; P = 

0.065; Fig. 4.5). Six-wk post-ethanol exposed tadpoles did increase lung 

burst frequency in response to hypercapnia (1.05 ± 0.22 bursts/min; P = 

0.036). This response to hypercapnia was reduced, but was not 

significantly different from that of controls (86.9 ± 38.9 %; P = 0.497). 

Lung burst frequency fully returned to pre-hypercapnic levels by the end 

of the normocapnic recovery period (0.49 ± 0.14 bursts/min). Thus, 

impairments in the hypercapnic response of chronic ethanol-exposed 

tadpoles persisted for 3 wk, but not 6  wk after ethanol exposure was 

stopped.

4.5 Discussion

It took between 1 and 3 wk for the tadpole hypercapnic neuroventilatory 

response to return following 10 wk of chronic nicotine exposure. This is 

considerably more rapid than the 3- to 6 -wk recovery period required 

following 10 wk of chronic ethanol exposure. Thus, we have 

demonstrated that, as in mice in which the central hypercapnic response
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is transiently impaired by developmental nicotine exposure (Eugenin et 

al., 2008), nicotine- and ethanol-induced impairments of the tadpole 

central hypercapnic response are transient. It is noteworthy that, just as 

there is a difference in the duration of chronic exposure required to 

induce an impairment (Brundage and Taylor 2009; see chapter two), 

nicotine and ethanol differ in the duration that their impairments persist 

after teratogen exposure is stopped. The mechanisms that underlie the 

differences in these two teratogens, regarding both the time to 

impairment and time to recovery are o f particular interest.

Persistent impairment of the tadpole central hypercapnic response that 

results from chronic nicotine or ethanol exposure may be an example of 

developmental neuroplasticity. Developmental neuroplasticity has been 

defined as a long-term change induced by experiences during a critical 

period of development and has recently been recognized as an important 

phenomenon in respiratory control (Carroll, 2003; Bavis and Mitchell,

2008). The term developmental neuroplasticity may be more 

appropriately applied to the effect of chronic nicotine exposure, because 

early metamorphic tadpoles have a increased vulnerability to nicotine 

exposure compared to later developmental stages (Brundage and Taylor, 

2009, Brundage et al., 2010). Chronic ethanol exposure, although not
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evaluated in adult bullfrogs, causes similar impairment of the central 

hypercapnic responses during both early and late periods of tadpole 

metamorphosis (see chapter two). Nonetheless, chronic exposure to 

nicotine or ethanol during tadpole development resulted in a deficit that 

lasted for 1 - 6  wk after exposure, and in the case of nicotine, similar 

exposure after metamorphosis did not induce a similar impairment in the 

central hypercapnic response (Brundage et al., 2010). Thus, we have 

identified two paradigms of persistent change in the respiratory control 

network induced by environmental factors experienced during tadpole 

development. We believe these research paradigms can now be applied to 

investigate the mechanisms underlying nicotine- and ethanol-induced 

developmental neuroplasticity of the breathing control network, a 

developmental neuroplasticity that is deleterious and may be shared 

broadly among vertebrates.

The mechanisms of neural change that underlie this plasticity, which 

manifest as a loss of central hypercapnic ventilatory responses, may 

result from persistent nicotinic acetylcholine receptor stimulation by 

nicotine or the potentiation of GABAergic signaling in the case of ethanol 

(Aguayo et al., 2002; Slotkin et al., 2002; Breese et al., 2006). Chronic 

stimulation may result in desensitization to subsequent



acetylcholine/nicotine, GABA, or other neuro transmitter systems 

reportedly altered by chronic nicotine and ethanol exposure (Allan et al., 

1998; Covernton and Lester, 2002; Fregosi and Pilarski, 2008; Dopico 

and Lovinger, 2009; Duncan et al., 2009). Nicotinic and GABA receptors 

are involved in neurogenesis (Zahalka et al., 1992; Represa and Ben-Ari, 

2005; Dwyer et al., 2008). The persistent loss of hypercapnic responses 

may not be limited to cell signaling but may also reflect altered 

neurodevelopment, a change in the types or numbers of cells 

participating in the breathing control network. Investigations of the 

mechanisms underlying nicotine- and ethanol-induced developmental 

neuroplasticity o f the breathing control network are warranted and 

should be pursued on both the cellular and receptor levels to identify the 

specific modes of impairment in these animal models.

When nicotine and ethanol were removed from the tadpole environment, 

there was a subsequent change in neural control of breathing, a central 

ventilatory response to high CO2 returned. Thus, we have identified 

another type o f neuroplasticity in breathing control, one that is beneficial 

but not necessarily developmental in nature. Identifying the mechanisms 

contributing to the return of the central hypercapnic response will 

provide important information about neuroplasticity in the breathing
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control network. Although the response to hypercapnia returned, it is 

unclear if the original mechanisms providing that response recovered or 

if a new mechanism, one that accommodated the deleterious effects of 

nicotine and ethanol, arose and facilitated a functional central 

hypercapnic response. Whether through the recovery of an original 

mechanism or the rise of a new mechanism, a change in the neural 

network that controls breathing was induced after nicotine and ethanol 

exposure were stopped. The change in signaling of the central 

hypercapnic response, as another instance of neuroplasticity, is expected 

to have resulted from neurogenesis, synaptogenesis, or changes in 

synaptic composition, and any or all of these factors have the potential to 

contribute to the renewed manifestation of the central hypercapnic 

response (Bavis and Mitchell, 2008; Dwyer et al., 2008).

Immediately following 10 wk of chronic nicotine exposure the 

normocapnic gill burst frequency in isolated tadpole brainstems was 

decreased (see chapter three). After 1 wk post-nicotine exposure gill 

burst frequency during normocapnia was greater in brainstems isolated 

from post-exposure tadpoles than controls, although not significantly 

greater than the frequencies reported in the previous study (see chapter 

three). Here gill burst facilitation returned to control levels by 3-wk post



nicotine exposure. Thus, with respect to gill burst activity during 

normocapnia, chronic nicotine exposure induced an initial decrease and 

recovery from nicotine exposure induced an over-corrective increase 

followed by a return to baseline levels. This pattern of change in response 

to changes in nicotine exposure may be consistent with a nicotine- 

induced desensitization of nicotinic acetylcholine receptors that is 

compensated by an increase in receptor density, and a further change in 

receptors when the desensitization is rectified. Such alteration in 

receptor density have been reported for cortical neurons and is termed 

homeostatic neuroplasticity (Turrigiano, 1999; Desai, 2003; Wierenga et 

al., 2006; Aoki et al., 2009), which is an adaptation to maintain signal 

strength in the face of receptor desensitization. There is no direct 

evidence to support that a change in receptors occurred in the present 

study; rather we raise this issue to emphasize that the mechanism 

underlying this phenomenon is potentially of interest. The return to a 

functional central hypercapnic response was not the only neuroplastic 

change resulting from the cessation of chronic nicotine exposure, the 

baseline frequency of gill neuroventilation was potentially affected as



Developmental consistency exists in the hypercapnic response; CO2 

induces an increase in lung burst frequency early in metamorphosis and 

this response is maintained across ontogeny (see chapter two). Although 

the actual frequency of hypercapnic lung bursting increases with 

development, the hypercapnia-induced percent change in lung busrting 

is relatively constant (Taylor et al., 2003; see chapter two). Thus, 

although the normocapnic neuroventilation varied between treatment 

groups the response to hypercapnia should have been consistent. The 

major reductions in the percent change in ventilation during in 

hypercapnia in the 1-wk post-nicotine exposed and 3-wk post-ethanol 

exposed groups suggest these responses were impaired and not the 

result of intra-group variability.

In this study we used a tadpole model to investigate development of 

neural control o f breathing, and we saw that the SIDS risk factors of 

chronic developmental exposure to nicotine (Milerad and Sundell, 1993; 

Adgent, 2006) and ethanol (Iyasu et al., 2002; Kinney, 2009) impaired 

central response to a ventilatory stressor, hypercapnia. These 

impairments persisted after exposure to the teratogens stopped, but the 

central hypercapnic response was eventually recovered, as it is in mice 

(Eugenin et al., 2008) after prenatal nicotine exposure. Characterizing
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the mechanistic consequences of chronic nicotine and ethanol exposure, 

the persistence o f these consequences, as well as the mechanisms that 

support the return of functionality, may offer significant insight into 

neuroplasticity of the breathing control network and its hypercapnic 

response, which may extend the understanding of the pathogenesis of 

SIDS.
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4.8 Figures
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10 sec

M A M
Control: Normocapnia

Control: Hypercapnia

Fig 4.1 Lung burst frequency increased in response to hypercapnia.
Representative integrated neurograms recorded over 2 min from the 
facial nerve root of a control bullfrog tadpole during normocapnia and 
hypercapnia. Control tadpoles increased the number of lung burst per 
minute in response to hypercapnia.
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Fig 4.2 Central hypercapnic response returned following 3-wk recovery in 
nicotine* but not ethanol-exposed tadpoles. Mean lung bursts per min 
over the last 3 min of normocapnia, hypercapnia and return to 
normocapnia. Control and 3-wk post-nicotine exposed tadpoles 
responded significantly to hypercapnia ( *  = P < 0.05). 3-wk post-ethanol 
exposed tadpoles did not respond to hypercapnia ( P > 0.05). Data 
presented are means ± SE for 6 - 8  tadpoles.
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Fig 4.3 Central hypercapnic response was impaired 1-wk post-nicotine but 
returned by 3-wk post-nicotine exposure. (A) Mean lung bursts per 
min over the last 3 min of normocapnia, hypercapnia, and return to 
normocapnia. 1 -wk post-nicotine exposed tadpoles did not respond to 
hypercapnia. 3-wk post-nicotine exposed tadpoles increased lung burst 
frequency during hypercapnia ( *  = P < 0.05). Data presented are means 
± SE for 6  - 8  tadpoles. (B) Representative integrated neurograms 
recorded over 2  min from the facial nerve root during normocapnia and 
hypercapnia.
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Fig 4.4 Gill burst frequency was elevated 1-wk post-nicotine but not 3-wk 
post-nicotine exposure. Mean gill bursts per min over the last 3 min of 
normocapnia for control, 1-wk, and 3-wk post-nicotine exposed tadpoles. 
1 -wk post-nicotine exposed tadpoles had an elevated gill burst frequency 
compared to controls ( *  = P < 0.05). The gill burst frequency of 3-wk 
post-nicotine exposed tadpoles was similar to control preparations. Data 
presented are means ± SE for 6 - 8  tadpoles.
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3 wk Post-Ethanol: Hypercapnia
10 sec

6 wk Post-Ethanol: Normocapnia

6 wk Post-Ethanol: Hypercapnia

Fig 4.5 Central hypercapnic response was lost 3-wk post-ethanol but
returned by 6-wk post-ethanol exposure. (A) Mean lung bursts per min 
over the last 3 min of normocapnia, hypercapnia, and return to 
normocapnia. (3-wk post-ethanol exposed tadpoles did not respond to 
hypercapnia. Control and 6 -wk post-ethanol exposed tadpoles increased 
lung burst frequency during hypercapnia ( *  = P < 0.05). Data presented 
are means ± SE for 6 - 8  tadpoles. (B) Representative integrated 
neurograms recorded over 2  min from the facial nerve root during 
normocapnia and hypercapnia.
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CHAPTER FIVE 

General conclusions

5.1 Neuroventilatory effects of nicotine and ethanol on the 

developing bullfrog

Ten-wk but not 3-wk exposure to 0.12 - 0.06 g/dL ethanol impaired 

bullfrog tadpole central responses to hypercapnia (see chapter two), a 

drive to increase breathing to offload CO2 (Taylor et al., 2003a, Taylor et 

al., 2003b). This functional impairment was seen whether exposure took 

place early or late in tadpole development (see chapter two). Early 

metamorphic tadpoles regained central responses to hypercapnia if they 

were allowed to develop for 3 - 6  wk post-ethanol exposure. This was 

longer than the 1 - 3  wk required to regain the central hypercapnic 

response in early metamorphic tadpoles exposed to 30 pg/L nicotine for 

1 0  wk (see chapter four).

Normocapnic/normoxic neuroventilation was unaffected by chronic 

ethanol exposure (see chapter two and three). Early but not late 

metamorphic tadpole brainstem preparations exposed acutely to 0.08



g/dL ethanol did have a reduced normocapnic lung burst frequency, but 

responded normally to hypercapnia (see chapter two). Exposure to 0.12 - 

0.06 g/dL ethanol for 10 wk also impaired central response to hypoxia, 

which manifests as a reduction in breathing activity to match reduced 

demand for O2 (see chapter three). Similar to the impaired central 

hypercapnic response in these animals, the impaired hypoxic response 

was found in tadpoles exposed to ethanol either early or late in 

metamorphosis (see chapter three). Unlike 10-wk ethanol-exposure, 

early but not late metamorphic 1 0 -wk nicotine-exposed tadpoles 

demonstrated impaired central hypoxic responses (see chapter three).

Late metamorphic tadpoles exhibited a central hypoxic response, but it 

occurred later in the hypoxic treatment (see chapter three). Ten wk of 

nicotine exposure also altered normocapnic/normoxic neuroventilation; 

gill burst frequency of both early and late metamorphic tadpoles was 

reduced relative to control tadpoles (see chapter three). Late 

metamorphic tadpoles had a significantly lower gill burst frequency 

following 1 0 -wk nicotine exposure than early metamorphic tadpoles (see 

chapter three). One-wk post-nicotine exposure, the gill burst frequency of 

early metamorphic tadpoles increased to levels greater than control 

tadpoles and returned to control normocapnic/normoxic levels by 3-wk 

post-nicotine exposure (see chapter four).
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The findings just outlined from the previous chapters may be considered 

together with those of similar studies from our laboratory. These studies 

determined the central hypercapnic response of early metamorphic 

tadpoles could be impaired following either 3 wk or 10 wk of exposure to 

30 pg/L nicotine (Brundage and Taylor, 2009). Three-wk nicotine 

exposure had no effect, however, on the central hypercapnic responses of 

late metamorphic tadpoles or juvenile bullfrogs (Brundage and Taylor, 

2009, Brundage et al., 2010b). Ten-wk nicotine exposure did impair the 

central hypercapnic response of late metamorphic tadpoles (Taylor et al., 

2008, Brundage and Taylor, 2009). The brainstems of juvenile bullfrogs 

and late metamorphic tadpoles were more susceptible to the effects of 

acute nicotine exposure (Brundage et al., 2010a). Nicotine (18 pg/L) 

applied directly via the bath superfusing the brainstem decreased the 

lung burst frequency of late metamorphic tadpoles and juvenile bullfrogs 

and attenuated the central hypercapnic response in the juvenile bullfrogs 

(Brundage et al., 2010a). The effect of acute nicotine exposure of 

brainstems isolated from juvenile bullfrogs could be reversed with 1 nM 

mecamylamine, a noncompetitive nicotinic acetylcholine receptor (nAchR) 

antagonist (Brundage et al., 2010a). The effect of nicotine could be 

mimicked in the juvenile bullfrog with application of 1 pM galanfamine,



an acetylcholinesterase inhibitor (Brundage et al., 2010b). Acute 

exposure to 18 pg/L nicotine had no effect on early metamorphic 

tadpoles (Brundage et al., 2010a). The central hypercapnic response in 

early and late metamorphic tadpole preparations was reduced with 

higher concentrations of nicotine (100 and 50 pg/L nicotine for early and 

late metamorphic tadpoles, respectively; Brundage et al., 2010a).

Considered collectively these studies produce two independent models 

for the study of neuroplasticity, neurotoxicology, and the development of 

central breathing control. The first is the nicotine-exposure model. In 

this model the early metamorphic tadpoles are more vulnerable to 

chronic nicotine exposure. Central hypercapnic responses of early 

metamorphic tadpoles are lost following only 3 wk of nicotine exposure, 

but late metamorphic tadpoles require 1 0  wk for impairment to be 

created (Brundage and Taylor, 2009). Central hypoxic responses are lost 

following 1 0 -wk exposure in early metamorphic tadpoles, but the 

response in 1 0 -wk nicotine-exposed late metamorphic tadpoles are 

consistent (although delayed) with controls (see chapter three). This 

model is distinct from the ethanol-exposure model, which shows no 

developmental change in teratogen vulnerability. Ten wk but not 3 wk of 

ethanol exposure impairs the central hypercapnic response of early and
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late metamorphic tadpoles (see chapter two). Ten wk of ethanol exposure 

impairs the central hypoxic response throughout tadpole metamorphosis 

(see chapter three).

5.2 Mechanistic insight from teratogen exposure

The differences in the teratogen-exposure models I have developed 

suggest some of the mechanisms involved in central ventilatory 

responses to hypercapnia and hypoxia. The developmental increase in 

sensitivity to acute nicotine suggests that the role of nicotinic 

acetylcholine receptors (nAchRs) in breathing control changes during 

development (Brundage and Taylor, 2009). Acute nicotine and 

galantamine reduced lung burst activity and attenuated responses to 

hypercapnia (Brundage et al., 2010a, Brundage et al., 2010b). The role of 

nAchRs may thus be to regulate breathing activity and either turn off or 

restrict central responses to hypercapnia. Chronic exposure to nicotine 

also restricted central responses to hypercapnia, but with an inverse 

developmental relationship to that of acute nicotine (Brundage et al., 

2010a). One possible explanation is that chronic nicotine exposure 

sensitized lung-related neural activity to nicotine. Thus, in the absence of



exogenous nicotine the endogenous acetylcholine provided enough 

activation of nAchRs to limit activity during hypercapnia.

Gill-related neuroventilation in nicotine-exposed tadpoles showed classic 

desensitization. Chronic exposure resulted in reduced gill burst 

frequency, but 1 -wk post-nicotine exposure the burst activity was 

augmented and only returned to control levels after 3-wk post-nicotine 

exposure (see chapter three and four). Gill and lung ventilation are 

interdependent. It is possible that the action of nicotine in one area had 

multiple effects that directly or indirectly altered other burst parameters. 

Nicotine, for example, has been found to increase GABA release, 

GABAergic currents, and GABAa receptor expression with chronic 

exposure (Luo et al., 2004). An increase in nAchRs may have resulted in 

the decrease of breathing activity through the up-regulation of 

GABAergic inhibition, and not through sensitization to nicotine.

Ethanol exposure has many effects on the central nervous system. The 

most noted is the action of ethanol as a positive allosteric modulator of 

GABAa receptors (Olsen et al., 2007). Both acute ethanol and acute 

GABA exposure on the tadpole brainstem decrease

normocapnic/normoxic lung burst activity (Galante et al., 1996, Broch et
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al., 2002; see chapter two). The central hypoxic response in tadpoles is 

dependent on GABA signaling, and chronic exposure to ethanol blocks 

that response in early and late metamorphic tadpoles (Fournier et al., 

2007; see chapter three). This suggests that chronic ethanol causes 

desensitization to ethanol and/or damages key components of the 

response mechanisms to hypoxia and hypercapnia.

Discussion of GABA is recurrent in this dissertation; chronic exposure to 

both nicotine and ethanol have been found to alter either GABAergic 

signaling or GABA receptor subtype expression (Luo et al., 2004, Miura 

et al., 2006, Luo et al., 2007, Lobo and Harris, 2008, Isayama et al., 

2009). GABAergic processes may be involved in generating responses to 

hypercapnia and hypoxia (Curran et al., 2001, Gourine and Spyer, 2001, 

Zhang et al., 2003, Hsieh et al., 2004, Fournier et al., 2007), and GABA 

receptors may be altered in the brains of SIDS infants (Broadbelt et al., 

2009). Preliminary experiments in our laboratory have shown that 

chronic ethanol exposure caused desensitization to acute GABA, ethanol, 

and the GABAa receptor agonist muscimol (Brundage et al. 2008, Iceman 

et al. 2008). GABA is not, however, the only neurotransmitter involved in 

ethanol's mediation of ventilatory responses. Acute GABA caused a 

decrease in both lung and gill burst activity (Broch et al., 2002). Acute
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ethanol exposure, in contrast, reduced lung activity, but left very robust, 

even augmented, gill burst activity (see chapter two). Ethanol’s action 

through non-GABA associated mechanisms seems likely to be 

responsible for the retention of gill activity.

The weight o f scientific evidence supports the involvement of serotonin in 

responses to hypercapnia and hypoxia (Richerson et al., 2001, Penatti et 

al., 2006, Corcoran et al., 2009, Dergacheva et al., 2009). SIDS infants 

have been found to share abnormalities in the serotonergic system of the 

brainstem (Kinney et al., 2003, Paterson et al., 2006, Kinney et al.,

2009). Preliminary results from our laboratory point to similar 

abnormalities in serotonergic neuron and receptor subtype expression in 

early and late metamorphic tadpoles exposed to either ethanol or 

nicotine (Audie et al. 2008). The signaling systems affected, either 

directly or indirectly, by nicotine or ethanol exposure appear to overlap, 

this may be responsible for their shared neuroventilatory impairments.

Clearly understanding the mechanisms by which nicotine and ethanol 

impair responses to hypercapnia and hypoxia is the next critical aim. 

That aim would not be possible without first characterizing the 

functional impairment and the conditions involved in its expression.
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Understanding the effects of nicotine and ethanol on the developing 

nervous system and its networks for controlling rhythmic behavior, such 

as breathing, is applicable for many reasons, not the least of which is 

SIDS.

The pathogenesis of SIDS may comprise failures in the brainstem 

networks that modulate cardiac rhythms and control breathing rhythms 

(Hunt, 1992, Duncan et al., 2009). Early developmental exposure to 

nicotine and ethanol are risk factors for SIDS, and the chronic nicotine 

and ethanol exposure models described in this dissertation resulted in 

impairments o f the breathing control network (see chapter two and 

three). Accordingly, the research presented here may have established a 

research model in which neural deficits and their causative mechanisms 

can be investigated and may provide insight into some SIDS cases. 

Alternatively, SIDS may result from another failed process, one outside 

the cardiorespiratory system and not yet identified. To accommodate any 

physiological stressor, an organism must adapt to and/or compensate 

for a physiological change. My research models demonstrate that chronic 

exposure to both nicotine and ethanol can result in an impaired adaptive 

response to the physiological stressor, hypoxia (see chapter three), and 

an impaired compensatory response to the physiological stressor,
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hypercapnia (Taylor et al., 2008, Brundage and Taylor, 2009; see chapter 

two). Regardless of how directly applicable these models are to the 

pathogenesis of SIDS, at the least, they establish a means for 

investigating the deleterious effects that chronic exposure to nicotine or 

ethanol have on signaling within neural networks.

5.3 Trends in tadpole responses to ventilatory stressors

When I started my dissertation research not much was understood about 

the temporal aspects of bullfrog tadpole responses to the ventilatory 

stressors hypercapnia and hypoxia. Before investigating the 

neuroventilatory effects of nicotine or ethanol exposure I had to first 

characterize temporal changes in the lung burst frequency increase in 

bullfrog responses to hypercapnia (Taylor et al., 2003a, Taylor et al., 

2003b). Early metamorphic tadpoles breathe infrequently (Burggren and 

West, 1982). Quantifying changes in lung burst frequencies over short 

periods of time is difficult because the values are low. For example, an 

animal increasing breathing activity from .25 to .33 lung bursts per 

minute requires analysis of at least 4 min of neurogram recordings. As a 

result of the difficulty associated with quantifying tadpole lung burst
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frequencies, early studies proposed that early metamorphic tadpoles did 

not respond to hypercapnia (Torgerson et al., 1997).

I quantified lung burst frequency for every minute of normocapnia and 

hypercapnia in every preparation. My results supported the finding that 

tadpole hypercapnic responses are consistent across development (Taylor 

et al., 2003a, Taylor et al., 2003b). I determined that tadpole brainstem 

preparations could take over 45 min to return to normocapnic lung burst 

frequency levels after hypercapnia (Brundage et al., 2010a). I also 

determined that responses to multiple 30-min hypercapnic challenges in 

the same preparation were equivalent (Brundage et al., 2010a). These 

observations provided valuable insight for my research on 

neuroteratogen treatments, but they are also of value to any investigation 

on the neuropharamcology of tadpole central hypercapnic responses.

Bullfrog central hypoxic responses have not been as extensively 

evaluated as those for hypercapnia, but my research helps shed light on 

inconsistencies reported elsewhere in the literature. The hypoxic 

response appears to change with bullfrog ontogeny. The ventilatory 

depression characteristic o f the central hypoxic response was seen late in 

hypoxia for early metamorphic tadpoles and earlier for late metamorphic
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tadpoles (Winmill et al., 2005; see chapter three). This suggests the 

hypoxic response develop early in tadpole metamorphosis. An increase in 

sensitivity and/or a decrease in tolerance leads to a shorter reaction time 

to hypoxia. These findings are consistent with the Winmill and colleagues 

(2005) study that looked at the long-term effects of severe hypoxia, but 

differ from a study by Fournier and colleagues (2007) who looked at 

responses to hypoxia 10 min into the hypoxia treatment. Fournier and 

colleagues identified a significant increase in lung burst activity in early 

metamorphic tadpoles 10 min into hypoxia. We quantified lung burst 

frequencies for the entire hypoxic treatment. Early metamorphic tadpole 

lung burst activity at the beginning of hypoxia was highly variable. That 

variability may explain why responses at 1 0  min differed between studies 

(see chapter three). A reduction in lung burst frequency with sustained 

hypoxia is the consistent response in all studies.

Bullfrog responses to hypoxia are reported to be heavily dependent on 

GABA (Fournier et al., 2007), which is supported by the major action of 

chronic ethanol on central responses to hypoxia (see chapter three). 

Chronic nicotine treatment affected only early metamorphic tadpole 

brainstem responses to hypoxia (see chapter three). There may be a 

change in the role of nAchRs in hypoxic ventilatory responses,
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neurodevelopment, or some combinatorial effect of chronic nicotine 

exposure that I have not yet considered.

The bullfrog central hypercapnic response is consistent across 

development from early metamorphic tadpoles to adults (Taylor et al., 

2003a, Taylor et al., 2003b; see chapter two and four). Therefore, the 

central response to hypercapnia was already developed at the onset of 

our chronic nicotine and ethanol treatments, and our chronic treatments 

disrupted an already functional network rather than an emerging 

network. This finding may partially account for ethanol exposure 

ablating the tadpole central hypercapnic response regardless of the 

developmental timing of exposure (see chapter two). In contrast, nicotine 

disrupts bullfrog neuroventilatory responses to hypercapnia in a 

developmental stage-dependent manner (Brundage and Taylor, 2009, 

Brundage et al., 2010a). The role of nAchRs in bullfrog control of 

breathing is unclear. We determined that acute nicotine can decrease 

central lung burst activity and response to hypercapnia, as well as alter 

breathing patterns (Brundage et al., 2010a). The effects of nicotine 

exposure suggest that nAchRs play a role in regulating baseline 

breathing activity and/or responses to hypercapnia.



It is interesting that responses to hypercapnia produce the same 

functional response at all stages of bullfrog development, but the 

responses to hypoxia change, perhaps even become more sensitive, with 

bullfrog ontogeny. The major drive to breathe in aquatic vertebrates is 

the drive to acquire O2 (Milsom, 2008). Here I report that tadpoles don’t 

exhibit a central response to hypoxia until late in the hypoxic treatment 

(see chapter three). Studies in vivo do show an increase in gill activity 

with hypoxia, this must be peripherally mediated (West and Burggren, 

1982). Data suggest the development of the central hypoxic response is a 

maturation of adaptive ventilatory down-regulation, which seems to be 

concomitant with the developing bullfrog becoming more dependent on 

aerial respiration. Tetrapods are challenged less by the need to acquire 

oxygen than the need to offload CO2 (Milsom, 1995, 2002, 2008). 

Hypercapnic drive is not a major factor in aquatic ventilation, yet early 

metamorphic tadpoles have a fully functional central hypercapnic 

response (Taylor et al., 2003a, Taylor et al., 2003b, see chapter two). It is 

possible that central CO2 chemosensitivity forms concurrently with lung 

rhythm generation. It may be important to note that although the degree 

of impairments from nicotine or ethanol may be similar in some cases 

between early and late metamorphic tadpoles, the physiological 

consequences o f those impairments may differ depending on
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development, the degree to which the bullfrog favors aquatic or terrestrial 

habitats and how reliant the animal is on gills and/or lungs for 

breathing. The central hypercapnic response is not, however, essential 

for breathing, nicotine or ethanol knock out responses to hypercapnia 

and animals continue to breathe (Taylor et al., 2008, Brundage and 

Taylor, 2009; see chapter two).

5.4 Neuroplasticty and functional recuperation

At the cellular, inter-cellular, and network level, neurological systems are 

incredibly plastic (Carroll, 2003, Turrigiano and Nelson, 2004, Cheron et 

al., 2008). Perturbations at each level elicit widespread reactions; that 

can cause long-term alterations in the central nervous system and its 

functions (Bavis and Mitchell, 2008). These alterations include changes 

in the composition of neural populations, which are brought about by 

changes in neurogenesis and neural apoptposis, as well as changes in 

cell signaling, which are brought about by changes in synaptogenesis 

and synaptic pruning and/or by changes in neurotransmitter and 

receptor expression. Induced alterations likely produce a combination of 

several types of changes, and the cumulative effect can be a maintenance 

of function, homeostatic neuroplasitcity (Desai, 2003, Turrigiano and
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Nelson, 2004, Ishikawa et al., 2009); an alteration in function that is 

limited to a critical window of development, developmental 

neuroplasticity (Carroll, 2003, Bavis and Mitchell, 2008), or a 

reinstatement of function, recuperative neuroplasticity (see chapter 

four).

Equally as important as identifying the timeline, conditions, and 

mechanisms that generate functional impairments following nicotine and 

ethanol exposure, an example of neuroplasticity because they represent 

neural change, is identifying the persistence of these impairments and 

the timeline, conditions, and mechanisms that underlie recuperative 

neuroplasticity (see chapter four). Return of a functional central 

hypercapnic response post-teratogen exposure is a clear example of 

recuperative neuroplasticity. This response returned in post-teratogen 

exposed tadpoles either through a recovery of the original mechanism 

that produced the response or development of a new mechanism that 

accommodated changes in the original mechanisms and generated a 

functional response despite them (see chapter four). Changes from sub- 

cellular to system-wide levels may be involved in the loss and return of 

the hypercapnic response in the bullfrog after nicotine and ethanol 

exposure. I have developed tadpole models of teratogen-induced
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impairment o f the breathing control network, and I have characterized 

the timing of the neuroplasticity that underlies impairment and recovery 

of a critical network function; therefore, characterization of these 

neuroplasticities is a reachable goal.

As research tools, the utility of these tadpole models of nicotine- and 

ethanol-induced neural impairments increased exponentially when I 

demonstrated their recuperative neuroplasticity. The tadpole models 

developed in the course of my dissertation research will be useful for 

investigations of the mechanisms that underlie central ventilatory 

responses to hypercapnia and hypoxia, the mechanisms of neural 

signaling that are vulnerable to nicotine and ethanol, and the 

mechanisms of several types of neuroplasticity. The appropriate starting 

point for these investigations will be to compare the phenotypic 

heterogeneity within breathing control networks of functionally normal 

tadpoles prior to teratogen treatment with those functionally impaired 

after teratogen treatment, and with those that have regained normal 

function after teratogen treatment has stopped. Information gathered 

from these and subsequent investigations will have broad implications 

for the treatment and prevention of nicotine- and ethanol-related
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pathologies and may lead to treatments for breathing-related disorders 

like SIDS.

5.5 Significance o f research

The effects o f nicotine and ethanol exposure on development of the 

control of breathing have only recently become a research focus. The first 

study to my knowledge to quantify impairments in the central 

hypercapnic responses following either developmental nicotine or ethanol 

exposure used tadpoles (Taylor et al., 2008). Including work presented in 

this dissertation, five other papers have investigated the effects of these 

teratogens on neural control of breathing, four were conducted at the 

University o f Alaska Fairbanks (UAF) using bullfrogs (Brundage and 

Taylor, 2009, Brundage et al. 2010b; see chapters two and four), and 

another was conducted using mice (Eugenin et al., 2008). To date the 

only experiments that have addressed ethanol-induced effects on the 

central hypercapnic response during development were conducted on 

tadpoles at UAF (Taylor et al., 2008; see chapter two). My research goal 

was not to develop an alternative model or to validate known information, 

but rather to characterize a model and produce some of the first studies 

on the effects of teratogens on central chemosensitivity.
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Establishing the first link between chronic developmental exposure to 

nicotine or ethanol and impairment of the central hypercapnic response 

is significant in and of itself. Those findings serve as a foundation of my 

research. I attempted to go further and understand the developmental 

and temporal factors that influenced the teratogen-induced impairments. 

As a result these studies are the first to look at the effect of development 

and exposure duration on central hypercapnic response impairments, 

and they are the first to emphasize the importance of recovery from these 

impairments (Brundage and Taylor, 2009; see chapters two and four).

Responses to hypoxia following nicotine and ethanol exposure have been 

more extensively studied; however, most of these studies have looked at 

initial, compensatory, and peripheral responses to hypoxia (Slotkin et al., 

1995, Bamford et al., 1996, Hafstrom et al., 2002, Neff et al., 2004, 

Dubois et al., 2008). Our studies on teratogen-induced impairment of 

central hypoxic responses are the first to investigate the effects of ethanol 

exposure on the central hypoxic response (see chapter three), and one of 

only two to do so after nicotine exposure (Simakajornboon et al., 2004 

see chapter three).



It is widely accepted that nicotine and ethanol are deleterious to 

development. The significance of my research lies in providing a tool to 

help researchers understand the mechanisms by which nicotine and 

ethanol evoke their deleterious effects and the natural process that can 

return a neural network to normal functionality. The implications of this 

work may benefit not only SIDS research, but research on neural 

network impairments in general.
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