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Abstract
Neuroventilation is highly plastic and exposure to either of two distinct teratogens, nicotine or
ethanol, during development results in a similar loss of 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
hypercapnic neuroventilatory response impairments in tadpoles exposed to either 30 µg/L nicotine
or 0.12 - 0.06 g/dL ethanol for 10 wk. Brainstem breathing-related neural activity was assessed in
tadpoles 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 impaired. Tadpoles allowed to
develop for only 1 wk nicotine free after chronic 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 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 on the function and plasticity of respiratory control.
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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 impairment of the ventilatory response that normally counteracts elevated CO2
(hypercapnia; Eugenin et al., 2008; Taylor et al., 2008). 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;
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Richerson et al., 2001). The neuroplastic changes to the breathing control network that are
evoked by nicotine and 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).
Characterizing the neuroplastic changes induced by nicotine and ethanol could improve the
understanding of the respiratory control network and improve how clinical medicine
addresses this vulnerability.

The timeline of when impairments in hypercapnic responses occur offers insight on the
development and lability of respiratory control. Response to hypercapnia is lost faster in
early tadpole development during nicotine exposure compared to ethanol exposure
(Brundage and Taylor, 2009; Brundage and Taylor, 2010). Despite the disparate actions of
nicotine and ethanol in the brain, the breathing-related functional deficit following chronic
exposure is the same. The duration of impairment of the hypercapnic response may also
differ following nicotine and ethanol exposure. The nicotine-induced impairment of the
hypercapnic response is transient in mice. Mice prenatally exposed to nicotine are
vulnerable to hypercapnia for 0 – 3 postnatal days; normal responses to hypercapnia return
by postnatal day 8 (Eugenin et al., 2008). Persistence in the loss in 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 and
would suggest 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 of
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 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). We hypothesized that similar to
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 would also be resolved following an
ethanol-free period. 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.

Methods
Animals

Studies were performed on bullfrogs Lithobates catesbeianus 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 10 wk in aquaria with either dechlorinated water only, dechlorinated water
containing nicotine (30 µg/L (−)-nicotine hydrogen tartrate salt; Sigma,
www.sigmaaldrich.com) or dechlorinated water containing ethanol (0.12 - 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; Brundage and Taylor 2010). The concentration of nicotine was similar to that found in
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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 in 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
10-wk exposure to ensure developmental homogeneity. At the time of dissection each
tadpole was at an early stage of metamorphosis corresponding to developmental stages 7–15
in the classification scheme of Taylor and Köllros (1946). The teratogen-exposed animals
appeared to develop and grow similarly and at a similar pace compared with unexposed
animals, although development and growth were not specifically quantified for individual
animals. 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 NaHCO3. 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 at the brachial nerve. During dissection, exposed
tissues were superfused with cold artificial cerebral spinal fluid (aCSF) composed of (in
mM) 104 NaCl, 4 KCl, 1.4 MgCl2, 10 D-glucose, 25 NaHCO3, and 2.4 CaCl2 equilibrated
with 100 % O2. These 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 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. The 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
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post-isolation stabilization period and recorded continuously throughout the duration of each
treatment protocol.

Data analyses and statistics
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 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 and gill ventilation was quantified as the number of bursts per minute
for the last 3 min of normocapnia and hypercapnia. Taylor et al. (2003a) demonstrated that
an increase in lung burst frequency is the primary manifestation of the bullfrog hypercapnic
response at all stages of their development (Fig. 1). Gill burst frequency during
normocapnia, but not hypercapnia was decreased after 10-wk exposure to nicotine but not
ethanol (Brundage et al., 2010b). 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 of variance (RM-ANOVA; SigmaStat,
www.systat.com). When a 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 using t-test comparisons
(SigmaStat, www.systat.com). Values reported in the text are always mean ± SE.

Results
Lung burst frequency after a 3-wk teratogen-free period following 10 wk of either nicotine
or ethanol exposures are presented in Fig. 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). 3 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). The limited size of the treatment group for 3-wk post-ethanol
exposed animals may have prejudiced this observation, as the latter test was below the
desired power (0.198). 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 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. 10-wk nicotine-
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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. 3), but was significantly higher than the 3-wk post-nicotine
exposed tadpoles (P = 0.009). 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 10-wk
nicotine exposure remained impaired 1 wk 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 10-wk nicotine exposure (Brundage et al., 2010b). Here gill burst
frequency was quantified during normocapnia in both the 1-wk and 3-wk post-nicotine
exposed tadpoles (Fig. 4). 1 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 for control and
1-wk post-nicotine tadpoles, respectively; P = 0.02). 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. 5) but
was significantly lower than the 3-wk post-ethanol exposed tadpoles (P = 0.002). 6-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.

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, like mice in which the central hypercapnic response 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; Brundage and Taylor 2010), 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 of particular interest.
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Normocapnic lung burst frequency was not significantly different between control and post-
nicotine or post-ethanol treatment groups. This may have been confounded at times due to
individual variation and limited sample size. Normocapnic lung ventilation previously has
not been affected by either nicotine or ethanol treatment. Lung burst frequencies were,
however, significantly higher in the early post-treatment groups relative to those later (1-wk
post-nicotine and 3-wk post-ethanol relative to 3-wk post-nicotine and 6-wk post-ethanol).
Lung burst frequencies of all groups were consistent with those previously reported for the
metamorphic stage. Nonetheless, normocapnic lung activity may have been augmented
following ethanol exposure, and that may have influenced subsequent responses to
hypercapnia. These allegations, however, warrant additional experimentation.

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., 2010a). Chronic ethanol exposure, although not evaluated in
adult bullfrogs, causes similar impairment of the central hypercapnic responses during both
early and late periods of tadpole metamorphosis (Brundage and Taylor 2010). 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., 2010a). 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 investigation of
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
neurotransmitter 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 also reflect altered
neurodevelopment, a change in the types or numbers of cells participating in breathing-
related signaling. Investigations of the mechanisms underlying nicotine- and ethanol-
induced developmental neuroplasticity of the breathing control network are warranted and
should be pursued on both the cellular and receptor level to identify the specific mode of
impairment in this animal model.

When nicotine or ethanol was 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 of 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
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information about neuroplasticity in the breathing 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 recovery an original mechanism or emergence of a new mechanism, a change in the
neural network that controls breathing was induced after nicotine and ethanol exposure were
stopped. This 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 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 (Brundage et al., 2010b). 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. 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 lung ventilation and could be the result of 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, rather we raise this issue to
emphasize that the mechanism underlying this phenomenon is potentially of interest. The
return in functionality of the 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 well.

Developmental consistency exists in the hypercapnic response; it is evident even early in
metamorphosis and is maintained across ontogeny (Brundage and Taylor, 2010) Although
the actual frequency of hypercapnic ventilation increases with development, the
hypercapnia-induced percent change in ventilation is relatively constant (Taylor et al., 2003;
Brundage and Taylor, 2010). Thus, although the normocapnic ventilation 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 and 3-wk post-ethanol 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 of
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. The impairments
persisted after exposure to the teratogens had stopped, but the central hypercapnic response
was eventually recovered, as it is in mice (Eugenin et al., 2008) after prenatal nicotine
exposure. Characterizing the mechanistic consequences of chronic nicotine and ethanol
exposure, the persistence of these consequences, as well as the mechanisms that support the
return of functionality, may offer significant insight into neuroplasticity of the breathing
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control network and its hypercapnic response, which may extend the understanding of the
pathogenesis of SIDS.
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Fig 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 bursts per minute in response to hypercapnia.
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Fig 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 mean ± SE for 6 – 8 tadpoles.
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Fig 3. Central hypercapnic response was impaired 1-wk post-nicotine exposure 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 mean ± 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. 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 mean ± SE
for 6 – 8 tadpoles.
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Fig 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 mean ± 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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