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Abstract
It has been postulated that prenatal cigarette smoke exposure (CSE) increases the risk for

sudden infant death syndrome. The victims of infant death syndrome suffer from respiratory

abnormalities, such as central apnea, diminished chemoreflex and alteration in respiratory

pattern during sleep. However, no experimental evidence on CSE model exists to confirm

whether prenatal CSE gives rise to reduction of neonatal central chemoreception in in vitro
preparations in absence of peripheral sensory feedback. The aim of the present study was

to test the hypothesis that maternal CSE during pregnancy depresses central chemorecep-

tion of the neonatal rats. The pregnant rats were divided into two groups, control (n = 8) and

CSE (n = 8). Experiments were performed on neonatal (0–3days) rat pups. Fictive respira-

tory activity was monitored by recording the rhythmic discharge from the hypoglossal root-

lets of the medullary slices obtained from the neonatal rats. The burst frequency (BF) and

integrated amplitude (IA) of the discharge were analyzed. Their responses to acidified artifi-

cial cerebrospinal fluid (aCSF) were tested to indicate the change of the central chemosen-

sitivity. Under condition of perfusing with standard aCSF (pH 7.4), no significant difference

was detected between the two groups in either BF or IA (P>0.05). Under condition of perfus-

ing with acidified aCSF (pH 7.0), BF was increased and IA was decreased in both groups

(P<0.01). However, their change rates in the CSE group were obviously smaller than that in

the control group, 66.98 ± 10.11% vs. 143.75 ± 15.41% for BF and −22.38 ± 2.51% vs.

−44.90 ± 3.92% for IA (P<0.01). In conclusion, these observations, in a prenatal CSE

model, provide important evidence that maternal smoking during pregnancy exerts adverse

effects on central chemoreception of neonates.

Introduction
Breathing is an exceptionally reliable and fundamental physiological process that maintains
life. It is generally agreed that the rhythm underlying breathing in mammals depends critically
on intrinsically rhythmic pacemaker neurons in the pre-Bötzinger complex (pre-BötC) in the
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ventrolateral medulla [1–3]. Central chemoreceptors sense CO2/H
+ levels within the central

nervous system and regulate the activity of the respiratory network to stabilize brain and arte-
rial PCO2/pH at physiological level. Studies have suggested that respiratory central chemorecep-
tors are located in the retrotrapeziod nucleus/parafacial respiratory group (RTN/pFRG) of the
medulla oblongata, where the neurons express transcription factor Phox2b [4,5]. Mutations of
PHOX2B cause congenital hypoventilation syndrome, a disease characterized by extremely
reduced chemoreflexes [6]. RTN/pFRG neurons not only respond to increases in PCO2 in vivo,
but also are activated by mild extracellular acidification in vitro due to their intrinsic pH-sensi-
tivity [7].

Studies in both humans and animals indicate that exposure to tobacco smoke or nicotine
during pregnancy exerts detrimental effects on the fetal development of the brainstem where
the main cardiorespiratory centers are localized [8–10]. We previously reported that prenatal
cigarette smoke exposure (CSE) results in apoptotic cell death in the brainstem regions that
control respiratory activity [11]. More notably, maternal cigarette smoke during pregnancy
increases the risk for sudden infant death syndrome (SIDS) [12–14]. Infants who succumbed
to SIDS have previously shown delayed development within the central nervous system [15],
blunted chemoreflex [16] and central apnea [17]. However, the relation between prenatal CSE
and the diminished central chemoreception is unknown. Studies investigating the effects of
prenatal CSE on respiratory control in vivo suggested that, at least in rodent animals, the con-
stituents of CSE are more injurious than nicotine infusion alone as observed in other studies
[18–20]. Although the effect of prenatal nicotine exposure on neonatal central chemoreception
has been studied in previous works [21], nicotine infusion alone is not an equivalent model for
tobacco smoking, because nicotine is just one of thousands of chemicals in cigarette smoke,
some of which have neurotoxic effects. To our knowledge, no direct experimental evidence
exists to confirm whether prenatal CSE exerts deleterious effects on neonatal central chemore-
ception in a prenatal CSE animal model.

The current study was carried out to investigate the effect of acidification on respiratory
control in neonatal rats prenatally exposed to cigarette smoke instead of nicotine application,
in medullary slice preparation, a model in absence of peripheral sensory feedback, to confirm
the speculation that prenatal CSE directly diminishes central chemoreception.

Materials and Methods

Ethics statement
This study was carried out in strict accordance with the recommendations in the National
Institute of Health Guide for the Care and Use of Laboratory Animals (NIH publications
No.80-23) revised 2010. All experimental procedures were approved by the Sichuan University
Committee Guidelines on the Use of Live Animals in Research.

Animal grouping
Adult Sprague Dawley rats (body weight: female, 240g-260g; male, 270g-290g) were obtained
from Sichuan University Experimental Animal Center. The rats, at the beginning of the experi-
ments, were kept in a room with a 12 h light/dark cycle and had access to food and water ad
libitum. Pregnancies were established by the overnight mating of one mature male with two
nulliparous females. Pregnancy was confirmed by the presence of spermatozoa and the day
was considered as gestational day 0 (gd 0). Pregnant rats were divided into two groups: control
group (n = 8) and CSE group (n = 8). One or two rat pups were randomly chosen from one lit-
ter to be used in the current experiment.
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Cigarette smoke exposure
CSE were carried out from gd 7–20 as previously published [11]. In brief, pregnant rats were
exposed in an inhalation chamber (80×60×50 cm) to tobacco smoke generated by lit cigarettes
(Tianxiaxiu, 11 mg of tar and 1 mg of nicotine per cigarette, China Tobacco Chuanyu Indus-
trial Co., China). The daily CSE was conducted in two sessions, one in the morning at 9:00 and
one in the afternoon at 16:00. For each session, the pregnant rats were exposed to a total of 10
cigarettes over a period of 60 min: 2 lit cigarettes were allowed to burn for 10 min followed by a
2 min interval and this was repeated 5 times. Previous studies in our laboratory have deter-
mined the serum cotinine level from this protocol by ELISA detection. Using this regimen,
serum cotinine concentration (92.3 ± 15.7 ng/ml) [11] achieves a level of smoking exposure
that simulates active smoking during pregnancy [22,23]. The control group was treated identi-
cally to the CSE group and placed into a similar chamber, but received fresh air. None of the
pregnant rats or pups became severely ill or moribund during the experiment, therefore all ani-
mals survived until the experimental endpoint. However, protocols were in place to humanely
euthanize sick animals with sodium pentobarbital by intraperitoneal injection.

Preparation of medullary slices
Transverse medullary slices were prepared from neonatal rat pups, as previously described
[24]. In brief, the neonates were decapitated after anaesthetization with ether to prevent suffer-
ing. Brainstems were removed in ice-cold artificial cerebrospinal fluid (aCSF) containing the
following (in mM): 125 NaCl, 3 KCl, 1.2 CaCl2, 1 MgSO4, 22NaHCO3, 1NaH2PO4 and 30 D-
glucose. Brainstems were cut in 1800 μm coronal slices with a vibrating microslicer (MA 752,
Campden Instrument, USA). Slices containing the pre-BötC and pFRG, critical sites for gener-
ation of respiratory rhythm and central chemoreception, were incubated for 30 min to 1 h at
28–29°C in a recording chamber, where they were perfused with aCSF at a rate of 4ml/min.
The aCSF was equilibrated with carbogen (95% O2-5% CO2) throughout the experiment.

Recording of fictive respiratory activity in medullary slices
Recordings of the rhythmic respiratory-like discharge from hypoglossal rootlets of the slices
were performed using glass suction electrodes filled with aCSF [25]. Signals were amplified, fil-
tered (τ = 0.001s, F = 1 kHz) and integrated (time constant of 50 ms) by application of a BL-
420F Biological Signal Processing System (Taimeng Biotech. Co., China). The activity recorded
from the hypoglossal rootlets of the medullary slices in standard aCSF (pH 7.4) had to be regu-
lar and stable for at least 20 min before a 5 min baseline was recorded. Acidified aCSF (pH 7.0)
was applied to slices for another 5 min followed by a 20 min recovery period to confirm that
recording parameters returned to normal. pH of aCSF was adjusted by addition of HCl or
NaOH. The burst frequency (BF) and integrated amplitude (IA) of the discharges from hypo-
glossal rootlets were analyzed.

Statistical analysis
The electrophysiological baseline data was compared with the data obtained during application
of acidified aCSF. Differences in both the basal fictive respiration and the magnitude of
responses to acidification between control and CSE groups were assessed with Student’s t-test
for independent samples. Repeated-measures ANOVA was used to determine the significance
of differences between groups induced by acidification over time. All data were presented as
means ± SEM. Statistical significance was set at P<0.05.

Central Chemoreception and Cigarette Smoke Exposure

PLOS ONE | DOI:10.1371/journal.pone.0137362 September 2, 2015 3 / 10



Results

Effects of cigarette smoke exposure on basal discharge of hypoglossal
rootlets in medullary slices
Basal BF of fictive respiratory activity in medullary slices from CSE rat pups was 3.35 ± 0.21
bursts/min, which was not significantly different from that of the control neonates, 3.17 ± 0.19
bursts/min (P>0.05, Figs 1 and 2A). Meanwhile, no significant difference was detected in IA of
the fictive respiration between the CSE and control groups, 0.56 ± 0.04μV�s vs. 0.56 ± 0.03μV�s
(P>0.05, Figs 1 and 2B) when the slices were perfused with standard aCSF (pH 7.4).

Effects of cigarette smoke exposure on responsiveness of hypoglossal
rootlets discharge to acidification in medullary slices
The effects of acidified aCSF (pH 7.0) perfusion on the activity of hypoglossal rootlets were
observed, and the changes to BF and IA were expressed by change rates (%) compared with the
basal activities. In both groups, the responses to acidification were manifested as a significant
increase in BF and a decrease in IA of the fictive respiratory activity as compared with the base-
line values (Fig 1). Specifically, during perfusion of the slices with acidified aCSF, the BF was
increased by 143.75 ± 15.41% in the control group and 66.98 ± 10.11% in the CSE group
(P<0.01, Fig 3A and 3B), and the IA was decreased by 44.90 ± 3.92% in the control group and
22.38 ± 2.51% in the CSE group (P<0.01, Fig 3C and 3D). However, the increase in BF and
decrease in IA of the fictive respiration recorded from the medullary slices were reduced in the
prenatal CSE rats compared with that in the control rats (P<0.01, Fig 4). During post-perfu-
sion with standard aCSF (pH 7.4), the BF and IA were gradually returned to the baseline level
in both control and CSE groups (P>0.05, Figs 1 and 3).

Fig 1. Recordings of hypoglossal rootlets discharge in medullary slices. Typical recording of the
discharge from the control group (A) and the CSE group (B), respectively. In each panel, the upper line
indicates the compression format of activities of the hypoglossal rootlets throughout the experiment, and the
middle and lower lines indicate the raw and integrated activities of the hypoglossal rootlets before, during and
after acidification, respectively.

doi:10.1371/journal.pone.0137362.g001
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Discussion
We provide direct experimental evidence that prenatal CSE has detrimental effects on the cen-
tral chemoreception in neonate rats using in vitro preparations, in absence of peripheral sen-
sory feedback. This study shows that prenatal CSE significantly reduces fictive respiratory
responses to acidification, although it does not affect the basal fictive respiration recorded from

Fig 2. Statistical comparison of basal discharge of hypoglossal rootlets in medullary slices.
Comparison of the basal burst frequency (A) and integrated amplitude (B) of the hypoglossal rootlets
activities of the medullary slices in neonatal rats between the control group (n = 13) and the CSE group
(n = 15).

doi:10.1371/journal.pone.0137362.g002
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the hypoglossal rootlets in the slices obtained from the neonates. Our study approach is differ-
ent from previous animal studies which used nicotine to mimic the effects of CSE, as this
model exposes animals to actual cigarette smoke. Thus our results provide some of the most
direct evidence that maternal smoking during pregnancy exerts adverse impact on the central
chemoreception of neonates.

The effects of maternal smoking during pregnancy have been previously investigated in
human infants, whereas nicotine has been used as a replacement for prenatal CSE in a large
number of animal models. Moreover, these investigations in human infants and animals have
provided divergent results. Some studies in human infants observed no significant difference in
respiratory drive between the infants of smokers and non-smokers [20,26,27]. Others showed
that infants born to smoking mothers have a reduced drive to breath during normoxia and a
diminished ventilatory response to hypoxia [28]. In contrast to these observations, another
study found that ventilatory responses to hypoxia and hypercapnia were not different between
the two groups, but the infants of mothers who smoked during pregnancy had a deficient
arousal response to hypoxia [29]. Reasons for such contradictory results are likely the result of
experimental differences in age of infants, use of sedation, extent of CSE, and composition of
gaseous mixtures [18].

Animal studies also show inconsistent results. Studies in neonatal rats in vivo indicated that
no significant effect of prenatal nicotine exposure was found on ventilation response to moder-
ate hypoxia or hypercapnia [19,26]. However, another study showed that the ventilatory
response to hypoxia was significantly attenuated during quiet sleep in nicotine-exposed neona-
tal lambs [30]. We previously reported that prenatal CSE did impair fictive respiratory
responses to hypoxia in vitro in medullary slice preparations from neonatal rats [11]. Studies in

Fig 3. Changes in hypoglossal rootlets discharge in medullary slices induced by acidification. (A) and
(B): Changes of burst frequency (BF) in the control (n = 13) and CSE groups (n = 15), respectively; (C) and
(D): Changes of integrated amplitude (IA) in the control (n = 13) and CSE groups (n = 15), respectively. All
data were normalized to the baseline value which was defined as the average BF and IA for 5min prior to
acidic stimulation. *P< 0.05, **P< 0.01 vs. baseline.

doi:10.1371/journal.pone.0137362.g003
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neonatal mice medullary slices indicated that prenatal nicotine exposed neonates showed a
reduced response to acidification only in the amplitude but not in the frequency of fictive respi-
ration compared with the unexposed mice [21]. In this study, both basal respiratory-related
frequency and amplitude recorded from the hypoglossal rootlets were not significantly differ-
ent between the prenatal CSE group and the control group, whereas the responses to acidifica-
tion challenge were blunted in both frequency and amplitude of fictive respiration in CSE

Fig 4. Comparison of changes in hypoglossal rootlets discharge in medullary slices induced by
acidification. (A) Comparison of burst frequency (BF) of hypoglossal rootlets between the control (n = 13)
and CSE (n = 15) groups; (B) Comparison of integrated amplitude (IA) of hypoglossal rootlets between the
control (n = 13) and CSE (n = 15) groups. *P< 0.05, **P< 0.01 vs. CSE.

doi:10.1371/journal.pone.0137362.g004
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neonatal rats compared with the control ones. These results are consistent with studies by Pen-
dlebury et al. [18], suggesting that, in rodent animals, cigarette smoke exposure is more injuri-
ous than nicotine exposure alone to respiratory control. This is reasonable because nicotine is
only one of the toxic components of cigarette smoke and many other ingredients can cross the
placenta barrier to reach the fetus such as carbon monoxide. Carbon monoxide coming from
cigarette smoke can easily cross the placenta barrier and inhibit the release of oxygen into fetal
tissues [31]. Recurrent intrauterine hypoxic insults undoubtedly affect the development of the
fetal central nervous structure, where the RTN/pFRG, the most important central chemorecep-
tor, is localized [4, 5].

Although the impaired central chemoreception has been postulated, the mechanisms of the
disturbance induced by prenatal CSE remain unclear. Data in the present study shows that the
basal fictive respiration of the medullary slices obtained from the offspring of pregnant CSE
rats is not significantly different from that of control rats. This finding is in agreement with our
previous work [11]. The medullary slices in our present study encompass pre-BötC which is
critical for normal rhythmic respiration [3]. Loss of pre-BötC neurons leads to progressive
pathological disruption of breathing and ablation of>80% of pre-BötC neurokinin-1 receptor-
expressing neurons gives rise to an irregular breathing pattern [2]. We speculate that prenatal
CSE does not lead to such an injury that would be sufficient to disturb normal breathing. How-
ever, the central chemoreception of the neonates was diminished after intrauterine CSE. It has
been postulated that central chemoreception depends on a group of intrinsic pH-sensitive neu-
rons and RTN/pFRG is the most critical structure, at least at birth, for central respiratory che-
mosensitivity [6]. These neurons express a transcription factor Phox2b which plays an
important role in central chemoreception [32]. Therefore, we presume that the Phox2b positive
neurons in the RTN/pFRG, retained in the thick slices used in the present study, suffered from
damages caused by prenatal CSE, leading to attenuation of central chemoreception in the neo-
natal rats.

Conclusion
In summary, we find that fictive respiratory responses to acidification of the neonatal rats pre-
natally exposed to cigarette smoke are blunted compared with those of the control rats.
Together with these observations, we provide the direct experimental evidence that prenatal
CSE does impair the central chemoreception of neonatal rats. Thus, the advocacy of cessation
of maternal smoking during pregnancy is essential to reduce this tragedy.

Acknowledgments
We would like to express our gratitude to Dr. Vicky Rands for her assistance in English lan-
guage revision.

Author Contributions
Conceived and designed the experiments: FL XY YZ. Performed the experiments: FL XY. Ana-
lyzed the data: FZ SZ. Contributed reagents/materials/analysis tools: QZ HZ YZ. Wrote the
paper: FL XY FZ SZ QZ HZ YZ.

References
1. Rekling JC, Feldman JL. PreBotzinger complex and pacemaker neurons: hypothesized site and kernel

for respiratory rhythm generation. Annual review of physiology. 1998; 60:385–405. doi: 10.1146/
annurev.physiol.60.1.385 PMID: 9558470.

Central Chemoreception and Cigarette Smoke Exposure

PLOS ONE | DOI:10.1371/journal.pone.0137362 September 2, 2015 8 / 10

http://dx.doi.org/10.1146/annurev.physiol.60.1.385
http://dx.doi.org/10.1146/annurev.physiol.60.1.385
http://www.ncbi.nlm.nih.gov/pubmed/9558470


2. Gray PA, Janczewski WA, Mellen N, McCrimmon DR, Feldman JL. Normal breathing requires preBot-
zinger complex neurokinin-1 receptor-expressing neurons. Nature neuroscience. 2001; 4(9):927–30.
doi: 10.1038/nn0901-927 PMID: 11528424; PubMed Central PMCID: PMC2810393.

3. Smith JC, Ellenberger HH, Ballanyi K, Richter DW, Feldman JL. Pre-Botzinger complex: a brainstem
region that may generate respiratory rhythm in mammals. Science. 1991; 254(5032):726–9. PMID:
1683005; PubMed Central PMCID: PMC3209964.

4. Guyenet PG. The 2008 Carl Ludwig Lecture: retrotrapezoid nucleus, CO2 homeostasis, and breathing
automaticity. Journal of applied physiology. 2008; 105(2):404–16. doi: 10.1152/japplphysiol.90452.
2008 PMID: 18535135; PubMed Central PMCID: PMC2519946.

5. Guyenet PG, Bayliss DA, Stornetta RL, Fortuna MG, Abbott SB, DePuy SD. Retrotrapezoid nucleus,
respiratory chemosensitivity and breathing automaticity. Respiratory physiology & neurobiology. 2009;
168(1–2):59–68. doi: 10.1016/j.resp.2009.02.001 PMID: 19712903; PubMed Central PMCID:
PMC2734912.

6. Dubreuil V, Ramanantsoa N, Trochet D, Vaubourg V, Amiel J, Gallego J, et al. A humanmutation in
Phox2b causes lack of CO2 chemosensitivity, fatal central apnea, and specific loss of parafacial neu-
rons. Proceedings of the National Academy of Sciences of the United States of America. 2008; 105
(3):1067–72. doi: 10.1073/pnas.0709115105 PMID: 18198276; PubMed Central PMCID:
PMC2242699.

7. Mulkey DK, Stornetta RL, Weston MC, Simmons JR, Parker A, Bayliss DA, et al. Respiratory control by
ventral surface chemoreceptor neurons in rats. Nature neuroscience. 2004; 7(12):1360–9. doi: 10.
1038/nn1357 PMID: 15558061.

8. Slotkin TA, Seidler FJ, Qiao D, Aldridge JE, Tate CA, Cousins MM, et al. Effects of prenatal nicotine
exposure on primate brain development and attempted amelioration with supplemental choline or vita-
min C: neurotransmitter receptors, cell signaling and cell development biomarkers in fetal brain regions
of rhesus monkeys. Neuropsychopharmacology: official publication of the American College of Neurop-
sychopharmacology. 2005; 30(1):129–44. doi: 10.1038/sj.npp.1300544 PMID: 15316571.

9. Lavezzi AM, Ottaviani G, Matturri L. Adverse effects of prenatal tobacco smoke exposure on biological
parameters of the developing brainstem. Neurobiology of disease. 2005; 20(2):601–7. doi: 10.1016/j.
nbd.2005.04.015 PMID: 15925516.

10. Slotkin TA, Seidler FJ, Spindel ER. Prenatal nicotine exposure in rhesus monkeys compromises devel-
opment of brainstem and cardiac monoamine pathways involved in perinatal adaptation and sudden
infant death syndrome: amelioration by vitamin C. Neurotoxicology and teratology. 2011; 33(3):431–4.
doi: 10.1016/j.ntt.2011.02.001 PMID: 21320590; PubMed Central PMCID: PMC3109087.

11. Nie L, Hu Y, Yan X, Li M, Chen L, Li H, et al. The anti-apoptotic effect of hydrogen sulfide attenuates
injuries to the medullary respiratory centers of neonatal rats subjected to in utero cigarette smoke expo-
sure. Respiratory physiology & neurobiology. 2013; 188(1):29–38. doi: 10.1016/j.resp.2013.05.001
PMID: 23665052.

12. Shah T, Sullivan K, Carter J. Sudden infant death syndrome and reported maternal smoking during
pregnancy. American journal of public health. 2006; 96(10):1757–9. doi: 10.2105/AJPH.2005.073213
PMID: 17008569; PubMed Central PMCID: PMC1586150.

13. Fleming P, Blair PS. Sudden Infant Death Syndrome and parental smoking. Early human development.
2007; 83(11):721–5. doi: 10.1016/j.earlhumdev.2007.07.011 PMID: 17881163.

14. Zhang K, Wang X. Maternal smoking and increased risk of sudden infant death syndrome: a meta-anal-
ysis. Legal medicine. 2013; 15(3):115–21. doi: 10.1016/j.legalmed.2012.10.007 PMID: 23219585.

15. Paine SM, Jacques TS, Sebire NJ. Review: Neuropathological features of unexplained sudden unex-
pected death in infancy: current evidence and controversies. Neuropathology and applied neurobiol-
ogy. 2014; 40(4):364–84. doi: 10.1111/nan.12095 PMID: 24131039.

16. Kinney HC, Richerson GB, Dymecki SM, Darnall RA, Nattie EE. The brainstem and serotonin in the
sudden infant death syndrome. Annual review of pathology. 2009; 4:517–50. doi: 10.1146/annurev.
pathol.4.110807.092322 PMID: 19400695; PubMed Central PMCID: PMC3268259.

17. Kato I, Groswasser J, Franco P, Scaillet S, Kelmanson I, Togari H, et al. Developmental characteristics
of apnea in infants who succumb to sudden infant death syndrome. American journal of respiratory and
critical care medicine. 2001; 164(8 Pt 1):1464–9. doi: 10.1164/ajrccm.164.8.2009001 PMID:
11704597.

18. Pendlebury JD,Wilson RJ, Bano S, Lumb KJ, Schneider JM, Hasan SU. Respiratory control in neonatal
rats exposed to prenatal cigarette smoke. American journal of respiratory and critical care medicine.
2008; 177(11):1255–61. doi: 10.1164/rccm.200711-1739OC PMID: 18310476.

19. Bamford OS, Schuen JN, Carroll JL. Effect of nicotine exposure on postnatal ventilatory responses to
hypoxia and hypercapnia. Respiration physiology. 1996; 106(1):1–11. PMID: 8946572.

Central Chemoreception and Cigarette Smoke Exposure

PLOS ONE | DOI:10.1371/journal.pone.0137362 September 2, 2015 9 / 10

http://dx.doi.org/10.1038/nn0901-927
http://www.ncbi.nlm.nih.gov/pubmed/11528424
http://www.ncbi.nlm.nih.gov/pubmed/1683005
http://dx.doi.org/10.1152/japplphysiol.90452.2008
http://dx.doi.org/10.1152/japplphysiol.90452.2008
http://www.ncbi.nlm.nih.gov/pubmed/18535135
http://dx.doi.org/10.1016/j.resp.2009.02.001
http://www.ncbi.nlm.nih.gov/pubmed/19712903
http://dx.doi.org/10.1073/pnas.0709115105
http://www.ncbi.nlm.nih.gov/pubmed/18198276
http://dx.doi.org/10.1038/nn1357
http://dx.doi.org/10.1038/nn1357
http://www.ncbi.nlm.nih.gov/pubmed/15558061
http://dx.doi.org/10.1038/sj.npp.1300544
http://www.ncbi.nlm.nih.gov/pubmed/15316571
http://dx.doi.org/10.1016/j.nbd.2005.04.015
http://dx.doi.org/10.1016/j.nbd.2005.04.015
http://www.ncbi.nlm.nih.gov/pubmed/15925516
http://dx.doi.org/10.1016/j.ntt.2011.02.001
http://www.ncbi.nlm.nih.gov/pubmed/21320590
http://dx.doi.org/10.1016/j.resp.2013.05.001
http://www.ncbi.nlm.nih.gov/pubmed/23665052
http://dx.doi.org/10.2105/AJPH.2005.073213
http://www.ncbi.nlm.nih.gov/pubmed/17008569
http://dx.doi.org/10.1016/j.earlhumdev.2007.07.011
http://www.ncbi.nlm.nih.gov/pubmed/17881163
http://dx.doi.org/10.1016/j.legalmed.2012.10.007
http://www.ncbi.nlm.nih.gov/pubmed/23219585
http://dx.doi.org/10.1111/nan.12095
http://www.ncbi.nlm.nih.gov/pubmed/24131039
http://dx.doi.org/10.1146/annurev.pathol.4.110807.092322
http://dx.doi.org/10.1146/annurev.pathol.4.110807.092322
http://www.ncbi.nlm.nih.gov/pubmed/19400695
http://dx.doi.org/10.1164/ajrccm.164.8.2009001
http://www.ncbi.nlm.nih.gov/pubmed/11704597
http://dx.doi.org/10.1164/rccm.200711-1739OC
http://www.ncbi.nlm.nih.gov/pubmed/18310476
http://www.ncbi.nlm.nih.gov/pubmed/8946572


20. Schuen JN, Bamford OS, Carroll JL. The cardiorespiratory response to anoxia: normal development
and the effect of nicotine. Respiration physiology. 1997; 109(3):231–9. PMID: 9342800.

21. Coddou C, Bravo E, Eugenin J. Alterations in cholinergic sensitivity of respiratory neurons induced by
pre-natal nicotine: a mechanism for respiratory dysfunction in neonatal mice. Philosophical transactions
of the Royal Society of London Series B, Biological sciences. 2009; 364(1529):2527–35. doi: 10.1098/
rstb.2009.0078 PMID: 19651654; PubMed Central PMCID: PMC2865120.

22. Klebanoff MA, Levine RJ, Clemens JD, DerSimonian R, Wilkins DG. Serum cotinine concentration and
self-reported smoking during pregnancy. American journal of epidemiology. 1998; 148(3):259–62.
PMID: 9690362.

23. Vasankari T, Jousilahti P, Knekt P, Marniemi J, Heistaro S, Lppo K, et al. Serum cotinine predicts bron-
chial obstruction regardless of self-reported smoking history. Scandinavian journal of public health.
2011; 39(5):547–52. doi: 10.1177/1403494811401474 PMID: 21406476.

24. Pan JG, Hu HY, Zhang J, Zhou H, Chen L, Tang YH, et al. Protective effect of hydrogen sulfide on hyp-
oxic respiratory suppression in medullary slice of neonatal rats. Respiratory physiology & neurobiology.
2010; 171(3):181–6. doi: 10.1016/j.resp.2010.04.006 PMID: 20406698.

25. McLean HA, Remmers JE. Respiratory motor output of the sectioned medulla of the neonatal rat. Res-
piration physiology. 1994; 96(1):49–60. PMID: 8023020.

26. Poole KA, Hallinan H, Beardsmore CS, Thompson JR. Effect of maternal smoking on ventilatory
responses to changes in inspired oxygen levels in infants. American journal of respiratory and critical
care medicine. 2000; 162(3 Pt 1):801–7. doi: 10.1164/ajrccm.162.3.9909071 PMID: 10988086.

27. Campbell AJ, Galland BC, Bolton DP, Taylor BJ, Sayers RM, Williams SM. Ventilatory responses to
rebreathing in infants exposed to maternal smoking. Acta paediatrica. 2001; 90(7):793–800. PMID:
11519984.

28. Neff RA, Simmens SJ, Evans C, Mendelowitz D. Prenatal nicotine exposure alters central cardiorespi-
ratory responses to hypoxia in rats: implications for sudden infant death syndrome. The Journal of neu-
roscience: the official journal of the Society for Neuroscience. 2004; 24(42):9261–8. doi: 10.1523/
JNEUROSCI.1918-04.2004 PMID: 15496661.

29. Lewis KW, Bosque EM. Deficient hypoxia awakening response in infants of smoking mothers: possible
relationship to sudden infant death syndrome. The Journal of pediatrics. 1995; 127(5):691–9. PMID:
7472818.

30. HafstromO, Milerad J, Sundell HW. Prenatal nicotine exposure blunts the cardiorespiratory response
to hypoxia in lambs. American journal of respiratory and critical care medicine. 2002; 166(12 Pt
1):1544–9. doi: 10.1164/rccm.200204-289OC PMID: 12471072.

31. Longo LD. Carbon monoxide: effects on oxygenation of the fetus in utero. Science. 1976; 194
(4264):523–5. PMID: 973133.

32. Goridis C, Brunet JF. Central chemoreception: lessons frommouse and human genetics. Respiratory
physiology & neurobiology. 2010; 173(3):312–21. doi: 10.1016/j.resp.2010.03.014 PMID: 20307691.

Central Chemoreception and Cigarette Smoke Exposure

PLOS ONE | DOI:10.1371/journal.pone.0137362 September 2, 2015 10 / 10

http://www.ncbi.nlm.nih.gov/pubmed/9342800
http://dx.doi.org/10.1098/rstb.2009.0078
http://dx.doi.org/10.1098/rstb.2009.0078
http://www.ncbi.nlm.nih.gov/pubmed/19651654
http://www.ncbi.nlm.nih.gov/pubmed/9690362
http://dx.doi.org/10.1177/1403494811401474
http://www.ncbi.nlm.nih.gov/pubmed/21406476
http://dx.doi.org/10.1016/j.resp.2010.04.006
http://www.ncbi.nlm.nih.gov/pubmed/20406698
http://www.ncbi.nlm.nih.gov/pubmed/8023020
http://dx.doi.org/10.1164/ajrccm.162.3.9909071
http://www.ncbi.nlm.nih.gov/pubmed/10988086
http://www.ncbi.nlm.nih.gov/pubmed/11519984
http://dx.doi.org/10.1523/JNEUROSCI.1918-04.2004
http://dx.doi.org/10.1523/JNEUROSCI.1918-04.2004
http://www.ncbi.nlm.nih.gov/pubmed/15496661
http://www.ncbi.nlm.nih.gov/pubmed/7472818
http://dx.doi.org/10.1164/rccm.200204-289OC
http://www.ncbi.nlm.nih.gov/pubmed/12471072
http://www.ncbi.nlm.nih.gov/pubmed/973133
http://dx.doi.org/10.1016/j.resp.2010.03.014
http://www.ncbi.nlm.nih.gov/pubmed/20307691

