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ABSTRACT 

 Developmental nicotine exposure (DNE) exerts negative consequences on the 

CNS via the activation of nAChRs that are available early and widely throughout 

development (refs). In this work, we examined how DNE changed excitatory and 

inhibitory neurotransmission in brainstem regions involved in central breathing control.  

Previous work using the brainstem-spinal cord preparation had shown that DNE 

augmented the respiratory-related response to AMPA, muscimol (a GABAA agonist), and 

glycine (Luo et al., 2004; Luo et al., 2007; Pilarski and Fregosi, 2009a). These studies 

used a split-bath preparation in which a drug (AMPA, muscimol, or glycine) was applied 

to medulla, and the frequency of the respiratory response (in the form of spontaneous, 

rhythmic bursting activity) was recorded from cervical nerve 4 (C4), which provides 

output to the diaphragm.  Although these studies showed that DNE AMPA, GABAA, and 

glycine neurotransmission in the medulla, the regions mediating the effect and the 

mechanism of DNE’s action remained unclear.  In this study we tested the hypothesis that 

the observed changes in respiratory burst frequency were mediated through the 

preBötzinger complex (preBötC), and the mechanism of enhanced activity involved an 

upregulation of neurotransmitter receptors. Additionally, we were interested in studying 

the effect of DNE on breathing-related motor pools, and therefore studied DNE’s effect 

on excitatory and inhibitory neurotransmission in the XIIMN. We approached these 

questions and aims using a combination of techniques, including extracellular recordings 

from whole nerve output in rhythmic brainstem slices, immunohistochemistry, and 

Western blotting. We found enhanced AMPA, GABAA, and glycine  neurotransmission 
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in the XIIMN and preBötC, and varying changes in neurotransmitter receptor expression 

in both groups. Additionally, we found a decrease in motoneuron soma size in XII 

motoneurons that stained positively for the glycine receptor. Overall, this study shows 

that DNE alters inhibitory and excitatory neurotransmission in both the preBötC and 

XIIMN, and that these changes may be mediated through a combination of change in cell 

size and receptor expression. 
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Section 1.1: Breathing  

People rarely pause to think about the most fundamental, life-sustaining 

mechanisms in mammalian physiology that allow an individual organism to function and 

follow its life’s journey. This oversight has consequently contributed to a social dilemma 

in which the overall health of many nations has rapidly deteriorated, even in cultures 

where health-related information is a readily available commodity. Breathing is one of 

these essential and continuous biological processes that a person’s daily actions and 

decisions can easily harm, whether through smoking, living in polluted environments, or 

through exposure to hazardous inhalants. Perhaps more alarmingly, the proper breathing 

of a newborn can depend on the actions of a pregnant mother. The information and 

studies discussed within this work are built around the health consequences of maternal 

smoking on the development of breathing control for the neonate. Broadly, the goal of 

this work was to examine the consequences of maternal nicotine on central respiratory 

control of the neonate, using a rodent model, with a particular interest placed on the 

impact on specific neuronal populations in the brainstem.   

 

Basic breathing anatomy & mechanics: 

Breathing involves much more than the seemingly simple act of inhalation 

followed by lung expansion. In fact, a single breath results from the finely tuned 

integration of several pieces of environmental and physiological inputs. A significant 

amount of this integration occurs in the brainstem, making the central nervous system 

critical to breathing control. Mammalian ventilation normally adapts automatically to 
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various environmental and physiological state changes; for example, respiration adapts to 

hypoxic environments, and to varying physiologic conditions such as exertion and sleep. 

Before discussing the pertinent aspects of central ventilatory control, a brief overview of 

general breathing anatomy and mechanics will be presented.   

Negative pressure created by lung expansion allows air to be drawn into the body 

through either (or both) the nasal or oral cavities. Air then passes through the trachea and 

down through the bronchi and into the alveoli where gas exchange occurs with the 

surrounding capillaries. The lungs are a large, bilaterally located, lobular organ with 

airways that continually branch into millions of tiny alveoli. While expulsion of air from 

the lungs is a primarily passive process (in some circumstances the abdominal muscles 

can be engaged for forced expulsion), inhalation of air requires the active contraction of 

respiratory muscles that allow the lungs to expand and take in air.  Contraction of the 

diaphragm, controlled by motor input from cervical nerves 3, 4 and 5 (C3, C4, and C5), is 

a primary mechanism involved in lung expansion, along with contraction of the external 

intercostal musculature. The contraction of these muscles, which run almost 

perpendicular to the internal intercostals between the ribs, are innervated by ventral rami 

of the thoracic spinal nerves 1-11 (T1-T11), and allow the expansion of the chest wall.  

Also important are muscles that control the upper airways during breathing; the 

hypoglossal motor nucleus (XIIMN), which sends its output via the hypoglossal nerve 

(XIIn), produces contraction of the tongue muscles to maintain airway patency during 

inspiration (a detailed discussion of the involvement of the XIIn in ventilation follows in 

a subsequent section). Although the lungs are the primary breathing organ, they would be 
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unable to effectively permit gas exchange without the involvement of respiratory 

muscles. 

 Breathing requires synchronized motor control that is regulated to adapt to 

various environments and physiologic states. Chemoreception, the body’s method of 

detecting changes in oxygen, carbon dioxide, and acidity/alkalinity, is a critical 

component of respiratory regulation that reflects much of the environment and state of 

the individual (a detailed discussion of the involvement of chemoreception follows in a 

subsequent section). The nervous system maintains responsibility for the synchronization 

of respiratory motor control that involves intricate integration of information from 

multiple sources; the major CNS regions that receive and utilize this information reside 

primarily in the medulla oblongata of the brainstem.  

 

Breathing centers in the nervous system 

 Considering the limited technical resources of the era, and the substantial 

variability between mammalian species, a significant amount of information was gained 

during the 19th century regarding the central control of breathing. Different scientists 

independently localized the control of respiration to various regions of the medulla 

oblongata, and were theorizing the existence of auto-rhythmic neuronal activity that 

controlled both inspiratory and expiratory activity (Clarac, 2010). During the early 1900s, 

Thomas William Lumsden made some significant findings in the field of breathing 

control by recognizing that environmental manipulations of the brainstem, such as 

changing the O2 concentration of the blood, could control the rate and depth of breathing 
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in decerebrated cats (St John, 1990). He also began to recognize that progressive change 

in breathing patterns (eupneic respiration, apneusis, etc.) occurred with serial transections 

of the brainstem; others would eventually contribute to and refine this work, but the 

initial information not only contributed significantly to the understanding breathing 

physiology, but would eventually become an essential clinical indicator of brain function 

in coma patients. Much of the work that followed in the 20th century unraveled the 

relationships of respiratory centers to each other, and focused on the specific neuronal 

mechanisms and circuitry responsible for ventilatory control. The volumes of information 

gathered over the last century have helped identify different medullary centers and their 

specific contribution to respiration.  

 

Rhythm Generation 

 One of the most unique and defining aspects of breathing is its constant and 

automatic nature. Scientists have attempted to localize and elucidate the responsible 

neuronal mechanisms for many years. In vitro preparations of the brainstem spinal cord 

(BSSC) obtained from rodent neonates, generate spontaneous respiratory rhythm (Suzue, 

1984) from C4 nerve rootlets, but further localization of the source of this rhythm 

definitively occurred in 1991, when Smith et al. isolated a medullary slice containing the 

rhythmic center by taking serial transections from the rostral and caudal sides of the 

medulla (Smith et al., 1991). The isolated slice contained the hypoglossal motor nucleus, 

a small group of bilaterally located neurons that would eventually be named the 

preBötzinger Complex (preBötC, the proposed region of respiratory rhythm generation; 
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Fig. 1), and interneurons between the two regions, thereby completing a respiratory 

circuit in a thin-slice preparation. Ablation of neurons in the preBötC region led to 

abolition of the normal respiratory rhythm and led to ataxic breathing adult, awake in 

rodents, suggesting a necessary role from this group of neurons. Subsequent studies 

continued to confirm the critical importance of the preBötC to inspiratory rhythm in 

mammals (Ramirez et al., 1998), and the preBötC is now considered necessary and 

sufficient for inspiratory rhythm generation. Scientists have since worked to further 

characterize neurons and their connections, and neurotransmission within the preBötC 

itself and to tease out the interactions of this proposed rhythm generator with other 

regions involved in respiratory control. Recent studies have also begun to gather 

information regarding the embryonic development, including the genetic precursors, 

behind of the preBötC (development and characteristics of preBötC neurons will be 

discussed in detail in a subsequent section)  

Currently, most experts agree that rhythmically active neurons in the preBötC 

generate and maintain the rate and rhythm of inspiratory breathing activity.  However, 

recent reports suggest the existence of a separate group of rhythmic neurons that may also 

have involvement in respiratory pattern generation. This group of neurons, located near 

the dorsal surface of the rostral medulla at the level of the facial nucleus, is termed the 

retrotrapezoid nucleus/parafacial respiratory group (RTN/pFRG). Figure 2 shows a 

schematic of the location of the RTN/pFRG in relationship to the preBötC. Several 

groups have debated whether it is actually the RTN/pFRG that contains the neurons 

driving respiratory rhythm, although it now appears that these neurons may have a role in 
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adult expiratory activity and the initiation of inspiratory rhythm in neonates (Onimaru 

and Homma, 2003; Janczewski and Feldman, 2006). Scientists have recently proposed 

that the two rhythm generators are normally coupled during mammalian respiration, 

although more research is needed before firmer conclusions can be drawn (Feldman and 

Del Negro, 2006). Interestingly, neurons in the RTN/pFRG also exhibit chemoreceptive 

activity, which comprises another critical component of simple breathing.  

 

 Figure 1. Visualization of the preBötC using NK-1R. A. Dual fluorescent stain of mNeuN (green) and 
NK-1R (red) in a 40µm thick section of the ventrolateral medulla of a P3 neonatal rat. B. Fluorescent stain 
probing for the NK-1R in the ventrolateral medulla of a P3 neonatal rat.  
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Çhemoreception  

The regulation of respiratory muscle activity that allows for the maintenance of 

stable blood-gas levels comes from both the peripheral and central nervous systems. 

Peripheral control involves chemoreceptors located in the carotid and aortic bodies; these 

receptors primarily sense decreases in arterial PO2 levels and transmit this information to 

the brain through glossopharyngeal and vagal afferents. The hypoxia-sensing mechanism 

of the carotid body glomus cells, which are neuron-like cells that carry out the 

chemoreceptive function of the organ, may work through 1) an O2 sensing K+ channel, 2) 

through a heme-containing protein, that when it loses its O2 molecule, decreases the 

probability of the K+ channels being open (Prabhakar and Peng, 2004), or 3) through 

inhibition of NADPH oxidase in the mitochondria of glomus cells, thereby increasing the 

amount of reduced glutathione, which also would inhibit some K+ channels. In addition 

to peripheral chemoreceptors, mammals also have central chemoreceptors in the medulla 

that respond to increases in PCO2 (via increases in H+ after CO2 breakdown by the 

carbonic anhydrase system) and other decreases in blood pH levels by augmenting 

respiratory activity.  

The idea that changes in blood CO2 levels drive ventilatory activity has persisted 

for over a century, and currently stands well accepted. However, the question regarding 

how and where the brain detects changes in blood acidity and ultimately modulates 

respiration remains unanswered, and several confounding factors have prevented the 

emergence of a concrete mechanism. For example, the regions of chemoreception may 

differ in adults vs. neonates (for review, see (Guyenet et al., 2008)), and accordingly, 
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experiments initially provided somewhat conflicting interpretation of results. 

Additionally, multiple CO2-sensing regions exist in the brain (Nattie and Li, 2006) 

instead of simply a single primary region, and all play a significant chemosensory role in 

the adult brain. Here, the evidence has been divided into studies geared towards adult 

mammals and studies geared towards neonatal breathing.  

 Most adult chemoreception studies involving feline or rodent models show that 

similarities between CO2-sensing regions exist across both species. In 1963, Mitchell et 

al. suggested that the primary region of chemosensitivity in the CNS existed on the 

surface of the ventrolateral medulla (Mitchell, 1963); however, it was only in the late 

1900’s that studies began significantly defining and characterizing the area. 

Investigations show that a critical chemoreceptive region in the brain resides at the 

ventral medullary surface, at approximately the level of the facial nucleus (VII).  

Studies in neonatal respiration suggested that the regions of chemosensory control 

resided in a small region termed the parafacial respiratory group (pFRG) (Onimaru et al., 

2009). The pFRG locates in dorso-caudal proximity to the RTN, and because of the 

overlap in locale and function, the common designation for both regions has become the 

RTN/pFRG (Fig. 2). It is thought that during development, the RTN becomes the 

predominant chemosensory region. Importantly, during mammalian embryonic 

development, this is thought to generate the fetal breathing movements that eventually 

translate to breathing until the preBötC region becomes fully developed (Guyenet and 

Mulkey; Thoby-Brisson et al., 2009). Interestingly, the most significant marker for both 

central and peripheral chemoreceptive neurons is the transcription factor, Phox2B 
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(Goridis and Brunet; Marina et al.). Studies from various neural disciplines have 

converged on the idea that neurons expressing this transcription factor are most always 

involved in CO2/O2 sensing pathways. 

  

 

Figure 2. The RTN/pFRG and the preBötC in a sagittal view of the medulla. (From [Ballanyi 
K, Panaitescu B, Ruangkittisakul A Control of breathing by "nerve glue". Sci Signal 
3:pe41.]Reprinted with permission from AAAS). Schematic of a sagittal view of the medulla 
which includes critical anatomical landmarks and regions involved in respiratory control. Please 
note the RTN/pFRG, which contains neurons heavily involved in chemosensation, on the ventral 
surface of the medulla. Also note it’s anatomical relationship to the preBötC, which is located 
caudally and laterally to the RTN/pFRG. (selected legend: RTN/pFRG = retrotrapezoid 
nucleus/parafacial respiratory group; BotC = Botzinger complex; rVRG = rosral ventral 
respiratory group; 7 = facial nucleus, AmbC = Compact portion of the nucleus ambiguous; DRG = 
dorsal respiratory group; cVRG = central ventral respiratory group).  
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Section 1.2: The preBötzinger Complex 

Development of preBötC neurons 

 Given the highly significant role of the preBötC in ventilatory control, it is of 

scientific and clinical interest to understand the genetic origins and development of this 

neuronal complex. Central respiratory rhythm generation has recently been shown to 

demonstrate relatively robust development. Thoby-Brisson et al. have shown that both 

groups of embryonic respiratory oscillators (i.e., the preBötC and the group of neurons 

that eventually comprises the pFRG) functionally organize and develop respiratory 

rhythm despite severe mis-positioning of neuronal populations in anatomically mutant 

rodent embryos (Thoby-Brisson et al., 2012). Given the absolute need for breathing in 

mammalian physiology, it is not surprising that the development of respiratory rhythm 

has evolved to endure significant obstacles. The idea of robust development of 

inspiratory rhythm will eventually play an important role for the studies presented in this 

thesis.   

Studies carried out in rodents have aided our understanding of the early 

origination of the preBötC. Experiments based on protein expression, location, and 

functional properties indicate that the preBötC most likely emerges at approximately 

embryonic day 15 (E15) in mice (Thoby-Brisson et al., 2005) and at E17 in the rat 

(Pagliardini et al., 2003). This event coincides with the initiation of inspiratory rhythm 

generation in vitro and with the onset of fetal breathing movements in vivo (reviewed in 

(Greer et al., 2006)); respiratory frequency and stability gain strength over the following 

two days. A general timeline of these events is provided in Figure 3.  
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The genetic source of some preBötC neurons may arise from progenitor cells 

expressing the Dbx1 marker (Gray et al., 2010), which is a transcription factor involved 

in the organization of multiple components of the central respiratory system. Gray et al. 

show that the Dbx1 neurons give rise to cells that coincidentally express NK1R and SSt 

(both of which are accepted markers of preBötC neurons), and also that the Dbx1 gene is 

necessary for the expression of functional breathing behavior. Additionally, the majority 

of the Dbx1-expressing neurons were found to be glutamatergic, which is significant 

given that glutamatergic excitation is an essential component of the spontaneous activity 

generated from the preBötC (Gray et al., 2010). However, these Dbx1-positive neurons 

only give rise to a subset of the preBötC neurons; many of the processes and genetics that 

control preBötC development and behavior remain unknown.   

 

Figure 3. Time line illustrating 
key events in the development 
of respiratory neuronal 
activity in fetal rats. Image 
from (Greer et al., 2006); 
reproduced with permission. 
Importantly, the formation of 
the preBötC occurs at 
approximately embryonic (E) 
day 17, consequently leading to 
the initiation of different 
breathing-related events.  
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Characterization of preBötzinger Complex & its neurons 

Anatomic localization & markers 

The preBötzinger Complex (preBötC) locates bilaterally in the ventrolateral 

medulla of mammals as a small region of relatively diffuse and heterogeneous neurons 

that do not comprise a distinctive or easily identifiable nucleus through basic histological 

techniques (e.g., cresyl violet, thionin, or hematoxylin & eosin stains). Multiple studies 

show the preBötC consistently spans approximately 200-250um in the rostro-caudal 

orientation during the rodent neonatal period (Smith et al., 1991; Ruangkittisakul et al., 

2006; Hayes and Del Negro, 2007; Ballanyi and Ruangkittisakul, 2009a). The neurons 

comprising the preBötC have heterogeneous functional and anatomical characteristics, 

and many efforts have been made to characterize the properties of these different cell 

types. In 1999, Gray et al., and subsequently others, determined that rhythm-generating 

neurons in the preBötC express the neurokinin-1 receptor (NK-1R) (Gray et al., 1999; 

Guyenet and Wang, 2001; Wang et al., 2001). A number of studies utilize NK-1R as a 

marker for the identification of rhythmic preBötC neurons; more recently, somatostatin 

(SSt) staining (Fig. 4) has also proved useful as a preBötC marker (Stornetta et al., 2003), 

with a number of preBötzinger neurons co-expressing NK-1R and SSt during embryonic 

development (Pagliardini et al., 2003). The co-expression decreases with embryonic and 

postnatal age, and by postnatal day 7 in rats, approximately 35% of NK-1R positive 

neurons colocalize SSt (Pagliardini et al., 2003). Anatomically speaking, studies suggest 

approximately 10% of preBötC neurons stain positively for NK-1R in adult rats, which 

translates to about 600 neurons bilaterally that express NK-1R (Gray et al., 2001); in 
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neonatal mice, approximately 40% of preBötC neurons stain positively for NK-1R 

(Hayes and Del Negro, 2007). NK-1R as a preBötC marker does have limitations, 

however; many regions in the ventrolateral medulla, including the nucleus ambiguous, 

stain strongly positive for NK-1R, and this marker therefore lacks selectivity for preBötC 

neurons. Additionally, more recent studies suggest that preBötC neurons staining 

negatively for NK-1R may exhibit rhythmic activity also, possibly through a mechanism 

involving gap junctions (Hayes and Del Negro, 2007). NK1R, although a consistent 

anatomical marker of the preBötC, may lack the sensitivity and specificity to identify 

functionally rhythmogenic neurons. This is very likely due to both the extremely 

heterogeneous population of neurons within the preBötC, and the lack of clear 

understanding of how each cell type contributes to respiration.  

 

 
Figure 4. Visualization of the preBötC using somatostatin. Immunohistochemistry probing for 
somatostatin (SSt), a marker for preBötC neurons, in the ventrolateral medulla of P9 (left) and P3 (right) 
neonatal rats. 20X magnification, scale bar indicates 25 µm.  
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Pharmacologic and functional characteristics of preBötC neurons 

 Several different types of neurons exist within the preBötC, some of which 

function in respiratory control. Pharmacologic interactions allow scientists to distinguish 

between some of these different types of neurons, which is otherwise impossible based on 

current standard anatomical methods. Many classifications have emerged, but broadly, 

the preBötC contains two major types of respiratory-related cells: pacemakers & non-

pacemakers. Within the pacemaker category, evidence points to the existence of at least 

two, if not more, types of pacemaker neurons within the preBötC (Rekling et al., 1996; 

Thoby-Brisson and Ramirez, 2000, 2001). Investigators have pharmacologically 

distinguished these two types of cells; one type appears Cadmium (Cd+2) sensitive (Type 

II) while the other appears Cd+2 insensitive (Type I) (Thoby-Brisson and Ramirez, 2001).  

Functionally speaking, the preBötC remains somewhat of a tangled mystery, 

although recent studies shed light on the cellular mechanisms that underlie rhythm 

generation. Following the initial identification of the preBötC as the critical rhythm 

generator, the major, and somewhat obvious, question that arose was: how does it work? 

One of the primary suggestions that surfaced was that functional output from the preBötC 

heavily involved pacemaker cells, which have the intrinsic capacity to generate bursts of 

action potentials (Rekling and Feldman, 1998; Koshiya and Smith, 1999). From the 

traditional understanding, pacemaker cells have this inherent ability due to the 

appropriately timed activation of a variety of different inward and outward currents (for 

review, see (Ramirez et al., 2004)). Studies showed that the heterogeneous neuron 

population in the preBötC contained a few critical pacemaker cells, or “bursters,” and a 
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substantial number of follower cells; the bursters generate synchronized rhythmic activity 

that is then spread the follower cells (Rekling and Feldman, 1998; Koshiya and Smith, 

1999; Del Negro et al., 2001). As mentioned above, reports suggest that there are two 

different types of pacemaker neurons that have different pharamacologic properties; it 

appears these neurons have different functional properties as well. Burst output from 

Type I neurons appear to have shorter burst duration and amplitude combined with a 

higher frequency of activity, while the Type II neurons had bursts of longer duration and 

occurred at a lower frequency (Thoby-Brisson and Ramirez, 2001). Additionally, Type I 

neurons appear to function through a voltage-dependent persistent Na+ current (INAP) (Del 

Negro et al., 2002), while Type II neurons depend on Cat+2 currents and Ca+2-activated 

cation currents (ICAN) (Thoby-Brisson and Ramirez, 2001; Del Negro et al., 2005).  

Recent evidence, however, challenges the idea that the pacemaker mechanism is 

obligatory in respiratory rhythm generation. Del Negro et al. posit that, although some 

true pacemaker neurons play a role in respiratory activity, the major contributor to 

spontaneous bursting is enhanced intrinsic excitability of bursting neurons (Del Negro et 

al., 2005). Their work from 2005 shows that functional removal of supposed pacemaker 

neurons, which should theoretically prevent rhythmic activity, recovers after increasing 

neuronal excitability; they suggest that increased excitability can also induce follower 

cells to drive rhythm generation in the absence of the pacemaker cells. Currently, 

however, the detailed mechanisms behind the neural pattern driving inspiratory rhythm 

remain unresolved, but most reports and models do favor the need for pacemaker cells in 

driving the preBötC under normal breathing conditions.  



	   29	  

Section 1.3: Hypoglossal motor nucleus 

Role of motor pools in breathing 

 Communication between the nervous system and the musculoskeletal system 

occurs via motor neurons. This concept is relatively intuitive when considering basic 

behaviors such as walking or motioning; it is less intuitive, however, that all breathing 

activity results through the use of muscles. The action of breathing requires a complicated 

array of neural synchrony combined with appropriately responding muscle cells. 

Breathing belongs to a category of functions termed rhythmic pattern behaviors; also 

included in this category are walking, chewing, and swimming. Rhythmic pattern 

behaviors usually involve a complex network of neuronal circuitry that ultimately results 

in a repetitive action that is largely involuntary (Marder and Calabrese, 1996).  The 

network that leads to spontaneous breathing involves a pattern generator (e.g., the 

preBötC), pre-motor neurons that connect the pattern generator to motor pools, and motor 

neurons that finally serve as a conduit between the CNS and musculoskeletal system. 

Modulation in this circuitry may serve to increase or decrease breathing frequency or 

may also alter the depth of the individual breath. Hilaire and Pásaro describe respiratory 

motor activity as utilizing three different muscular components – the diaphragm, 

accessory muscles including the intercostals and abdominals muscles, and the upper 

airway muscles (Hilaire and Pasaro, 2003). Neural control to these different muscle 

groups arises from different levels of the CNS. Diaphragmatic control comes from the 

cervical spinal cord, primarily through the phrenic nerve, which combines from cervical 

ventral roots 3, 4, and 5 (C3, C4, and C5). Innervation to the intercostal and abdominal 
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muscles arises from the thoracic and lumbar spinal cord, while input to the upper airway 

muscles originate in the brainstem.   

In summary, the different motor neuron pools that provide output to breathing-

related musculature are absolutely essential for normal breathing. Alterations in 

neurotransmission within these motor pools could effectively alter the function of the 

musculature, and thereby alter normal breathing patterns. For our purposes in this study, 

we will focus specifically on the hypoglossal motor neuron pool, which sends its output 

to muscles in the upper airway. 

 

Hypoglossal motor nucleus and its importance in breathing 

 The hypoglossal motor nucleus (XIIMN) resides in the medulla oblongata as 

bilaterally located dorsal columns (Fig. 5A) that span approximately 1mm in the rostro-

caudal direction (Ballanyi and Ruangkittisakul, 2009b) in neonatal rats. This nucleus 

integrates a large amount of input from peripheral afferents, from other nuclei and 

populations (such as the preBötC) in the region, and also from higher cortical centers 

(Rekling et al., 2000). In rodents, it sends its output through axons that exit as a series of 

hypoglossal nerve rootlets (XIIn) on the ventral surface of the medulla; these seven roots 

exiting the brainstem then join each other as cranial nerve XII; the combined nerve then 

branches proximal to the oropharynx to innervate all of the tongue muscles except for the 

palatoglossus muscle, which is innervated by the vagus nerve (cranial nerve X). Tongue 

muscles have a critical role in a number of different functions; not only does the tongue 

sense taste, but it also allows for chewing, swallowing and speech. Furthermore, these 
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muscles are crucial for normal breathing because they help ensure that the pharyngeal 

airway is open for air passage during inspiratory and expiratory activity. The muscles of 

the tongue are responsible for maintaining the shape, size, and stiffness of the upper 

airway (Bailey et al., 2006; Oliven et al., 2007a; Oliven et al., 2007b). For example, 

contraction of the genioglossus muscle causes tongue protrusion and stiffening of the 

anterior pharyngeal wall, the combination of which subsequently dilates the upper airway 

to allow for airflow. Patients suffering from sleep apnea often exhibit problems in 

maintaining airway patency during sleep, highlighting the importance of the XIIn in 

normal breathing. Indeed, recent therapies aimed at treating sleep apnea patients involve 

hypoglossal nerve root stimulation (Eastwood et al., 2011).  

 In order to be functionally involved in normal breathing, the XIIMN must receive 

input from the respiratory centers that also supply other breathing related motor pools, 

such as those that supply the diaphragm and intercostal muscles. Figure 5B outlines some 

of the important ventilatory-related connections in the medulla that involve the XIIMN. 

PreBötC neurons in the ventrolateral medulla send output to pre-motor neurons located in 

the reticular formation (Koshiya and Smith, 1999); these pre-motor neurons subsequently 

synapse onto XII motoneurons. The axons of XII motoneurons combine to form the XIIn, 

travel through the reticular formation, and exit out the ventral side of the medulla.  

 Given its role in normal ventilation, and its convenience in experimentation 

(discussed below) our studies utilized the XIIMN as an example of a breathing-related 

motor pool. The XIIMN and the preBötC comprise the two primary regions of interest in 



	   32	  

this study. Accordingly, we will briefly provide some background on the rhythmic 

brainstem slice preparation, as it is our primary experimental model.  

Rhythmic brainstem slices (Smith et al., 1991; Ballanyi and Ruangkittisakul, 

2009b) are fresh medullary slice preparations that allow for experimentation with live 

tissue that are generally obtained from neonatal rodents. Slices obtained from adult tissue 

are generally less robust and less useful than those obtained from neonates, as the 

thickness and density of the tissue may not allow for appropriate oxygenation of the 

entire slice. These transverse slices, which are generally 500-700µm thick, contain the 

entirety of the preBötC, pre-motor neurons, the XIIMN, and the XIIn. The combination 

of these components provides an isolated respiratory circuit in which the preBötC 

generates the inspiratory frequency, and pre-motor neurons send this output to the 

XIIMN, which modulates the pattern of each burst. Axons from XII motoneurons exit as 

the XIIn, which are also visible on the ventral surface of the slice preparation; respiratory 

motor output, in the from of rhythmic bursting activity (Fig. 6), can therefore be recorded 

from the XIIn. Additionally, the nature of this in vitro preparation allows for different 

local and global environmental manipulations of the slice, making it an ideal model for 

studying the development of a motor system, including the influences of neuroteratogens 

on the development of central respiratory control. 
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Figure 5. Visualization of the XIIMN and important neuronal connection in central breathing 
control. A. Nissl stained image of a 40µm thick, transverse section in the dorsal medulla of a P3 neonatal 
rat. Arrows point to the bilaterally located hypoglossal motor nucleus (XIIMN) columns. 10X 
magnification, scale bar represents 25µm. B. Nissl stained transverse section of the medulla of a neonatal 
rat demonstrating the various anatomic regions of interest and some of the important neuronal connections 
involved in the central breathing control. PreBötC neurons  (orange) send output to interneurons (teal) in 
the reticular formation, which synapse onto XII motoneurons (maroon) that exit out as the XIIn. XIIMN = 
hypoglossal motor nucleus, NA = nucleus ambiguous, Inf. = inferior.  
 
 



	   34	  

 
                                        

 
Figure 6. Extracellular activity recorded from the 
XIIn. Top trace demonstrates a typical recording of 
spontaneous bursting activity obtained from a rhythmic 
slice preparation. Bottom trace shows an expansion of 
one of the bursts shown above. Individual bursts 
consist of a rapid series of action potentials that 
originate from multiple XII motoneurons.  
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Section 2.1 Neurotransmission in the preBötC and XIIMN 
 

The primary focus of the studies presented here involved examining 

developmental nicotine exposure’s (DNE) impact on excitatory and inhibitory 

neurotransmission in two regions critical to ventilatory control: the preBötC and the 

XIIMN. Specifically, we studied how DNE effected non-NMDA glutamate (excitatory), 

GABA and glycine (both inhibitory) synaptic transmission in both of these regions. 

Three types of ionotropic glutamate receptors are currently known to function in 

the central nervous system: the N-Methyl-D-aspartic acid (NMDA) receptor which is 

heavily involved in the learning and memory transmission process, the kainate receptor, 

and the 2-amino-3-(5-methyl-3-oxo-1,2-oxazol-4-yl) propanoic acid (AMPA) receptor. 

These pharmacologic designations have helped distinguish and isolate different types of 

glutamatergic neurotransmission in the brain. Our studies involving excitatory synaptic 

transmission focus on glutamate transmission mediated through AMPA receptors.  

Major inhibitory neurotransmitters in the CNS include γ-Aminobutyric acid 

(GABA) which is a structural amino acid not involved in protein synthesis, and glycine, 

which is an amino acid normally involved in protein synthesis. GABAA and glycine 

receptors are both ionotropic and allow Cl- conductance across the membrane. We 

focused on both types of inhibitory neurotransmission for these studies.  

The central component of our experiments involves developmental nicotine 

exposure, which directly interferes with acetylcholine transmission and consequently 

disrupts synaptic transmission in general. Accordingly, subsequent sections will contain a 

discussion of acetylcholine neurotransmission specific to individual regions of interest. 
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Acetylcholine (ACh), which is the ester of acetic acid and choline, is released both 

peripherally and centrally and acts on two different types of receptors, the metabotropic 

and nicotinic acetylcholine receptors (mAChRs and nAChRs respectively). Nicotine is an 

exogenous substance not normally found in the body; it binds specifically to and activates 

nicotinic acetylcholine receptors (nAChRs), which gate nonspecific cation channels that 

usually allow the flux of Na+ and Ca2+ through the channel.  

nAChRs are ubiquitous throughout the body, and are most well known for their 

critical role in muscle as the receptor that mediates neurotransmission at the motor end-

plate. In 1980, the receptor was isolated from the electric ray (Torpedo) and the eel 

(Electrophorus) and characterized as a pentameric ligand-gated ion channel composed of 

a combination of 4 different subunit types: α, β, γ, and δ (Raftery et al., 1980). These 

different subunit types combine to form a family of homopentameric or heteropentameric 

receptors that have varied expression throughout the body.  The receptor subunits 

primarily found in the brain include nine α (α2-α10) and three β (β2- β4) genes (Gotti et 

al., 2006); these different subunit types combine to form multiple nAChR subtypes which 

possess varying ACh binding patterns and affinities. While nAChRs found at the 

neuromuscular junction all retain the property of antagonism by α-Bungarotoxin, this 

was not found to be the case in the brain. In 1980, radioactive nicotine binding studies 

suggested that nAChRs in the brain existed that were not necessarily sensitive to α-

Bungarotoxin (Romano and Goldstein, 1980). Over the next 30 years, various studies 

suggested that neuronal nAChR subtypes generally fall under the following two 

classifications: receptors that bind ACh with high affinity and do not respond to α-
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Bungarotoxin, and low affinity receptors that are antagonized by α-Bungarotoxin 

(Wonnacott, 1986).  Some of the most commonly expressed brain nAChR subtypes 

include the α4β2 (heteropentamer) and α7 (homopentamer) receptors; both of these 

subtypes can play a role in respiratory control activity. α4β2 receptors bind ACh with 

very high affinity and do not respond to α-Bungarotoxin, whereas α7 receptors bind ACh 

with a much lower affinity and do respond to α-Bungarotoxin.  

 Cholinergic transmission in the brain plays a variety of roles in multiple different 

physiologies and pathologies. Neuronal nicotinic receptors tend to appear preterminally 

and presynaptically, consistent with the idea that these receptors play a largely 

modulatory role in neurotransmission instead of acting on receptors on the post-synaptic 

membrane (Wonnacott, 1997).  

 

Section 2.2 Ach, AMPA, GABA and Glycine in the preBötC 

 Cholinergic projections to the preBötC likely originate in the 

pontomesenchephalic tegmental cholinergic complex that supplies other regions in the 

brainstem; there are also neurons in the reticular formation that likely supply the preBötC 

(Shao and Feldman, 2009). Studies suggest that cholinergic activity plays a role in 

modulating the respiratory frequency output from the preBötC. Microinjection of nicotine 

into the preBötC region or rhythmic brainstem slices caused an increase in the frequency 

of respiratory bursting activity as recorded from the XIIn (Shao and Feldman, 2005). 

Shao and Feldman also showed that DHβE (a selective α4β2 antagonist) can reverse these 

effects while methylcaconitine and α-bungarotoxin (selective α7 antagonists) do not, 
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suggesting nAChRs in the preBötC are primarily of the α4β2 subtype as opposed to the α7 

subtype (Shao and Feldman, 2009). These data have important implications in the context 

of maternal smoking, as exogenous nicotine can potentially affect any regions that utilize 

nAChRs for function. 

 Excitatory neurotransmission in the preBötC relies heavily on AMPA-type 

glutamate transmission (Funk et al., 1993), although this neurotransmitter system does 

appear to act as the sole driving force behind inspiratory rhythm generation. As discussed 

above, reports also suggest an important role for metabotropic receptors, persistent 

inward Na+ currents, and Ca2+-activated non-specific cation currents, ICAN (Pace et al., 

2007; Pace and Del Negro, 2008), in the normal function of the preBötC. The exact 

interaction between these different signaling systems and their overall contribution to 

membrane currents and to rhythm generation still remains unclear. Pace and Del Negro 

do suggest, however, that AMPA receptors may initiate the post-synaptic changes in 

membrane properties that allow for continuous, rhythmic bursting (Pace and Del Negro, 

2008). Importantly for our studies, Greer et al. showed that AMPA receptor antagonists 

completely block rhythm generation (Greer et al., 1991) suggesting that AMPA-type 

glutamatergic neurotransmission is necessary for normal respiratory activity; it is well-

accepted that AMPA receptors play a critical part in rhythmogenesis.  

 While glutamatergic neurotransmission clearly helps in the generation of 

rhythmic respiratory activity, inhibitory neurotransmission in the preBötC is thought to 

help modulate the output of respiratory bursts. Lieske et al. suggest that inhibitory input 

to preBötC neurons opposes excitatory activity during the inspiratory phase of the 
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respiratory cycle (Lieske et al., 2000), thereby modulating the rhythmic output from the 

population. These authors also suggest that increased inhibition in the preBötC can 

change the respiratory-related output of the XIIn from eupneic respiratory bursting to 

gasping activity. Furthermore, inhibitory input modulates the shape, or pattern, of 

bursting activity in the inspiratory phase, and also dictates the duration of the expiratory 

phase (i.e., the period between bursts) of the respiratory cycle (Schmid et al., 1996; 

Dogas et al., 1998).  Both GABAA and glycine activity are, at minimum, thought to be 

significant inhibitory modulators in the preBötC (Schmid et al., 1996; Dogas et al., 1998). 

A recent report has also suggested that there may be glycinergic neurons with pacemaker 

properties in the preBötC (Morgado-Valle et al., 2010), which could imply a larger role 

for inhibition in the preBötC than was previously suspected. 

 

Section 2.3 Ach, AMPA, GABA and Glycine in the XIIMN 

 It is well known that ACh plays an important role in motor control, as nAChRs 

are abundantly available on skeletal muscle cells. Interestingly, nAChRs are also 

available on motoneurons in different brainstem motor nuclei, including the XIIMN 

(Zaninetti et al., 1999), implying that ACh and nicotine may have the ability to modulate 

motor output to the tongue muscles. Zaninetti et al. show that application of ACh to the 

XIIMN evoked fast inward currents in individual XII motoneurons (Zaninetti et al., 

1999), and Quitadomo et al. demonstrate similar results with the added observation that 

nAChRs indeed modulated presynaptic release from glutamatergic neurons (Quitadamo 

et al., 2005). The latter authors also showed that continued nicotine exposure eventually 
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depressed synaptic transmission, likely secondary to receptor desensitization and that the 

population of nAChRs in the XIIMN is heterogeneous, likely containing a combination 

of the α7 and α4β2 subtypes (Quitadamo et al., 2005), although previous reports had 

suggested that the α7 subtype was not present in the XIIMN (Zaninetti et al., 1999).  

 Motoneuron excitability is primarily dependent on non-NMDA glutamatergic 

neurotransmission, as glutamate application produces an inward current and depolarizes 

all motoneurons (reviewed in (Rekling et al., 2000)). Consequently, AMPA-type 

ionotropic glutamate receptors, which mediate fast excitatory neurotransmission at the 

synapse, are heavily involved in producing the motor output from the XIIMN. Despite 

the involvement of only a few different types of glutamate receptors in motoneuron 

excitability, there is considerable variation in the size, shape, timing, and kinetics, etc. of 

the output in individual motoneurons (reviewed in (Rekling et al., 2000)), suggesting 

room for a differential modulation of XIIMN output. For example, subunit variation in 

the AMPA receptor can change the permeability of the channel to Ca+2 (Essin et al., 

2002), which could contribute to excitatory output variability. AMPA receptors in the 

CNS, and consequently the XIIMN, are dynamically regulated, and can change receptor 

expression and subunit composition based on a number of different state changes, 

environmental changes, and variations in synaptic input (Rekling et al., 2000).  

 Inhibitory activity also plays a pivotal role in motor output from the XIIMN, 

although blockade of inhibition does not appear to be required for the respiratory activity 

(Smith et al., 1991; Shao and Feldman, 1997). Recent reports suggest that inhibition in 

the XIIMN likely opposes and modulates the excitatory activity in the XIIMN, and can 
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effectively help form the shape of the respiratory burst output (Saywell and Feldman, 

2004). GABAA and glycine release in the XIIMN both robustly inhibit motoneuron 

output in neonatal rodents, suggesting that both neurotransmitters are involved in 

modulation of the motor output (Marchetti et al., 2002). It appears that GABAA and 

glycine receptor expression in the XIIMN is dynamic throughout postnatal development, 

with the subunit distribution of these receptors changing in the neonatal period (O'Brien 

and Berger, 2001). Additionally, the distribution of both receptor types changes within 

the motor nucleus, leading to a non-uniform distribution of inhibitory receptors in the 

XIIMN (O'Brien and Berger, 2001). Importantly for our studies, it appears that GABAA 

and glycine receptors are expressed on both the dendrites and the somata of XII 

motoneurons (Donato and Nistri, 2000). GABAA and glycine synaptic transmission in the 

XIIMN demonstrate different kinetics in vitro; spontaneous glycinergic events occurred 

faster compared to GABAA-ergic events, and also occurred with greater frequency 

(Donato and Nistri, 2000). This study also showed that when excitatory network activity 

is blocked with TTX, GABAA-ergic events are also reduced (both in amplitude and 

frequency), whereas glycinergic events remained relatively unchanged; this suggests that 

GABAA activity may be more dependent on input from the respiratory network when 

compared to glycine.   

 The combination of these different neurotransmission systems, along with others, 

contributes to the finely integrated motor output of the XIIMN; unnatural changes within 

any of these systems have the potential to alter tongue muscle function.  
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Section 3.1: Smoking, Nicotine, and Pregnancy 

 Current estimates show that an overwhelming 1 out of 5 deaths in the United States 

are smoking related in some capacity (Prevention, 2008), and over 14 million people 

have died due to smoking related causes since 1964 (Giovino, 2007). Nicotine is a small, 

aminergic chemical that naturally occurs in the tobacco plant, and that ligand binds to 

nAChRs. It is one of over 3000 chemicals found in cigarettes, and research compiled 

since the 1960’s suggests that nicotine is the critical ingredient in tobacco products that 

leads to the substantial addiction experienced by smokers (Eisinger, 1971). More recent 

studies add to these observations and show that nicotine addiction occurs through its 

actions on the mesocorticolimbic dopamine reward system (for review see (De Biasi and 

Dani, 2011)). Scientific evidence continues to contribute to the widely held belief that 

nicotine is one of the most addictive drugs available worldwide. Once nicotine has 

entered the bloodstream, whether by inhalation or through skin/mucosal absorption, it 

functions as an agonist to nAChRs, which are widely available in the cardiorespiratory 

system. Some of the readily sensed effects of the drug relate to its effects on the heart, 

lungs, and general vasculature. More importantly, for our purposes, nicotine crosses the 

blood brain barrier, and subsequently exerts a number of actions on the brain. Regarding 

pregnant women, nicotine both changes and crosses the placenta, implying that the 

developing fetus experiences the consequences of the placental impact as well as the 

direct impact of nicotine on a variety of different organ functions.   

 Personal choice governs the decision to smoke for most individuals, however, 

tobacco use by pregnant women impacts the health of the infant in utero as well as in the 



	   43	  

postnatal period. Well known effects of smoking during pregnancy on the offspring 

include lower birth weight and an increased incidence of premature birth (Rogers, 2009; 

Abbott and Winzer-Serhan, 2012), both of which exert their own unique consequences on 

neonatal health and development. Additionally, smoking mothers experience a higher rate 

of ectopic pregnancy and stillbirth compared to mothers who do not smoke (Pauly and 

Slotkin, 2008; Rogers, 2009; Bruin et al., 2010). Growing evidence also suggests a 

correlation between smoking during pregnancy, and in some studies, nicotine use alone, 

and an increase in the incidence of type 2 diabetes mellitus and obesity (Bruin et al., 

2010).  Smoking also leads to placentas that are smaller and have evidence of cellular 

injury, implying that the developing fetus does not receive the optimal nutrition and 

resources (Zdravkovic et al., 2005).  Moreover, nicotine has been shown to reduce 

umbilical blood flow (Lambers and Clark, 1996; Albuquerque et al., 2004), potentially 

inducing a hypoxic environment to the gestating fetus. Taken together, smoking during 

pregnancy introduces a constellation of deleterious effects on general fetal development, 

however, one of the most critical organs that smoking influences is the CNS.  

 

Section 3.2: Nicotine and CNS development 

 Overall, the idea that smoking while pregnant negatively impacts the infant is not 

particularly new; however, the concept that developmental nicotine exposure (DNE) can 

affect the brain of a developing fetus, independent of the other health consequences 

induced by smoking, has only emerged over the last 15-20 years.  

 During the late 1990’s, Theodore Slotkin showed that nicotine functions as a 
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neuroteratogen, and can exert its effects on the CNS at levels that do not alter infant birth 

weight or prematurity (Slotkin, 1998); in conjunction with others, he demonstrated that 

nicotine not only changed synaptic activity in individual neurons but that it could lead to 

neuronal injury and reduce cell number as well (Roy et al., 1998). Over the last two 

decades, there have been numerous studies examining what effects maternal smoking 

may have on the brain. Multiple studies over the last two decades have reported 

correlations between maternal smoking and cognitive and behavioral deficits, such as 

decreased school performance, lower IQ, and ADHD, and a predisposition of the 

offspring to nicotine addiction in the future (reviewed in (Pauly and Slotkin, 2008; Bruin 

et al., 2010)). However, a multitude of variables can factor into all of these disease 

processes, and it is difficult to parse out a causal relationship between these disorders and 

nicotine, particularly in human studies. For example, socioeconomic status, maternal age 

at the time of birth, and education also play an incredibly important part in behavior and 

cognition, and most studies do not/cannot control for all of these different variables. 

When they do, the correlation of these deficits to nicotine, or even smoking, alone is far 

less robust (reviewed in (Abbott and Winzer-Serhan, 2012). Animal studies have 

provided more support that developmental nicotine alone can affect cognition, behavior, 

and addiction (Pauly and Slotkin, 2008), although these factors themselves are difficult to 

interpret in animal models. Regardless, there is enough evidence demonstrating that 

nicotine exerts adverse effects on brain development, and that cognitive and behavioral 

deficits could very well result from nicotine exposure during gestation.  
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Section 3.3: Nicotine and brainstem development 

 Although nicotine affects multiple brain regions, the work presented here focuses 

specifically on the effects of DNE on central breathing control during the neonatal period, 

which occurs primarily in the brainstem, as discussed in Sections 1 & 2. While the impact 

of nicotine on higher cortical behaviors, such as cognition, remains relatively unclear, the 

developmental impact of nicotine on brainstem functions specifically involved in central 

respiratory control during early postnatal ages is far more definitive.  

 Studies show that DNE changes neonatal brainstem function in a variety of ways. 

Using neonatal rats, Fewell and Smith demonstrate that DNE impairs the newborn’s 

ability to autoresuscitate from apnea during hypoxia (Fewell and Smith, 1998); 

autoresuscitation is a crucial brainstem survival mechanism, especially important in 

infants, in response to severe hypoxia or prolonged apnea that involves gasping. 

Furthermore, studies in human infants and animal models have shown that maternal 

cigarette smoking leads to a delayed arousal response in infants (Horne et al., 2004; 

Sawnani et al., 2004), which is a complicated process involving the brainstem neuronal 

circuitry. Additionally, rodent studies show impaired chemoreception in neonatal rats 

prenatally exposed to nicotine (Eugenin et al., 2008; Coddou et al., 2009); as discussed in 

section 1, the chemoreceptive response, which is critically involved in generating normal 

breathing, occurs in the RTN/pFRG region of the brainstem. Furthermore, human studies 

show that infants born to smoking mothers have an increased risk of apnea (Gunnerbeck 

et al.; Toubas et al., 1986; Hafstrom et al., 2005), which is generally thought to arise from 

problems with central breathing control. Supporting this, an increased incidence of apnea 
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has additionally been shown in multiple animal studies (Robinson et al., 2002; Huang et 

al., 2004). Reports regarding the effect of DNE on eupneic breathing have been 

somewhat conflicted, with some authors reporting reductions in minute ventilation (St-

John and Leiter, 1999), some reporting lower tidal volumes combined with higher 

breathing frequencies (Hafstrom et al., 2002), some reporting higher respiratory 

frequency (Simakajornboon et al., 2004), and still others reporting no change in baseline 

ventilation (Bamford et al., 1996; Huang et al., 2004).  

 Numerous studies report on the effects of smoking and nicotine exposure on central 

breathing control in human infant and other animal models, and although some show that 

DNE exerts minimal effects on neonatal breathing, the majority demonstrates that 

nicotine has serious developmental consequences on neonatal breathing control. The 

majority of the studies discussed here examine very specific and somewhat narrowly 

focused aspects of ventilatory control. Although some of these pathologies do occur 

individually, more often, a combination of these effects likely takes place as a result of 

maternal smoking. This may best be evidenced by the strongly correlative relationship 

between maternal smoking and Sudden Infant Death Syndrome (SIDS) (Golding, 1997; 

Alm et al., 1998).  

 SIDS generally affects infants during the first year of life, and, as the leading cause 

of death in infants > 1 month, it continues to claim the lives of over 700,000 infants born 

in the United States annually (Pauly and Slotkin, 2008). Although by definition, SIDS 

deaths are unexplained, it is now thought that changes in central breathing heavily 

contribute to the disorder. Broadly, victims are thought to not be able to generate a breath 
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or a gasp in the event of a life-threatening stimulus such as hypoxia or hypercarbia. The 

underlying pathology of SIDS remains incompletely understood, but multiple studies 

over the past 40 years show that the root of the problem likely occurs as a result of faulty 

neurotransmission or cellular dysfunction/injury in the brainstem.  

 In 1976, Naeye first suggested brainstem involvement in SIDS when he noted a 

significant amount of gliosis in the brainstems of SIDS victims (Naeye, 1976). Others 

have pointed to the inability to autoresuscitate as the final culprit leading to death in these 

infants (Lewis and Bosque, 1995; Kato et al., 2003). Still others suggest that impaired 

chemoreception, or impaired responses to hypoxia contribute to the syndrome. Autopsy 

studies of SIDS victims have also implicated morphological or anatomical changes in the 

XIIMN (Lavezzi et al.) and the preBötC (Lavezzi and Matturri, 2008) in contributing to 

the disease. Furthermore, Kinney and colleagues provide ample evidence supporting that, 

at minimum, serotonergic dysfunction in various regions of the brainstem is associated 

with SIDS (Kinney, 2005; Paterson et al., 2006; Kinney et al., 2009; Kinney and Thach, 

2009).   

 The link between SIDS and maternal smoking likely lies with the changes that 

DNE induces in brainstem regions involved in autoresuscitation, chemoreception, rhythm 

generation, and motor control. Although the work presented in this dissertation relates 

strongly to the pathologies behind the syndrome, we do not suggest that our work only 

relates to SIDS, or that it serves as a specific disease model. Our work studies how 

nicotine exposure in utero changes the neuronal brainstem circuitry involved in central 

breathing control. However, SIDS, with all of the theorized pathological processes, 
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serves as an excellent clinical example of the different consequences that DNE 

potentially induces in brainstem neuronal circuitry.  

 

Section 3.4: How nicotine might exert its effects on the brain 

 After crossing the blood brain barrier, nicotine acts on the CNS via activation of 

nAChRs, which, as discussed in previous sections, are generally found presynaptically 

and preterminally (Wonnacott et al., 1990; Wonnacott, 1997), which places these 

receptors in an excellent position to modulate neurotransmitter release. Activation of a 

nAChR by nicotine opens the channel, and allows for the flow of cations such as Na+ and 

Ca+2 through the channel. However, nicotine-abusing mothers expose their offspring to 

constant doses of nicotine that evokes a different response from nAChRs. Reports from 

the early 1990’s show that chronic nicotine exposure causes nAChRs to desensitize, 

thereby leading to a functional loss of the receptor; paradoxically, chronic nicotine 

exposure also leads to an increase in the number of available nAChRs (Wonnacott, 1990; 

Gentry and Lukas, 2002). Consequently, chronic nicotine causes a combination of 

decreased receptor function and increased receptor number.  

 These ideas aided in the general development of a hypothesis regarding how DNE 

might influence central respiratory control in the XIIMN and the preBötC (the data that 

originally led to the working hypothesis will be briefly discussed in Chapter 2). Overall, 

the hypothesis suggested that the desensitization of nAChRs caused a decrease in the 

presynaptic release of neurotransmitter (either glutamate, GABA, or glycine), and that 

this decrease lead to a compensatory increase in the number of neurotransmitter receptors 
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on the postsynaptic membrane. This increase in the number of receptors could then lead 

to an exaggerated response from the postsynaptic neuron in the event of normal 

neurotransmitter release from the presynaptic neuron. The overall hypotheses for the 

present study is discussed in detail in the next chapter.  

 

 

 
Figure 7. Conceptual model summarizing physiological and anatomical changes that might occur in 
respiratory rhythm generating circuits following developmental nicotine exposure. (Image 
reproduced, with permission from (Pilarski and Fregosi, 2009b) The PNE-induced persistent excitation of 
nicotinic acetylcholine receptors (nAChRs) initially results in an up-regulation of these receptors, located 
presynaptically to rhythm generating neurons, on both GABAergic and glutamatergic neurons. Prolonged 
excitation of presynaptic nAChRs subsequently leads to desensitization and a diminution of GABA and 
glutamate release onto rhythm generating neurons in the ventrolateral medulla. The reduction in 
GABAergic and glutamatergic neurotransmission is followed by an up-regulation of GABAA and glutamate 
receptors on postsynaptic neurons, and, as a consequence, endogenous stressors associated with an increase 
in GABA or glutamate release (e.g., hypoxia) would generate an exaggerated postsynaptic response. A 
similar version of this working model was recently published (Fregosi and Pilarski, 2008), and the present 
data documents the premise that PNE functionally desensitizes nAChRs and potentiated AMPA-mediated 
neurotransmission, extending and strengthening the model. Redrawn from Fregosi and Pilarski (2008). 
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CHAPTER 2: 

PRESENT STUDY 
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 Section 1: Hypothesis  

 The work presented in this dissertation was aimed at examining how developmental 

nicotine exposure (DNE) effects central breathing control via the preBötC and XIIMN in 

neonatal rats. Based on previous observations in the laboratory, and data found in the 

literature, we specifically hypothesized that DNE changed central breathing control by 

changing excitatory and inhibitory neurotransmission in both the XIIMN and preBötC, 

and that these changes were carried out by DNE’s influence on neurotransmitter receptor 

expression in these regions. Previous studies using the brainstem-spinal cord preparation 

(BSSC) showed that DNE caused an exaggerated depression of C4 nerve output when 

glycine or muscimol (a GABAA receptor agonist) were applied to the medulla (Luo et al., 

2004; Luo et al., 2007); DNE caused a decrease in burst frequency and an increase in 

apnea duration beyond those observed in control animals. Studies had also shown that 

DNE affects AMPA-type glutamate neurotransmission in the same preparation (Pilarski 

and Fregosi, 2009a). We hypothesized that these responses resulted from changes in 

neurotransmission mediated through the preBötC. Additionally, we proposed that the 

functional loss of nAChRs led to a downstream increase of neurotransmitter receptors on 

the post-synaptic membrane (discussed in Chapter 1); i.e., we hypothesized that DNE 

caused an increase in glycine and GABAA, and AMPA receptor expression in neurons 

involved in ventilatory control (Fig. 7). We also wanted to examine how DNE changed 

neurotransmission in breathing-related motor pools and therefore chose the XIIMN, 

based on both its role in normal breathing activity and its experimental convenience, to 

study the effect of DNE on inhibitory and excitatory neurotransmission.   
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 In summary, the present study was aimed at addressing the following hypotheses 

and questions: 1) The breathing changes observed in our previous studies are mediated 

through the preBötC, and these changes result from a DNE induced increase in AMPA, 

GABAA, and glycine receptor expression. 2) DNE exaggerates AMPA, GABAA, and 

glycine neurotransmission in the XIIMN, and this exaggeration (if present) will be 

mediated by an increase in neurotransmitter receptor expression.  

 In this chapter, we will provide an overview and discussion of the different 

techniques employed in our experiments. Details regarding these various techniques are 

discussed in the context of each of the studies presented in the following chapters.   

 

Section 2: General Discussion of Methods 

Nicotine Exposure  

 A critical component of our experiments involved exposing pregnant dams to 

nicotine in an effort to mimic tobacco and nicotine replacement therapy use by pregnant 

women. Reports of multiple different methods of nicotine exposure in utero exist within 

the literature, some of which involve exposing the pregnant dam to intermittent smoke 

inhalation or intermittent injection of nicotine, or even providing nicotine in the drinking 

water (Abbott and Winzer-Serhan, 2012).  Some of these methods cause a great deal of 

animal stress, and also introduce unrealistic lows and highs (compared to human 

smokers) of nicotine concentrations in the bloodstream; some propose that the high doses 

of nicotine received immediately after injection can lead to placental constriction and 

fetal hypoxia, thereby introducing an important and confounding variable into the 
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experiment (Abbott and Winzer-Serhan, 2012). Instead, we chose a method that involved 

the single, subcutaneous, surgical implantation of a mini-osmotic pump that released 

nicotine bitartrate at a continuous rate of 6mg/kg/day in the pregnant dam at gestational 

day 5. This method, which is generally well accepted in the literature (Fregosi and 

Pilarski, 2008), has the advantage of examining the effects of nicotine alone without the 

confounding effects of the other various components of tobacco products.  Additionally, 

the one-time procedure is relatively non-invasive (i.e., the pump is implanted 

subcutaneously), the animal recovers quickly, and is left to gestate without interruption 

for the rest of the pregnancy. Implantation at gestational day 5 allows for sufficient 

nicotine exposure prior to the time period in which the neuroteratogenic effects of 

nicotine are thought to take place (Slotkin, 1998) as nAChRs are expressed early and 

widely in development (Semba and Fibiger, 1988; Hellstrom-Lindahl et al., 1998). Some 

of the disadvantages of this method involve the issue of continuous nicotine exposure as 

some argue that smokers have constantly varying peaks and troughs of nicotine in their 

bloodstream, which coincides with intermittent tobacco use throughout the day. 

However, some reports in the literature suggest that smokers inadvertently maintain 

relatively constant levels of nicotine via their smoking patterns (Benowitz et al., 2002). 

At minimum, the method is extremely effective at reproducing the effects of nicotine 

replacement patches, such as those prescribed to patients trying to quit smoking.  

 Our studies utilized two different controls. First, we used a sham surgery control, in 

which we implanted some female rats with saline pumps instead of nicotine. The second 

group of controls included non-surgically implanted pregnant dams; i.e., these animals 
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were unexposed to either saline or nicotine, and did not undergo any surgeries. 

Throughout the studies presented here, the two groups of controls have been used 

interchangeably, as no experimental difference has been found between the two groups in 

any of our analyses.  
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Electrophysiology  

 Rhythmic brainstem slices (discussed in Chapter 1) were used in a significant 

portion of our studies; these slices contained the preBötC, which establishes the 

respiratory rhythm, premotor neurons, and the XIIMN, which provides output to the 

tongue via the XIIn, which is also available for recording in the slice. Generally, we used 

these brainstem slices to record extracellular population activity from the XIIn while 

manipulating the slice by introducing a drug locally into either region of interest, the 

XIIMN or the preBötC. Drugs were introduced using a single-pulse ejection from a 

picospritzer (Picospritzer, General Valve Corporation), which allowed for tight regulation 

of the pulse timing and pressure, and also allowed for the injection of small volumes that 

did not spread widely to other regions of the brainstem. We did control experiments to 

estimate injection volume using this system, and the data show that injection volumes 

ranged from 16-25nL (Appendix A).  

 The data of interest from the electrophysiological recordings involved obtaining 

measurements of respiratory bursting activity. We were interested in the size of the 

bursts, as measured by peak burst amplitude, average burst amplitude, burst duration, 

burst area, and burst frequency. These parameters provide information on the 

morphology of the burst, and how it is affected by changes in neurotransmission in 

regions within the slice, such as the XIIMN and preBötC.  

 Detailed methods for electrophysiology experiments are provided in the context of 

each study in the following chapters. 

 



	   56	  

Western blotting  

A significant portion of our hypothesis necessitated measuring receptor 

expression in the brainstem regions of interest. Western blots allow for semi-

quantification of protein expression in freshly obtained tissue. We initially used Western 

blots in an attempt to compare GABAA receptor expression in the preBötC region of 

control and DNE animals at postnatal ages (P)1, P3, P6, P9 and P12. A detailed account 

of the methods is provided here: 

Tissue Dissection. Rat pups were anesthetized using either ice (age ranges P1-P3) or 

isofluorane (age range P6-P12). Animals were decerebrated and eviscerated, and the 

medulla was subsequently dissected out in a Petri dish filled with cold (4-8 oC), modified 

aCSF solution. The extracted medulla was pinned to a cutting block and placed in a 

Vibratome ™ (VT1000, Leica), for rapid serial transectioning. A 500-600µm thick slice 

containing the preBötC region was obtained and subsequently quartered (one cut down 

the midline and a perpendicular cut midway across the slice) under a microscope to 

obtain a two small pieces of tissue that each contained one of the bilaterally located 

preBötC regions (i.e., 2 quadrants of the slice that each contained an individual preBötC 

region). These pieces of tissue were placed in separate Eppendorf tubes and quickly 

frozen in liquid nitrogen for subsequent storage at -80oC until processing for total protein 

analysis and Western blots.  

Tissue homogenization for Western blotting. Frozen tissue retrieved from storage was 

crushed in ice cold homogenization buffer [50mM Tris (ph 7.5), 5mM EDTA, 1% Triton 

X-100, and Complete Mini Protease Inhibitor Cocktail tablets (Roche Diagnostics, 
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Indianapolis, IN) (1 tab/10 ml)], by vigorously and repeatedly running the tissue and 

homogenization buffer mixture through clean 30g needles. After homogenization and 

transfer to individual microcentrifuge tubes, the homogenate was kept on ice for 20 

minutes, and subsequently centrifuged for 45 minutes at 13,000 RPM at 4 °C. The 

resulting supernatant was divided for protein analysis and Western blotting, and then 

stored at -80 °C. 

Total protein analysis (TPA) for Western blotting. TPA was completed using a Micro 

BCA Protein Assay Kit (Pierce, Rockford, IL) and a spectrophotometer (Beckman DU 

520).  

Western Blotting. Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS 

PAGE). Equal volumes of homogenate (prepared with 0.467M Tris-pH 6.8, sodium 

dodecyl sulfate, glycerol, dithiothreitol, Bromophenol Blue, and water) were loaded into 

separate lanes on a 10% polyacrylamide gel (Ready Gels®, BioRad). Proteins were 

separated by gel electrophoresis for two hours at 20mA per gel in running buffer (0.2M 

Glycine, 0.02M Tris, 20% SDS w/v). Proteins were then transferred to a nitrocellulose 

membrane in ice-cold transfer buffer (1.5M Glycine, 0.15M Tris, 2.5M Methanol) at a 

constant 100V for one hour. 

Immunoblotting. Following protein transfer, membranes were blocked overnight at 4°C 

with Odyssey blocking buffer (LI-COR, Lincoln, NE). The membrane was then 

incubated for two hours in the blocking buffer with the appropriate primary antibody 

[either anti-GABAAR-α3 subunit (Sigma) or anti-Glutamate Receptor 2 & 3 antibody 

(Millipore), both raised in rabbit, at an antibody dilution of 1:2000 for both antibodies].  
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Anti-β-Actin antibody (Cell Signaling, Danvers, MA), raised in rabbit, was also used as a 

protein loading control. Membranes were washed five times in TTBS (30 mM Tris, 150 

mM NaCl, 0.5% Tween-20 at pH 7.4). After rinsing, the nitrocellulose membranes were 

incubated for 1 hour with IR Dye 800 goat anti-rabbit secondary antibody (Rockland).  

Visualization and quantification. Protein bands were visualized using infrared laser 

scanning (Odyssey, LI-COR). These band intensities were used to obtain relative 

quantifications of proteins between tissue samples.  DNE samples were evaluated as 

percent change from control samples run on the same gel.  

 

Immunohistochemistry  

 In an effort to examine receptor expression in our tissue of interest, we used 

immunohistochemistry (IHC) to probe for specific neurotransmitter receptors in these 

studies. Generally speaking, IHC uses immunoglobulins, or antibodies, to probe for 

specific protein sequences in a given tissue type; a chromagen, which can be fluorescent 

or within the visible color spectrum, is used to visualize the binding of the antibodies. 

Given the appropriate antibody, IHC can provide excellent visualization of receptor 

distribution within a tissue specimen; it can also provide important information about the 

general localization of proteins in the intracellular, extracellular, nuclear, or membrane 

spaces. There is a general consensus in the literature that IHC does not provided 

quantitative measures of protein expression, since the DAB chromagen used for 

visualization does not demonstrate stoichiometric binding patterns (van der Loos, 2008).  

However, others have used the method semi-quantitatively (Liu et al., 2004). Here, we 
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used IHC in a semi-quantitative fashion to compare the relative receptor expression 

between control and DNE animals. We made every attempt to reduce experimental 

variability by processing control and DNE animals in an identical fashion. Rats were 

perfused and cut on the same day, and serial brainstem sections from one control and one 

DNE animal were mounted on one slide which subsequently underwent 

immunohistochemical processing; therefore, tissue specimens on one slide were exposed 

to identical antibody concentrations, incubation times, and rinsing times. Despite our 

efforts to maintain experimental consistency between treatment groups, it should be 

understood that there are still limitations to the IHC process regarding semi-

quantification.   
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CHAPTER 3: 

DEVELOPMENTAL NICOTINE ALTERS AMPA NEUROTRANSMISSION IN THE 
HYPOGLOSSAL MOTOR NUCLEUS AND THE PREBÖTZINGER COMPLEX OF 

NEONATAL RATS 
 

 

 

The work contained within this chapter has been published in the Journal of 

Neuroscience. As it is now copyrighted material, the paper has been included in this 

dissertation as Appendix A. A summary of the work and a contribution summary have 

been included within this chapter.  
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 Study summary:   

 The work contained in this chapter is presented as a published article in Appendix 

A. Here, we studied how DNE affected AMPA-type glutamate neurotransmission in the 

preBötC and the XIIMN of neonatal rats by first microinjecting AMPA into these regions 

of interest in rhythmic brainstem slices and analyzing the subsequent XIIn output. We 

also examined how the AMPA microinjection changed spike frequency and inward 

current responses in individual hypoglossal motoneurons from control and DNE 

neonates. Additionally, we used immunohistochemistry to compare AMPA-type 

glutamate receptor expression in the preBötC and XIIMN of control and DNE animals in 

the P3 and P6 age groups.  

 Following AMPA microinjection into the preBötC, both control and DNE groups 

exhibited an increase in respiratory burst frequency but analysis showed that AMPA lead 

to a significantly larger increase in frequency in DNE slices. This was consistent with our 

initial hypothesis, which suggested that DNE enhances AMPA neurotransmission in the 

preBötC.  

 In both treatment groups, AMPA microinjection into the XIIMN led to continued 

bursting activity that was sometimes accompanied by tonic discharge. We found that 

there was more tonic activity in DNE slices, and that the respiratory bursts following 

AMPA microinjection were smaller when compared to control. Our previous studies had 

led us to expect that respiratory burst recorded from the XIIn would be enhanced, or 

larger, when compared to control. Consequently, we examined how microinjection of 

AMPA into the XIIMN affected spike frequency and inward current responses in 
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individual XII motoneurons from control and DNE slices. We found that DNE XII 

motoneurons had a significantly higher spike frequency response when compared to 

control animals. In addition, DNE motoneurons exhibited a much higher incidence of 

depolarization block than control motoneurons. We suggested that the smaller bursts 

observed in the XIIn recordings from DNE slices resulted from more motoneurons 

experiencing depolarization block; i.e., the increased excitability of the individual 

motoneurons led to a depolarization block, which led to smaller respiratory bursts at the 

level of whole-nerve output. Following AMPA microinjection, the inward current 

response measured from individual XII motoneurons did not differ between treatment 

groups.  

 Immunohistochemistry studies that probed for subunits 2 and 3 of the AMPA –type 

glutamate receptor (GluR2/3) in the XIIMN and preBötC regions of control and DNE 

animals showed that DNE appeared to decrease the expression of GluR2/3 in both 

regions of interest. This was an unexpected finding, given that we hypothesized an 

increase in GluR2/3 receptor expression.  

 Our overall findings showed that DNE influences AMPA-type, glutamatergic 

synaptic transmission in both the XIIMN and preBötC region, as evidenced by the 

electrophysiological data obtained from the rhythmic brainstem slices. We also found that 

DNE increases XII motoneuron excitability while also decreasing GluR2/3 expression in 

the XIIMN. We suggest that the decreased GluR2/3 expression could be reflective of a 

reduction in the number of AMPA receptors expressed in the XIIMN, although a subunit 

specific mechanism that does not change the actual number of receptors could also be 
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involved. Based on this constellation of findings, we propose that DNE increases cell 

excitability, which we believe is the result of a decrease in motoneuron size, and that this 

evokes a compensatory decrease of AMPA receptor expression to help ameliorate the 

increased excitability via a mechanism akin to homeostatic plasticity.  

 

Contribution summary:  This work was completed in conjunction with the authors 

listed on the title page of the published manuscript in Appendix A. As first author, I 

completed the majority of the experiments and was responsible for analyzing/interpreting 

the data, compiling figures and writing the manuscript. All studies examining whole 

nerve output were conducted and analyzed by me. The single-cell studies could not have 

been completed without the help of Dr. Jason Pilarski; we combined our efforts such that 

I would cut dissect and cut the rhythmic slice, and Dr. Pilarski would patch onto the 

individual cells. Analysis of these recordings was completed by me.  I received 

undergraduate assistance from Caitlyn Harrison in completing the immunohistochemistry 

experiments as well; she would perfuse and cut the brainstem slices, and we would both 

run the processing of the tissue. She additionally helped in the blinded analysis of the 

immunohistochemistry images.   
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CHAPTER 4 

DEVELOPMENTAL NICOTINE EXPOSURE ENHANCES INHIBITORY SYNAPTIC 
TRANSMISSION AND REDUCES SOMA SIZE IN MOTOR NEURONS AND 

INTERNEURONS CRITICAL FOR NORMAL BREATHING  	  
 

 

 

The work contained within this chapter is in preparation for publication. As it may 

become copyrighted material, the paper has been included in this dissertation as 

Appendix B. A summary of the work and a contribution summary has been provided 

within this chapter.  
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Study Summary: 

 In this portion of the study, we examined how DNE impacts inhibitory 

neurotransmission, specifically glycine and GABAA neurotransmission, in the preBötC 

and the XIIMN of neonatal rats using electrophysiology and immunohistochemistry.  The 

impetus for these studies arose from previous work demonstrating that DNE increased 

inhibitory activity, as recorded from C4 nerve roots, in the medulla after bath application 

of glycine and the GABAA agonist, muscimol (Luo et al., 2004; Luo et al., 2007). We 

hypothesized that the preBötC mediated the changes in respiratory burst frequency that 

were observed in those experiments, and that the changes arose from an increase in 

glycine and GABAA receptors in the region. Additionally, we were interested in 

examining how DNE altered inhibitory synaptic transmission in the XIIMN. Rhythmic 

brainstem slices were utilized to assess how microinjection of glycine or muscimol into 

the XIIMN and preBötC changed individual respiratory burst size (measured via peak 

burst amplitude, average burst amplitude, burst duration and area) and respiratory burst 

patterns (measured via burst frequency and apnea duration) as recorded extracellularly 

from the XIIn. In addition to the electrophysiology experiments, immunohistochemistry 

was used to probe for the glycine receptor and the α-1 subunit of the GABAA receptor in 

the brainstem slices. 

 Glycine and muscimol microinjection into the XIIMN of DNE slices led to smaller 

burst size, but did not significantly change burst frequency or apnea duration when 

compared to control. Microinjection of glycine into the preBötC of DNE slices did not 

significantly change burst frequency or apnea duration, but microinjection of muscimol 
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led to a significant decrease in burst frequency and significantly increased apnea duration 

compared to control.  

 Immunohistochemistry in the XIIMN showed that DNE significantly increased 

glycine receptor expression in 50% of comparisons and significantly increased 

GABAAR-α1 expression in 57% of comparisons. PreBötC region immunohistochemistry 

showed that DNE increased glycine receptor expression in 83% of comparisons but did 

not significantly change GABAAR-α1 expression; this lack of change in GABAAR-α1 

expression is not reflective of the electrophysiological changes, including the DNE-

induced decrease in frequency and increase in apnea duration, that we observe in XIIn 

recordings.   

 We additionally completed a comparison of neuronal soma area in the XIIMN and 

preBötC using the glycine receptor immunohistochemistry for the XIIMN and using the 

GABAAR-α1 immunohistochemistry for cells in the preBötC region. Soma area was 

estimated by drawing two perpendicular lines across the widest diameters of the cell and 

multiplying the length of these lines to obtain a rectangular area of the soma. 

Interestingly, we found that DNE decreased the soma area of XII motoneurons by 

approximately 20% and the soma area of preBötC neurons by approximately 17%.  

 Overall, our findings show that DNE increases inhibitory neurotransmission in the 

XIIMN and preBötC, possibly via a mechanism involving increased expression of the 

glycine and GABAA receptor. We additionally show that DNE very likely changes soma 

size in both of these regions, although more in-depth analyses are needed to confirm this 

finding.  
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Contribution Summary: This work was completed in conjunction with the authors 

listed on the title page of the published manuscript in Appendix B. As first author, I 

completed the majority of the experiments and was responsible for analyzing/interpreting 

the data, compiling figures and writing the manuscript. All studies examining whole 

nerve output were conducted and analyzed by me. I received undergraduate assistance 

from Caitlyn Harrison in completing the immunohistochemistry experiments as well; she 

would perfuse and cut the brainstem slices, and we would both run the processing of the 

tissue. She additionally helped in the blinded analysis of the immunohistochemistry 

images.  
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CHAPTER 5: 

SELECTED UNPUBLISHED AND PREVIOUSLY PUBLISHED RESULTS 
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Section 1: Selected Results 

Body Weight 

 In an attempt to assess DNE’s effect on neonatal weight, we compiled and averaged 

the whole-body weights of neonatal rats that had been used across different studies over a 

3-year period and used a Student’s t-test to analyze the data. We examined DNE, saline-

exposed, and unexposed neonates at ages P0, P1, P2, P3, P4, P6, P9, and P12. The 

number of animals in each group and the averaged weights are presented collectively in 

Figure 8A and are provided in graphical formats in Figures 8B & C. Overall, we did not 

find a significant difference in body weight between DNE and unexposed neonates at any 

of the ages measured. We did find that DNE neonates trended towards having a smaller 

body weight than their saline-exposed counterparts at ages P2, P3, P6, P9, and P12;  

however, paired t-tests (when corrected for multiple t-tests), did not reveal a significant 

difference in body weight at these age groups. When comparing saline-exposed neonates 

with unexposed neonates (i.e., our two control groups), we found that saline-exposed 

neonates have a larger body weight at age P3 (n = 58 unexposed, 61 saline; p = 0.0005; 

no significant differences were revealed at any other ages.  
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Figure 8. Comparisons of postnatal body weight between control groups and DNE. A. Table detailing 
the ages, animal numbers, and average body weights for unexposed, saline-exposed, and DNE neonates. B. 
Graph tracks changes in body weight based on postnatal age for saline-treated (black), unexposed (green), 
and DNE (purple neonates) at different ages from P0-P12. C. Data for P0-P4 neonates shown on an 
expanded time base. “*” indicates significant difference between saline-exposed and unexposed neonates.  
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In vivo studies 
 
 The majority of the experiments presented in this thesis involve in vitro 

preparations or immunohistochemical examination of processed brain tissue; however, 

whole animal studies comprise an important component of the background work that led 

to the current studies. This in vivo work has been published previously, and the author of 

this dissertation had only a small contribution to the work, which will be discussed here 

in the context of the entire published study.   

 Previous in vivo experiments in the laboratory had shown that DNE increased the 

incidence of spontaneous apneas in the first two days of postnatal life (Huang et al., 

2004), which led to a study examining the ventilatory response in neonatal rats exposed 

to nicotine in utero to stressful environments such as hypoxia, hyperoxia, hyperoxic 

hypercapnia, and hypoxia/hypercapnia. These studies, carried out at different postnatal 

ages, demonstrated that DNE blunted the ventilatory response to hypoxia at P1 and P3, 

and blunted the response to hypercapnia at P1, P3, P6, P9, P12, and P18. Interestingly, 

baseline breathing frequencies and tidal volumes were equivalent between control and 

DNE groups.  

 This author’s contribution to the study involved measuring the metabolic rate, or 

baseline oxygen consumption (VO2) and CO2 production (VCO2) in control and DNE rats 

under normoxic and hypoxic conditions (Fig. 9). There was a significant decrease in VO2 

and VCO2 at P1 between treatment groups, but otherwise, no overall difference in the 

metabolic rate was found, suggesting that the blunted ventilatory responses exhibited by 

DNE neonates was not rooted in a metabolic rate difference. Even at the P1 age group, 
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animals reduced their metabolic rate to approximately the same levels during hypoxia 

treatment (Fig. 9), as expected. Interestingly, during normoxia, the metabolic rate in DNE 

neonates increased dramatically between P1 and P3 and P6, while the metabolic rate in 

control neonates remained relatively stable between these age groups (P1 and P3) or 

exhibited a steady decline (P6).  

 

 

Figure 9. Metabolic Rate in DNE neonates. Image reproduced with permission from (Huang et al., 2010). 
Changes in mass-specific O2 consumption (V ̇o2) and CO2 production (V ̇co2) in normoxia and hypoxia 
(10% O2/90% N2). A and B: developmental changes in V ̇o2 under normoxic and hypoxic conditions, 
respectively. C and D: the developmental change in V ̇co2 in normoxia and hypoxia, respectively. 
Experiments were done in up to 12 control and 12 nicotine-exposed pups, with each neonate studied on 
each of the indicated postnatal days, as described in methods. +Hypoxia significantly different than 
normoxia within a treatment group; *saline different than PNE at indicated postnatal age: P < 0.05. 
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Western Blots 
 
 For western blots, the data from DNE neonates are presented as a percent-change 

from data obtained in control neonates that were run on the same blot (the number of 

animals reported reflect the number of comparisons between control and DNE); analysis 

of results was completed using a paired t-test. Western blot probing for GABAAR-α3 in 

the preBötC region was completed for neonatal rats at ages P1 (n = 7), P3 (n = 14), P6 (n 

= 7), P9 (n = 7), and P12 (n = 7). Figure 10A demonstrates the results of GABAAR-α3 

protein expression in either male or female neonates while the combined results are 

shown in Figure 10B. Overall, we found no significant difference in GABAAR-α3 protein 

expression between control and DNE at any of the ages studied. Western blots probing 

for GluR2/3 in the preBötC region were also completed for neonatal rats at ages P3 (n = 

8), p6 (n = 7), p9 (n = 7), and p12 (n = 7), and the results are shown in Figure 11; Figure 

11A shows the results for male and female comparisons while Figure 11B shows the 

combined results. Overall, we found no significant difference in GluR2/3 protein 

expression between control and DNE at any of the ages studied.   

          
Figure 10. Western blots probing for GABAAR-α3 in the preBötC region. Western blot data are 
presented with DNE samples expressed as percent change from controls for ages P1, P3, P6, P9, and P12. 
A. Data is separated based for male and female neonates. B. Combined western blot data. Paired t-tests 
indicated that there was no significant difference in protein expression between control and DNE neonates.  
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Figure 11. Western blots probing for GluR2/3 in the preBötC region. A. Western blot data are 
presented with DNE samples expressed as percent change from controls for ages P3, P6, P9, and P12. A. 
Data is separated based for male and female neonates. B. Combined western blot data. Paired t-tests 
indicated that there was no significant difference in protein expression between control and DNE neonates. 
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Section 4: Discussion of Selected Results 

Body Weight 

  The body weight data shown here demonstrate that surgical implantation of the 

osmotic pump in pregnant rats may impact the weight of the newborn pups at age P3, 

although no differences were found at any other age group. We do show that saline-

exposed neonates trended towards being significantly heavier than their unexposed 

counterparts at ages P6, P9 and P12. These findings were unexpected, and it is possible 

that the significant results found at age P3 could be an artifact of the large animal 

numbers, as we have never shown a difference between the three groups in individual 

studies using far less animals. If the results at P3 are correct, then maternal stress could 

possibly explain the neonatal weight change in the saline-exposed animals, but some 

studies examining the neonatal outcomes of maternal stress suggest a reduction in 

neonatal weight instead of an increase (for review, see (Beydoun and Saftlas, 2008)). 

However, it is unclear if the implantation surgery is truly a form of stress that could be 

equated to the ones in these studies. Possibly, there is another hormonal or metabolic 

mechanism at work that affects the birth weight of the saline-exposed neonates.  

 DNE neonates trended towards being lighter than their saline-exposed counterparts 

at ages P2, P3, P6, P9, and P12. Other studies using similar methods, including those 

from our laboratory, have not reported that DNE changes body weight. These results 

showing that DNE could slightly reduce neonatal growth rates are not unexpected as 

maternal nicotine use is strongly associated with reduced birth weight in human infants 

(Wang et al., 2002).  Bamford and Carroll have shown that DNE reduces the neonatal 
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pup weight at age P3 (Bamford and Carroll, 1999); they report a small, significant weight 

difference obtained from a large number of animals (n = 65 control, 31 DNE).  

 

Western blots 

 The western blot comparisons that we completed for GABAAR-α3 and GluR2/3 in 

the preBötC region suggest that there was no difference in protein expression in this 

region between control and DNE neonates. At the time of these studies, it was unclear if 

the results were truly reflective of the receptor expression in the preBötC region, or if 

there was a limitation of the technique itself or the methods used. The area of tissue 

extracted for the blot studies was relatively large compared to the area that the preBötC 

neurons encompass. It was unclear if there was truly no receptor expression difference, or 

if the high volume of surrounding tissue effectively “washed out” any receptor expression 

differences that were present in the smaller region. We can only definitively suggest that 

there is no overall difference in GABAAR-α3 and GluR2/3 protein expression in the 

tissue regions that we measured. Given that we are not completely confident with the 

Western Blot technique for this brainstem region, we proceeded to do further studies 

using different methods to pursue the question.  

 

Summary 

 The results presented in this chapter may appear in a somewhat disjointed context, 

but in fact, they relate critically to the data and ideas presented in the previous two 

studies. First, DNE’s effect of neonatal body weight brings to light important questions 
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regarding the assumptions in our study. Our goal was to examine how nicotine alone 

changes central respiratory control in neonatal rats. However, DNE potentially introduces 

a number of confounding factors that could alter brain development by themselves. For 

example, studies show an association between low birth weight and cognitive deficits and 

also a possible association with problems in motor control development (Karimi et al., 

2011); SIDS infants are also frequently associated with low birth weight (Blair et al., 

2006). Maternal nicotine also adversely affects the placenta by reducing placental size 

and causing calcifications (sign of injury) in the body of the placenta (Zdravkovic et al., 

2005); thereby altering the normal supply of resources available to the developing infant. 

In a series of studies using the rhesus monkey, Suzuki et al. show that maternal nicotine 

induces fetal hypoxia (Suzuki et al., 1971, 1974; Suzuki et al., 1980). These factors 

individually all have the ability to alter neuronal development in some fashion, and given 

that we report a trend towards neonatal weight reduction, we must at least briefly 

consider the idea that nicotine may not be the sole perpetrator of some of the changes that 

we find. Importantly, however, Slotkin et al. show that nicotine exposure in utero effects 

neuronal development in neonatal rats at doses that do not reduce birth weight (Slotkin, 

1998), suggesting that nicotine introduces changes in the brain at low doses 

independently of nicotine-induced changes in other organ systems; our findings are 

currently consistent with this idea.  

 Second, our Western blot results showing that DNE did not change GABAAR-α3 

and GluR2/3 protein expression in the tissue samples that we analyzed also bring about 

interesting questions regarding DNE-induced changes of receptor expression. First, we 
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must consider the possibility that any changes in receptor expression could be subunit-

specific; in the same vein, any change in the levels of a specific receptor subunit does not 

necessarily reflect a change in the number of actual receptors that are expressed. This 

applies not only for the Western blot data, but the data that we will present for the 

immunohistochemistry experiments. We must also keep in mind that receptor expression 

on the cell membrane is a regulated and dynamic process; any measured changes in 

receptor expression may not be reflective of the actual number of receptor proteins that 

are expressed on the membrane as some receptors may be internalized. These are only a 

few of the issues to consider when evaluating data from receptor expression 

measurements. Accordingly, issues specific to the particular receptors of interest will be 

discussed in the context of each study.  
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CHAPTER 6: 

DISCUSSION & INTERPRETATION OF RESULTS 
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The studies presented within this work demonstrate that DNE clearly alters 

brainstem neurons involved in central breathing control in neonatal rats, contributing to a 

growing body of literature showing that nicotine exposure in utero has serious 

consequences on the developing CNS. We used a variety of techniques to examine how 

DNE changes neuronal development in the preBötC and XIIMN. Our findings have 

importance in the context of maternal smoking, as the brainstem is a relatively conserved 

mammalian structure and the observed DNE-mediated alterations in the rodent brainstem 

could easily translate to some of the pathologies experienced by human infants born to 

smoking mothers. This chapter will summarize the primary experiments of the study and 

discuss the various implications of the most critical findings.  

  

Summary of findings 

Electrophysiology: DNE unequivocally alters both fast inhibitory and fast 

excitatory neurotransmission in the XIIMN and preBötC regions of rhythmic brainstem 

slices. Most experiments in our studies involved extracellular recordings of whole nerve 

output from the XIIn while locally introducing drugs of interest into the preBötC or 

XIIMN. We also completed some single cell studies in the XIIMN, which are discussed 

here as well.  

DNE enhanced inhibitory neurotransmission in both the XIIMN and preBötC. 

After local application of glycine or muscimol to the XIIMN of DNE slices, we recorded 

exaggerated depression of respiratory burst characteristics, such as peak burst amplitude 

and burst area, suggesting that DNE augments the neurotransmission of glycine and 
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GABAA in the XIIMN. When these same drugs were applied to the preBötC, we found 

that DNE augmented GABAA, but not necessarily glycine, neurotransmission, as 

evidenced by the observed changes in burst frequency. It is unclear whether DNE indeed 

alters the glycinergic response in the preBötC; we observed an increase in burst 

frequency variability in DNE slices when compared to control, but the overall response 

was not significantly different from control. The GABAA neurotransmission in the 

preBötC, however, is clearly affected by DNE as muscimol decreased the burst frequency 

response and increased apnea duration in rhythmic brainstem slices. 

On the excitatory neurotransmission spectrum, DNE changed AMPA-type 

glutamate synaptic transmission in both respiratory regions studied. As expected, nicotine 

enhanced the excitatory response from the preBötC, as evidenced by the increase in nerve 

burst frequency. However, DNE caused the XIIMN to respond to local AMPA 

application differently than expected; DNE increased the tonic activity response to 

AMPA, but decreased the size of respiratory bursts.  

We completed single-cell experiments in the XIIMN geared towards addressing 

these unexpected findings in the AMPA electrophysiology experiments. We had expected 

that DNE would augment burst size, but instead found that DNE had decreased the size 

of respiratory bursts; we were interested in examining what occurred at the single 

motoneuron level that led to this behavior, and subsequently repeated the AMPA 

microinjection experiments while recording from single XII motoneurons. Voltage-clamp 

experiments showed that DNE did not change the inward current in XII motoneurons, as 

there was no difference in either the amplitude or the time constant for the inward current 
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between treatment groups. Interestingly, however, we found that the DNE increased XII 

motoneuron excitability to the extent that the cells experienced depolarization block far 

more frequently than in control cells, and were unable to continue signal propagation. 

This provided an explanation for our findings of decreased burst size, but also opened the 

door for more questions regarding how DNE affects synaptic transmission in XII 

motoneurons. Previous studies from the lab demonstrated that DNE increased the input 

resistance of these neurons, leading us to speculate that a change in motoneuron size was 

responsible for the increase in excitability, but other possibilities such as a change in ion 

channel distribution or an increase in receptor expression still exist.  

These results suggest that DNE somehow amplifies the excitatory and inhibitory 

neurotransmission in the XIIMN and the preBötC. The data obtained from the rhythmic 

slice are consistent with previous findings observed in the less reduced brainstem-spinal 

cord preparation (Luo et al., 2004; Luo et al., 2007; Pilarski and Fregosi, 2009a) but to 

our knowledge, others have not specifically studied how DNE effects these systems in the 

preBötC and XIIMN.  

Receptor Expression: We used immunohistochemistry to test the hypothesis that 

an increase in neurotransmitter receptor expression underlies the observed 

electrophysiological changes caused by DNE. In the inhibitory system, DNE increased 

glycine and GABAA receptor expression in the XIIMN and increased glycine receptor 

expression in the preBötC region. This supported our hypothesis that an increase in 

receptor density was responsible for the increased inhibition found in both regions of 

interest. When we examined AMPA receptor expression in these brainstem populations, 
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we found that DNE decreased expression of the specific AMPA receptor subunits 

(GluR2/3) that were probed. This implied that either there was a subunit-specific 

decrease in expression and/or there was a decrease in total AMPA receptor number. Since 

we did not find that DNE changed the inward current of individual XII motoneurons in 

response to AMPA injection, which suggests that there is no change in AMPA receptor 

number, we propose that the DNE-induced change in GluR2/3 expression is subunit 

specific. However we cannot completely eliminate the possibility that the receptor 

numbers themselves have changed as the inward currents studies in individual 

motoneurons are not necessarily definitive. Also, we present all of our 

immunohistochemistry findings with the understanding that the results are equivocal. 

However, there are few other methods (some of which are discussed in the Future 

Directions section below) to study receptor expression in such small regions of interest, 

and we attempted to reduce as much variability as possible in our studies. Our Western 

blotting studies, the results of which are also somewhat difficult to interpret (see Chapter 

2) in the context of our experimental question, did not show a DNE-induced change in 

GABAA or AMPA receptor expression. Receptor expression in general can be tricky to 

measure, as changes in expression respond to a variety of different factors and can occur 

on time scales that range from hours to days. For the purposes of this discussion, 

however, we will assume that our immunohistochemistry results are indeed reflective of 

some of the consequences of DNE. 

Neuronal Soma Size: Previous studies from the lab showing that XII motoneurons 

from DNE animals have increased input resistance suggest that the cells are smaller 
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(Pilarski et al., 2011). To follow up on this, we made a simple comparison of soma size in 

the XIIMN and the preBötC region. Interestingly, we found that DNE decreased soma 

area by approximately 20% in the XIIMN and 17% in the preBötC, confirming the input 

resistance studies.   

Our overall findings regarding DNE’s impact on inhibitory neurotransmission in 

the XIIMN are summarized in schematic format in Figure 12. Briefly, we found that 

DNE enhanced the inhibitory response from the XIIn, increased the GABAA and glycine 

receptor density, and decreased the soma size of XII motoneurons. DNE’s impact on 

excitatory neurotransmission in the XIIMN is summarized in Figure 13. Briefly, we 

observed enhanced excitation in XII motoneurons, and observed a decrease in the 

GluR2/3 expression in the XIIMN.   
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Figure 12. Proposed impact of DNE on inhibitory neurotransmission in the XIIMN. We observed 
enhanced inhibition, denoted by the decreased action potentials in the DNE motoneuron, in rhythmic 
brainstem slices taken from DNE neonates in response to both glycine and muscimol application. In 
addition to decreased motoneuron size, as depicted by the smaller motoneuron on the right, we propose that 
dendritic branching is also likely reduced in as a result of DNE. Lastly, we measured greater glycine and 
GABAA receptor density in the XIIMN of DNE neonates; we suggest that this may not be a result of 
upregulation of inhibitory receptors by nicotine, but possibly a result of the decreased motoneuron size. I.e., 
we suggest that receptor expression may be the same between groups, but that the decreased motoneuron 
size increases the per unit area density of the receptors.  
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Figure 13. Proposed impact of DNE excitatory neurotransmission in the XIIMN. We observed 
enhanced excitability, denoted by the increased action potentials in the DNE motoneuron, in rhythmic 
brainstem slices taken from DNE neonates in response AMPA application. In addition to decreased 
motoneuron size, as depicted by the smaller motoneuron on the right, we propose that dendritic branching 
is also likely reduced in as a result of DNE. Lastly, we measured reduced GluR2/3 density in the XIIMN of 
DNE neonates. We suggest that this may be a homeostatic control mechanism resulting from the increased 
cell excitability induced by DNE.  
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Implications of findings 
 
 Overall, our findings relate critically to mammalian CNS development in the face 

of in utero nicotine exposure. Although we focused specifically on central respiratory 

control, our findings have implications for neuronal circuits elsewhere in the brain. 

Nicotine exposure in utero undoubtedly changes neuronal development during gestation, 

as shown here and reported elsewhere (Slotkin, 1998; Dwyer et al., 2009). 

Developmental changes resulting from DNE range from cell death (Roy et al., 1998) to 

subtle changes in excitatory and inhibitory neurotransmission such as those reported here. 

This is not in itself necessarily surprising given the ubiquitous and dynamic nature of the 

nAChR, but it is fascinating that so many infants born to smoking mothers develop 

relatively normally. Of course, DNE carries widespread, serious, and often fatal health 

risks for the infants, and the consequences of drug exposure should not be undermined 

and cannot be ignored. However, from a scientific perspective, it is important to question 

why nicotine, despite the CNS changes that it clearly induces, does not cause more 

evident harm or take more lives. Indeed, the vast majority of infants born to smoking 

mothers develop relatively normally during the postnatal period. Even in our experience 

with the rodent model, we did not observe that DNE caused many instances of 

unexpectedly sick or dead pups, nor did we observe any overt or dramatic differences 

between neonates from control or DNE litters. We postulate that the brain’s exquisite 

homeostatic control mechanisms aimed at maintaining neuronal and network stability at 

least partially compensate for the developmental insults caused by nicotine. Although we 

did not initially set out to examine the developmental plasticity of the central respiratory 
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control system, we cannot ignore the implications of our findings. Here, we will provide 

a preliminary discussion of our results in the context of neuronal plasticity control.  

Homeostatic plasticity in the context of the nervous system is generally based on 

the idea that neurons (and/or neuronal networks) have a self-regulating set point of 

excitability or activity, and that individual synapses use a variety of mechanisms to 

compensate for errors or perturbations in this set point (such as changes in excitability, 

synapse number, or cell size) (Turrigiano, 2008).  Reports in the literature continually cite 

the excitatory synapse as a homeostatic control model (Turrigiano, 2008), and implicate a 

combination of different cellular properties and activities as the mechanisms behind the 

process. For example, parameters such as synaptic currents, calcium levels, post-synaptic 

firing rate, presynaptic vesicle number, neurotransmitter concentration, or 

neurotransmitter receptor number could all serve as the set point and/or compensation 

mechanisms (Queenan et al., 2012); additionally, the neuron could change the number of 

synapses, synaptic strength or synaptic location to achieve the desired set point. Although 

the majority of studies regarding plasticity report on cortical neurons, especially those 

involved in learning and memory, it is well known from studies at the neuromuscular 

junction that motor neurons adapt their output based on the amount of input they receive 

from muscle fibers (for review, see (Turrigiano and Nelson, 2004)). We have no reason 

to believe that motor neurons cannot compensate for changes initiated from other sources 

of neuronal input.  

Our studies involving DNE and AMPA neurotransmission suggest that the DNE-

induced changes are regulated via a process akin to homeostatic plasticity. Here, we 
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demonstrate that DNE increases XII motoneuron excitability in response to excitatory 

input and may also simultaneously decrease GluR2/3 expression (Appendix A), which we 

have suggested is a compensatory mechanism aimed at mitigating the increased neuronal 

excitability. Prior to this study, Pilarski et al. also showed that DNE XII motoneurons 

exhibit increased input resistance and additionally demonstrated that they receive 

decreased synaptic input in the form of reduced excitatory post-synaptic current (EPSC) 

frequency (but not amplitude) (Pilarski et al., 2011). A decrease in EPSC frequency and 

is consistent with a reduction of glutamatergic excitatory inputs to XII motoneurons. This 

could indicate that, in the face of DNE, XII motoneurons self-regulate their excitability 

via synaptic scaling; and interestingly, glutamate receptor accumulation at the synaptic 

site has been heavily implicated in helping adjust the strength of an individual synapse 

(Turrigiano, 2008). And although dendritic spines can increase/decrease in number based 

on synaptic input (Queenan et al., 2012), how these changes ultimately affect dendritic 

branching and possibly neuronal size, still remains unclear. To our knowledge, a 

reduction in synaptic strength does not substantially change the size or morphology of the 

entire cell to the degree that overall cell excitability has increased. We suggest that 

nicotine increases cell excitability, and that the cell then may attempt to compensate for 

this increased excitability by reducing glutamatergic input via a mechanism that includes 

a decrease in glutamate receptor expression. Other mechanisms, such as a decreased 

probability of presynaptic vesicle release and/or a reduction in the number of active 

synaptic sites, either from a reduction in the number of dendritic spines or from a change 

in the number of active synapses (Queenan et al., 2012) could also be involved, although 
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more studies are necessary to explore these ideas. Next, we will discuss our findings 

regarding DNE and inhibitory neurotransmission in the context of homeostatic plasticity.  

Although inhibitory neurotransmission does not immediately evoke thoughts of 

synaptic scaling and other mechanisms of neuronal self-regulation, compensatory 

changes within the inhibitory system can play a significant part in maintaining the 

appropriate balance of excitatory and inhibitory transmission within the CNS. When it 

comes to the overall activity of specific neuronal networks, it appears that a balance 

between the two systems may be critical in avoiding unopposed excitation (for review, 

see (Pozo and Goda, 2010)). For example, in a rat model studying the effects of whisker 

stimulation on cortical neurons, Knott et al. show that enhanced whisker stimulation, 

which increases the neuronal firing rate in cells of the barrel cortex, led to an increase in 

the number of inhibitory synapses in neurons involved in the network, and this was 

posited to be a mechanism reigning in the increased network activity (Knott et al., 2002). 

Taking a broader view of the current studies, it appears that our work could fit into this 

context of excitatory and inhibitory neurotransmission balance. We show increased 

excitatory neurotransmission in conjunction with increased inhibitory neurotransmitter 

receptor density in the DNE XIIMN. If the mechanisms behind our findings involve 

homeostatic control, then possibly, the increased excitation in the XIIMN induced by 

DNE causes a compensatory increase in inhibitory neurotransmission. Of course, the 

other possibility consistent with our findings is that DNE upregulates inhibition in the 

XIIMN, leading to a consequent increase in neuronal excitability. Also, we cannot 

exclude the possibility that DNE invokes changes in these systems independently of each 
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other. For example, it is possible that the increased excitation caused by DNE is partially 

compensated for by a decrease in receptor expression, but that the DNE-induced increase 

in inhibition that we noted remains uncompensated. It is important to mention that in our 

inhibitory immunohistochemistry studies in the XIIMN, we found increased receptor 

expression with a concomitant decrease in cell size. As mentioned above, it is possible 

that DNE upregulates receptor expression, but it is equally plausible that receptor number 

is unchanged, but the smaller motoneuron size that we observed makes it appear as if 

receptor density is increased. Alternatively, findings in both transmission systems may be 

unrelated to each other and to homeostatic plasticity, but simply related to enhanced 

neurotransmission due to a DNE-induced decrease in cell size (discussed below). 

Additionally, we must be careful in drawing conclusions between the two studies, as the 

experiments were carried out in separate animals, and we did not examine both 

transmission systems in the same slice.  

Overall, we think that homeostatic plasticity mechanisms play a role in how DNE 

alters central breathing control. Despite the extensive effects of DNE in the CNS, most 

mammalian infants born in the face of in utero nicotine exposure appear to exhibit 

normal eupneic breathing patterns, both in vitro and in vivo, and only exhibit breathing 

problems under duress. If these mechanisms of neuronal regulation did not occur, we 

speculate that there would be many more apparent problems in DNE neonates, including 

an increase in morbidity. The mammalian central respiratory control system appears to 

develop robustly and possibly redundantly, as recent studies show that the development 

of respiratory rhythm persists despite severe mutations in the brainstem’s normal 
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anatomical organization (Thoby-Brisson et al., 2012). Our studies support this suggestion 

of robust neuronal development of central respiratory control, and also suggest that 

homeostatic plasticity plays a role in developing normal respiratory control despite the 

presence of substantial obstacles, such as an exogenous toxin. A number of questions 

regarding a possible sequence of events that led to our observed changes remain 

unanswered, and it is consequently important to think about the instigating event that may 

be responsible.  

Obviously, the common denominator in all of our findings is in utero nicotine 

exposure, and we have discussed in detail some of the consequences to central respiratory 

control in vitro. However, it is unclear exactly how nicotine evokes all of these changes. 

Slotkin et al. determined that nicotine can function as a neuroteratogen independently of 

the other consequences that it invokes in other organ systems (Slotkin, 1998). Of course, 

in a clinical context, nicotine dosing is not controlled, and tobacco abuse during 

pregnancy normally exerts global effects on infant physiology, all of which could act 

synergistically to alter CNS neurotransmission. In our studies, we used dosing similar to 

that used by Slotkin et al. to evoke nicotine-induced CNS changes independent of 

significant changes on organ systems (Slotkin, 1998). For our purposes in this discussion 

we will assume that nicotine is the sole, independent perpetrator of the effects that we 

observed. 

Some of the most interesting findings in our studies involve the DNE-mediated 

reduction in XII motoneuron and preBötC neuron soma area, both of which have 

important implications for central breathing control. A size change in preBötC 
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interneurons could substantially impact the establishment of inspiratory rhythm 

generation. It is unclear, however, from our data, if specific cell types (e.g., pacemaker or 

follower cells, see Chapter 1) in the preBötC were affected, if the change applied to 

all/most cells in the preBötC, or if only a certain percentage of neurons were affected. 

Although DNE significantly changed soma area in the preBötC region, we had more 

robust data supporting a soma size change in XII motoneurons. We showed a reduction in 

neuronal soma area, but the simple method that we used did not allow us to estimate 

changes in dendritic morphology or spine numbers. The neuronal soma makes up a 

relatively small portion of the cell, as the dendrites can constitute up to 97% of the 

membrane surface area in some motoneurons (Rekling et al., 2000), suggesting that 

changes in dendritic arborization could contribute more to overall cell size than the soma 

itself. However, reports do suggest that smaller somas are associated with decreased 

dendritic arborization (Rudolph and Sengelaub; Kiernan and Hudson, 1993); we 

hypothesize that further studies will show that DNE not only reduces soma size, but also 

decreases dendritic area and length. Above, we suggest that DNE reduces cell size and 

thereby increases cell excitability (Henneman et al., 1965). We hypothesize that 

decreased cell size is responsible for the enhanced neurotransmission observed in both 

the excitatory (Fig. 12) and inhibitory (Fig. 13) studies, and that the cell size change may 

initiate homeostatic control mechanisms. If this scenario is truly the case, the question of 

how DNE reduces cell size still remains, and these ideas will be explored next.  

Nicotine could reduce cell size via a number of different mechanisms. Roy et al. 

have shown that in vitro embryonic nicotine exposure can lead to dose-dependent cell 
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death in the neural tube (Roy et al., 1998); these results were most prominent in the 

hindbrain, which eventually gives rise to the brainstem. This study also showed that the 

loss of cells caused a concomitant increase in the inter-cellular space, suggesting the lost 

cells had not (yet) been replaced. In a post-mortem examination of motoneuron cell loss 

in ALS victims, Kiernan and Hudson found a positive correlation between cell size and 

the number of surviving motoneurons in the hypoglossal motor nucleus (Kiernan and 

Hudson, 1993); i.e., the more cell loss that was present, the smaller the remaining XII 

motoneurons (it should be noted that in ALS, the traditionally accepted pathology 

involves a size-preference for the disease, with the largest motoneurons affected first). 

We propose a scenario in which the reduced soma size that we observed is indicative of 

cell loss induced by DNE during development, and that the remaining cells function in a 

compensatory manner for the apoptosed cells. Nicotine could induce neuron death, or 

retard neuronal growth and normal morphologic development, simply as a consequence 

of cellular injury, although the potential cause of injury remains unclear. We must keep in 

mind that a reduction in cell size is not necessarily an indicator of injury, although 

morphological changes in shape (e.g., larger and rounder cells) have been associated with 

cell injury. More often, a smaller cell is associated with a reduction in cellular activities; 

a more active cell requires more mitochondria and other cell machinery, and therefore 

more space, while a less active cell requires less machinery and therefore less space. 

Using a 24-hour nicotine exposure period, Rezvani et al. recently published data 

suggesting that nicotine crosses the neuronal cell membrane and interferes with protein 

degradation and GluR1 expression at the level of the synapse (Rezvani et al., 2007). 
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Although this demonstrated an upregulation of GluR1 (whereas we showed a down 

regulation of GluR2/3), the studies did not examine chronic nicotine exposure as we did, 

and the regulation of receptor expression could differ drastically between these two 

circumstances; notably though, from these studies, nicotine has the ability to change 

intracellular activities. If nicotine somehow reduced the metabolic activity in the cell, this 

could serve as an explanation for reduced neuronal size. Another possibility to consider is 

that perhaps DNE XII motoneurons are developmentally behind their control 

counterparts, and that cells will eventually “catch-up” to their normal size. Although 

reports suggest that XII motoneuron soma size remains stable following birth (Nunez-

Abades and Cameron, 1995), DNE could slow down the growth of cells such that they 

continue to develop in the postnatal period. Indeed, Svoboda et al. do report that transient 

nicotine exposure delays differentiation of spinal secondary motoneurons in developing 

zebrafish (Svoboda et al., 2002; Menelaou and Svoboda, 2009). Yet another explanation, 

supported by these same studies in the zebrafish, could involve nicotine’s interference in 

axonal pathfinding; if axons originating from other regions in the brain cannot find their 

appropriate XII motoneuron targets, then the decreased input could initiate the reduction 

in motoneuron size. The ideas presented here encompass only a few of the mechanisms 

by which DNE could induce a change in neuronal soma size. 
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Future Directions 

Although we present a variety of new data and information within this 

dissertation, a number of unanswered questions remain regarding the mechanisms that 

underlie DNE’s influence on central respiratory control, and additional studies are needed 

to confirm some of our findings.  For example, an in depth, 3-dimensional analysis of 

DNE XII motoneuron size and morphology would prove extremely useful in 

corroborating the soma size data presented here, and in examining if and how DNE 

changes dendritic branching.  

Another issue that requires further examination is receptor expression in both 

regions of interest. Although we used Western blot analysis to examine receptor 

expression in the preBötC, probing for AMPA, glycine, and GABA-A receptors could 

also be completed for the XIIMN, which provides a larger pool of cells when compared 

to the preBötC, and therefore perhaps more unequivocal results. Additionally, blots 

examining the differential expression of receptor subunits (e.g., comparisons of the 

expression levels of the different subunits that compose the AMPA receptor between 

control and DNE animals) could also provide important information regarding how DNE 

alters receptor expression in the brainstem. Another method to examine DNE-induced 

changes in receptor subunit regulation is examination of mRNA levels using real time 

polymerase chain reaction (RT-PCR). This method provides somewhat more definitive 

quantification methods, even in single cells. Further electrophysiological data examining 

the individual XII motoneuron response to inhibitory stimuli will also prove useful in 

confirming a DNE-induced change in receptor expression.  
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The changes we found in motoneuron size also present a new array of questions 

and experimental possibilities. It would be interesting to see if the reduced cell size is a 

consequence of neuronal injury. This question could be addressed by examining the 

amount of gliosis in the XIIMN and preBötC region of DNE neonates. A TUNEL assay 

would also be useful in comparing the amount of apoptosis between control and DNE 

groups in both of these regions of interest. Comparing cell counts between both treatment 

groups in the XIIMN and preBötC could also offer interesting information. Cell culture 

experiments involving developing motoneurons and nicotine exposure could provide 

some preliminary data on when and how motoneurons size is affected by nicotine 

exposure.  Approaching the issue of how nicotine alters neuronal size will be somewhat 

difficult. It is important to determine if the effect occurs due to direct changes in cell 

activity, or if the change results from a reduction of input from descending sources or 

from the peripheral muscle.  

Some of the broader issues that could be addressed include if and when the effect 

of DNE on central breathing control improves, or if in fact, the consequences worsen 

over the course of development. It is unclear which effects, if any, of DNE persist into 

adulthood and which ones resolve with time. Also of clinical importance would be 

determining a therapeutic intervention that could be used during gestation or during the 

neonatal period to protect the infant against the respiratory consequences of nicotine 

exposure in utero.   
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Conclusion 

 In conclusion, we report that DNE alters both excitatory and inhibitory 

neurotransmission in neonatal brainstem regions involved in central breathing control. 

We hypothesize that these changes result from a nicotine-induced reduction in cell size, 

although the mechanism by which this occurs remains unknown. Additionally, we 

suggest that homeostatic control mechanisms that balance excitatory and inhibitory 

neurotransmission contribute to the relatively normal breathing physiology exhibited by a 

substantial number of neonates exposed to nicotine in utero despite the impact that 

nicotine clearly has on the CNS.  
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Abstract: 

  Developmental nicotine exposure (DNE) impacts central respiratory control in 

neonates born to smoking mothers. We previously showed that DNE enhances the 

respiratory motor response to bath application of AMPA to the brainstem, although it was 

unclear which brainstem respiratory neurons mediated these effects (Pilarski and Fregosi, 

2009b).  Here we examine how DNE influences AMPA-type glutamatergic 

neurotransmission in the preBötzinger complex (preBötC) and the hypoglossal motor 

nucleus (XIIMN), which are neuronal populations located in the medulla that are 

necessary for normal breathing. Using rhythmic brainstem slices from neonatal rats, we 

microinjected AMPA into the preBötC or the XIIMN while recording from XII nerve 

rootlets (XIIn) as an index of respiratory motor output. DNE increased the duration of 

tonic activity and reduced rhythmic burst amplitude after AMPA microinjection into the 

XIIMN. Also, DNE led to an increase in respiratory burst frequency following AMPA 

injection into the preBötC. Whole cell patch clamp recordings of XII motoneurons 

showed that DNE increased motoneuron excitability, but did not change inward currents. 

Immunohistochemical studies indicate that DNE reduced the expression of glutamate 

receptor subunits 2 and 3 (GluR2/3) in the XIIMN and the preBötC. Our data show that 

DNE alters AMPAergic synaptic transmission in both the XIIMN and preBötC, although 

the mechanism by which this occurs is unclear. We suggest that the DNE-induced 

reduction in GluR2/3 may represent an attempt to compensate for increased cell 

excitability, consistent with mechanisms underlying homeostatic plasticity.  
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Introduction: 

 Natural development of the mammalian nervous system is an inherently fragile 

process easily disrupted by exogenous toxins. Nicotine is a neuroteratogen (Slotkin, 

1998) commonly abused during pregnancy, with rates of pregnant smokers reaching over 

30% in some countries (Nelson and Taylor, 2001). In utero nicotine exposure broadly 

impacts CNS development by binding to nAChRs that are expressed early and widely 

during gestation (Semba and Fibiger, 1988; Hellstrom-Lindahl et al., 1998). Chronic 

nicotine exposure paradoxically increases the number of nAChRs while simultaneously 

causing a prolonged desensitization state, or “functional loss,” of receptors (Marks et al., 

1983; Marks et al., 1985; Wonnacott et al., 1990; Gentry and Lukas, 2002).  

Developmental nicotine exposure (DNE) interferes with central respiratory 

control in neonatal mammals (Campos et al., 2009), leading to serious physiologic 

consequences as evidenced by the increased incidence of central and obstructive apneas 

(Kahn et al., 1994) and sudden infant death in neonates born to smoking mothers 

(Golding, 1997; Alm et al., 1998). Here, we examine how DNE changes excitatory 

neurotransmission in brainstem regions critical to normal breathing. These regions 

include the preBötzinger Complex (preBötC), considered the “kernel” of inspiratory 

rhythm generation (Smith et al., 1991; Rekling and Feldman, 1998), and the hypoglossal 

motor nucleus (XIIMN), which provides motor output to tongue muscles during 

inspiration to maintain airway patency.   

Fast excitatory neurotransmission in both regions depends on glutamatergic input 

partially mediated through the ionotropic AMPAR (Greer et al., 1991; Pace and Del 
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Negro, 2008).  Previous in vitro studies show that DNE enhances the frequency of 

respiratory-related phrenic motor nerve bursts in response to medullary bath application 

of AMPA (Pilarski and Fregosi, 2009b). It was unclear in these studies which brainstem 

regions mediated this effect; here we hypothesize the preBötC is responsible for these 

observations.  DNE also reduces excitatory synaptic input to XII motoneurons, consistent 

with diminished glutamate release secondary to desensitization of nAChRs on 

glutamatergic neurons projecting to the XIIMN (Pilarski et al., 2012). Therefore, an 

additional goal was to more closely examine how DNE affects AMPAergic 

neurotransmission in the XIIMN. We also hypothesized that the increased excitability 

observed in the respiratory system after DNE (Pilarski and Fregosi, 2009b) resulted from 

a compensatory increase in AMPAR expression, as others show that gestational nicotine 

increases glutamate receptor expression in some brain regions (Wang et al., 2007). 

 Rhythmic brainstem slices provide a convenient model to investigate central 

respiratory control; slices contain the preBötC, part of the XIIMN, and pre-motor 

interneurons linking the two populations (Koshiya and Smith, 1999). These regions 

comprise a circuit where the preBötC drives respiratory burst frequency, and the XIIMN 

and pre-motoneurons modulate burst strength and pattern.  We used this model to record 

XII nerve (XIIn) output (population activity) extracellularly, and studied single XII 

motoneurons under whole cell voltage and current-clamp in neonatal rats to examine how 

DNE alters glutamatergic neurotransmission in the XIIMN and preBötC. AMPA was 

microinjected into these regions using single, brief pressure pulses. Finally, we used 
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immunohistochemistry (IHC) to determine if DNE changes AMPAR expression in these 

regions.  
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Methods: 

Animal usage, nicotine exposure and preparation of brainstem slices  

Animal Usage. All procedures and food/housing protocols were approved by the 

Institutional Animal Care and Use Committee (IACUC) at the University of Arizona. 

Every effort was made to reduce the number of animals necessary to assess treatment 

responses in this study. We used 58 neonatal rats of either sex obtained from 18 litters. 

The number of neonates used in each experiment is provided below.  

 

Nicotine exposure. As described previously (Luo et al., 2004; Luo et al., 2007; Huang et 

al., 2010), pregnant Sprague-Dawley rats were surgically implanted on gestational day 5 

with subcutaneous osmotic mini-pumps (Alzet, Cupertino, CA). The pumps were loaded 

to administer either nicotine bitartrate at a dose of 6mg/kg/day or physiologic saline 

(vehicle control) for 28 days after implantation.  In addition to the saline and nicotine 

exposed groups, we included an additional group in which the mother did not undergo 

any surgery or pump implantation (i.e., these were considered unexposed neonates).   

However, since no respiratory output differences were found between the two control 

groups, the data were combined into a single control group and will be referred to as such 

throughout the rest of this manuscript. Litters were born by spontaneous vaginal delivery 

and housed with the mother, who had free access to food and water, until experiments 

commenced.   We studied neonates ranging in age from postnatal day 0 (P0) to P5.  As 

the pump lasted for a week or more after delivery, neonates were exposed to nicotine in 

utero via the placenta, and via breast milk after birth.  
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Preparation of brainstem slices for microinjection experiments. Pups of either sex were 

randomly collected from their litters, sexed and weighed. The average age of DNE 

animals (n=15) was 2.5 days while the average age of control animals (n=15) was 2.3 

days. Animals were anesthetized on ice until they were unresponsive to paw pinch, and 

quickly decerebrated at the coronal suture. After evisceration, the remaining CNS and the 

surrounding spinal column and ribcage were transferred to a dish containing modified, 

chilled (4-8°C), and oxygenated (95%O2/5%CO2) aCSF solution (in mM: 120 NaCl, 26 

NaHCO3, 30 glucose, 1 MgSO4, 3 KCl, 1.25 NaH2PO4, 1.2 CaCl2; pH 7. 4). The medulla 

and upper spinal cord were extracted and pinned to a cutting block, with the rostral 

surface up, for serial microsection slicing in a Vibratome ™ (VT1000, Leica).  

Transverse medullary slices were taken until the rostral inferior olive and the most rostral 

hypoglossal nerve rootlet were near the surface. Rhythmic brainstem slices made in this 

manner are widely used, and contain both the preBötC and XIIMN, which are the regions 

necessary for generating rhythmic motor bursts that can be recorded from hypoglossal 

nerve rootlets that are also retained in the slice (Ballanyi and Ruangkittisakul, 2009b). 

Preparations were then transferred to a recording chamber which was continuously 

perfused (rate: 4ml/min) with oxygenated and modified room-temperature aCSF (in mM: 

120 NaCl, 26 NaHCO3, 30 glucose, 1 MgSO4, 9 KCl, 1.25 NaH2PO4, 1.2 CaCl2); pH 7. 

4).  We used 9 mM KCl in the recording solution to promote enhanced rhythmic bursting 

activity (Ren and Greer, 2008). Experimental preparations equilibrated in the recording 

solution for 20-30 minutes prior to recording.  
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Series I: Whole nerve recordings  

 Glass suction electrodes were used to record XII motoneuron population activity 

from XII nerve rootlets.  Slices were considered rhythmic upon the observation of 

consistent bursting activity (see Figs. 2 & 3). Rootlet activity was amplified, filtered 

(100-3000 Hz), digitized (Spike 2 A/D board, CED, Cambridge, UK), and stored on a 

computer  (Dell) using Spike2 software (CED, Cambridge, UK).  

 

Microinjection of AMPA: Thick-walled borosilicate glass capillary tubes (O.D. 1.5 mm, 

I.D. 0.75 mm, Sutter Instruments, CA. USA) were pulled to tip sizes approximately 1µm 

in diameter (resistance between 1.2 to 3.8 MΩ). Tips were filled with AMPA (Sigma, St. 

Louis, MO) mixed daily from stock solution, connected to a picospritzer (Picospritzer II, 

General Valve Corp., Fairfield, NJ) and mounted on a micromanipulator for injection; a 

stereomicroscope mounted above the recording chamber was used to visualize tip 

placement.  

For XIIMN injections (Figure 1), tips were placed at the surface of the slice at a 

slight angle near the visualized boundary of the XIIMN, and then slowly advanced until 

the pipette tip was 35-40µm beneath the surface, near the center of the XIIMN column. 

The AMPA concentration used for XIIMN injections was 1µM, mixed in the bathing 

solution. For preBötC microinjections, tips were placed at the surface of the ventrolateral 

region of the slice and advanced 25-30µm beneath the surface in order to avoid 

significant damage to rhythm generating neurons. The concentration of AMPA used for 

preBötC injections was 10 µM, mixed in the bathing solution.  
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In both XIIMN and preBötC experiments,, microinjection lasted for 5 seconds at 

20psi. Drug dosages and injection timings were selected based on pilot studies showing 

clearly measurable responses without abolition of the respiratory rhythm. Individual 

injection volumes were not obtained for each experiment, but we estimated injection 

volume by measuring the average distance traveled by the meniscus over multiple 

injections in several pipette tips pulled in the same manner as described above. The 

change in volume divided by the number of injections gave an estimated injection 

volume over the 5-second period of 16-25nL.  

 XIIn rootlet activity was monitored during pipette tip placement in both the 

XIIMN and preBötC; there was no indication of altered nerve burst frequency or 

amplitude due to AMPA leakage. Vehicle injections (not shown) containing the bathing 

solution were performed on 3 animals in both XIIMN and the preBötC as a control. In 

these experiments, electrode placement, timing and injection pressure were identical to 

those described above. No changes in XII motor nerve (XIIn) activity were noted, 

suggesting that the forthcoming data results from drug effects and not from mechanical 

stimulation secondary to pipette insertion or stimulation of cells with vehicle. 

 

Nissl Staining Protocol: Following microinjection experiments, slices were fixed in 4% 

paraformaldehyde in PBS, mounted on a chuck and placed in a Vibratome. Forty-µm 

thick sections were mounted on glass slides and progressively dehydrated in 70%, 95%, 

and 100% ethanol, and then cleared in xylenes. After progressive rehydration in the same 
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solutions, sections were stained with cresyl violet, dehydrated, cover-slipped and 

examined with bright field microscopy to confirm microinjection locations (Fig. 1). 

 

Series II: Single-cell electrophysiology 

We examined individual XII motoneuron responses to AMPA microinjection in 

separate experiments using rhythmic brainstem slices prepared exactly as described 

above.  Individual XII motoneurons were visualized using an Olympus BX-50WI fixed-

stage microscope (40 X 0.75 NA water-immersion objective) equipped with differential 

interference contrast optics (DIC) and an infrared video camera (C25400-07, Hamamatsu, 

Schüpfen, Switzerland), as described previously (Pilarski et al., 2011, 2012). Whole-cell 

recordings of XII motoneurons were made with glass pipettes (3-5 MΩ) pulled from 

thick-walled borosilicate glass capillary tubes (O.D. 1.5 mm, I.D. 0.75 mm, Sutter 

Instruments, CA. USA). The patch pipettes for voltage-clamp experiments were loaded 

with a Cs-based solution containing (in mM):  130 CsCl, 5NaCl, 2MgCl2, 1 CaCl, 10 

HEPES, 2 ATP-Mg, 2 sucrose, with pH adjusted to 7.2 using CsOH. Patch pipettes for 

current clamp experiments were loaded with (in mM): 140 K-gluconate, 5 NaCl, 0.1 

CaCl2, 1.1 EGTA, 10 HEPES, 2 ATP (Mg2+ salt), with pH adjusted to 7.2 and 

osmolarity adjusted to 250-275 mOsm. Liquid junction potentials were adjusted to zero 

offset current prior to seal formation.  

 Cells were voltage clamped at -70 mV and series resistance (RS) was monitored 

regularly without applying compensation.  Cells exhibiting RS > 10% of the whole-cell 

input resistance (Rin) were not studied. During voltage-clamp experiments, tetrodotoxin 
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(TTX, 1µM; Sigma) was added to the bath to synaptically isolate cells from respiratory-

related synaptic input. As described above, microinjection pipette tips were filled with 

1µM AMPA mixed in the recording solution. From a holding potential of -70mV, we 

used microinjections (Picospritzer II) to deliver AMPA to XII motoneurons as described 

by others (Zaninetti et al., 1999; Chamberlin et al., 2002; Quitadamo et al., 2005). 

Microinjections were timed to occur between XIIn bursts, and parameters of the injection 

were identical to those described above, using a 5 second duration and a pulse pressure of 

20psi. The pipette tip (1.2-3.8Ω) was consistently positioned 50µm from the motoneuron 

of interest. In two cells we confirmed that AMPA evoked currents were fully suppressed 

by the AMPA antagonist 6-cyano-7nitroquinoxaline-2,3-dione (CNQX, 10uM, Sigma). 

We also studied a population of cells receiving rhythmic, respiration-related synaptic 

input under current clamp to obtain the spike frequency response to AMPA 

microinjection.  

 

Series III: Immunohistochemistry experiments 

Neonates (P3 & P6) were anesthetized and transcardially perfused with 4% 

paraformaldehyde in PBS.  Brainstems were rapidly removed and post-fixed over night in 

the perfusion solution. Fixed brainstems were glued to a chuck using the flattened pontine 

surface as the base, and placed in a Vibratome™. Transverse sections, cut at 40µm 

thickness, were taken through the medulla starting caudally at the spinomedullary 

junction and ending rostrally at approximately the pontomedullary junction.  
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 To identify glutamate receptors, sections were mounted serially on electrostatic 

glass slides and blocked for one hour in 0.25% Bovine Serum Albumin (BSA) and 0.1% 

Triton X-100 in 0.1 M PBS (pH 7.4). In order to minimize processing variability, sections 

from nicotine animals were mounted with anatomically corresponding sections from a 

control animal on the same slide. After removal from the blocking solution, sections were 

incubated overnight in a mixture containing the primary antibody [rabbit anti-Glutamate 

Receptor subunits 2&3, Millipore, 1:2500 (Garcia Del Cano et al., 1999)] and the 

blocking solution. Following rinsing, sections were incubated in the host-appropriate 

biotinylated secondary antibody solution (dilution of 1:1000) for 8-12h, followed by 

washing and then incubation in avidin–biotin–HRP complex (Vector Labs Elite kit). For 

visualization using 3,3-diaminobenzidine (DAB) as the chromagen, slides were incubated 

in a 100 ml Tris buffer solution containing 50 mg DAB, 40 mg ammonium chloride, 0.3 

mg glucose oxidase (Sigma), and 200 mg β-D+-glucose.  

 

Data analysis and statistics: 

Series I experiments. Data were analyzed using custom scripts created with Spike 2 

software. We measured both tonic and spontaneous bursting activity from the XIIn 

recordings. The amplitude and duration of tonic activity was measured during the first 

two expiratory cycles following injection; these values were averaged and calculated as a 

percent change from the baseline bursts recorded immediately prior to injection. Data 

from each slice preparation were averaged for each treatment group and subjected to a 

Student’s t-test for statistical analysis. 
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To quantify rhythmic bursting activity, XIIn bursts were rectified and integrated 

digitally, and subjected to measurements of peak burst amplitude, burst duration, burst 

area, average burst amplitude (area/duration) and burst frequency (1/cycle period) prior to 

and following AMPA injection in both treatment groups (Figure 1). All measurements 

were made for each burst during a baseline period of two minutes and for eight minutes 

following drug injection. Given the variable nature of respiration-related motor output 

between individual rhythmic brainstem slices, burst characteristics were expressed as a 

percentage of the average measured during the baseline-bursting period. Statistical 

analysis was performed on every burst in the 8-minute post-injection interval while 

average data is reported for the first 25 post-injection bursts for each parameter because 

the response had plateaued in all cases (e.g., Figs. 3, 5, and 6).  Data were averaged 

across all preparations, regions and drug treatments. A two-way ANOVA (Prism, 

Cupertino, CA) was used for statistical analysis of changes in burst characteristics 

between treatment groups. The main effects were treatment and post-injection burst 

number; p values < 0.05 were considered statistically significant.  

 Series II experiments:  Current and voltage signals were amplified and acquired as 

previously described (Pilarski et al., 2011, 2012). Peak inward currents obtained from 

voltage-clamp experiments were analyzed with custom software programs written with 

Spike 2 software. The recovery time course was calculated as the time constant (τ), or 

time to return to 63% of the baseline current.  Instantaneous spike frequency, obtained 

from current-clamp recordings, was also analyzed with custom software programs written 

with Spike 2 software. For statistical analysis, data were subjected to unpaired Student’s 
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t-tests. All data are presented as means ± SEM. Data are considered statistically 

significant if p ≤ 0.05. 

Series III experiments: Sections were visualized with a microscope, photographed 

under standardized lighting conditions, digitized and analyzed using Image J software. In 

each section, approximately 8-12 cells in each region of interest (the preBötC region and 

both XIIMN) were selected from grayscale images, and the optical density of each cell 

was measured and recorded. Optical density comparisons of GluR2/3 expression were 

made between control and DNE sections mounted on the same slide to ensure that 

comparisons were between tissues that had been processed identically. The optical 

density of each cell was normalized against the background optical density, which was 

computed by averaging the staining density in 4 small regions that should theoretically 

not have had any staining. These normalized values were averaged and then compared 

between treatment groups using an unpaired Student’s t-test.  
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Results:   

Series I: Whole nerve recordings  

 Figure 1A shows a representative Nissl stained transverse section through the 

medulla with anatomic regions of interest and the basic experimental set-up highlighted; 

a typical spontaneous respiratory burst from a XIIn recording is shown in Figure 1B, 

while a typical microinjection site is shown in Figure1C. Average values of baseline 

bursting frequency and burst duration, neither of which were significantly different 

between treatment groups, are reported for both XIIMN and preBötC injections in Table 

1.  

 

Part A: DNE alters XIIn motor activity following AMPA injection into the XIIMN  

 Figures 2A and 2B show representative raw and integrated traces of XIIn burst 

activity before, during and after AMPA microinjection (1µM for 5sec) into the XIIMN 

for both control and DNE preparations, respectively. Figures 2C and 2D show a section 

of these recorded responses on an expanded time base. We observed a substantial 

increase in tonic activity following AMPA injection in both treatment groups (7 of 8 

control and 8 of 11 DNE preparations responded with increased tonic activity), but this 

effect was enhanced in the DNE preparations. For measurements of tonic XIIn amplitude 

and duration, we discarded data from one control and one DNE preparation because their 

values were greater than two standard deviations above the group mean value.  The 

amplitude of tonic activity (Fig. 2E) was not influenced by DNE (control: 483.4 ± 

119.8%; DNE: 658.1 ± 180.4%; p = 0.484), but the average duration of elevated tonic 
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activity (Fig. 2F) was increased in DNE slices (control: 14.0 ± 1.7 sec; DNE: 40.2 ± 7.4 

sec; p = 0.012).  

 Rhythmic XIIn bursts continued against the background of strong tonic discharge 

subsequent to AMPA microinjection, and also continued after tonic firing had ceased. 

Analysis of individual bursts subsequent to microinjection (see Methods section for a 

detailed description of the measurements) demonstrated significant differences in burst 

characteristics between control (n = 8) and DNE (n = 11) preparations (Fig. 3). The first 

several bursts immediately following AMPA microinjection demonstrated a reduced peak 

burst amplitude in DNE animals when compared to controls (Fig. 3A). Two-way 

ANOVA of the post-injection bursts showed that the difference between treatment groups 

was significant (F = 90.59, p < 0.0001).  Analysis of the average burst amplitude (Fig. 

3B) showed slightly different results; after AMPA microinjection into the XIIMN, 

average burst amplitude was smaller in DNE slices than in controls (F = 60.76, p < 

0.0001).  AMPA microinjections also lead to a significant treatment effect on burst 

duration (Fig. 3C) (F = 12.77, p = 0.0004) and burst area (Fig. 3D) following AMPA 

microinjection (F = 102.74, p < 0.0001). No significant interaction was found between 

treatment and post injection burst number after injection for any of the parameters 

described in this section, indicating that the differences between treatment groups were 

independent of time after injection.  

 

Part B: DNE alters XIIn motor activity following AMPA injection into the preBötC  
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 AMPA microinjections (10µM for 5sec) into the preBötC region evoked changes 

in the XIIn output of both control (n = 9) and DNE (n = 9) neonates. Figure 4 shows 

representative raw and integrated traces of XIIn activity before, during and after AMPA 

microinjection for both control (Fig. 4A) and DNE (Fig. 4B) preparations, respectively, 

while Figures 4C and 4D show sections of the recorded response on an expanded time 

base. Note the increased burst frequency combined with progressively decreasing burst 

amplitude exhibited by both groups in response to AMPA. No tonic discharge was 

observed following AMPA microinjection into the preBötC region, but peak burst 

amplitude (Fig. 5A) decreased over the first several post-injection bursts, with DNE 

preparations showing a more exaggerated response vs. control (F = 87.35, p < 0.0001). 

Analysis of average burst amplitude (Fig. 5B) shows similar results; both control and 

DNE slices demonstrated decreased average burst amplitude with an enhanced response 

observed in DNE animals (F = 361.04, p < 0.0001).  Burst duration (Fig. 5C) did not 

differ significantly between control and DNE preparations after AMPA microinjection in 

the preBötC region, whereas burst area (Fig. 5D) declined slightly, but significantly more 

in DNE animals compared to controls (F=152.88, p< 0.0001). We did not find a 

significant interaction between treatment group and time after injection for any of the 

measured parameters, indicating that the differences between treatment groups were 

independent of time after injection.  

 

Part C: Effect of DNE on AMPA-mediated control of respiratory rhythm generation  
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 The baseline XIIn burst frequency measured over a two-minute period prior to 

drug injection did not differ between control and DNE slices, as shown in Table 1. 

Microinjection of AMPA into the XIIMN did not elicit a significant change in burst 

frequency (Fig. 6A) in either control or DNE preparations, supporting literature 

suggesting that XII motoneurons do not contribute to the generation of inspiratory rhythm 

(Funk and Feldman, 1995). In contrast, AMPA injection into the preBötC significantly 

increased burst frequency (Fig. 6B) in both groups, with DNE animals demonstrating a 

larger increase compared to controls (F = 48.67, p < 0.0001). There was also a significant 

dependence of frequency on post-injection burst number (F=4.26, p < 0.0001), as 

bursting frequency was consistently higher immediately following AMPA 

microinjection, but the magnitude of the difference diminished with time.  

 

Series II: Effects of AMPA on XII motoneuron inward currents and spike frequency  

 The changes in XIIn output subsequent to AMPA injection into the XIIMN led us 

to test this same treatment on the voltage and current responses of single XII 

motoneurons in order to gain insight into the effects of DNE on these cells. Voltage 

clamp experiments were used to compare inward currents from control and DNE animals 

in response to AMPA microinjection (Fig. 7).  The top two traces in Figure 7A show 

representative currents obtained from control and DNE animals.  Voltage-clamp 

recordings were done in 14 control cells and 10 DNE cells. No significant differences in 

AMPA-evoked peak inward current (Fig. 7B) were found between control and DNE 

preparations (control: 128.1 ± 20.6pA; DNE: 137.9 ± 19.5pA). We also measured the 
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recovery time constant (time to 63% of recovery, Fig. 7C) of the inward current, and 

found no difference between treatment groups.   The bottom trace in Figure 7A is an 

example of the current response to AMPA from a control preparation in the presence of 

CNQX, which largely abolished the inward current, suggesting that the response is 

mediated by AMPA receptors.  

 We found that the average instantaneous spike frequency (Fig. 8A & B) of 

current-clamped cells (control: n = 12 cells, DNE: n = 7 cells) in response to AMPA 

microinjection was higher in DNE vs. control cells (DNE: 18.4 ± 1.5Hz, control: 7.2 ± 

1.1Hz; Student’s t-test: p < 0.0001). Spiking in response to AMPA injection was not 

observed in 3 of the 12 control cells measured, but all DNE cells responded with brisk 

spiking activity. Another phenomenon observed in response to AMPA injection in a few 

cells was depolarization block subsequent to intense membrane depolarization (Fig. 8C).  

Depolarization block was observed in only 1 out of 12 control cells (8%) but 3 of 7 DNE 

cells (43%).  

  

Series III: Effects of DNE on Glutamate Receptor Immunohistochemistry  

 Immunohistochemistry (IHC) was used to probe the XIIMN and preBötC (Figure 

9) for subunits 2 and 3 of the ionotropic glutamate receptor (GluR2/3) in an effort to 

semi-quantitatively examine the influence of DNE on receptor expression in neurons 

contained within these regions. We considered an individual slide, containing serial 

sections from one control and one DNE brainstem as a single comparison. Across all 
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comparisons, we studied 448 cells from control preparations and 466 cells from DNE 

preparations. 

 Figure 10 exhibits the details of these comparisons.  For the P3 age group, 4 out 

of 5 comparisons showed significantly more GluR2/3 than DNE motoneurons (Fig. 10), 

while in the P6 group, only 1 out of 3 comparisons showed a treatment effect. In cells 

from the preBötC region (see Fig. 10 for details) 3 out of 4 comparisons in the P3 age 

group showed significantly greater GluR2/3 expression in control than in DNE cells.  

However, in the P6 age group, there were no differences between groups in receptor 

expression in any of the three comparisons. 
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Discussion:  

We studied postnatal, DNE-induced changes in AMPA-type, glutamatergic 

neurotransmission in the XIIMN and the preBötC, two regions considered critical to 

respiratory control. Electrophysiological findings showed that DNE increases 

AMPAergic excitability of neurons in the XIIMN and the preBötC.  Interestingly, 

excitatory inward currents in XII motoneurons in response to AMPA microinjection were 

not different between treatment groups.  Moreover, IHC experiments indicate that DNE 

decreases GluR2/3 subunit expression in the XIIMN and the preBötC.  These combined 

findings suggest that the DNE-mediated reduction in AMPAR expression may be an 

adaptive response aimed at mitigating the DNE-induced enhancement of neuronal 

excitability. 

Critique of Methods. Our model simulates in utero nicotine exposure in pregnant 

women and allows us to examine its influence on respiratory circuit neurons. The osmotic 

mini-pumps steadily release nicotine into the bloodstream, consistent with studies 

suggesting that tobacco users self-titrate nicotine intake to constant levels (Ebert et al., 

1984; Woodward and Tunstall-Pedoe, 1993; Fu et al., 2011). Using nicotine alone 

bypasses the confounding effects of other chemicals found in cigarettes, while also 

avoiding the animal stress that occurs with repeated smoke exposure (Suemaru et al., 

1992). We used 28-day osmotic pumps implanted on gestational day 5; pups were 

exposed to nicotine via the placenta throughout the remainder of gestation, and via breast 

milk after birth. Whether nicotine dosage differs between that received through the 



	   131	  

placenta and breast milk is unknown, although breast milk likely contains less (Stepans 

and Wilkerson, 1993).  

Rhythmic brainstem slices are a useful in vitro model for examining activity in 

respiratory-related neurons (Feldman and Del Negro, 2006). This preparation supplies an 

isolated system that provides a measurable, respiratory-related fictive motor output, 

which can be manipulated externally to determine the effects of various drugs and 

environments on respiratory rhythm generation and the output of respiratory muscle 

motoneurons. As with any in vitro system, in vivo responses cannot be assumed, as the 

slice lacks normal efferent and afferent inputs. Nonetheless, the model is extremely 

useful for examining DNE’s impact on neuronal function.  

We designed our IHC experiments to minimize variability in antibody 

concentration and exposure times, and variability between animals, allowing for a semi-

quantitative measurement of relative protein expression between control and DNE 

neurons. Of note, the AMPAR is a tetrameric protein (Wollmuth and Sobolevsky, 2004) 

composed of subunits GluR1-4, while the antibody used here probes for GluR subunits 2 

and 3. DNE’s influence on receptor expression appears age dependent, with DNE having 

larger effects on P3 than on P6. This may result from a postnatal reduction in nicotine 

dosage as pups transition from blood to breast milk exposure, possibly indicating that 

some effects of nicotine are reversible if exposure stops postnatally.   

Influence of AMPA microinjection in the XIIMN and preBötC on XIIn activity. 

Smoking mothers expose their fetuses to chronic doses of nicotine, which has a far-

reaching impact on the CNS via stimulation of nAChRs. Presynaptic nAChRs are located 
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on virtually all inhibitory and excitatory interneurons, and modulate neurotransmitter 

release when activated (for review (Wonnacott, 1997; Gentry and Lukas, 2002). We 

initially hypothesized that DNE, by desensitizing nAChRs (Fregosi and Pilarski, 2008), 

reduces presynaptic glutamate release, leading to a compensatory increase in AMPAR 

expression on the post-synaptic membrane of neurons involved in respiratory control. 

This theory was based on previous studies performed in brainstem-spinal cord 

preparations that demonstrated enhanced respiratory frequency responses to AMPA in 

DNE preparations (Pilarski and Fregosi, 2009b). Support for this model came from 

findings showing that DNE reduced the frequency of glutamatergic excitatory post-

synaptic currents in XII motoneurons (Pilarski et al., 2011), but increased the response of 

phrenic motoneurons to AMPA applied to the medulla (Pilarski and Fregosi, 2009b).  

Here, we assessed how two specific medullary regions, both crucial for normal breathing, 

responded to AMPA exposure following DNE.  

 AMPA microinjection into the XIIMN indicated a complicated effect on 

respiratory motor output. We observed an increase in tonic activity duration, but a 

decrease in XIIn burst amplitude and duration over the first several post-injection bursts. 

Importantly, AMPA microinjection into the XIIMN did not change burst frequency, 

indicating that microinjections were focal, and that AMPA did not diffuse to regions 

involved in frequency control. 

 In contrast, AMPA microinjection into the preBötC increased XIIn burst 

frequency for both groups but with DNE slices exhibiting an enhanced response. Burst 

characteristics such as amplitude and area progressively decreased, likely because the 
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high frequency cycling reduced the total number of action potentials per burst, or that 

fewer motoneurons were recruited. These observations support literature identifying the 

preBötC as a frequency generator while motoneuron pools modulate burst pattern (Funk 

and Feldman, 1995). 

Influence of AMPA on XII motoneuron activity. Voltage-clamp recordings 

showed no difference in AMPA-mediated inwards currents between groups, while 

current-clamp recordings of XIIMNs demonstrated that DNE increases motoneuron 

excitability. This is based on our findings of increased spike frequency and the increased 

incidence of depolarization block in DNE cells following AMPA injection. The latter 

observation may explain the overall reduction of XIIn phasic burst amplitude following 

AMPA injection into the XIIMN. Depolarization block likely results from sodium 

channel inactivation owing to the large, AMPA-evoked depolarization. Pilot studies 

suggested that the occurrence of depolarization block depended on the distance between 

the motoneuron and the microinjection pipette tip. We propose that neurons closer to the 

injection experienced frank depolarization block, while neurons farther away continued 

to fire. These studies suggest that DNE augments the effects of AMPA on XIIMNs, as 

predicted from previous work on phrenic motoneurons (Pilarski and Fregosi, 2009b).  

Potential Mechanisms.  We hypothesized that DNE increases AMPAR 

expression, but measurements of inward currents following AMPA injection show no 

difference between treatment groups.  Moreover, immunohistochemical assessment of 

GluR2/3 showed reduced expression in both XIIMNs and the preBötC in DNE animals. 
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Possibilities explaining this paradox include differential subunit expression of GluRs, 

changes in cell morphology, or modification of ionic conductances.  

Although we show that DNE decreases GluR2/3 subunit expression in the XIIMN 

and preBötC, which suggests a decrease in AMPAR expression, Wang et al. (2011) 

showed that DNE increases hippocampal GluR1 expression.  Thus, we cannot exclude 

the possibility that DNE modifies GluR subunit expression in a differential manner that 

does not alter total receptor numbers on the post-synaptic membrane. Additionally, we 

did not observe any treatment effects on AMPA-evoked inward currents of XII 

motoneurons, which are expected if receptor numbers change significantly, making 

differential receptor expression a more plausible explanation.  

One possibility that would reconcile decreased AMPAR expression with 

increased cell excitability is that DNE changes neuronal morphology. We did not 

systematically measure cell size here, because in our recent studies we showed that DNE 

increases input resistance in XII motoneurons (Pilarski et al., 2011), consistent with 

reduced cell size. These previous experiments examined XII motoneurons in thin, non-

rhythmic slices that lacked the large amount of synaptic input normally present in 

motoneurons from rhythmically active slices, thereby allowing accurate measurement of 

input resistance. Confocal microscopy studies initiated in our laboratory are expected to 

provide more definitive results of DNE-induced changes in cell volume, dendritic 

branching patterns and receptor location.  

Previous studies also show that DNE steepens the frequency response to injected 

current (Pilarski et al., 2011) in XII motoneurons, suggesting a change in either cell size, 
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as discussed above, or changes in ion channel conductances. Others show that chronic 

and acute nicotine exposure can affect ionic currents that potentially underlie cell 

excitability. Buttigieg et al. (2009) showed that DNE upregulates ATP-sensitive K+ 

channels in rat adrenomedullary chromaffin cells, and Griguoli et al. (2010) posit that 

acute nicotine directly blocks ion channels that carry inwardly rectifying, mixed (Na+ and 

K+) IH currents that help set excitability in cells exhibiting oscillatory behavior 

(Yanagihara and Irisawa, 1980; Bayliss et al., 1994; Thoby-Brisson et al., 2000); DNE 

may alter the regulation of these channels to effectively increase neuronal excitability. 

Nicotine’s impact on the ionic conductances that maintain the respiratory network, 

however, remains relatively unstudied.  

We propose that DNE increases neuronal excitability and leads some XII 

motoneurons and preBötC interneurons to change AMPAR expression in a compensatory 

manner. While DNE altered the response to AMPA injection into the XIIMN and 

preBötC, baseline bursting did not differ between groups, consistent with compensation 

for elevated excitability. The reduction in AMPAR expression may represent an adaptive 

response to the enhancement of cell excitability, a mechanism akin to homeostatic 

plasticity (Turrigiano, 2008; Pozo and Goda, 2010). The role of AMPARs in synaptic 

scaling is well studied and regulation of specific AMPAR subunits plays an important 

part in synaptic plasticity (Isaac et al., 2007). DNE-induced modifications of AMPAR 

subunit expression, as demonstrated here in brainstem neurons could have serious 

physiologic consequences for developing neonates. 
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Conclusions. Our experiments contribute to an increasing body of literature 

showing that DNE alters development of brainstem respiratory neurons. Although most 

studies, including ours, show that DNE does not alter baseline-breathing characteristics in 

newborn mammals, their impaired ventilatory response to critical stressors, such as 

hypoxia, is well documented (Hafstrom et al., 2005). This suggests that homeostatic 

neuronal compensation may not always mitigate the nicotine-induced alteration of normal 

neuronal development. 
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Figure 1:  AMPA microinjection. A. Nissl stained section with critical regions of interest highlighted on 
the left, and a diagram of pipette tip placement and the recording set-up on the right. 4V, 4th ventricle, 
XIIMN,  hypoglossal motor nucleus, preBötC,  preBötzinger complex, Inf. Olive,  Inferior Olive, XIIn,  
hypoglossal nerve. B. Representative electroneurogram (ENG) obtained from the XIIn; boxed region in the 
top panel is expanded below to show the raw and integrated representation of one respiratory-related XIIn 
burst. The variables measured for each of these bursts are denoted on the integrated ENG trace. Average 
amplitude (not shown) was obtained by dividing the burst area by the burst duration. C. Example of a 
microinjection site (arrow) in the XIIMN in a Nissl stained section (20X magnification).   
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Figure 2: XIIn activity after AMPA microinjection into the XII motor nucleus. Representative traces 
of XIIn activity in a rhythmic brainstem slice before and after AMPA microinjection into the XIIMN. A & 
B. Raw (bottom) and integrated (top) traces from both control and DNE preparations before and after 
microinjection of 1µM AMPA into the XIIMN (arrow indicates injection start time). Boxed regions in A & 
B are expanded in C & D, respectively. E. Tonic activity amplitude, calculated as percent change from the 
pre-injection baseline for control and DNE preparations. (control, 483.36 ± 119.84%; DNE, 658.11 ± 
180.43%; p = 0.484). The amplitude of tonic activity was measured in the periods between phasic XIIn 
bursts. F) Duration of increased tonic activity following AMPA injection in control and DNE preparations 
(control: 14.03 ± 1.68 sec; DNE: 40.18 ± 7.43 sec; p= 0.012). Error bars represent SEM.  
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Figure 3: Burst characteristics in control and DNE slices after AMPA microinjection into 
the XIIMN. Comparisons of burst characteristics between control (n = 8) and DNE (n = 11) 
preparations for the first 25 post-injection bursts (1µM AMPA injected for 5 sec). Burst 
characteristics reported as the percent change from baseline bursts averaged over a 2-minute 
period (100%, dashed line). Characteristics measured included A) Peak burst amplitude, B) 
Average burst amplitude, C) Burst duration, and D) Burst area. ***, p < 0.0001, control vs. 
DNE; **, p < 0.01, control vs. DNE.   
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Figure 4: XIIn activity after AMPA microinjection into the preBötC region. 
Representative traces of XIIn activity in a rhythmic brainstem slice before and after AMPA 
microinjection into the preBötC region.  A & B. Raw (bottom) and integrated (top) traces from 
both control and DNE preparations before and after microinjection of 10 µM AMPA into the 
preBötC for 5 sec (arrow indicates injection start time).  Boxed regions in A & B are expanded 
in Figures C & D, respectively. Note that injection of AMPA increased nerve burst frequency 
in both control and DNE preparations, and that the increase was greater in the DNE slices.  
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Figure 5: Burst characteristics in control and DNE after AMPA microinjection into the 
preBötC region. Comparisons of burst characteristics between control (n = 9) and DNE (n = 
9) for the first 25 post-injection bursts (10µM AMPA injected for 5 sec). Burst characteristics 
reported as percent change from pre-injection baseline values that were averaged over a 2-
minute period (100%, dashed line). Characteristics measured included A) Peak burst 
amplitude, B) Average burst amplitude, C) Burst duration, and D) Burst area. ***, p < 0.0001, 
control vs. DNE; **, p < 0.01.  
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Figure 6: Changes in burst frequency after AMPA microinjection into XIIMN and preBötC region.  
Frequency of XIIn bursts for the first 25 post-injection bursts is reported as percent change from the 
average burst frequency in the 2-minute pre-injection period (100%, dashed line). A. Comparison of 
spontaneous bursting frequency between control (n = 8) and DNE (n = 11) after XIIMN microinjections 
(1µM AMPA, 5 sec). Inset depicts the same graph on an expanded time scale for the first 10 bursts for a 
more detailed comparison. B Comparisons of spontaneous bursting frequency between control (n = 9) and 
DNE (n = 9) after preBötC microinjections (10µM AMPA, 5 sec). ***, p < 0.0001 for control vs. DNE 
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Figure 7: Spike frequency in XII motoneurons after AMPA microinjection. Current clamp recordings 
from control and DNE XII motoneurons from rhythmic brainstem slices in response to AMPA injection 
into the XIIMN (control: n=12 cells; DNE: n=7 cells). A. Representative current-clamp recordings from a 
control and DNE XII motoneuron (spike frequency, control 7.9Hz and DNE 18.4Hz).  B. Average spike 
frequency data obtained from all cells in response to AMPA puff . ***, p < 0.0001 for control vs. DNE.   
C. Example of a current clamp recording obtained from a rhythmically-active XII motoneuron that 
demonstrated a large increase in Vm in response to AMPA injection, leading to depolarization block. See 
Results for details. 
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Figure 8: Peak inward current and recovery time constant of XII motoneurons after AMPA 
microinjection. Voltage clamp data from hypoglossal motoneurons in rhythmic brainstem slices from 
control and DNE preparations. A. Representative traces of inward currents obtained from control and DNE 
hypoglossal motoneurons in response to microinjection of 1 µM AMPA at a distance of 50 µm from the 
recorded cell; bottom trace shows the response of a control motoneuron to the AMPA puff, but in the 
presence of 10µM CNQX, an AMPA receptor antagonist. CNQX blocked the majority of the response, 
indicating that the currents were AMPA-mediated.  B & C. Average peak inward currents and recovery 
time constant in neurons from both treatment groups (control: n=10 cells; DNE: n=14 cells). No significant 
differences were found between treatment groups for either peak inward current or the recovery time 
constant.   
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Figure 9: GluR2/3 immunohistochemistry in XIIMN and preBötC.  A & B. Example images of 
GluR2/3 IHC in the hypoglossal motor nucleus of DNE (A) and control (B) neonates.  C & D. Example 
images of GluR2/3 IHC in the preBötC of DNE  (C) and control animals (D).  Images at 20X 
magnification. Brainstems from a control and DNE animal were sectioned, fixed, and mounted on the same 
day (see Methods), and 40µm thick sections from each treatment group were mounted on the same slide 
and processed identically. Optical density measurements of each cell were normalized against background 
staining of individual sections (see Methods). Note the darker staining in control vs. DNE cells in both 
XIIMN and preBötC regions. Scale bars represent 25µm.  
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Figure 10: Optical density comparisons in the XII motor nucleus and preBötC of control and DNE 
neonates. Average optical density (OD) in neurons from P3 and P6 neonates in both the XIIMN and 
preBötC regions. Control and DNE columns contain the average optical density measurements, reported as 
grayscale pixilation per unit area (see Methods). The number of cells examined in each control and DNE 
animal are given in the fourth column. Each comparison represents brainstem slices from a single control 
and DNE animal, which were mounted and processed on the same slide (see Methods).  
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Tables 

 

Baseline Burst Duration and Burst Frequency 

 XIIMN Pre-Injection P Value PreBötC Pre-injection P value 
Duration (sec) 

Control 0.651 ± 0.0792 0.646 ± 0.0354 

DNE 0.718 ± 0.0315 
0.3986 

0.689 ± 0.0434 
0.4528 

Frequency (bursts/min) 

Control 6.8  ± 0.8 8.8  ± 1.4 

DNE 7.1  ± 0.5 
0.7091 

7.0  ± 0.4 
0.2317 

 
Table 1: Baseline measurements of XIIn burst duration and frequency. The average baseline burst 
duration and frequency was measured over a two-minute period immediately preceding AMPA injection 
into either the preBotc or XIIMN. No significant difference was found between control and DNE groups 
for either parameter, or for either injection site.   
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SYNAPTIC TRANSMISSION AND REDUCES NEURON SIZE IN MOTOR 

NEURONS AND INTERNEURONS CRITICAL FOR NORMAL BREATHING 
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Developmental	  nicotine	  exposure	  enhances	  inhibitory	  synaptic	  transmission	  

and	  reduces	  neuron	  size	  in	  motor	  neurons	  and	  interneurons	  critical	  for	  

normal	  breathing	  
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Abstract:	  

	   Developmental	  nicotine	  exposure	  (DNE)	  negatively	  affects	  the	  CNS	  via	  

activation	  of	  nAChRs	  in	  the	  brain.	  Here	  we	  use	  rhythmic	  brainstems	  slices	  and	  

immunohistochemistry	  in	  neonatal	  rats	  to	  determine	  how	  DNE	  changes	  inhibitory	  

neurotransmission	  in	  two	  regions	  essential	  to	  normal	  breathing,	  the	  hypoglossal	  

motor	  nucleus	  (XIIMN)	  and	  preBötzinger	  complex	  (preBötC).	  We	  microinjected	  

glycine	  or	  muscimol	  (GABAA	  agonist)	  into	  the	  XIIMN	  or	  preBötC	  of	  rhythmic	  

brainstem	  slices	  while	  recording	  respiratory	  bursting	  activity	  from	  the	  XII	  nerve;	  we	  

compared	  burst	  size,	  burst	  frequency,	  and	  apnea	  duration	  between	  control	  and	  DNE	  

treatment	  groups.	  Using	  these	  parameters,	  we	  found	  that	  DNE	  enhanced	  glycinergic	  

and	  GABAAergic	  neurotransmission	  in	  both	  regions.	  Immunohistochemistry	  showed	  

that	  there	  was	  an	  increase	  in	  GABAA	  and	  glycine	  receptor	  expression	  in	  the	  XIIMN,	  

and	  an	  increase	  in	  glycine	  receptor	  expression	  in	  the	  preBötC.	  Additionally,	  we	  show	  

that	  DNE	  reduces	  somata	  size	  in	  neurons	  in	  the	  XIIMN	  and	  the	  preBötC	  region.	  	  
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Introduction:	  

	   Mammals	  rely	  heavily	  on	  tongue	  muscles	  for	  a	  number	  of	  processes	  critical	  

to	  survival,	  including	  swallowing,	  chewing,	  breathing,	  and	  speech,	  but	  mounting	  

evidences	  shows	  that	  in	  utero	  nicotine	  exposure	  can	  perturb	  the	  development	  of	  this	  

fundamental	  motor	  system.	  Nicotine	  acts	  as	  a	  pervasive	  drug	  of	  abuse	  in	  cultures	  

worldwide,	  with	  unparalleled	  rates	  of	  addiction.	  Depending	  on	  the	  region,	  reports	  

suggest	  that	  anywhere	  from	  10-‐43%	  of	  women	  worldwide	  continue	  to	  smoke	  

during	  pregnancy	  1,	  2,	  exposing	  their	  gestating	  offspring	  to	  the	  neuroteratogenic	  

effects	  of	  nicotine	  3.	  Smoking	  during	  pregnancy	  leads	  to	  profound	  public	  health	  

consequences	  as	  the	  effects	  of	  maternal	  smoking	  on	  the	  offspring	  brain	  range	  from	  

cognitive	  and	  behavioral	  deficits	  4-‐6	  to	  changes	  in	  central	  breathing	  control	  7-‐9	  that	  

require	  increased	  medical	  treatment	  and	  long	  term	  therapeutic	  interventions.	  

Understanding	  how	  developmental	  nicotine	  exposure	  (DNE)	  alters	  normal	  motor	  

function	  paves	  a	  path	  for	  the	  development	  of	  intervention	  strategies	  and	  will	  more	  

completely	  inform	  physicians	  about	  how	  nicotine	  –	  in	  the	  absence	  of	  the	  other	  

chemicals	  in	  tobacco	  smoke	  –	  effects	  the	  developing	  brain.	  More	  broadly,	  it	  is	  of	  

general	  interest	  to	  examine	  the	  role	  of	  neuroteratogens	  on	  brain	  development,	  as	  

nicotine	  is	  just	  one	  of	  many	  substances	  that	  alters	  the	  developing	  CNS.	  	  

Nicotine	  activates	  nAChRs,	  which	  are	  widely	  expressed	  throughout	  the	  brain	  

10,	  both	  postsynaptically	  and	  on	  the	  presynaptic	  terminals	  of	  glutamatergic,	  

GABAergic,	  glycinergic,	  and	  cholinergic	  neurons	  11,	  12.	  Chronic	  nicotine	  exposure	  

leads	  to	  an	  increase	  in	  the	  number	  of	  nAChRs	  in	  conjunction	  with	  a	  paradoxical	  loss	  
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of	  receptor	  function	  that	  results	  from	  long-‐term	  desensitization	  13,	  14.	  Previous	  work	  

shows	  that	  DNE	  alters	  excitatory	  synaptic	  transmission	  in	  hypoglossal	  motoneurons	  

and	  the	  preBötzinger	  complex	  15	  ,	  a	  region	  critical	  to	  inspiratory	  rhythm	  generation	  

16,	  17.	  DNE	  also	  profoundly	  increases	  the	  inhibition	  of	  phrenic	  nerve	  burst	  frequency	  

when	  agonists	  of	  GABAA	  and	  glycine	  receptors	  are	  applied	  to	  the	  entire	  medulla	  

oblongata	  18,	  19.	  	  The	  latter	  studies	  provide	  insight	  into	  the	  global	  effects	  of	  DNE	  on	  

inhibitory	  synaptic	  transmission,	  but	  we	  do	  not	  know	  which	  brainstem	  neuronal	  

population	  mediates	  these	  effects.	  Moreover,	  since	  drugs	  were	  applied	  to	  the	  

brainstem	  alone	  we	  also	  do	  not	  know	  if	  DNE	  alters	  inhibitory	  synaptic	  transmission	  

in	  motoneurons.	  

The	  motor	  system	  governing	  the	  breathing-‐related	  activation	  of	  tongue	  

muscles	  can	  be	  functionally	  and	  anatomically	  retained	  in	  a	  thick	  brainstem	  slice	  

prepared	  from	  neonatal	  rodents	  20.	  This	  slice	  contains	  the	  preBötC,	  which	  

establishes	  the	  respiratory	  rhythm,	  the	  hypoglossal	  motor	  nucleus	  (XIIMN),	  which	  

drives	  the	  tongue	  muscles,	  and	  the	  hypoglossal	  nerve	  rootlets	  (XIIn).	  Overall,	  the	  

slice	  provides	  a	  model	  system	  that	  generates	  a	  rhythmic,	  respiration-‐related	  

population	  output	  that	  is	  recorded	  from	  the	  XIIn.	  Here,	  we	  use	  this	  system	  to	  

examine	  DNE’s	  influence	  on	  the	  XIIMN	  population	  response	  to	  single	  pressure-‐pulse	  

injections	  (or	  microinjections)	  of	  glycine	  or	  muscimol	  (a	  GABAA	  agonist)	  into	  either	  

the	  XIIMN	  or	  the	  preBötC	  region.	  We	  also	  performed	  immunohistochemical	  probing	  

for	  glycine	  and	  GABAA	  receptor	  expression	  in	  the	  preBötC	  and	  XIIMN	  of	  control	  and	  

DNE	  animals,	  and	  estimated	  motoneuron	  soma	  size.	  



	   157	  

Results:  

We show the basic experimental setup in Figure 1. The medulla provides motor 

output to the tongue via the XIIn (Fig. 1A), which we recorded from in the transverse, 

rhythmic brainstem slice (Fig. 1B). The bursting activity (Fig. 1C) was rectified and 

integrated and this processed recording was used to compute peak & average burst 

amplitude, burst area, burst duration (Fig. 1D) and burst frequency. Comparisons of 

baseline burst duration and burst frequency showed no difference between treatment 

groups (Table 1), which is consistent with our previously reported data15. We analyzed 

the first 25 post-injection bursts for all measured parameters (peak burst amplitude, burst 

area, average burst amplitude, burst duration, and burst frequency), and reported the 

average data for these measurements as percent-change from the bursts in the pre-

injection period. The two-way ANOVA was designed to identify  treatment effects 

(indicated by “a” on figures) and time-dependent effects (i.e., post-injection burst 

number; indicated by “b” on figures) on all measured parameters. 

 

DNE and glycinergic transmission in the XIIMN 

Glycine microinjection into the XIIMN (25mM, 20 sec, 20psi; n = 7 control, 8 

DNE) appeared to reduce the size of XIIn bursts in both control and DNE groups 

(representative traces shown in Figs. 2A & 2B), with a larger decrease noted in DNE 

preparations. Two-way ANOVA of the first 25 post-injection bursts showed that DNE 

exaggerated the decrease in peak burst amplitude (Fig. 2C; p < 0.0001) and burst area 

(Fig. 2D; p < 0.0001), but did not significantly change average burst amplitude 
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(Supplemental Fig. 2I) or burst duration (Supplemental Fig. 2J). Peak burst amplitude (p 

< 0.0001), burst area (p < 0.0001), and average burst amplitude (p < 0.0001), but not 

burst duration, depended significantly on the post-injection burst number. No significant 

interactions between treatment effect and burst number were found for any of these 

parameters following glycine microinjection into the XIIMN.  

 

DNE and GABAA-ergic transmission in the XIIMN 

Muscimol microinjection into the XIIMN (10µM, 20sec, 20psi; n = 9 control, 8 

DNE) reduced burst size in both control and DNE animals (representative traces in Figs. 

2E & 2F), with an enhanced inhibitory response observed in DNE slices. DNE did not 

change peak burst amplitude (Fig. 2G), but significantly decreased burst area (Fig. 2H; p 

= 0.0057) when compared to control. DNE did not change average burst amplitude (Fig. 

2K, Supplemental), but resulted in smaller burst duration (Fig. 2L, Supplemental; p = 

0.0011). Two-way ANOVA showed a significant effect of time on peak burst amplitude 

(p = 0.0266), burst area (p = 0.0018), average burst amplitude (p = 0.0088), and burst 

duration (p = 0.0469). No significant interaction between treatment effect and burst 

number was found for any of these parameters following muscimol microinjection into 

the XIIMN, indicating that the differences between treatment groups were independent of 

time after injection.   
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DNE and glycinergic transmission in the preBötC  

Glycine microinjection into the preBötC (25 mM, 10 sec, 20psi; n = 6 control, 8 

DNE), generally led to a period of apnea and a short period of decreased frequency in 

both control and DNE (representative traces shown in Fig. 3; apnea duration and burst 

frequency discussed in a subsequent section), and also appeared to reduce burst size. In 

response to glycine microinjection, two-way ANOVA showed that DNE did not change 

peak burst amplitude (Fig. 3C), but transiently reduced burst area (p = 0.0011). DNE had 

no effect on average burst amplitude (Fig. 3I, Supplemental) or burst duration (Fig. 3J, 

Supplemental). We did not find a significant effect of post-injection burst number on any 

of these parameters except for burst area (p < 0.0001), nor did we find a significant 

interaction between treatment effect and post-injection burst number, indicating that the 

differences between treatment groups were independent of time after injection.  

 

DNE and GABAA-ergic transmission in the preBötC  

Similar to glycine experiments, muscimol microinjection in the preBötC (10µM, 

10sec, 20psi; n = 9 control, 7 DNE) lead to apneas and decreased frequency in both 

groups (representative traces shown in Figs. 3E & 3F; apnea and frequency parameters 

discussed in the next section). Post-injection comparisons (n = 9 control, 7 DNE) for 

peak burst amplitude (Fig. 3G), burst area (Fig. 3H), average burst amplitude (Fig. 3I, 

Supplemental), and burst duration (Fig. 3J, Supplemental) are shown, but we found no 

significant effect of DNE or burst number.  
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DNE’s effect on burst frequency and apnea duration following glycine and muscimol 

injection in the XIIMN and preBötC  

We also used burst frequency and apnea duration, defined as a prolonged period 

(lasting at least 2 standard deviations above the mean of the average inter-burst interval) 

of either disorganized or absent respiratory activity (see Figs. 3A, B, E & F), as measures 

of inhibitory neurotransmission in all experimental protocols. Following muscimol 

injection into the preBötC, we observed significantly reduced burst frequency in DNE 

slices over the first several post-injection bursts (Fig. 4A) and also increased apnea 

duration (Fig. 4B; control = 28.83 ± 8.0sec, DNE = 63.37 ± 2.6sec, p = 0.0142). No 

effect of post-injection burst number was found on this parameter.   

Although glycine microinjection into the XIIMN appeared to increase frequency 

variability (Fig. 4C, Supplemental) in DNE slices, we found no significant treatment 

effect; nor did we find a difference in the apnea duration (Fig. 4D, Supplemental) 

between groups. DNE did not significantly change burst frequency (Fig. 4E, 

Supplemental) or apnea duration (Fig. 4F, Supplemental) when glycine was 

microinjected into the preBötC. Muscimol microinjection into the XIIMN did not change 

burst frequency (Fig. 4G), and lead to apnea in 2 of 8 DNE slices, but in none of the 9 

control slices (data not shown). Details on apnea durations for each experimental protocol 

are provided in Table 2 (Supplemental).  

Two-way ANOVA did not reveal an effect of time (i.e., burst injection burst 

number) on burst frequency for any drug/region combination, nor was there an 
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interaction between treatment effect and burst number for burst frequency in any of these 

experiments. 

 

GlyR and GABAAR-α1 expression in the XIIMN of control and DNE neonates 

 Immunohistochemistry probing for either the glycine receptor (GlyR) or the α1 

subunit of the GABAA Receptor (GABAAR-α1) was performed in both treatment groups.  

Individual somata in the XIIMN of control and DNE animals were compared for 

grayscale intensity, measured as mean grey value (Table 3, Supplemental). In an effort to 

reduce experimental variability, we only made comparisons between brainstem sections 

from control and DNE animals that were mounted on the same slide, and therefore 

processed identically (each slide processed is considered a comparison, see Methods for 

details).  

 For GlyR immunohistochemistry, we measured 176 control cells and 186 DNE 

cells across 6 comparisons. Figure 5A (and Figs. 5B &C, Supplemental) shows randomly 

selected control-DNE comparisons of GlyR immunohistochemistry in the XIIMN. Note 

the darker staining in DNE somata vs. control somata.  GlyR immunohistochemistry 

analysis of XIIMN somata (Table 3) showed that DNE cells were significantly darker 

than control in 3 of 6 comparisons. One comparison showed that DNE motoneurons were 

lighter while the other two showed no difference.  For the GABAAR-α1 subunit, we 

measured 275 control and 278 DNE cells across 7 comparisons. Figure 6A 

(Supplemental) shows one comparison of GABAAR-α1 immunohistochemistry in the 

XIIMN. Analysis of mean grey value of XIIMN somata (Table 3) showed that DNE 
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somata were significantly darker than control in 4 of 7 comparisons while 1 comparison 

showed that DNE cells were lighter; the other two comparisons showed no difference 

between groups. 

 

GlyR and GABAAR-α1 expression in the preBötC of control and DNE neonates 

 We also compared GlyR and GABAAR-α1 immunoreactivity in the preBötC 

region for control and DNE animals (Fig. 6B, Supplemental). In these cases, a 200 x 

200µm area, which included both cell bodies and neuropil, were compared for grayscale 

intensity. We used a square area for measurement instead of individual somata, as we 

were unable to confidently select enough individual somata out of the background 

neuropil staining.  Moreover, there is no tried and true method to definitively differentiate 

preBötC neurons from other interneurons in the region without electrophysiological 

correlation.  Accordingly, we focus on general receptor expression in the region that 

encompasses preBötC interneurons. 

 The average mean grey values for the GlyR immunohistochemistry in the 

preBötC region are reported in Table 4 (Supplemental). Five of 6 of these comparisons 

showed that the DNE had a higher grayscale intensity compared to control; a paired t-test 

of the 6 comparisons did not reveal a significant difference between the two groups, (p = 

0.0925). However, a paired t-test of the 5 comparisons, with the outlier not included, 

showed a significant difference between groups (p = 0.0308).  

 GABAAR-α1 immunohistochemistry in the preBötC region (Fig. 6C, 

Supplemental) showed that 2 of 5 comparisons had darker staining in DNE sections; a 



	   163	  

paired t-test of the 5 comparisons showed that GABAAR-α1 immunoreactivity in the 

preBötC region was not significantly different between control and DNE. The values for 

each of these comparisons are reported in Table 4.   

 

Measurements of soma area in the XIIMN   

 Using	  the	  sections	  obtained	  from	  GlyR	  immunohistochemistry	  in	  P3	  

neonates,	  we	  measured	  XII	  motoneurons	  for	  a	  rectangular	  estimation	  of	  soma	  size	  

(see	  Methods).	  	  This	  was	  done	  and	  compared	  these	  measurements	  in	  6	  control	  and	  

6	  DNE	  animals,	  and	  in	  our	  initial	  analysis	  we	  averaged	  the	  soma	  size	  of	  each	  neuron	  

measured	  in	  each	  animal,	  and	  computed	  an	  average	  value	  for	  that	  animal.	  	  This	  

analysis	  showed	  that	  control	  motoneurons	  had	  an	  average	  rectangular	  area	  of	  586	  ±	  

23.11µm2,	  and	  DNE	  neurons	  had	  an	  area	  of	  459	  ±	  46.28µm2	  (p	  =	  0.0367).	  We	  also	  

averaged	  together	  all	  the	  cells	  measured	  in	  all	  animals	  (n	  =	  175	  control	  &	  132	  DNE	  

cells),	  and	  found	  that	  control	  neurons	  had	  an	  average	  rectangular	  area	  of	  589	  ±	  

10.37µm2,	  while	  DNE	  neurons	  averaged	  441	  ±	  11.54µm2	  (p	  =	  6.25	  x	  10-‐19).	  	  Figure	  

5A	  includes	  a	  comparison	  of	  sections	  from	  control	  and	  DNE	  animals	  along	  with	  an	  

example	  of	  the	  method	  used	  to	  obtain	  the	  average	  rectangular	  area	  of	  the	  somata.	  

These	  measurements	  suggest	  that	  GlyR	  immunoreactive	  somata	  from	  DNE	  neurons	  

in	  the	  XIIMN	  are	  approximately	  20%	  smaller	  than	  in	  control	  cells.	  	  
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Measurements of soma area in the preBötC region  

	   We	  used	  the	  GABAAR-α1 immunohistochemistry images to estimate the 

rectangular area of neuron somata in the preBötC region of control and DNE neonates. 

For these comparisons, we were able to measure a total of 26 control somata and 31 DNE 

somata from 3 control and 3 DNE animals. When compared according to the individual 

animal (i.e., n = 3 control and 3 DNE), control	  cells	  measured	  296.63	  ±	  6.92µm2	  and	  

DNE	  cells	  measured	  245	  ±	  13.11µm2	  (p	  =	  0.0258).	  When	  all	  cells	  were	  averaged	  

together	  (n	  =	  26	  control	  &	  31	  DNE),	  the rectangular area of control cells measured 298 

±	  16.19µm2	  while	  DNE	  cells	  measured	  245	  ±	  10.07µm2	  (p	  =	  0.0057).	  These	  results	  

suggest	  that	  the	  somata	  from	  DNE	  neurons	  in	  the	  preBötC	  region	  are	  approximately	  

17%	  smaller	  than	  control.	  	  	  	  
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Discussion:  

 Using an in vitro model, our work shows that nicotine exposure in utero alters fast 

inhibitory neurotransmission mediated through glycine and GABAA receptors in the 

preBotC, which is critical for normal breathing, and in the XIIMN which is also critical 

for normal breathing, as well as swallowing and chewing. Microinjection of inhibitory 

substances into the XIIMN decreased burst amplitude, and this effect was enhanced in 

DNE slices. Muscimol microinjection into the preBötC decreased burst frequency and 

induced apnea in both groups, but this effect was more pronounced in DNE slices; 

glycine microinjection in the preBötC did not lead to any significant differences in burst 

frequency or apnea duration between treatment groups. Immunohistochemistry 

experiments suggest that DNE may increase glycine and GABAA receptor expression in 

XII motoneurons and may increase glycine receptor expression in the preBötC region of 

neonatal rats. Finally, we found that DNE decreased XII motoneuron soma size by 

approximately 20%, and preBötC region soma size by approximately 17%.  Figure 6 

summarizes our findings schematically. 

 First, the electrophysiology data obtained from the preBötC experiments supports 

our hypothesis that the exaggerated decrease in the C4 respiratory-burst frequency 

following medullary application of glycine or muscimol in brainstem-spinal cord 

preparations18, 19 is mediated by alterations in inhibitory neurotransmission in the 

preBötC. Direct application of muscimol to the preBötC region of DNE slices decreased 

respiratory burst frequency and increased apnea duration beyond control levels, and no 

other neuronal populations implicated in respiratory rhythm generation exist within the 
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slice17, 21. We of course cannot exclude the possibility that DNE also affects other 

medullary regions involved in respiratory rhythm modulation, such as the retrotrapezoid 

nucleus/parafacial respiratory group 22, that exist outside of the rhythmic slice. DNE did 

not change frequency or apnea duration when glycine was applied to the preBötC region, 

although glycine did appear to increase the variability of the frequency response in DNE 

slices. At minimum, DNE alters GABAA-ergic neurotransmission in the preBötC region. 

These results have alarming implications for infant physiology in the context of maternal 

smoking. Infants born to smoking mothers experience an increase in the incidence and 

length of apneas23 and also an increase in sudden infant death syndrome (SIDS) 9, both of 

which are linked to the inability of the central respiratory control system to generate an 

adequate depth and rate of breathing, especially in stressful environments such as 

hypoxia 24 (i.e., hypoxia resulting from prone sleeping, bed-sharing, or overbundling 8, 24, 

25).  Interestingly, studies using animal models have linked hypoxia in mammals with an 

increase in brainstem GABA and glycine release26, 27. Taken together, these observations 

and our data suggest that the increased sensitivity to inhibitory neurotransmitters in 

nicotine-exposed neonates may help explain the increased incidence of central apnea and 

SIDS in infants born to smoking mothers. 

 Second, we show that DNE changes inhibitory neurotransmission in the XIIMN. 

Glycine and muscimol caused greater reductions of burst size in DNE compared to 

control preparations. These findings also have important implications for the apnea and 

SIDS pathologies mentioned above.  Tongue muscles contract during inspiration to keep 

the upper airway open; thus, a reduction in XII motoneuron output may increase airflow 
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resistance and reduce breath volume, or completely block the airway, leading to 

obstructive apnea, even under conditions where the preBötC was generating normally 

timed breaths. Indeed, Kahn et al. 23 show that infants born to smoking mothers 

experience an increase in obstructive sleep apnea. If our findings of increased inhibition 

in the XIIMN translate to other respiratory-related motor pools, such as phrenic motor 

neurons, then DNE could reduce the output of these neurons such that a breath is either 

shallow, or not produced at all. Regarding non-respiratory motor pools, studies in 

zebrafish motoneurons show that chronic nicotine exposure can affect the locomotor 

activity of developing zebrafish 28, although as of yet, no reports suggest similar results in 

mammalian development. 

 Third, we propose that the enhanced inhibitory responses observed in both the 

XIIMN and the preBötC may result from an increase in receptors that mediate fast 

inhibitory neurotransmission. Immunohistochemistry cannot be used quantitatively 

because the chromagen used to visualize receptor expression does not bind 

stoichiometrically 29. However, we maintain that the consistency and uniform treatment 

of tissues from both groups in our study allows for a semi-quantitative comparison of 

receptor expression between DNE and control animals. DNE XII motoneurons expressed 

significantly more glycine receptor in 50% of comparisons and more GABAAR-α1 in 

57% of comparisons, which correlates with our findings of enhanced inhibition after 

glycine and muscimol microinjection into the XIIMN. In the preBötC region, however, 

DNE appeared to increase glycine receptor expression, but the frequency response after 

glycine microinjection was not significantly different in DNE slices. Similarly, we did 
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not find that DNE changed GABAAR-α1 expression in the preBötC region, but found 

that DNE significantly decreased frequency and increased apnea duration following 

muscimol microinjection. We suggest that this may be a reflection of the limitations of 

the immunohistochemical methods, or that there may be a subunit-specific change in 

receptor expression. Also, the electrophysiological response may not be linked to 

receptor expression, and instead linked to a different DNE-induced phenomenon, such as 

a change in cell size, as discussed next.   

 Lastly, our ex post facto comparison of cell size showed that DNE significantly 

reduced neuronal soma size in the XIIMN and also in the preBötC region. To our 

knowledge, this phenomenon has not been previously reported in the literature for 

brainstem neurons, although others do report that DNE reduces the size and changes the 

morphology of hippocampal and somatosensory cortical neurons 30, 31. The neurons used 

for measurement were either GlyR (in the XIIMN) or GABAAR-α1 (in the preBötC 

region) immunoreactive cells; therefore we can only say that DNE reduces the soma size 

of neurons expressing these proteins, although we suggest that these findings are not 

necessarily linked to the expression of these specific receptors. Previous studies from our 

laboratory show that DNE increased input resistance in XII motoneurons32, which also 

suggests reduced motoneuron size; a decrease in motoneuron size could also explain the 

increased inhibition that was observed in our experiments. To definitively address the 

issue of DNE’s effect on cell size, further studies that evaluate the 3-dimensional 

characteristics of the entire neuron, including the soma and dendrites, are required. 

Nonetheless, Rudolph et al. showed that a decrease in the soma size of spinal 
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motoneurons correlated with a decrease in dendritic length and arboriziation 33; we have 

no reason to think that XII motoneurons would behave differently.  

 If DNE reduces XII motoneuron size, other motoneuron pools may demonstrate 

similar morphologies in the context of nicotine exposure in utero. Mechanistically, it is 

unclear how DNE mediates this effect on motoneuron size, and if the change is 

permanent or transient. Svoboda et al. show that continuous nicotine exposure during 

development alters spinal motoneuron pools in zebrafish by altering axonal-pathfinding 

28, which could suggest a role for reduced synaptic input as a mechanism. Alternatively, 

Rezvani et al. suggest an intracellular role for nicotine in altering protein degradation 

after only 24 hours of exposure 34; the intracellular effects of nicotine after chronic 

exposure, as in our studies, have yet to be determined, but could possibly induce 

mechanisms that alter cell size.   

 The altered neuronal size that we observed could reflect a developmental delay 

(i.e., neurons will eventually catch up to normal size), or could represent a permanent 

alteration in cellular structure. Infants born to smoking mothers are often underweight35, 

and have phenotypes suggestive of a lack of resources during development, possibly 

resulting from intrauterine growth restriction35; this could also imply that the CNS does 

not receive adequate resources during critical stages of brain development, which could 

have consequences on the development of individual neurons. Alternatively, perhaps 

neuronal somata initially develop normally, but become smaller as a consequence of a 

lack of input that is somehow mediated by DNE.  
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 Recently, we reported that DNE amplified AMPA-type glutamate 

neurotransmission in the XIIMN and preBötC but also decreased the density of AMPA-

type receptor subunits 2 & 3 in these regions. This led us to suggest that neurons 

incompletely compensate for increased cell excitability by reducing glutamate receptor 

numbers in a mechanism akin to homeostatic plasticity 15. In the current study, however, 

we find that DNE increases inhibitory neurotransmission (as indicated by the decreased 

neuron output in Fig. 6) in conjunction with an increase in inhibitory neurotransmitter 

receptor density. It is unclear whether this finding of increased receptor density results 

from an upregulation of receptors, which would be consistent with a homeostatic 

imbalance, or results from the reduction in motoneuron size (as suggested in Figure 6), 

which effectively also leads to a homeostatic imbalance. Glutamate’s role in the 

regulation of neuronal plasticity is well known, while the role of inhibitory 

neurotransmitter systems in homeostatic plasticity is less clear 36. Our experiments 

suggest that neurons exposed to nicotine during development partially compensate for 

increased cell excitability, but appear to decompensate on the inhibitory spectrum. This 

potentially explains why the respiratory-related pathologies of DNE generally involve a 

reduction or cessation of breathing, rather than excessive breathing. Alternatively, the 

increase in inhibition could be a network-wide homeostatic response to the overall 

increased excitability 37, 38, although further studies are required to elucidate the exact 

relationship between excitatory and inhibitory neurotransmission following DNE. 

 Our study shines light on the consequences of statistical data showing that a 

significant portion of pregnant women worldwide use tobacco products and nicotine 
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replacement therapies, subsequently exposing the infant to deleterious CNS development. 

These results set the stage for further inquiries regarding how nicotine and other 

neuroteratogens affect the regulation and balance of inhibitory neurotransmission in the 

mammalian CNS.  
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Methods: 

Animal usage, nicotine exposure and preparation of brainstem slices  

Animal Usage. All procedures and food/housing protocols were approved by the 

Institutional Animal Care and Use Committee (IACUC) at the University of Arizona. 

Every effort was made to reduce the number of animals necessary to assess treatment 

responses in this study. We used 64 neonatal rats of either sex obtained from 21 litters.  

 

Nicotine exposure. As described previously 18, 19, 39, pregnant Sprague-Dawley rats were 

surgically implanted on gestational day 5 with subcutaneous osmotic mini-pumps (Alzet, 

Cupertino, CA). The pumps were loaded to administer either nicotine bitartrate at a dose 

of 6mg/kg/day or physiologic saline (vehicle control) for 28 days after implantation.  In 

addition to the saline and nicotine exposed groups, we included an additional group in 

which the mother did not undergo any surgery or pump implantation (i.e., these were 

considered unexposed neonates).  However, since no respiratory output differences were 

found between the two control groups, the data were combined into a single control 

group and will be referred to as such throughout the rest of this manuscript. Litters were 

born by spontaneous vaginal delivery and housed with the mother, who had free access to 

food and water, until experiments commenced. We studied neonates ranging in age from 

postnatal day 0 (P0) to P5.  As the pump lasted for a week or more after delivery, 

neonates were exposed to nicotine in utero via the placenta, and via breast milk after 

birth.  
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Preparation of brainstem slices for microinjection experiments. Pups of either sex were 

randomly collected from their litters, sexed and weighed. Animals were anesthetized on 

ice until they were unresponsive to paw pinch, and quickly decerebrated at the coronal 

suture. After evisceration, the remaining CNS and the surrounding spinal column and 

ribcage were transferred to a dish containing modified, chilled (4-8°C), and oxygenated 

(95%O2/5%CO2) aCSF solution (in mM: 120 NaCl, 26 NaHCO3, 30 glucose, 1 MgSO4, 3 

KCl, 1.25 NaH2PO4, 1.2 CaCl2; pH 7. 4). The medulla and upper spinal cord were 

extracted and pinned to a cutting block, with the rostral surface up, for serial microsection 

slicing in a Vibratome ™ (VT1000, Leica).  Transverse medullary slices were taken until 

the rostral inferior olive and the most rostral hypoglossal nerve rootlet were near the 

surface. Rhythmic brainstem slices made in this manner are widely used, and contain 

both the preBötC and XIIMN, which are the regions necessary for generating rhythmic 

motor bursts that can be recorded from hypoglossal nerve rootlets that are also retained in 

the slice 20. Preparations were then transferred to a recording chamber which was 

continuously perfused (rate: 4ml/min) with oxygenated and modified room-temperature 

aCSF (in mM: 120 NaCl, 26 NaHCO3, 30 glucose, 1 MgSO4, 9 KCl, 1.25 NaH2PO4, 1.2 

CaCl2); pH 7. 4).  We used 9 mM KCl in the recording solution to promote enhanced 

rhythmic bursting activity 40. Experimental preparations equilibrated in the recording 

solution for 20-30 minutes prior to recording.  
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Whole nerve recordings  

 Glass suction electrodes were used to record XII motoneuron population activity 

from XII nerve rootlets.  Slices were considered rhythmic upon the observation of 

consistent bursting activity (see Fig.1). Rootlet activity was amplified, filtered (100-3000 

Hz), digitized (Spike2 A/D board, CED, Cambridge, UK), and stored on a computer  

(Dell) using Spike2 software (CED, Cambridge, UK).  

 

Microinjection of drugs: Thick-walled borosilicate glass capillary tubes (O.D. 1.5 mm, 

I.D. 0.75 mm, Sutter Instruments, CA. USA) were pulled to tip sizes approximately 1µm 

in diameter (resistance ranged between 2.1 to 3.4MΩ). Tips were filled with the drug of 

interest, connected to a picospritzer (Picospritzer II, General Valve Corp., Fairfield, NJ) 

and mounted on a micromanipulator for injection; a stereomicroscope mounted above the 

recording chamber was used to visualize tip placement. For XIIMN injections, tips were 

placed at the surface of the slice at a slight angle near the visualized boundary of the 

XIIMN, and then slowly advanced until the pipette tip was 35-40µm beneath the surface, 

near the center of the XIIMN column. For preBötC microinjections, tips were placed at 

the surface of the ventrolateral region of the slice and advanced 25-30µm beneath the 

surface in order to avoid significant damage to rhythm generating neurons. 

XIIn rootlet activity was monitored during pipette tip placement in both regions; there 

was no indication of altered nerve burst frequency or amplitude due to drug leakage. We 

have previously reported estimated injection volumes for identical microinjection 
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experiments using AMPA; these estimates showed that injection volumes approximated 

16-25nL15. 

 

Drugs and protocols:  Drugs were obtained from Sigma (St. Louis, MO), and mixed 

daily from stock solutions. In all microinjection experiments, injection pressure was 

maintained at 20psi. Drug dosages and injection timings were selected based on pilot 

studies showing clearly measurable responses without abolition of the respiratory rhythm.  

Glycine: Microinjection concentration for both XIIMN and preBötC experiments was 

25mM, mixed in the bathing solution. Injections lasted for 20 seconds in XIIMN 

experiments and 10 seconds in preBötC experiments.  

GABA-A: We used muscimol as a GABA-A receptor agonist in the microinjection 

studies. For XIIMN experiments, 10uM muscimol was injected for 20 seconds, while the 

10uM of muscimol was injected for 10 seconds in preBötC experiments.  

 

Immunohistochemistry experiments 

P3 Neonates were anesthetized and transcardially perfused with 4% 

paraformaldehyde in PBS.  Brainstems were rapidly removed and post-fixed over night in 

the perfusion solution. Fixed brainstems were glued to a chuck using the flattened pontine 

surface as the base, and placed in a Vibratome™. Transverse sections, cut at 40µm 

thickness, were taken through the medulla starting caudally at the spinomedullary 

junction and ending rostrally at approximately the pontomedullary junction.  
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 To identify GABA-A or glycine receptors, sections were mounted serially on 

electrostatic glass slides and blocked for one hour in 0.25% Bovine Serum Albumin 

(BSA) and 0.1% Triton X-100 in 0.1 M PBS (pH 7.4). In order to minimize processing 

variability, sections from nicotine animals were mounted with anatomically 

corresponding sections from a control animal on the same slide. After removal from the 

blocking solution, sections were incubated overnight in a mixture containing the primary 

antibody [rabbit anti-GABA-A Receptor, α-1 subunit, Millipore, 1:1000 41 or rabbit anti-

Glycine Receptor, Millipore, 1:1000] and the blocking solution. The glycine receptor 

antibody used has specificity for the α-1 subunit with some cross-reactivity for the α-2 

subunit as well. Following rinsing, sections were incubated in the host-appropriate 

biotinylated secondary antibody solution (dilution of 1:1000) for 8-12h, followed by 

washing and then incubation in avidin–biotin–HRP complex (Vector Labs Elite kit). For 

visualization using 3,3-diaminobenzidine (DAB) as the chromagen, slides were incubated 

in a 100 ml Tris buffer solution containing 50 mg DAB, 40 mg ammonium chloride, 0.3 

mg glucose oxidase (Sigma), and 200 mg β-D+-glucose.  

 

Data analysis and statistics: 

Microinjection experiments: Whole-nerve activity data were analyzed using custom 

scripts created with Spike 2 software. To quantify rhythmic bursting activity, XIIn bursts 

were rectified and integrated digitally, and subjected to measurements of peak burst 

amplitude, burst duration, burst area, average burst amplitude (area/duration) and burst 

frequency (1/cycle period) prior to and following muscimol or glycine injection in both 
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treatment groups (Fig. 1). All measurements were made for each burst during a baseline 

period of two minutes and for the first 4-5 minutes following drug injection. Given the 

variable nature of respiration-related motor output between individual rhythmic 

brainstem slices, burst characteristics were expressed as a percentage of the average 

measured during the baseline-bursting period. Using Prism (Graphpad Software, 

Cupertino, CA), statistical analysis was performed for the first 25 post-injection bursts for 

each parameter because the response had plateaued in the majority of cases. Data were 

averaged across all preparations, regions and drug treatments. A two-way ANOVA was 

used for statistical analysis of changes in burst characteristics between treatment groups. 

The main effects were treatment and post-injection burst number; p values < 0.05 were 

considered statistically significant.  

  

Immunohistochemistry experiments: Sections were visualized with a microscope, 

photographed under standardized lighting conditions, digitized and analyzed using 

ImageJ software. Approximately 8-12 cells in the XIIMN were selected from grayscale 

images (8-bit), and the mean grey value (MGV) of each cell was measured and recorded. 

MGV comparisons of GlyR and GABAAR-α1 expression were only made between 

control and DNE sections mounted and processed on the same slide to ensure that 

comparisons were between tissues that had been processed identically. MGV values were 

averaged and then compared between treatment groups using an unpaired Student’s t-test.  

Sections were also examined for GlyR and GABAAR-α1 staining in the preBötC 

region. We found that the GlyR staining in the preBötC did not delineate neurons as 
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clearly as in the XIIMN, and that there was a substantial amount of staining in the 

neuropil. We compared staining between control and DNE by measuring the MGV in a 

200 x 200µm region in the ventrolateral medulla thought to contain the preBötC. This 

40000µm2 region contained both somata and neuropil. We used a paired t-test to compare 

the data obtained from the 6 comparisons.  

Please note that all analysis of density comparisons was completed on un-altered 

images. For visualization purposes, the images shown within this manuscript have been 

contrast-enhanced using identical enhancements for control and DNE comparisons.  

	  

Estimation	  of	  soma	  size	   

	   The	  images	  obtained	  from	  the	  GlyR	  immunohistochemistry	  studies	  were	  also	  

used	  to	  obtain	  a	  general	  estimate	  of	  the	  soma	  area	  of	  XII	  motoneurons.	  The	  GlyR	  

immunohistochemistry	  provided	  a	  clearer	  visualization	  of	  soma	  architecture	  in	  the	  

XIIMN	  while	  the	  GABAAR-α1 staining provided a clearer visualization of cellular 

architecture in the preBötC region; therefore, we used GlyR staining in the XIIMN and 

GABAAR-α1 in the preBötC for these comparative measurements. We	  measured	  the	  

perpendicular	  cross-‐sectional	  area	  of	  8-‐12	  cell	  bodies	  in	  each	  section	  examined;	  

briefly,	  two	  perpendicular	  lines	  were	  drawn	  from	  one	  edge	  of	  the	  cell	  to	  the	  other,	  

across	  the	  widest	  diameter	  in	  both	  directions	  (see	  Fig.	  5C),	  and	  multiplied	  together	  

to	  obtain	  a	  relative	  square	  area	  of	  the	  soma	  42.	  This	  method	  provided	  a	  general	  

estimate	  of	  the	  soma	  size	  while	  simultaneously	  standardizing	  the	  measurement	  

method	  across	  neurons.	  	  
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Figures: 	  

	  

Figure 1: Anatomic regions of interest and parameters measured. A. Schematic of the medulla 
showing the region from which the 700µm thick rhythmic slice is taken (represented by dashed box). XIIn 
rootlets shown in grey, with the output to the tongue muscles and upper airways shown to the left (upper 
airway figure reproduced with permission from Ivanhoe et al.43). B. Nissl stained transverse section through 
the medulla with the regions of interested highlighted with black arrows on the left half of the image. Right 
half shows general schematic of neuronal connections of interest within the slice. Orange represents a 
preBötC neuron, teal represents an interneuron, and maroon represents a hypoglossal motoneuron that exits 
the slice as a XIIn rootlet. C. Example of the spontaneous rhythmic bursting activity obtained from a XIIn 
recording, as indicated by the suction electrode schematic in A. ENG, Electroneurogram. D. An expanded 
example of one of the respiratory bursts shown in C, with the integrated representation of the raw record 
and the burst parameters measured (average amplitude not shown).    
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Figure 2: Glycine and muscimol microinjection into the XIIMN. Integrated eletroneurogram (ENG) 
trace with the raw record shown underneath, from glycine microinjection experiments in slices obtained 
from a control (A) and a DNE (B) neonate. Traces in both A & B show baseline (before arrow) and post-
injection (after arrow) bursting activity. Arrows marks glycine injection, 25mM for 20sec. C. Post-injection 
comparisons of peak burst amplitude between control (black) and DNE (purple). D. Post-injection 
comparisons of burst area. E & F. Integrated and raw records from muscimol microinjection experiments 
in slices obtained from a control and DNE neonate. Arrows marks muscimol injection, 10µM for 20sec. G. 
Post-injection comparison of peak burst amplitude in control and DNE following muscimol injection. H. 
Post-injection comparison of burst area. All data in C, D, G, & H expressed as percent-change from 
baseline bursting; dashed lines represent the 100% level. Brackets marked as “a” represent treatment effect 
while brackets marked as “b” represent burst number (time) effect as measured by two-way ANOVA. **, p 
< 0.001; ***, p < 0.0001. Scale bar represents 20 seconds.  
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(Supplemental)	   Figure 2I-L: Average burst amplitude and burst duration comparisons following 
glycine and muscimol microinjection in the XIIMN. I. Post-injection comparison of average burst 
amplitude and J. burst duration following glycine injection into the XIIMN. K. Post-injection comparison 
of average burst amplitude and L. burst duration following muscimol microinjection. Data expressed as 
percent-change from baseline bursting; dashed lines represent the 100% level. Brackets marked as “a” 
represent treatment effect while brackets marked as “b” represent burst number (time) effect as measured 
by two-way ANOVA. *, p < 0.05; **, p < 0.001; ***, p < 0.0001. 
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Figure 3: Glycine and muscimol microinjection into the preBötC region. Integrated eletroneurogram 
(ENG) trace with the raw record shown underneath, from glycine microinjection experiments in slices 
obtained from a control (A) and a DNE (B) neonate. Traces in both A & B show baseline (before arrow) 
and post-injection (after arrow) bursting activity. Arrows marks glycine injection, 25mM for 10sec. C. 
Post-injection comparisons of peak burst amplitude between control (black) and DNE (purple). D. Post-
injection comparisons of burst area. E & F. Integrated and raw records from muscimol microinjection 
experiments in slices obtained from a control and DNE neonate. Arrows marks muscimol injection, 10µM 
for 10sec. G. Post-injection comparison of peak burst amplitude in control and DNE following muscimol 
injection. H. Post-injection comparison of burst area. All data in C, D, G, & H expressed as percent-change 
from baseline bursting; dashed lines represent the 100% level. Brackets marked as “a” represent treatment 
effect while brackets marked as “b” represent burst number (time) effect as measured by two-way 
ANOVA. **, p < 0.001; ***, p < 0.0001. Scale bar represents 20 seconds. 	  	  
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(Supplemental)	   Figure 3I-L: Average burst amplitude and burst duration comparisons following 
glycine and muscimol microinjection in the preBötC. I. Post-injection comparison of average burst 
amplitude and J. burst duration following glycine injection into the XIIMN. K. Post-injection comparison 
of average burst amplitude and L. burst duration following muscimol microinjection. Data expressed as 
percent-change from baseline bursting; dashed lines represent the 100% level. Brackets marked as “a” 
represent treatment effect while brackets marked as “b” represent burst number (time) effect as measured 
by two-way ANOVA. *, p < 0.05; **, p < 0.001; ***, p < 0.0001. 
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Figure 4. Burst frequency and apnea duration following muscimol microinjection into the preBötC 
region. A. Muscimol microinjection into the preBötC decreased post-injection burst frequency as recorded 
from the XIIn. Data expressed as percent-change from average burst frequency in the pre-injection time 
period. Dashed line represents 100%. Bracket marked as “a” represent treatment effect B. DNE prolonged 
apnea duration after muscimol microinjection into the preBötC. *, p < 0.05; **, p < 0.001.  



	   185	  

  
(Supplemental) Figure 4: Burst frequency and apnea duration following glycine or muscimol 
microinjection in the XIIMN and preBötC region. Data in panels C, E, & G expressed as percent-change 
from average burst frequency in the pre-injection time period. Dashed lines represent 100%. C Post-
injection burst frequency and D) apnea duration following glycine microinjection in the XIIMN. E. Post-
injection burst frequency and F) apnea duration following glycine microinjection preBötC region. G) 
Frequency comparison following muscimol microinjection in the preBötC region. Brackets marked as “a” 
represent treatment effect *, p < 0.05; **, p < 0.001.  



	   186	  

  
Figure 5: Comparison of GlyR immunohistochemistry and soma size in the XIIMN of control and 
DNE P3 neonates. All immunohistochemical comparisons were processed identically, with sections from a 
control (left) and DNE (right) animal mounted on the same slide and processed in the exact same manner.  
Note the darker staining in the DNE sections. Also shown are examples of neurons with the perpendicular 
lines, drawn in black (pointed out by white arrowheads), used to obtain the rectangular square area of the 
soma size. Panel on the far right shows a graphical representation of somata size between control and DNE. 
Images at 20X magnification; scale bar is 25µm.  
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(Supplemental) Figure 5: Comparisons of GlyR immunohistochemistry in the XIIMN of control and 
DNE P3 neonates. The two separate immunohistochemical comparisons shown in B-C were processed 
identically, with sections from a control (left) and DNE (right) animal mounted on the same slide and 
processed in the exact same manner.  Note the darker staining in the DNE sections. All images at 20X 
magnification; scale bar is 25µm.  
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(Supplemental) Figure 6: Comparisons of immunohistochemistry in the XIIMN and preBötC region 
of control and DNE neonates. A. GABAAR-α1 immunohistochemistry in the XIIMN of a control (left) 
and DNE (right) neonate. B. GlyR immunohistochemistry in the preBötC of a control (left) and DNE 
(right) neonate. C. GABAAR-α1 immunohistochemistry in the preBötC of a control (left and DNE (right) 
neonate. Images at 20X magnification; scale bar is 25 µm. 
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Figure 6: Proposed effect of DNE on inhibitory neurotransmission. Normal neuron with GABAA-ergic 
and glycinergic input shown on the left; the inhibitory neurons are shown with presynaptic nAChRs. DNE 
XII motoneuron, with decreased soma size and increased GlyR and GABAR receptor density, shown on the 
right; nAChRs are desensitizing and increasing in numbers in response to exogenous nicotine exposure.    
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Baseline Burst Duration and Burst Frequency 

Burst Duration 

 Average ± SEM n P value  
Control 0.6829 ± 0.0575 sec 20 

DNE 0.6801 ± 0.0668 sec 18 
0.9745 

Burst Frequency 

Control 6.1 ± 0.5 bursts/min 20 
DNE 7.6 ± 0.7 bursts/min 18 

0.0907 

Table 1: Baseline burst duration and burst frequency. Burst duration and burst frequency were 
averaged for all bursts during the 2-minute pre-injection period. No significant difference between control 
and DNE was found for these baseline measurements.  
 
 
 

Apnea	  Duration	  

Drug	  &	  Location	   Treatment	  
Group	   N	  

Average	  
apnea	  
duration	  

P	  value	  

Control	   4/7	   71.3	  ± 10.3	  
Glycine	  &	  XIIMN	  

DNE	   6/8	   94.4	  ± 19.6	  
0.4470	  

Control	   6/6	   64.5	  ± 19.3	  Glycine	  &	  preBötC	  
DNE	   6/8	   148.5	  ± 26.9	   0.2424	  

Control	   0/9	   	  Muscimol	  &	  XIIMN	  
DNE	   2/8	   57	  ± 9	   -‐	  

Control	   3/9	   28.83	  ± 8.0	   0.0142*	  Muscimol	  &	  preBötC	  
DNE	   3/7	   63.37	  ± 2.6	   	  

(Supplemental) Table 2: Post-injection apnea duration. When present, post-injection apnea durations 
were measured for all experiments. The table provides the number of animals that experienced apnea, and 
the average apnea duration for each treatment group in each drug/location combination. DNE caused a 
significantly longer apnea duration when muscimol was injected into the preBötC.  
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Immunohistochemistry	  Analysis	  in	  the	  XIIMN	  

Receptor	  Probed	   Comparison	   Treatment	  	   #	  of	  
cells	   MGV	  	   P	  value	  

Control	   33	   132.5	  1	  
DNE	   33	   145.2	  

0.0025	  

Control	   31	   136.1	  2	  
DNE	   37	   147	   0.0101	  

Control	   22	   115.3	  3	  
DNE	   22	   127.8	   0.0391	  

Control	   30	   144.8	  4	  
DNE	   22	   140	   0.0525	  

Control	   30	   127.4	  5	  
DNE	   38	   124.5	   0.2551	  

Control	   30	   132.2	  

Glycine	  

6	  
DNE	   34	   132.8	   0.8489	  

Control	   40	   135.1	  1	  
DNE	   40	   142.8	   0.0004	  

Control	   40	   134.7	  2	  
DNE	   40	   149.2	   0.0074	  

Control	   36	   123.5	  3	  
DNE	   32	   111.5	   0.0083	  

Control	   40	   135.6	  4	  
DNE	   48	   140.1	   0.0164	  

Control	   42	   117.6	  5	  
DNE	   41	   144.3	   0.0767	  

Control	   40	   142.2	  6	  
DNE	   40	   143.9	   0.5658	  

Control	   37	   136.6	  

GABAAR-α1	  

7	  
DNE	   37	   138.1	   0.6300	  

(Supplemental) Table 3: Glycine receptor and GABAAR-α1 immunohistochemistry analysis in the 
XIIMN. Table shows the mean grey value for each individual comparison between control and DNE 
neonates, and also shows the number of cells evaluated in each comparison. . Each comparison consisted of 
sections from one control and one DNE animal mounted on the same slide; these sections were therefore 
processed identically (e.g., sections in each comparison received the same concentrations of antibody and 
underwent identical incubation times).  
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Immunohistochemistry	  Analysis	  in	  the	  preBötC	  using	  a	  200	  x	  
200	  µm	  region	  

Receptor	  Probed	   Comparison	   Treatment	  	   MGV	  	  
P	  value	  
(paired	  
t-test)	  

Control	   121.5	  
1	  

DNE	   133.9	  
Control	   126.4	  2	  
DNE	   122.3	  
Control	   103.7	  3	  
DNE	   106.0	  
Control	   126.8	  4	  
DNE	   129.6	  
Control	   112.6	  5	  
DNE	   119.6	  
Control	   115.2	  

Glycine	  

6	  
DNE	   128.7	  

0.0925	  

Control	   109.49	  1	  
DNE	   111.03	  
Control	   117.98	  2	  
DNE	   126.20	  
Control	   113.55	  3	  
DNE	   93.76	  
Control	   122.76	  4	  
DNE	   121.95	  
Control	   116.99	  

GABA-A	  

5	  
DNE	   116.90	  

0.6786	  

(Supplemental) Table 4: Glycine receptor and GABAAR-α1 immunohistochemistry analysis in the 
preBötC region. Analysis in the preBötC region consisted of measuring the mean grey value (MGV) in a 
200 x 200µm area, which included somata and neuropil, in each image. Each comparison consisted of 
sections from one control and one DNE animal mounted on the same slide; these sections were therefore 
processed identically (e.g., sections in each comparison received the same concentrations of antibody and 
underwent identical incubation times). 
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POSSIBILITY OF SUCH 
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DAMAGES. THIS LIMITATION SHALL APPLY NOTWITHSTANDING ANY FAILURE OF 
ESSENTIAL PURPOSE OF ANY LIMITED REMEDY PROVIDED HEREIN. 
9. Should any provision of this Agreement be held by a court of competent jurisdiction to 
be illegal, invalid, or unenforceable, that provision shall be deemed amended to achieve 
as nearly as possible the same economic effect as the original provision, and the legality, 
validity and enforceability of the remaining provisions of this Agreement shall not be 
affected or impaired thereby. 
10. The failure of either party to enforce any term or condition of this Agreement shall 
not constitute a waiver of either party's right to enforce each and every term and 
condition of this Agreement. No breach under this agreement shall be deemed waived or 
excused by either party unless such waiver or consent is in writing signed by the party 
granting such waiver or consent. The waiver by or consent of a party to a breach of any 
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provision of this Agreement shall not operate or be construed as a waiver of or consent to 
any other or subsequent breach by such other party. 
11. This Agreement may not be assigned (including by operation of law or otherwise) by 
you without WILEY's prior written consent. 
12. Any fee required for this permission shall be non-refundable after thirty (30) days 
from receipt. 
13. These terms and conditions together with CCC’s Billing and Payment terms and 
conditions (which are incorporated herein) form the entire agreement between you and 
WILEY concerning this licensing transaction and (in the absence of fraud) supersedes all 
prior agreements and representations of the parties, oral or written. This Agreement may 
not be amended except in writing signed by both parties. This Agreement shall be binding 
upon and inure to the benefit of the parties' successors, legal representatives, and 
authorized assigns. 
14. In the event of any conflict between your obligations established by these terms and 
conditions and those established by CCC’s Billing and Payment terms and conditions, 
these terms and conditions shall prevail. 
15. WILEY expressly reserves all rights not specifically granted in the combination of (i) 
the license details provided by you and accepted in the course of this licensing 
transaction, (ii) these terms and conditions and (iii) CCC’s Billing and Payment terms and 
conditions. 
16. This Agreement will be void if the Type of Use, Format, Circulation, or Requestor Type 
was misrepresented during the licensing process. 
17. This Agreement shall be governed by and construed in accordance with the laws of 
the State of New York, USA, without regards to such state’s conflict of law rules. Any 
legal action, suit or proceeding arising out of or relating to these Terms and Conditions or 
the breach thereof shall be instituted in a court of competent jurisdiction in New York 
County in the State of New York in the United States of America and each party hereby 
consents and submits to the personal jurisdiction of such court, waives any objection to 
venue in such court and consents to service of process by registered or certified mail, 
return receipt requested, at the last known address of such party. 
Wiley Open Access Terms and Conditions 
All research articles published in Wiley Open Access journals are fully open access: 
immediately freely available to read, download and share. Articles are published under 
the terms of the Creative Commons Attribution Non Commercial License. which permits 
use, distribution and reproduction in any medium, provided the original work is properly 
cited and is not used for commercial purposes. The license is subject to the Wiley Open 
Access terms and conditions: Wiley Open Access articles are protected by copyright and 
are posted to repositories and websites in accordance with the terms of the Creative 
Commons Attribution Non Commercial License. At the time of deposit, Wiley Open Access 
articles include all changes made during peer review, copyediting, and publishing. 
Repositories and websites that host the article are responsible for incorporating any 
publisher-supplied amendments or retractions issued subsequently. Wiley Open Access 
articles are also available without charge on Wiley's publishing platform, Wiley Online 
Library or any successor sites. 
https://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=cdaae30e-7d43-41d4-8daf-84f8b5d1ca36 3/5 
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Use by non-commercial users 
For non-commercial and non-promotional purposes individual users may access, 
download, copy, display and redistribute to colleagues Wiley Open Access articles, as well 
as adapt, translate, text- and data-mine the content subject to the following conditions: 
The authors' moral rights are not compromised. These rights include the right of 
"paternity" (also known as "attribution" - the right for the author to be identified as 
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such) and "integrity" (the right for the author not to have the work altered in such a 
way that the author's reputation or integrity may be impugned). 
Where content in the article is identified as belonging to a third party, it is the 
obligation of the user to ensure that any reuse complies with the copyright policies of 
the owner of that content. 
If article content is copied, downloaded or otherwise reused for non-commercial 
research and education purposes, a link to the appropriate bibliographic citation 
(authors, journal, article title, volume, issue, page numbers, DOI and the link to the 
definitive published version on Wiley Online Library) should be maintained. 
Copyright notices and disclaimers must not be deleted. 
Any translations, for which a prior translation agreement with Wiley has not been 
agreed, must prominently display the statement: "This is an unofficial translation of 
an article that appeared in a Wiley publication. The publisher has not endorsed this 
translation." 
Use by commercial "for-profit" organisations 
Use of Wiley Open Access articles for commercial, promotional, or marketing 
purposes requires further explicit permission from Wiley and will be subject to a fee. 
Commercial purposes include: 
Copying or downloading of articles, or linking to such articles for further 
redistribution, sale or licensing; 
Copying, downloading or posting by a site or service that incorporates advertising 
with such content; 
The inclusion or incorporation of article content in other works or services (other than 
normal quotations with an appropriate citation) that is then available for sale or 
licensing, for a fee (for example, a compilation produced for marketing purposes, 
inclusion in a sales pack) 
Use of article content (other than normal quotations with appropriate citation) by for-
profit organisations for promotional purposes 
Linking to article content in e-mails redistributed for promotional, marketing or 
educational purposes; 
Use for the purposes of monetary reward by means of sale, resale, licence, loan, 
transfer or other form of commercial exploitation such as marketing products 
Print reprints of Wiley Open Access articles can be purchased from: 
corporatesales@wiley.com 
Other Terms and Conditions: 
BY CLICKING ON THE "I AGREE..." BOX, YOU ACKNOWLEDGE THAT YOU 
HAVE READ AND FULLY UNDERSTAND EACH OF THE SECTIONS OF AND 
PROVISIONS SET FORTH IN THIS AGREEMENT AND THAT YOU ARE IN 
AGREEMENT WITH AND ARE WILLING TO ACCEPT ALL OF YOUR 
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OBLIGATIONS AS SET FORTH IN THIS AGREEMENT. v1.7 
If you would like to pay for this license now, please remit this license along with 
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your payment made payable to "COPYRIGHT CLEARANCE CENTER" otherwise 
you will be invoiced within 48 hours of the license date. Payment should be in 
the form of a check or money order referencing your account number and this 
invoice number RLNK500982981. 
Once you receive your invoice for this order, you may pay your invoice by credit 
card. Please follow instructions provided at that time. 
Make Payment To: Copyright Clearance Center Dept 001 P.O. Box 843006 
Boston, MA 02284-3006 
For suggestions or comments regarding this order, contact RightsLink Customer 
Support: customercare@copyright.com or +1-877-622-5543 (toll free in the US) 
or +1- 978-646-2777. 
Gratis licenses (referencing $0 in the Total field) are free. Please retain this 
printable license for your reference. No payment is required. 
https://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=cdaae30e-7d43-41d4-8daf-84f8b5d1ca36 5/5 
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JOHN WILEY AND SONS LICENSE TERMS AND CONDITIONS 
This is a License Agreement between Stuti Jaiswal ("You") and John Wiley and Sons 
("John Wiley and Sons") provided by Copyright Clearance Center ("CCC"). The license 
consists of your order details, the terms and conditions provided by John Wiley and Sons, 
and the payment terms and conditions. 
 
TERMS AND CONDITIONS 
3113980194630 
Mar 21, 2013 
John Wiley and Sons 
Journal of Physiology 
Preparing for the first breath: prenatal maturation of respiratory neural 
control 
Copyright © 2006, John Wiley and Sons John J. Greer,Gregory D. 
Funk,Klaus Ballanyi Jan 16, 2006 437 444 Dissertation/Thesis 
University/Academic Print and electronic Figure/table 1 Figure 3 
No 0.00 USD 
This copyrighted material is owned by or exclusively licensed to John 
Wiley & Sons, Inc. or one of its group companies (each a "Wiley 
Company") or a society for whom a Wiley Company has exclusive 
publishing rights in relation to a particular journal (collectively 
WILEY"). By clicking "accept" in connection with completing this 
licensing transaction, you agree that the following terms and 
conditions apply to this transaction (along with the billing and payment 
terms and conditions established by the Copyright Clearance Center 
Inc., ("CCC’s Billing and Payment terms and conditions"), at the time 
that you opened your Rightslink account (these are available at any 
time 
 
Terms and Conditions 
1. The materials you have requested permission to reproduce (the 
"Materials") are protected by copyright. 
2. You are hereby granted a personal, non-exclusive, 
non-sublicensable, non-transferable, worldwide, limited license to 
reproduce the Materials for the purpose specified in the licensing 
process. This license is for a one-time use only with a maximum 
distribution equal to the number that you identified in the licensing 
process. Any form of republication granted by this licence must be 
completed within two years of the date of the grant of this licence 
(although copies prepared before may be distributed thereafter). The 
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Materials shall not be used in any other manner or for any other 
purpose. Permission is granted subject to an appropriate 
acknowledgement given to the author, title of the 
material/book/journal and the publisher. You shall also duplicate the 
copyright notice that appears in the Wiley publication in your use of 
the Material. Permission is also granted on the understanding that 
nowhere in the text is a previously published source acknowledged for 
all or part of this Material. Any third party material is expressly 
excluded from this permission. 
3. With respect to the Materials, all rights are reserved. Except as 
expressly granted by the terms of the license, no part of the Materials 
may be copied, modified, adapted (except for minor reformatting 
required by the new Publication), translated, reproduced, transferred 
or distributed, in any form or by any means, and no derivative works 
may be made based on the Materials without the prior permission of 
the respective copyright owner. You may not alter, remove or 
suppress in any manner any copyright, trademark or other notices 
displayed by the Materials. You may not license, rent, sell, loan, lease, 
pledge, offer as security, transfer or assign the Materials, or any of the 
rights granted to you hereunder to any other person. 
4. The Materials and all of the intellectual property rights therein shall 
at all times remain the exclusive property of John Wiley & Sons Inc or 
one of its related companies (WILEY) or their respective licensors, and 
your interest therein is only that of having possession of and the right 
to reproduce the Materials pursuant to Section 2 herein during the 
continuance of this Agreement. You agree that you own no right, title 
or interest in or to the Materials or any of the intellectual property 
rights therein. You shall have no rights hereunder other than the 
license as provided for above in Section 2. No right, license or interest 
to any trademark, trade name, service mark or other branding 
("Marks") of WILEY or its licensors is granted hereunder, and you 
agree that you shall not assert any such right, license or interest with 
respect thereto. 
5. NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR 
REPRESENTATION OF ANY KIND TO YOU OR ANY THIRD PARTY, 
EXPRESS, IMPLIED OR STATUTORY, WITH RESPECT TO THE 
MATERIALS OR THE ACCURACY OF ANY INFORMATION CONTAINED IN 
THE MATERIALS, INCLUDING, WITHOUT LIMITATION, ANY IMPLIED 
WARRANTY OF MERCHANTABILITY, ACCURACY, SATISFACTORY 
QUALITY, FITNESS FOR A PARTICULAR PURPOSE, USABILITY, 
INTEGRATION OR NON-INFRINGEMENT AND ALL SUCH WARRANTIES 
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ARE HEREBY EXCLUDED BY WILEY AND ITS LICENSORS AND WAIVED 
BY YOU. 
6. WILEY shall have the right to terminate this Agreement immediately 
upon breach of this Agreement by you. 
7. You shall indemnify, defend and hold harmless WILEY, its Licensors 
and their respective directors, officers, agents and employees, from 
and against any actual or threatened claims, demands, causes of 
action or proceedings arising from any breach of this Agreement by 
you. 
8. IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU 
OR ANY OTHER PARTY OR ANY OTHER PERSON OR ENTITY FOR ANY 
SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT, EXEMPLARY OR 
PUNITIVE DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN 
CONNECTION WITH THE DOWNLOADING, PROVISIONING, VIEWING 
OR USE OF THE MATERIALS REGARDLESS OF THE FORM OF ACTION, 
WHETHER FOR BREACH OF CONTRACT, BREACH OF WARRANTY, 
TORT, NEGLIGENCE, INFRINGEMENT OR OTHERWISE (INCLUDING, 
WITHOUT LIMITATION, DAMAGES BASED ON LOSS OF PROFITS, 
DATA, FILES, USE, BUSINESS OPPORTUNITY OR CLAIMS OF THIRD 
PARTIES), AND WHETHER OR NOT THE PARTY HAS BEEN ADVISED OF 
THE POSSIBILITY OF SUCH 
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DAMAGES. THIS LIMITATION SHALL APPLY NOTWITHSTANDING ANY 
FAILURE OF ESSENTIAL PURPOSE OF ANY LIMITED REMEDY 
PROVIDED HEREIN. 
9. Should any provision of this Agreement be held by a court of 
competent jurisdiction to be illegal, invalid, or unenforceable, that 
provision shall be deemed amended to achieve as nearly as possible 
the same economic effect as the original provision, and the legality, 
validity and enforceability of the remaining provisions of this 
Agreement shall not be affected or impaired thereby. 
10. The failure of either party to enforce any term or condition of this 
Agreement shall not constitute a waiver of either party's right to 
enforce each and every term and condition of this Agreement. No 
breach under this agreement shall be deemed waived or excused by 
either party unless such waiver or consent is in writing signed by the 
party granting such waiver or consent. The waiver by or consent of a 
party to a breach of any provision of this Agreement shall not operate 
or be construed as a waiver of or consent to any other or subsequent 
breach by such other party. 
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11. This Agreement may not be assigned (including by operation of 
law or otherwise) by you without WILEY's prior written consent. 
12. Any fee required for this permission shall be non-refundable after 
thirty (30) days from receipt. 
13. These terms and conditions together with CCC’s Billing and 
Payment terms and conditions (which are incorporated herein) form 
the entire agreement between you and WILEY concerning this licensing 
transaction and (in the absence of fraud) supersedes all prior 
agreements and representations of the parties, oral or written. This 
Agreement may not be amended except in writing signed by both 
parties. This Agreement shall be binding upon and inure to the benefit 
of the parties' successors, legal representatives, and authorized 
assigns. 
14. In the event of any conflict between your obligations established 
by these terms and conditions and those established by CCC’s Billing 
and Payment terms and conditions, these terms and conditions shall 
prevail. 
15. WILEY expressly reserves all rights not specifically granted in the 
combination of (i) the license details provided by you and accepted in 
the course of this licensing transaction, (ii) these terms and conditions 
and (iii) CCC’s Billing and Payment terms and conditions. 
16. This Agreement will be void if the Type of Use, Format, Circulation, 
or Requestor Type was misrepresented during the licensing process. 
17. This Agreement shall be governed by and construed in accordance 
with the laws of the State of New York, USA, without regards to such 
state’s conflict of law rules. Any legal action, suit or proceeding arising 
out of or relating to these Terms and Conditions or the breach thereof 
shall be instituted in a court of competent jurisdiction in New York 
County in the State of New York in the United States of America and 
each party hereby consents and submits to the personal jurisdiction of 
such court, waives any objection to venue in such court and consents 
to service of process by registered or certified mail, return receipt 
requested, at the last known address of such party. 
Wiley Open Access Terms and Conditions 
All research articles published in Wiley Open Access journals are fully 
open access: immediately freely available to read, download and 
share. Articles are published under the terms of the Creative Commons 
Attribution Non Commercial License. which permits use, distribution 
and reproduction in any medium, provided the original work is 
properly cited and is not used for commercial purposes. The license is 
subject to the Wiley Open Access terms and conditions: Wiley Open 
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Access articles are protected by copyright and are posted to 
repositories and websites in accordance with the terms of the Creative 
Commons Attribution Non Commercial License. At the time of deposit, 
Wiley Open Access articles include all changes made during peer 
review, copyediting, and publishing. Repositories and websites that 
host the article are responsible for incorporating any 
publisher-supplied amendments or retractions issued subsequently. 
Wiley Open Access articles are also available without charge on Wiley's 
publishing platform, Wiley Online Library or any successor sites. 
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Use by non-commercial users 
For non-commercial and non-promotional purposes individual users 
may access, download, copy, display and redistribute to colleagues 
Wiley Open Access articles, as well as adapt, translate, text- and 
data-mine the content subject to the following conditions: 
The authors' moral rights are not compromised. These rights include the right of 
"paternity" (also known as "attribution" - the right for the author to be identified as such) 
and "integrity" (the right for the author not to have the work altered in such a way that the 
author's reputation or integrity may be impugned). 
Where content in the article is identified as belonging to a third party, it is the obligation 
of the user to ensure that any reuse complies with the copyright policies of the owner of 
that content. 
If article content is copied, downloaded or otherwise reused for non-commercial research 
and education purposes, a link to the appropriate bibliographic citation (authors, journal, 
article title, volume, issue, page numbers, DOI and the link to the definitive published 
version on Wiley Online Library) should be maintained. Copyright notices and 
disclaimers must not be deleted. 
Any translations, for which a prior translation agreement with Wiley has not been agreed, 
must prominently display the statement: "This is an unofficial translation of an article that 
appeared in a Wiley publication. The publisher has not endorsed this translation." 
Use by commercial "for-profit" organisations 
Use of Wiley Open Access articles for commercial, promotional, or marketing purposes 
requires further explicit permission from Wiley and will be subject to a fee. Commercial 
purposes include: 
Copying or downloading of articles, or linking to such articles for further redistribution, 
sale or licensing; 
Copying, downloading or posting by a site or service that incorporates advertising with 
such content; 
The inclusion or incorporation of article content in other works or services (other than 
normal quotations with an appropriate citation) that is then available for sale or licensing, 
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for a fee (for example, a compilation produced for marketing purposes, inclusion in a 
sales pack) 
Use of article content (other than normal quotations with appropriate citation) by for-
profit organisations for promotional purposes 
Linking to article content in e-mails redistributed for promotional, marketing or 
educational purposes; 
Use for the purposes of monetary reward by means of sale, resale, licence, loan, transfer 
or other form of commercial exploitation such as marketing products 
Print reprints of Wiley Open Access articles can be purchased from: 
corporatesales@wiley.com 
Other Terms and Conditions: 
BY CLICKING ON THE "I AGREE..." BOX, YOU ACKNOWLEDGE THAT YOU 
HAVE READ AND FULLY UNDERSTAND EACH OF THE SECTIONS OF AND 
PROVISIONS SET FORTH IN THIS AGREEMENT AND THAT YOU ARE IN 
AGREEMENT WITH AND ARE WILLING TO ACCEPT ALL OF YOUR 
https://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=cdaae30e-7d43-41d4-8daf-
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ELSEVIER LICENSE TERMS AND CONDITIONS 
This is a License Agreement between Stuti Jaiswal ("You") and Elsevier ("Elsevier") 
provided by Copyright Clearance Center ("CCC"). The license consists of your order 
details, the terms and conditions provided by Elsevier, and the payment terms and 
conditions. 
 
Elsevier Limited The Boulevard,Langford Lane Kidlington,Oxford,OX5 
1GB,UK 
1982084 
Stuti Jaiswal 
8080 E. Speedway Blvd. Unit 606 
Tucson, AZ 85710 
3116971411078 
Mar 27, 2013 
Elsevier 
Respiratory Physiology & Neurobiology 
Prenatal nicotine exposure alters medullary nicotinic and AMPA- 
mediated control of respiratory frequencyin vitro 
Jason Q. Pilarski,Ralph F. Fregosi 31 October 2009 169 
1 
10 1 10 reuse in a thesis/dissertation figures/tables/illustrations 
1 
both print and electronic No 
Mar 28, 2013 
THE CONSEQUENCES OF DEVELOPMENTAL NICOTINE EXPOSURE ON 
NEONATAL CENTRAL RESPIRATORY CONTROL 
May 2013 200 
GB 494 6272 12 0.00 USD 0.0 USD / 0.0 GBP 0.00 USD 
 
INTRODUCTION 
1. The publisher for this copyrighted material is Elsevier. By clicking "accept" in 
connection with completing this licensing transaction, you agree that the following terms 
and conditions apply to this transaction (along with the Billing and Payment terms and 
conditions established by Copyright Clearance Center, Inc. ("CCC"), at the time that you 
opened your Rightslink account and that are available at any time at 
http://myaccount.copyright.com). 
GENERAL TERMS 
2. Elsevier hereby grants you permission to reproduce the aforementioned material 
subject to the terms and conditions indicated. 
3. Acknowledgement: If any part of the material to be used (for example, figures) has 
appeared in our publication with credit or acknowledgement to another source, 
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permission must also be sought from that source. If such permission is not obtained then 
that material may not be included in your publication/copies. Suitable acknowledgement 
to the source must be made, either as a footnote or in a reference list at the end of your 
publication, as follows: 
“Reprinted from Publication title, Vol /edition number, Author(s), Title of article / title of 
chapter, Pages No., Copyright (Year), with permission from Elsevier [OR APPLICABLE 
SOCIETY COPYRIGHT OWNER].” Also Lancet special credit - “Reprinted from The 
Lancet, Vol. number, Author(s), Title of article, Pages No., Copyright (Year), with 
permission from Elsevier.” 
4. Reproduction of this material is confined to the purpose and/or media for which 
permission is hereby given. 
5. Altering/Modifying Material: Not Permitted. However figures and illustrations may be 
altered/adapted minimally to serve your work. Any other abbreviations, additions, 
deletions and/or any other alterations shall be made only with prior written authorization 
of Elsevier Ltd. (Please contact Elsevier at permissions@elsevier.com) 
6. If the permission fee for the requested use of our material is waived in this instance, 
please be advised that your future requests for Elsevier materials may attract a fee. 
https://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=1833e426-ef13-4a57-a78c-
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7. Reservation of Rights: Publisher reserves all rights not specifically granted in the 
combination of (i) the license details provided by you and accepted in the course of this 
licensing transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment 
terms and conditions. 
8. License Contingent Upon Payment: While you may exercise the rights licensed 
immediately upon issuance of the license at the end of the licensing process for the 
transaction, provided that you have disclosed complete and accurate details of your 
proposed use, no license is finally effective unless and until full payment is received from 
you (either by publisher or by CCC) as provided in CCC's Billing and Payment terms and 
conditions. If full payment is not received on a timely basis, then any license 
preliminarily granted shall be deemed automatically revoked and shall be void as if never 
granted. Further, in the event that you breach any of these terms and conditions or any of 
CCC's Billing and Payment terms and conditions, the license is automatically revoked 
and shall be void as if never granted. Use of materials as described in a revoked license, 
as well as any use of the materials beyond the scope of an unrevoked license, may 
constitute copyright infringement and publisher reserves the right to take any and all 
action to protect its copyright in the materials. 
9. Warranties: Publisher makes no representations or warranties with respect to the 
licensed material. 
10. Indemnity: You hereby indemnify and agree to hold harmless publisher and CCC, 
and their respective officers, directors, employees and agents, from and against any and 
all claims arising out of your use of the licensed material other than as specifically 
authorized pursuant to this license. 
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11. No Transfer of License: This license is personal to you and may not be sublicensed, 
assigned, or transferred by you to any other person without publisher's written 
permission. 
12. No Amendment Except in Writing: This license may not be amended except in a 
writing signed by both parties (or, in the case of publisher, by CCC on publisher's 
behalf). 
13. Objection to Contrary Terms: Publisher hereby objects to any terms contained in any 
purchase order, acknowledgment, check endorsement or other writing prepared by you, 
which terms are inconsistent with these terms and conditions or CCC's Billing and 
Payment terms and conditions. These terms and conditions, together with CCC's Billing 
and Payment terms and conditions (which are incorporated herein), comprise the entire 
agreement between you and publisher (and CCC) concerning this licensing transaction. In 
the event of any conflict between your obligations established by these terms and 
conditions and those established by CCC's Billing and Payment terms and conditions, 
these terms and conditions shall control. 
14. Revocation: Elsevier or Copyright Clearance Center may deny the permissions 
described in this License at their sole discretion, for any reason or no reason, with a full 
refund payable to you. Notice of such denial will be made using the contact information 
provided by you. Failure to receive such notice will not alter or invalidate the denial. In 
no event will Elsevier or Copyright Clearance Center be responsible or liable for any 
costs, expenses or damage incurred by you as a result of a denial of your permission 
request, other than a refund of the amount(s) paid by you to Elsevier and/or Copyright 
Clearance Center for denied permissions. 
LIMITED LICENSE 
The following terms and conditions apply only to specific license types: 
https://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=1833e426-ef13-4a57-a78c-
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15. Translation: This permission is granted for non-exclusive world English rights only 
unless your license was granted for translation rights. If you licensed translation rights 
you may only translate this content into the languages you requested. A professional 
translator must perform all translations and reproduce the content word for word 
preserving the integrity of the article. If this license is to re-use 1 or 2 figures then 
permission is granted for non- exclusive world rights in all languages. 
16. Website: The following terms and conditions apply to electronic reserve and author 
websites: Electronic reserve: If licensed material is to be posted to website, the web site 
is to be password-protected and made available only to bona fide students registered on a 
relevant course if: 
This license was made in connection with a course, This permission is granted for 1 year 
only. You may obtain a license for future website posting, All content posted to the web 
site must maintain the copyright information line on the bottom of each image, A hyper-
text must be included to the Homepage of the journal from which you are licensing at 
http://www.sciencedirect.com/science/journal/xxxxx or the Elsevier homepage for books 
at http://www.elsevier.com , and Central Storage: This license does not include 
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permission for a scanned version of the material to be stored in a central repository such 
as that provided by Heron/XanEdu. 
17. Author website for journals with the following additional clauses: 
All content posted to the web site must maintain the copyright information line on the 
bottom of each image, and the permission granted is limited to the personal version of 
your paper. You are not allowed to download and post the published electronic version of 
your article (whether PDF or HTML, proof or final version), nor may you scan the 
printed edition to create an electronic version. A hyper-text must be included to the 
Homepage of the journal from which you are licensing at 
http://www.sciencedirect.com/science/journal/xxxxx . As part of our normal production 
process, you will receive an e-mail notice when your article appears on Elsevier’s online 
service ScienceDirect (www.sciencedirect.com). That e-mail will include the article’s 
Digital Object Identifier (DOI). This number provides the electronic link to the published 
article and should be included in the posting of your personal version. We ask that you 
wait until you receive this e-mail and have the DOI to do any posting. 
Central Storage: This license does not include permission for a scanned version of the 
material to be stored in a central repository such as that provided by Heron/XanEdu. 
18. Author website for books with the following additional clauses: Authors are 
permitted to place a brief summary of their work online only. A hyper-text must be 
included to the Elsevier homepage at http://www.elsevier.com . All content posted to the 
web site must maintain the copyright information line on the bottom of each image. You 
are not allowed to download and post the published electronic version of your chapter, 
nor may you scan the printed edition to create an electronic version. 
Central Storage: This license does not include permission for a scanned version of the 
material to be stored in a central repository such as that provided by Heron/XanEdu. 
19. Website (regular and for author): A hyper-text must be included to the Homepage of 
the 
https://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=1833e426-ef13-4a57-a78c-
f0abfb200a7a 4/5 
3/28/13 Rightslink Printable License 
journal from which you are licensing at 
http://www.sciencedirect.com/science/journal/xxxxx. or for books to the Elsevier 
homepage at http://www.elsevier.com 
20. Thesis/Dissertation: If your license is for use in a thesis/dissertation your thesis may 
be submitted to your institution in either print or electronic form. Should your thesis be 
published commercially, please reapply for permission. These requirements include 
permission for the Library and Archives of Canada to supply single copies, on demand, 
of the complete thesis and include permission for UMI to supply single copies, on 
demand, of the complete thesis. Should your thesis be published commercially, please 
reapply for permission. 
21. Other Conditions: 
v1.6 
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Animal Protocol Review Form    
IACUC Office Use Only Date Received Committee 

Notification
Notification 

Expiration Date Approval Date Expiration Date Protocol #

 3/18/11, Rev. 3/25, 4/28 3/21/11 3/24/11 4/29/11 4/29/14 08-060

1.  Protocol Title

a.  Protocol Title  Influence of prenatal nicotine exposure on the control of breathing

b.   Proposed 
Start Date

c.  Proposed 
End Date

d.  Protocol is a 'Just in Time' 
Submission for a Federal Grant

e.  Date IACUC Assurance 
Needed for 'JIT' Funding

f.  Protocol is 
a Renewal

g.  Previous Protocol # 
(RENEWALS ONLY)

h.  Expiration Date of 
Previous Protocol

May 11, 2011 08-060 06/03/2011

i.  Progress Report for Renewing Protocols:  How does this protocol differ from the original in the objective and procedures?  If all or 
some of the studies proposed appear to be identical to those in the original protocol, please provide a brief explanation as to whether 
they have not yet been done, or are ongoing, or must be repeated, etc.
The studies are ongoing, and whereas we used the in vitro brainstem spinal cord preparation to study the system response to prenatal 
nicotine exposure, we are now using a brainstem slice preparation that allows us to conduct whole cell patch clamp recordings of single 
respiratory neurons, including hypoglossal motoneurons (which control muscles of the tongue), and preBotzinger complex interneurons, 
which generate the rhythm of breathing.  This approach allows to directly examine how prenatal nicotine exposure impacts synaptic 
transmission among different types of brainstem respiratory neurons.

2.  PI Contact Record

a.  Principal Investigator b.  Department c.  Phone d.  Fax

 Ralph F Fregosi Physiology & Neuroscience 520-621-2203 520-621-8170

e.  E-Mail Address f.  Mailing Address (Include PO Box)

fregosi@u.arizona.edu Gittings Building 119, Tucson, Arizona 85721 
P.O. Box 210093 

3.  Emergency Contacts (Please select one option below)

  b.  Emergency Contacts Needed.  This is a study where animals will be held or housed at a U of A owned location.
In case animals are observed in distress outside of normal working hours, the following persons should be contacted:

Add Line Name Work Phone Cell Phone

Delete 
Row Ralph F Fregosi 520-621-2203 520-981-3474

Delete 
Row Seres Cross 520-621-8431 520-360-8435

4.  General Information (Check all that apply to this protocol)

  a.  The research, as conducted on this protocol, is not being performed to directly benefit humans

 f.  Surgical Procedures - Please complete and include a Surgical Procedures Addendum with submission.

 g.  Hazardous Materials - You must complete and submit the Hazardous Materials Addendum.  Hazardous Agents include, but are 
not limited to:  Infectious Agents including bacteria, chlamydiae, fungi, rickettsias, viruses, parasites, prions, human blood, body 
fluids, tissues or cell cultures.  Recombinant DNA and the creation (but not acquisition) of transgenic animals.  Radiation 
including x-rays, lasers, sealed sources and radioisotopes.  Hazardous Chemicals such as toxic, carcinogenic, mutagenic or teratogenic 
substances; sterilant or anesthetic gases.

5.  Participating Personnel, Protocol Contacts & Occupational Safety Designee (OSD)

Add 
Line

a.  Name, Professional Title 
and Role on Protocol if "PI", 
"Co-PI" or "Collaborator" 

b.  
IACUC 
Cert #

c. 
OSD?

d. 
Protocol 
Contact?

e.  
Working 

w/ 
Animals?

f.  Email Address (for PI, 
Protocol Contact & OSD's 
only.  Not necessary for 

research staff.)

g.  Please describe this individual's experience and training with the 
species and the non-surgical/non-euthanasia procedures performed 

on this protocol.  If the individual is untrained, indicate who will 
perform the training and how competency will be determined.  Please 
note - euthanasia and surgical experience will be collected elsewhere.

Delete 
Line Ralph F Fregosi,  Professor, PI 925  fregosi@u.arizona.edu

 Fregosi has been conducting animal research since 1979, 
and since 1988 at the UofA. 
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Add 
Line

a.  Name, Professional Title 
and Role on Protocol if "PI", 
"Co-PI" or "Collaborator" 

b.  
IACUC 
Cert #

c. 
OSD?

d. 
Protocol 
Contact?

e.  
Working 

w/ 
Animals?

f.  Email Address (for PI, 
Protocol Contact & OSD's 
only.  Not necessary for 

research staff.)

g.  Please describe this individual's experience and training with the 
species and the non-surgical/non-euthanasia procedures performed 

on this protocol.  If the individual is untrained, indicate who will 
perform the training and how competency will be determined.  Please 
note - euthanasia and surgical experience will be collected elsewhere.

Delete 
Line

 Seres Cross, Senior Research 
Specialist 5727  seres@u.arizona.edu

 Seres Cross has been conducting vertebrate animal reseach 
for 8 years.  Right now her main role is implanting osmotic 
minipumps into pregnant rats. 
 

Delete 
Line  Jason Pilarski, Ph.D. 8360 pilarski@u.arizona.edu 

 Dr. Pilarski is a postdoctoral fellow with several years of 
vertebrate animal research, at UC-Davis, NAU and at UA for 
the last three years.

Delete 
Line

 Hillary Wakefield, Ph.D. 
student 7890  hilaryw@u.arizona.edu

 Hilary Wakefield is a PhD candidate in physiology.  She 
began vertebrate animal research while an undergraduate 
student at UCLA, and has been conducting experiments in 
neonatal rats in my lab since 2006. 
 

Delete 
Line

Stuti Jaiswal, M.D. & Ph.D. 
student 7127  stuti@u.arizona.edu

 Stuti Jaiswal is an MD/PhD candidate.  She started doing 
vertebrate animal research as an undergraduate student in 
Dr. Bob Sloviter's lab, and has been in my laboratory for 2 1/2 
years.

6.  Funding Source:  
List both Departmental and Non-Departmental Funding Sources.  Please Note:  Federally funded protocols must include the face page and sections of  
the grant proposal that describe animal activities (e.g. materials and methods and vertebrate animals sections, scope of work, etc.) 
  
Only one Non-Departmental Funding Source per GLP Protocol.

Add 
Line a.  Funding Source b.  Fund Title (If different from Protocol title) c.  Grant # (if sponsored) d.  U of A Account #

Delete 
Line

 American Heart Association Influence of prenatal nicotine exposure on control 
of breathing in the early neonatal period 0855713G 433200 

e.  Will this protocol undergo peer review and be evaluated for scientific merit and experimental design? (check one)

 Yes

7.  Documentation

Add 
Line

Date(s) of 
Literature Review 
(must be within last 

6 months)

b.  Years Covered in 
Review: (must go back 

at least 10 years)

c.  Databases, Indexes or 
Other Sources Used for 

Review of Literature: (should 
be more than one source)

d.  List key word used and how they were combined to 
develop the search strategy.  See the Literature Search 

Worksheet for help (http://www.nal.usda.gov/awic/alternatives/searches/
altwksht.pdf) .

Delete 
Line  February 2011 1996 to present Pubmed.gov  prenatal nicotine exposure; brainstem; respiratory neurons; 

preBotzinger complex; hypoglossal motoneurons

Delete 
Line  March 24, 2011

1996-present Google Scholar in utero nicotine, hypoglossal motoneurons and rhythmic 
brainstem slice

e.  Based on the results of the literature search could some or all of the procedures performed on live animals be replaced by computer 
models or in vitro techniques?  Address if such a replacement is or is not possible and how you came to your conclusion:
No.  First, all of our experiments under this protocol are done in vitro using slices of neonatal rat brainstem.  Second,  the world does not yet have a 
computer sufficiently powerful to model the synaptic connections in the fly brain, let alone the mammal brain.

f.  Could a different technique or procedure that causes less distress, pain or suffering be used?  Address if such a replacement is or is not 
possible and how you came to your conclusion:
 All animals are deeply anesthetized.  In the neonates a cut is immediately made in the brain through both sutures of bregma, leaving only the mid 
brain and brain stem intact. The Dam's are deeply anesthetized for the implantation of the osmotic pump as explained in the surgical procedures 
addendum.  

g.  Please provide scientific justification for the species requested, addressing why animals from a "lower species" cannot be used to 
achieve the desired results.
The goal is to explore the brainstem mechanisms that control rhythmic breathing in mammals. The control of breathing in humans, cats, dogs, rats is 
extremely similar, but the mechanisms of control are obviously unavailable for study in human subjects. The rat is an appropriate lower mammal.    
Although mice could also be used, there is much less in vivo data on the control of breathing in mice compared to rats, so comparison with 
existing knowledge is very limited when mice are used.   
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h.  Did you find ways to reduce animal numbers?

We used statistical power test to determine the number of animals needed to obtain significance for each experiment. The average and 
standard deviation of each response that we propose to measure were obtained from identical preparations either in our earlier studies 
or from the literature. The power calculation that we use is: z=Mean / SD / !N, where z is the area under the normal population curve, 
the mean is the "average response" for a given measurement, SD is the standard deviation of the response, and N is the number is the 
number of animals needed. So, a z score corresponding to the 0.05 probability level is chosen, the mean and SD are inserted as 
described above, and N is calculated.

i.  Additional notes concerning results of literature search that you would like the committee to know:

 The first search, in PubMed, revealed zero hits; the second search revealed 35 hits since 1996.  This is an incredibly low yield; 
importantly, none of the proposed work has been done in these 35 publications.

j.  Does this research duplicate previous work?  (Select one of the check boxes below)

  No

8.  Objective/Hypothesis

What is the specific goal/aim of this project?  What is the research or development question?

Recent studies from our laboratory using in vitro brainstem-spinal cord preparations from neonatal rats have shown, for the first time, that 
prenatal nicotine exposure greatly increases the inhibition of central respiratory output that is mediated by agonists of the GABAA and 
glycine receptors; these are the major inhibitory neurotransmitter receptors in the mammalian brain.  This suggests a functional up-
regulation of inhibitory neurotransmission in brainstem respiratory neurons.  Our microinjection experiments suggest that these effects 
are mediated by neurons in the preBotzinger complex, a small region in the ventrolateral medulla shown to be crucial for generation of the 
normal respiratory rhythm in mammals.  However, because microinjection of drugs into very small brains can be associated with spread to 
neighboring regions, and because the ventrolateral medulla contains other neuronal groups that participate in respiratory and 
cardiovascular control, we cannot definitively state that the effects are mediated by preBotzinger complex neurons. We want to test the 
hypothesis that prenatal nicotine exposure enhances inhibitory neurotransmission in preBotzinger complex neurons.  For comparison, we 
will also study responses in hypoglossal motoneurons, which are "downstream" of the preBotzinger neurons and convey motor drive to 
muscles of the tongue.  We also propose to explore the neurophysiologic mechanisms behind these effects, by studying synaptic 
transmission, receptor density with both immunohistochemistry and Western blot analysis.

9.  Lay Description of Procedures

Lay Description:
Nicotine is a drug that crosses the blood brain barrier and alters brain development in mammals.   Prenatal nicotine exposure causes 
abnormalities in central respiratory control (e.g., apnea, delayed arousal responses, diminished chemoreceptor reflexes), but the reasons 
for this are not clear.  Based on emerging evidence, chronic nicotine exposure causes an increase of inhibitory receptors and a decrease of 
excitatory receptors in the brain.  Such alterations in receptor development lead to an imbalance. Thus, the fundamental hypothesis 
guiding this proposal is that such an imbalance leads to destabilization of the breathing pattern in the early neonatal period.   
  
Group 1 - Neonates used at day 0-4 w/ Dams 
We will use 26 Dams and 180 Neonates for these experiments. We order 3 day pregnant rats from Charles River. They have two days to 
acclimate before being implanted with a mini osmotic pump on day 5 of gestation. Pregnant rats are anesthetized with a veterinary anesthetic 
called  "rabbit mix" in the animal care facility, a small incision is made through the skin between the shoulder blades, and an osmotic minipump is 
inserted.  The pump is either filled with nicotine or saline (control). The wound is closed, the animal begins antibiotic treatment, and is allowed to 
recover.  The Dams are retained for 22 days (21 days gestation (arrive on day 3 of gestation) , plus another 4 days when experiments are conducted).  
With these experiments we will test the hypothesis that prenatal nicotine exposure enhances the effects of inhibitory neurotransmission on 
respiratory frequency, and diminishes the effects of excitatory neurotransmission. Studies will be done by removing the brainstem and 
spinal cord from 0-4 day old neonatal rats.  All animals are deeply anesthetized by being wrapped in a kimwipe and placed in crushed ice until 
there is no response to a paw pinch.   In the neonates a cut is immediately made in the brain through both sutures of bregma, leaving only the mid 
brain and brain stem intact. The brainstem and spinal cord is then placed in a “split-bath” which allows the selective application of drugs to 
the medulla.  The drugs are mixed in artificial cerebrospinal fluid and allowed to drip into the brainstem chamber for 30 minutes, which 
previous work shows is needed for a steady drug dose to be achieved.  We also use brainstem slices that include key respiratory neurons, 
and study how these cells communicate using sophisticated techniques such as patch clamp electrophysiology, immunohistochemistry and 
molecular biology.  Together, these in vitro approaches will allow us to explore the neurophysiologic mechanisms behind these effects, by 
studying synaptic transmission, receptor density with both immunohistochemistry and Western blot analysis.   
  
Group 2 - Neonates used up to day 21 w/ Dams 
We will use 23 Dams and 168 Neonates for these experiments. We order 3 day pregnant rats from Charles River. They have two days to 
acclimate before being implanted with a mini osmotic pump on day 5 of gestation. Pregnant rats are anesthetized with "rabbit mix" in the 
animal care facility, a small incision is made through the skin between the shoulder blades, and an osmotic minipump is inserted.  The pump is either 
filled with nicotine or saline (control). The wound is closed, the animal begins antibiotic treatment, and is allowed to recover.  The Dams are retained for 
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43 days (21 days gestation (arrive on day 3 of gestation), plus another 21 days when experiments are conducted). Here we will test the hypothesis 
that prenatal nicotine exposure alters the ventilatory response to agonists and/or antagonists of GABAA and glycine receptors in awake, 
freely behaving neonates.  Neonates studied in vivo are studied while awake, and are simply placed in a plexiglass chamber while their 
breathing is measured non-invasively.  This is done before and after a shallow, subcutaneous injection of agonists of GABA and glycine 
receptors is given.  Each neonate spends about 1 hour in the chamber on postnatal days 1,3,5,7,9,12,18,21.  

10.  Animal Usage 
a.  Categories of Manipulation

1) Subtotal by Experimental Group, Species and USDA Category (must equal total figures provided below)

 f) Source of Animals (check all that apply)

Add 
Line

a)  Experimental Group (short name 
matching to group descriptions in Lay 

Description) 

b) Species (Pick from list or 
type your own)

c)  
USDA 

Category

d)  # of 
Animals 
in Group

e)  Max. # 
of Days 

per 
Animal

Vendor
From 

another 
Protocol*

Non-
Vendor 
Source

Wildlife 
(trapped or 
observed)

Commercially 
or Privately 

Owned

Protocol 
Renewal - 
Animals in 

house

Delete 
Line

Group 1 - Neonates Rat D 180 4

Delete 
Line

Group 1 - Dams Rat D 26 22

Delete 
Line

Group 2 - Neonates Rat C 75  21

Delete 
Line

 Group 2 - Dams Rat D 19 39

g)  *  Please list the PI's name and the protocol number(s) for animals transferred from another PI or protocol.  Please list all surgical or 
invasive procedures performed on the animals prior to the transfer to this protocol.

 

2) Total by Species and USDA Category (must equal subtotal figures above)

Add 
Line

a)  Species (Pick from list or type your 
own)

b)  USDA 
Category

c)  Total # of Animals for 3 
Years

Delete 
Line Rat C 75

Delete 
Line Rat D 225

3)  What is the total number of animals from this protocol expected 
to be housed in University Animal Care Facilities at any given time? 2 dams, w/ litters, consisting of, on average, 12 neonates

 b.  Justification for Category of Manipulation

Describe how the category of manipulation was determined.  Please be sure to address all categories included under 10a above.  For 
category E animals: Please provide scientific justification for withholding anesthesia, analgesia, sedatives, tranquilizers or other 
palliative therapy during and/or following painful or distressful procedures, or for pain/distress caused by phenotype.
 Group 1: 
Neonatal rats studied in vitro are anesthetized with hypothermia, decerebrated, and killed by exsanguination.  The brainstem and spinal cord is then 
removed, and studied in vitro.  Unused neonates are wrapped in a kimwipe and placed in crushed ice and not removed until they die. These neonates 
are in pain category D.  
  
The pregnant Dams in this group are anesthetized with "rabbit mix" in the animal care facility, a small incision is made through the skin between the 
shoulder blades, and an osmotic minipump is inserted.  The would is closed, the animal begins antibiotic treatment, and is allowed to recover.  The 
Dams are retained for 22 days (21 days gestation (arrive on day 3 of gestation), plus another 4 days where they continue to nurture their litter until the 
litter has been used).  At that time the rats are euthanized by placing them in a plexiglass induction chamber and with 4% isoflurane, and not 
removed until they die. These dams are in pain category D. 
   
Group 2: 
Neonates studied in vivo are studied while awake, and are simply placed in a Plexiglas chamber while their breathing is measured non-invasively.  Each 
neonate spends about 1 hour in the chamber on days 1,3,5,7,9,12,18,at 21 of life.  At that time, they are euthanized by being placed in a plexiglass 
induction chamber and anesthetized with 4% isoflurane, and not removed until they die. These neonates are in pain category C. 
  
The pregnant dams are anesthetized with "rabbit mix" in the animal care facility, a small incision is made through the skin between the shoulder blades, 
and an osmotic minipump is inserted.  The would is closed, the animal begins antibiotic treatment, and is allowed to recover.  The Dams are retained for 
39 days (21 days gestation (arrive on day 3 of gestation), plus another 21 days where they continue to nurture their litter until the litter has been used.  
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At that time the rats are euthanized by placing them in a plexiglass induction chamber and with 4% isoflurane, and not removed until they die. 
These dams are in pain category D.

 c.  Justification for Number of Animals Requested
Please provide justification that the number of animals requested under 10a is the minimum number required to obtain scientifically 
valid data or as required for federally mandated testing.  Please remember to include information on control groups and failure rates.
For these studies, the number of neonates, and thus pregnant dams, is estimated by assuming typical litter sizes of 8-12 neonates (litter 
size is estimated from seven years of experience with neonatal experimentation).  To arrive at the number of neonates needed, we used 
statistical power tests to determine the number of animals needed to obtain significance for each of the experiments, as follows.  The 
average and standard deviation of each response that we propose to measure is obtained from identical preparations either in our earlier 
studies or from the literature.  The power calculation that we use is: z = Mean / SD / N, where z is the area under the normal population 
curve, the mean is the “average response” for a given measurement, SD is the standard deviation of the response, and N is the number of 
animals needed.  So, a z score corresponding to the 0.05 probability level is chosen, the mean and SD are inserted as described above, and 
N is calculated. 
  
Computations for Group 1 experiments: 
  
Group 1A—electrophysiology.  Studies of phrenic motoneurons will be done using the brainstem slice preparation, and studies of 
hypoglossal motoneurons will be done using brainstem slice preparations.  We will study the influence of stimulating 3 different 
neurotransmitter receptors (GABAA, glycine and AMPA receptors), and statistical power tests indicate that we will need 10 animals from 
each group, and for each drug (note that only 1 drug can be studied in a given preparation due to lingering toxicity).  Thus: 
  
2 motoneuron populations in two different experimental models (slice, brainstem-spinal cord) x 3 receptor systems x 2 treatment groups 
(saline & nicotine exposed) x 10 animals/group = 120 neonates.  (2x3x2x10=120) 
  
Group 1B—immunohistochemistry and Western blot analysis.  We estimate that sufficient data can be obtained with 5 neonatal brains 
from each treatment group and for each experimental protocol (immune, Western blot analysis).  Thus: 
  
2 techniques (immune., Western blots) x 3 receptor systems x 2 treatment groups x 5 neonates/group = 60 neonates 
  
Thus, the Group 1 experiments will require 180 neonates. 
  
Assuming that we use 7 neonates from each litter, we will need 26 Dams, as follows: 
  
180 neonates x 1 Dam / 7 neonates = 26 Dams (rounded up) 
  
Computations for Group 2 experiments: 
  
Here we propose measurement of breathing in awake neonates, before and after treatment with glycine or muscimol.  Thus: 
  
2 drugs (Glycine, muscimol) x 2 treatment groups (saline, nicotine) x 15 animals/group x 1.25 (25% failure rate) = 75 neonates 
  
Because we have to follow the same neonates over 21 days, the maximum number of neonates that we can study at any given time is 4.  
Thus, 4 neonates are randomly selected from each litter.  So the number of Dams needed is: 
  
75 neonates x 1 Dam / 4 neonates = 19 Dams (rounded up) 
  
We arrived at the number of animals per group (15) by using statistical power tests, as described in detail in the proposal.   These in vivo 
studies require larger numbers than the in vitro protocols because the variability of ventilatory measures in awake neonatal animals is very 
high. 

11.  Housing, Research and Field Study Locations

a. Animals will be housed in a University Animal Care Facility

1)  List the University Animal Care housing location (AHSC, Bio5, CAF, Psych):  CAF

b.  Animals will be in a Non-University Animal Care location for up to 24 hours
    3)  Check all that will occur in this location

Add 
Line 1)  Location 2)  Duration in this Location* Surgery Gas Anesthesia 

(not C02)
Euthanasia

Delete 
Line

Gittings room 52  up to 10 hours
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4) Describe how the animals will be transported to/from the housing location:
 In a cage, covered with cloth, and in an automobile

5) *Please provide scientific justification for holding animals in an area outside of University Animal Care for 12 hours or longer. Please 
include the maximum number of animals that will be held for 12 hours or longer.

12.  Methodology
Please check all the procedures that will be implemented and provide additional information as requested.  Please reference species if 
procedure applies to some, but not all species listed on the protocol.

d. Tissue, Organ, Device, Etc. Collection

1)  Describe material being collected.  Items to include:  Tissues, organs, experimental devices harvested post-mortem, feces, urine, milk,etc.  

 brainstem tissue.

n. Test Drug Administration 

1)  List drug administered.  Include source of drug:  Nicotine tartrate, Sigma Aldrich

2)  Amount and route of administration:  6 mg per kg a day via an osmotic mini pump that is implanted subdermally

13.  Use of Pharmaceutical Drugs, Gasses and Chemical Compounds

a.  Not Applicable 

b.  Only Pharmaceutical grade drugs, gasses and compounds will be used in the animal studies on this protocol

14.  Clinical Signs & Criteria for Moribundity

1)  Clinical Signs Selected: (Please do not type in field)

Lack of Grooming 
Nasal Discharge 
Change in Normal AppetiteLack of Grooming 
Nasal Discharge 
Change in Normal Appetite 
<10% Weight Loss 
Infection 
Hypoactivity

2)  Justify tumor burdens exceeding 10% of total body weight (if applicable):  

3)  Describe Change in Normal Appetite (if applicable):  Animals are sometimes hypophagic after osmotic pump implantation

4)  List and describe Other Clinical Signs not listed above:  

5)  Please provide scientific justification for the clinical signs listed above and describe methods of treatment/care that may alleviate or 
palliate the signs observed. Provide scientific justification if treatment is contraindicated. For Wildlife Protocols - address historical 
animal injury and mortality rates associated with your capture and animal handling methods and methods taken to eliminate such 
injuries, etc. Describe your plan for providing veterinary care or humane euthanasia for animals that experience a serious injury or illness.

 The implantation of the osmotic minipumps is very quick, but as with any surgical procedure the anesthesia could cause hypophagia, 
lethargy and weight loss for a few days. There is also a risk of infection, which is minimized with antibiotic treatment.

1)  Criteria for Moribundity Selected:  
(Please do not type in field)

Extended period of weight loss progressing to emaciation 
Other clinical signs judged by experienced veterinary or technical staff to be indicative of a moribund condition

2)  Additional notes concerning Criteria for Moribundity:  

15. Final Disposition of Animals

d.  Animals will be euthanized 

1)  Overdose of anesthetic, barbiturate or euthanasia solution
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13)  Euthanasia Description: Thoroughly describe euthanasia procedures.  Include euthanasia drugs and dosages used.  Address 
method used to confirm death.
Group 1 - Unused neonatal rats are euthanized by wrapping them in a kimwipe and putting them in crushed ice until they die. Dams are 
placed in a plexiglass induction chamber and anesthetized with 4% isoflurane, and not removed until they die. 
  
Group 2 - Because the neonates are older and have fur they are euthanized using the same method as the Dams. They are individually 
placed in a plexiglass induction chamber and anesthetized with 4% isoflurane, and not removed until they die. 
  
We will open the chest cavity to assure no further breaths are taken in all the older pups from Group 2, and all Dams from Group 1 & 2. 

List all Non-UAC Personnel Performing Euthanasia

Add 
Line 14)  Name (1 name/line) 15)  List experience individual has in performing the type of euthanasia selected.  Please describe 

how untrained personnel will be trained in euthanasia procedures.  List who will provide training. 

Delete 
Line  Ralph F Fregosi  Has completed all classes and has been doing surgeries and experiments for over 25 years

Delete 
Line  Seres Cross  Has completed all classes and has been doing surgeries and experiments for over 9 years

Delete 
Line Stuti Jaiswal  Has completed all classes and has been doing surgeries and experiments for over 8 years

Delete 
Line  Hilary Wakefield   Has completed all classes and has been doing surgeries and experiments for over 8 years

Delete 
Line  Jason Pilarski   Has completed all classes and has been doing surgeries and experiments for over 15 years

16.  Release of Confidential Information

Identify information you have included in the protocol submission which can be classified "confidential" as defined above.
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17.  Principal Investigator Assurance & Signatures

Protocol Submission Title

 Influence of prenatal nicotine exposure on the control of breathing
  
Principal Investigator Assurance:   Check each box to confirm agreement with each statement

To the best of my knowledge, the information contained in this protocol application is accurate.  As the designated Principal Investigator I am 
responsible for all work conducted under this protocol.

I will conduct the project in accordance with the PHS Policy on Humane Care and Use of Laboratory Animals, USDA regulations (9 CFR Parts 1, 2, 3), 
the Federal Animal Welfare Act (7 USC 2131 et. Seq.), the Guide for the Care and Use of Laboratory Animals, and all relevant institutional regulations 
and policies regarding animal care and use at the University of Arizona.  I affirm that all procedures involving animals will be carried out humanely.

I declare that all individuals working autonomously on this protocol are qualified to conduct procedures involving animals, are competent in the 
techniques cited in the protocol, and will maintain appropriate and complete animal records.  I ensure that all untrained staff will be sufficiently 
supervised until competency is achieved.  I will ensure that copies of approved protocol documents are available to all staff members involved.

For all USDA Category D (anesthesia / analgesia provided to relieve potential pain) and USDA Category E (pain not relieved by anesthesia / analgesia) 
animal use procedures, I certify that I have reviewed the pertinent scientific literature and the sources and/or databases noted in this application and 
found no scientifically acceptable alternative to any of those procedures that would result in less pain or distress.

I will notify the IACUC regarding any unexpected study results that negatively impact the welfare of the animals, including but not limited to those 
that require veterinary care or treatment not described in the approved protocol.

I understand that in cases of necessary medical treatment, University Animal Care veterinarians are authorized to provide the treatment required to 
sustain life, or if that is not possible, to prevent distress and pain by humane euthanasia. I recognize that the veterinary staff will contact me as soon 
as possible using the emergency contact information that I provide in this application, but I understand that such contact may not always be 
possible prior to providing treatment or performing euthanasia.*

I understand that to be eligible to place an Animal Loss claim through the Self Insurance Plan I must notify a UAC Veterinarian at the time of 
recognition of signs of infection or other abnormal condition.  In cases of accidental injury or death I must inform UAC personnel in a timely manner 
so that they are able to investigate and/or verify the cause of the loss or injury to the animals.  Additional information may be found here:  http://
www.uac.arizona.edu/Disease-Loss-Insurance.html

I will obtain approval from the IACUC before initiating any change in the study design or procedures listed on this protocol by submitting an 
amendment request.   I understand that all amendments must be approved by the IACUC prior to implementation.  I understand that work 
performed without IACUC approval cannot be published with certification of IACUC approval and may result in federally-required reporting of non-
compliance.

I understand that animals may not be transferred between investigators or between protocols without prior approval.   Protocol transfer request 
form:  http://www.uac.arizona.edu/forms/uacformspage.html

 *  It is the policy of the IACUC and University Animal Care to work with the Principal Investigator and their research team to assure that any modifications made to the 
protocol will not compromise the research aims of the project.  Please note, however, that federal law has granted intervention authority to either the attending veterinarian 
or the IACUC in the event that animal health is jeopardized or approved protocol procedures have been altered without prior IACUC approval.  The IACUC has the authority 
to suspend work that is in violation of federal regulations.
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