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ABSTRACT 

 Developmental nicotine exposure (DNE) is known to cause deleterious effects in 

neonatal mammals through nicotine’s actions on nicotinic acetylcholine receptors (nAChRs). In 

this work, we studied how DNE altered the structure and function of the hypoglossal 

motoneurons (XIIMNs) over the first few days post-parturition. Previous work in XIIMNs 

demonstrated an increase in cellular excitability (Pilarski et al., 2011), alterations in synaptic 

transmission among respiratory-related neurons (Wang et al., 2006; Pilarski et al., 2012; Jaiswal 

et al., 2013), and a reduction in inspiratory drive currents in DNE animals (Pilarski et al., 2011). 

Here we show that the effects of DNE extend to alterations in the spike-timing precision and 

reliability of XIIMNs, as well as spike-frequency adaptation. Additionally, simple morphological 

analysis of XIIMNs following nicotine exposure in utero has revealed a reduction in soma cross-

sectional area. We were interested in studying the complete morphology of XIIMNs following 

DNE to discern its effects on more complex morphological parameters. We advanced this 

research using a combination of techniques in thin brainstem slices of neonatal rats, including 

whole cell patch clamp recordings and immunohistochemistry of intracellularly labeled 

hypoglossal motoneurons. Furthermore, morphological analysis revealed significant differences 

in the complexity of the dendritic arborization, showing that neurons from DNE animals had 

shorter dendrites that branched less often. We also used computational analysis to gain insight 

into mechanisms that may underlie the changes in spike-timing precision and reliability. In a 

single cell model of XIIMNs, decreases in potassium-dependent conductances such as the 

calcium-activated potassium current could potentially replicate the alterations seen in vitro. 

Finally, we also did a systems-level study of the hyoglossus muscle, a tongue retractor, to 

determine the relation between tongue retraction force and motor unit discharge characteristics. 
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These experiments utilized adult, anesthetized rats to record single motor units, whole muscle 

electromyography (EMG) activity and tongue retraction force during spontaneous breathing. We 

determined that during inspiration-related tongue retractions in low and high force conditions, 

recruitment of motor units plays a crucial role in the control of tongue force output, whereas rate 

coding of single motor units is present, but appears to play a lesser role. Overall, this study 

shows that DNE effects the input-output properties of XIIMNs, potentially through changes in 

intrinsic channel properties; DNE also alters XIIMN morphology, particularly dendritic 

arborization; and that organization of a tongue retractor muscle depends primarily on 

recruitment, but also rate coding, to increase force output. 
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Section 1.1: Breathing 

 Breathing has intrigued humanity since the beginning of human memory. One of the 

earliest recorded references to breathing is found within the second chapter of the Book of 

Genesis: God gives man the “breath of life”, making man “a living being” (Genesis 2:7). During 

his lifetime between 460 and 370 B.C., Hippocrates thought that the purpose of breathing was to 

cool the heart. Approximately half a millennia later Galen of Pergamon noticed that gladiators 

who were injured below the cervical spine continued to breathe, while those who suffered 

damage above did not. This critical observation would be humanity’s first insight into the 

anatomical location of respiratory control. However, it would be many centuries before the true 

purpose of breathing was initially unraveled. Work done in the 18th and 19th centuries delved into 

the notion of breathing as a means of delivering oxygen and removing carbon dioxide to support 

cellular respiration. Due to great advances in physiology and technology, today single cells 

involved with the generation of the breathing rhythm can be isolated and studied with 

intracellular electrodes, and recordings can be made directly from the muscles controlling 

breathing. In this introduction we address mammalian breathing, including the anatomy and 

physiology of lung ventilation and how the central nervous system controls the muscles involved 

in breathing. We will also discuss how the upper airway is important in respiratory function and 

how the cells that communicate with these muscles develop and function. Additionally, we will 

include information on the ability of hypoglossal motoneurons to precisely and reliably convert 

excitatory inputs into action potentials. Lastly, we will address the effects of developmental 

nicotine exposure (DNE) on perinatal neurophysiology, and how alterations associated with 

DNE affect communication within the respiratory control system. 
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 Breathing is necessary for life in mammals, reptiles, and amphibians. In addition to 

promoting gas exchange, breathing also contributes to heat exchange, pH balance, and a variety 

of other functions required for survival. Unfortunately, it is a process that goes unrecognized and 

unappreciated by most until problems arise. Breathing occurs for all but a small number of 

humans without conscious effort, thanks to complicated neural circuitry located in the brainstem. 

This circuitry is robust and completely functional for a majority of an average lifespan. However, 

it can be irreparably harmed during fetal development by outside factors such as nicotine, which 

has been shown to cause cellular and systemic dysfunction in neonates and behavioral 

complications into adolescence.  

 The primary goal of this thesis was to examine the effects of developmental nicotine 

exposure on the structure and function of hypoglossal motoneurons. We also created a 

computational model that was designed to provide insight into the mechanisms underlying the 

functional changes that we observed. A tertiary goal was to examine the respiration-related 

control of the hyoglossus muscle, which is a tongue retractor muscle that receives excitatory 

synaptic input from the central pattern generator for breathing. This study examined the 

respiration-related activation of the muscle, and how the muscle’s activity correlates with the 

retraction force produced by the hyoglossus and other tongue retractor muscles. Together studies 

of the tongue muscles and the motor neurons that drive them provide unique insights into their 

respiration-related control and development.  

Anatomy and physiology of breathing movements and lung ventilation. The mechanics of 

breathing considers how the lungs and chest wall are supported and moved to ventilate the lungs. 

Breathing involves the lungs, including the conducting and bronchial airways, and the 

surrounding musculature and skeletal structures that move the rib cage in a manner that creates 
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airflow into and out of the system. The lungs are the organ of gas exchange in mammals and are 

attached to the chest wall via the intrapleural space. Within this space is a thin layer of pleural 

fluid that holds the visceral and parietal pleurae together. In the intact system and under resting 

conditions, the lungs have an inherent tendency to collapse due to elastic recoil, while the chest 

wall tends to expand. The balance of these inward and outward forces creates an intrapleural 

pressure that is less than the surrounding barometric pressure, causing the lungs to remain 

adherent to the chest wall, and also holds the alveoli open. This arrangement ensures that 

respiratory muscle activation moves both the chest wall and the lungs. 

 To achieve inhalation, the inspiratory pump muscles must be activated by the spinal 

motoneurons that drive them. The diaphragm is the primary muscle of inspiration, and is active 

throughout life in all mammals. The diaphragm is innervated by the phrenic nerve, which 

originates from the third, fourth, and fifth roots of the cervical spinal cord (C3, 4, and 5). 

External intercostal muscles are active at rest in some individuals, but are typically recruited 

when the lung ventilation rate needs to increase above the resting level. The external intercostal 

muscles are innervated by intercostal nerves, which originate in the ventral rami of the thoracic 

spinal cord, from thoracic level one to 11. Activation of the diaphragm causes the muscle to 

descend, expanding the volume of the lower thoracic cavity and the lungs. Activation of the 

external intercostal muscles assist with inhalation as they pull the ribcage up and out, also 

increasing lung and thoracic cavity volume though to a lesser extent than the diaphragm. This 

increase in volume is accompanied by a decrease in intrapulmonary pressure, which drops below 

atmospheric pressure; it is this pressure differential that drives air, and most importantly oxygen, 

from the atmosphere into the lungs. The upper airway is held open by parallel activation of 

several upper airway muscles that line the pharynx and larynx. For example, muscles of the 
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tongue receive rhythmic input from the hypoglossal nerve during inspiration and keep the 

pharyngeal airway patent by preventing the tongue from moving towards the posterior 

pharyngeal wall, which would narrow or occlude the upper airway. Further discussion of upper 

airway structure and function will be discussed below. 

 Exhalation is primarily a passive process achieved through the intrinsic properties of the 

lung tissues. Upon deactivation of the signal to contract, the diaphragm and external intercostal 

muscles relax. If the individual is not undergoing active expiration, simple passive elastic recoil 

of the lungs causes the lungs and chest wall to collapse inwards. This causes an increase in 

intrapulmonary pressure above atmospheric pressure, driving carbon dioxide enriched gas out of 

the lungs. Collapse of the lung beyond its minimal capacity is prevented by the intrinsic outward 

pull of the chest wall and the Hering-Breuer exhalation reflex ((Hering and Breuer, 1868); see 

English translation by Ullman, 1970). 

 Exhalation can become an active process under conditions where the lung ventilation rate 

must increase. This drive can originate from cortical control where an individual consciously 

controls expiratory muscles, from increased metabolic needs such as during exercise when 

increased ventilation is necessary, or in disease states where increased pressure is necessary to 

keep the airways open. Active expiration is driven by contraction of internal intercostal muscles 

and accessory muscles in the abdomen, back, chest, and neck. For both passive and active 

exhalation to occur, airway pressure must exceed atmospheric pressure. Contraction of 

expiratory muscles compresses the thorax and reduces its size, increasing pressure in the lungs to 

drive exhalation of gas. As the gases move outside of the thoracic cavity the intrapulmonary 

pressure is reduced. The lungs are now at a resting volume and are prevented from collapsing 
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further due to the outward pull of the chest wall. Now the process begins again with a new cycle 

of inspiration and exhalation. 

Section 1.1a: How breathing rhythm is generated 

Rhythm generation. Rhythmic respiratory drive to the muscles of inhalation and 

exhalation originates in the brainstem, where the medulla serves as a hub for the many 

modulatory inputs that ultimately affect the target respiratory muscles. There are many different 

respiratory-related neurons as can be seen in Figure 1. Each neuron fires action potentials in 

response to specific chemical and electrical signals and this activity is somehow integrated to 

shape and modulate the final output to each target respiratory muscle. Although this thesis 

focuses on hypoglossal motoneurons responsible for delivering rhythmic, excitatory synaptic 

input to muscles of the tongue, we begin with a brief review of the origins of respiratory rhythm 

generation, and its modulation by inputs from chemoreceptors that monitor oxygen, hydrogen 

ion and carbon dioxide levels in the blood and cerebrospinal fluid. 

Respiration is a cyclical process that is comprised of a period of inspiration and one of 

expiration. Certain neurons within the brainstem have been labeled as inspiratory or expiratory 

depending upon the time in which their activity occurs. Because the diaphragm is the primary 

inspiratory muscle, activities are classified as inspiratory if they discharge in phase with the 

diaphragm, and expiratory if they discharge when the diaphragm is inactive. However, in reality 

inspiration and expiration have been broken down further as neurons with a variety of discharge 

patterns have been identified. For example, neurons that fire in the inspiratory phase have been 

subdivided into those with pre-inspiratory, inspiratory, and post-inspiratory discharge patterns. 

Similarly, expiratory activity is divided into early expiratory and late expiratory periods. More 

confusing still, some authors believe that post-inspiratory and early expiratory activities are 
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equivalent. Together, all of these neuronal populations are somehow activated in a manner that 

leads to a stereotyped respiratory pattern that is transmitted from the medulla to spinal and 

cranial motoneurons which activates muscles of the chest wall and upper airway. 

Within the mammalian brainstem there are a multitude of structures that form the neural 

drive to inspiratory and expiratory muscles. These structures contain a variety of neuronal types: 

motoneurons project from the CNS to muscles; premotor neurons project from within the CNS to 

motoneurons; and interneurons project to motoneurons, to other interneurons and to premotor 

neurons. The anatomical layout of the rodent respiratory control network can be seen in Figure 1. 

Of particular interest are a series of nuclei caudal to the ventrolateral pons known as the dorsal 

and ventral respiratory groups. Both groups extend along the rostral-caudal axis of the medulla 

and contain neurons crucial for the evolution of the respiratory pattern. The dorsal respiratory 

group (DRG) is located in the dorsal half of the medulla and processes sensory input from the 

ninth and tenth cranial nerves (IX = glossopharyngeal; X = vagus), and also contains premotor 

neurons that provide excitatory synaptic input to spinal motor neurons. Anatomically, the DRG 

is part of the nucleus tractus solitarius (NTS), which plays a major role in integrating sensory 

information from all visceral organs.   

The ventral respiratory group (VRG) is a long column and is typically subdivided into 

three regions, designated rostral, intermediate, and caudal. Some portions of the VRG have cells 

that discharge in phase with expiration. For example, the rostral VRG contains the Bötzinger 

Complex, which contains neurons active in expiration. These cells provide inhibitory input to 

inspiratory premotor neurons during expiration, to ensure that the cells are silent in this phase. 

The nucleus retroambigualis (NRA) of the caudal VRG also contains expiratory neurons, but 

they are largely premotor neurons that project down the spinal cord and provide excitatory 
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synaptic input to motoneurons that innervate the internal intercostal and abdominal muscles. The 

predominant inspiratory neurons within the VRG are those of the preBötzinger Complex, a group 

of interneurons which are believed to form the kernel of respiratory rhythmogenesis.  

 

Figure 1- Respiratory nuclei in a sagittal view of the medulla. (From [Feldman and Del 

Negro. Looking for inspiration: new perspectives on respiratory rhythm. Nature Reviews: 

Neuroscience. 7(2006): 232-242] Reprinted with permission from Rights Link/Nature Publishing 

Group. Schematic, sagittal view of the medulla and pons with anatomical landmarks illustrated. 

The hypoglossal motor nucleus would be present near the top (dorsal) portion of the pink 

rectangle that outlines a brainstem slice commonly used for in vitro experimentation. Other 

structures of interest: preBötC = preBötzinger Complex; rVRG = rostral ventral respiratory 

group; cVRG = caudal ventral respiratory group; BötC = Bötzinger Complex; RTN/pFRG = 

retrotrapezoid nucleus/parafacial respiratory group. Other listed structures include: LPBr = 

lateral parabrachial region; KF = Kölliker-Fuse nucleus; Itr = intertrigeminal nucleus; scp = 

superior cerebellar peduncle; Mo5 = motor nucleus of the trigeminal nerve; Pn = basilar pontine 

nucleus; SO = superior olive; A5/VL pons = noradrenergic neurons/ventrolateral pons; LRt = 

lateral reticular nucleus (Feldman and Del Negro, 2006). The dorsal respiratory group (DRG) 

would be located above the position of the rVRG and cVRG. 
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The preBötzinger Complex. Since its discovery over two decades ago, the preBötzinger 

Complex (preBötC) is believed to contain neurons that generate the central respiratory rhythm. 

Work by Smith and colleague studied a small, diffuse nucleus located in the ventrolateral 

medulla and noted its inspiratory rhythm (Smith et al., 1991). This work was based on initial 

observations of the tissue boundaries for inspiratory rhythm put forth seven years earlier (Suzue, 

1984). Since these preliminary works, many studies have noted the necessity and sufficiency of 

the preBötC (Feldman 1990; Jancwezki 2006; Smith 2007; Gray 2001; McKay 2005) for 

generation of the inspiratory rhythm. It should be noted that there is a distinct difference between 

“rhythm” and “pattern”. Many researchers have taken the view that the preBötC is the rhythm 

generator within the central pattern generator (CPG) network that is utilized for breathing 

(Feldman et al., 2013). This author shares that viewpoint. The distinction is paramount to 

understanding the function of these neurons. “Rhythm” generation implies the control of breath 

timing, whereas “pattern” refers to the amplitude and duration of the resulting motoneuron 

output. For example, hypoglossal motoneurons provide a patterned, rhythmic output to muscles 

of the tongue. The rhythm is provided by the preBötC; the pattern is produced by excitatory and 

inhibitory inputs from many brainstem neurons, and each motoneuron’s intrinsic membrane 

properties. 

Development of the preBötC. Despite being one of many respiration-related regions in 

close proximity to one another, neurons in the preBötC have a very specific ontogenesis and the 

cells also have some unique characteristics. Multiple cellular components such as neurokinin-1 

receptors (NK1R), somatostatin (SST), or reelin can be used to identify preBötC neurons after 

they are produced (Gray et al., 1999; Guyenet and Wang, 2001; Wang et al., 2001; Guyenet et 

al., 2002; Stornetta et al., 2003; Tan et al., 2008, 2012). Since these neurons are not easily 
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distinguished from neighboring neurons, use of these and other markers has become increasingly 

common (Ruangkittisakul et al., 2014). In systems where cellular identification still presents a 

challenge, additional measurements of the inspiratory rhythm recorded from hypoglossal nerve 

roots or by making preBötC population recordings are made simultaneously with intracellular 

recordings to demonstrate that the target cell has a respiration-related discharge pattern and is 

likely a preBötC neuron. Transcription factors such as homeobox protein 1 (Dbx-1), a protein 

crucial for proper development of the neural tube during embryogenesis, are also utilized to 

identify preBötC neurons. When Dbx-1 is genetically deleted respiratory rhythm is abolished in 

vitro and in vivo due to elimination of glutamatergic neurons in the preBötC (Bouvier et al., 

2010; Gray et al., 2010), indicating that Dbx-1 is essential for preBötC development. However, 

Dbx-1 has a low specificity for preBötC neurons, and also is expressed by other glutamatergic 

cells within the region that encompasses the preBötC. 

preBötC cells are generated on embryonic days 12.5 to 13.5 (E12.5-13.5) in rats, though 

there are no functional connections between the cells at this point. These connections are not 

made until approximately E16.5 to E17.5 in rats (Pagliardini et al., 2003), though in mice it 

occurs slightly earlier (E15), most likely due to a decrease in gestation time (Thoby-Brisson et 

al., 2005). Synaptic connections appear to be fairly mature before parturition, which ensures that 

a respiratory rhythm is established in utero and that successful, spontaneous breathing is present 

within seconds after birth. As mentioned previously, the preBötC is diffuse, composed of 

neurons ventral and slightly lateral to the compact formation of nucleus ambiguus in the ventral-

lateral medulla. Additionally, the nucleus is not homogenous, and contains propriobulbar 

interneurons, bulbospinal neurons and non-respiratory neurons as well as the inspiratory rhythm 

generating neurons that are of most current scientific interest (Ellenberger and Feldman, 1994; 
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Pagliardini et al., 2003). All of these neuron types, which are located within the ventrolateral 

medulla are glutamatergic and most likely express Dbx1 (Gray et al., 2010). 

Functionality of the preBötC. The primary driving force for research into preBötC 

neurons is their function as rhythm generating cells. The mechanisms utilized to create 

inspiratory rhythm have been and continue to be the focus of a rigorous debate within the 

scientific community. Early attempts to explain rhythmicity involved pacemaker or pacemaker-

like cells within the preBötC, as earlier studies suggested that rhythm generation can occur in the 

absence of synaptic inhibition (Feldman and Smith, 1989; Shao and Feldman, 1997; Brockhaus 

and Ballanyi, 1998; Ren and Greer, 2006). Theories for rhythm generation then focused on 

persistent sodium channels or calcium channels. Persistent sodium channels are active at rest and 

allow sodium to move inward, causing a slow but steady depolarization and then burst-like 

activity. They are known to be present in preBötC neurons and their properties have been 

extensively studied (Del Negro 2005; Thoby-Brisson 2001; Del Negro 2002; Butera 1999a; Pace 

2007; Ptak 2005; St-John 2007). However, when the persistent sodium channel antagonist 

riluzole is applied to rhythmic slice preparations, rhythm is abolished in some but not all 

pacemaker-like neurons. This signifies there could be a second pathway for rhythm generation 

within the preBötC; the second pathway is thought to be mediated by nonspecific calcium-

activated cation channels (CAN) clustered on dendrites. CAN currents are activated either by 

synaptic activation of metabotropic glutamate receptors or via voltage-gated calcium currents, 

and activation of CAN currents leads to a depolarization of the cell and bursting activity. They 

have been extensively studied as well and have been shown to be capable of driving the 

respiratory rhythm independently of persistent sodium currents (Rubin 2009; Mironov 2008, 

2011; Pace 2007; Del Negro 2011). Similarly, blockade of CAN currents with flufenamic acid 
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(FFA) blocks some but not all pacemaker-like activity. When FFA and riluzole are both applied 

to the preBötC, rhythm is completely abolished (Del Negro et al., 2005). Thus, it is possible, and 

arguably probable, that both sodium and calcium-driven mechanisms contribute to inspiratory 

rhythm generation within the preBötC. This would provide important redundancy for a network 

that is critical for survival. 

Section 1.1b: Respiratory chemosensation 

 The peripheral and central nervous systems respond to blood oxygen and pH in order to 

regulate breathing. The peripheral chemoreceptors are found in the aortic and carotid bodies, two 

vital structures that additionally sense blood pressure and help regulate cardiovascular function. 

With decreases in partial pressure of oxygen or pH, or increases in partial pressure of carbon 

dioxide, the receptors are innervated by glossopharyngeal and vagal nerve fibers which synapse 

in the nucleus of the solitary tract. Specifically, chemosensation occurs at glomal cells in the 

carotid bodies. The pathway to translate changes in chemical concentration to neural input is 

thought to rely on a reduction of potassium currents (Prabhakar and Peng, 2004) causing 

increased excitation. Central chemoreceptors respond to alterations in the arterial partial pressure 

of carbon dioxide, which the body also senses as increases in hydrogen ion concentration (and a 

decrease in pH) due to the presence of the carbonic anhydrase enzyme. A decrease in blood pH 

excites central chemoreceptors and drives an increase in ventilation to attempt to reduce carbon 

dioxide levels in the blood. 

Research on chemoreception has been conflicted due to differences between adult and 

neonatal chemoreception (see (Guyenet et al., 2008)). This work focuses on adult 

chemoreception because only the studies on hyoglossus muscle activity in adult rats maintained 

chemoreceptive feedback in its entirety. Studies utilizing brainstem slices have been separated 
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completely from peripheral chemoreceptors and perhaps retain small numbers of central 

chemoreceptive cells. Early work on adult chemoreception demonstrated the presence of a 

chemoreceptive field on the surface of the ventrolateral medulla (Mitchell, 1963). This region 

contains many respiratory-related nuclei that influence the rhythm and pattern of respiratory 

control. In a whole animal model, increases in arterial carbon dioxide or decreases in pH would 

increase respiratory drive to both thoracic and upper airway respiratory muscles. Experiments in 

animals (Fregosi and Fuller, 1997; Fuller et al., 1998; Bailey and Fregosi, 2004; John et al., 

2005; Huang et al., 2005, 2010; Powell et al., 2014) and humans (Mateika et al., 1999; 

Richardson and Bailey, 2010) utilize changes in inspired carbon dioxide to change pH and study 

how changes in chemoreceptor drive alters the output to the muscles. These studies will be 

discussed in further detail in Section 1.2. 

Neonatal chemoreception, while crucial to the function of the developing respiratory 

circuit, plays at most a minimal role in the brainstem slice preparation, because the serial 

microtransections utilized to generate medullary slices remove the parafacial respiratory 

group/retrotrapezoid nucleus (pFRG/RTN) and sever the connections with neonatal 

chemoreceptor fields. Briefly, chemosensation in neonates is thought to be controlled by neurons 

in the pFRG (Onimaru et al., 2009), a small region commonly associated with the RTN. 

Together, these regions contribute to the development of the respiratory-related rhythm with the 

preBötC (Guyenet and Mulkey, 2010; Thoby-Brisson et al., 2009).  
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Section 1.2: The upper airway muscles 

The upper airway originates with the mouth and nasal passages and transitions into the 

throat, pharynx, larynx, and trachea, which is the point of connection to the lower airway, or 

respiratory tract. Within this region is an assortment of muscles, such as the tongue and laryngeal 

muscles, designed to keep the airway open, or patent, for respiration in addition to performing 

more complex tasks such as speech, mastication, swallowing, and suckling (Berger 2011; 

Fregosi and Ludlow 2014). This work will focus on the anatomy and physiology of the tongue 

musculature, and how these muscles contribute to airway patency, which is a crucial function 

that ensures that breathing continues unimpeded at all times. 

The mammalian tongue is a complex organ used for activities ranging from simple, gross 

movement (e.g., tongue position) to fine motor control (e.g., speech production). These activities 

are performed with minimal skeletal support; though some of the tongue muscles originate on 

bones of the skull, jaw and throat, the muscle fibers insert into the body of the tongue. This open-

ended organization of the musculature means the tongue is classified as a “muscular hydrostat”, 

characterized by: 1) dense, multi-directional orientation of muscles, and 2) its constant volume 

structure, which means that contraction in any direction is paired with expansion in another, 

allowing elongation, shortening, bending, and stiffening with no change in total volume (Keir 

and Smith, 1985). This concept has driven thought and research on the mechanics of tongue 

movements for decades. It is these properties that make the tongue such a unique organ, and also 

make it capable of producing such a wide range of activities. 

There are four extrinsic muscles that alter the position of the tongue in space, whereas the 

four intrinsic muscles alter the shape of the tongue blade (DuBril, 1980). The muscles of the 

tongue are innervated by the hypoglossal nerve, which bifurcates alongside the extrinsic muscles 

into a medial and lateral branch. As position of the tongue is the primary focus of this research, 
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we will focus on the three extrinsic muscles of the tongue innervated by the hypoglossal nerve: 

the genioglossus, the hyoglossus, and the styloglossus (Figure 2). Genioglossus muscle fibers, 

which protrude and depress the tongue upon activation, receive innervation from motor units of 

the medial branch of the hypoglossal nerve. The genioglossus muscle originates from the 

mandible at the genioid process then fans up to insert into the blade of the tongue; it is the 

primary protrudor of the tongue, i.e., it sticks the tongue out of the mouth. Hyoglossus and 

styloglossus muscle fibers, that retract and depress or retract and elevate the sides of the tongue, 

respectively, receive innervation from the lateral branch of the hypoglossal nerve (Hellstrand 

1981; Gilliam and Goldberg, 1995). The hyoglossus originates from the hyoid bone, which sits 

behind the mandible at the top of the throat, and its fibers insert into the lateral tongue blade. The 

origin of the styloglossus is the styloid process of the skull, a small protusion just below the ear 

in humans, and it inserts into the superolateral region of the tongue. Together, the hyoglossus and 

styloglossus serve as the main retractors of the tongue. These extrinsic muscles and their actions, 

driven by the hypoglossal nerve, can greatly alter tongue position and stiffness, which in turn 

impacts airway geometry and airflow during breathing (Safar 1959; Reed et al., 1985; Remmers 

1978; Bartlett 1986). 

Much research has been devoted to the actions of these muscles, by recording from the 

muscles directly with electromyography (EMG), or from the whole hypoglossal nerve or one of 

its branches. Lewis first documented that stimulation of the medial branch of the hypoglossal 

nerve caused protrusion of the tongue, whereas stimulation of the lateral branch caused retraction 

(Lewis 1971). Interestingly, electrical stimulation of the whole hypoglossal nerve or its branches 

has shown that the retractor muscles produce more force than the protrudor muscles (Gilliam and 
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Goldberg 1995; Fuller and Fregosi, 1996, 1997), probably because of their role in swallowing, 

which requires considerable force to drive a bolus of food towards the esophagus.  

Early research suggested that tongue protrudor muscles (primarily the genioglossus) are 

active during breathing (Harper and Sutherland, 1978), and several subsequent studies have 

confirmed this observation in studies of the whole muscle or its motor units (Bartlett et al., 1986; 

Remmers, 1989; Okabe et al., 1993; John et al., 2005). In contrast, the retractors (the hyoglossus 

and styloglossus) were thought to be uninvolved in breathing (Doty and Bosma, 1956) despite 

their role in swallowing and mastication. But subsequent research has shown that protrudor and 

retractor muscles of the tongue co-activate during quiet breathing in rats (Bailey and Fregosi, 

2004; Bailey et al., 2001, 2005; Fuller et al., 1998; Janssen and Fregosi, 2000; Janssen, 2000) 

and in humans (Mateika et al., 1999), and the drive to both protrudor and retractor muscles 

increases in parallel during stimulation of central and peripheral chemoreceptors (Fuller and 

Fregosi 1997; Fuller et al. 1998; Bailey et al., 2007). These results indicate the activation of both 

protrudor and retractor muscles are important for maintaining airway patency during periods of 

increased respiratory drive.  

Although both protrudor and retractor muscles are active primarily during the inspiratory 

phase of the respiratory cycle, a large number of motor units within the genioglossus fire 

tonically in quiet wakefulness (Bailey et al., 2007; Saboisky et al., 2006). When exposed to 

increased chemoreceptive drive (either through hypercapnic acidosis or episodic hypoxia), or 

inspiratory resistance loading, the tonic genioglossus muscle activity increases (Hudgel and 

Hendricks, 1988; Mateika et al., 1999; Tangel et al., 1992; Harris et al., 2006), increasing muscle 

tone and reducing airway resistance within the oral cavity. Conversely, no significant differences 

have been found in genioglossus single motor unit firing rates during hypercapnic exposure in 
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human subjects (Richardson and Bailey, 2010). While this suggests that drive to the muscle is 

due solely to motor unit recruitment, it is also possible that the intensity of hypercapnia was not 

sufficient to bring the motor units to firing threshold in that study.  

In summary, the genioglossus serves as the main protrudor muscle of the tongue, and 

neural drive to this muscle increases as a function of the pulmonary ventilation rate. The 

respiratory-related drive to the muscle is typically in phase with inspiration, though some units 

have been observed to have other discharge patterns. Whereas the genioglossus muscle is 

primarily responsible for tongue protrusion, the hyoglossus muscle is the principle tongue 

retractor muscle. It is also active during inspiration, and its activity increases as a function of 

respiratory drive. It is now well accepted that co-activation of protrudor and retractor muscles is 

important for ensuring upper airway patency when there is a need for increased breathing, and 

also while prone, when gravity tends to move the tongue towards the posterior pharyngeal wall.   
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Figure 2 – A cross-sectional view of the extrinsic muscles of the human tongue. The 

hyoglossus muscle extends from the hyoid bone up into the blade of the tongue. The styloglossus 

muscle originates on the styloid process of the temporal bone (not pictured) before traveling 

down and interdigitating with other tongue fibers. The genioglossus originates on the genioid 

process of the mandible before fanning up and back into the tongue blade. From Toldt et al., 

1903. 
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Section 1.2a: Hypoglossal motoneurons  

In order to meet the demands of the body for oxygen delivery and CO2 disposal, the 

respiratory pump and upper airway muscles must contract in the proper sequence. When the 

thoracic cavity expands and causes a decrease in pressure to below atmospheric levels there is 

danger of airway collapse. It would be counterproductive to have the diaphragm contract and 

expand the thoracic cavity only to have the airway blocked, and this is prevented by activating 

upper airway muscles. The following is a brief discussion of respiratory muscle motoneuron 

function. 

Motoneurons are the relay cells that join the nervous and muscular systems. To join the 

two systems, the cells’ axons must leave the central nervous system and extend to target muscles, 

in some cases over a meter in length in humans. One motoneuron can potentially innervate 

multiple muscle fibers of the same muscle, increasing the amount of force produced by a single 

motoneuron. The motoneuron and the muscle fibers that it innervates are commonly called a 

motor unit, with large motor units consisting of a greater number of muscle fibers and the ability 

to produce greater force than smaller units. The order that motoneurons, and thus motor units, are 

recruited depends upon their size, with smaller cells with higher input resistance recruited before 

larger cells; this phenomenon has been termed the Size Principle (Henneman et al., 1965; 

Henneman and Olsson, 1965). 

Overview of structure and function. Because the pharynx is a conduit for swallowing as 

well as breathing, it must be compliant so it can propel food towards the esophagus. However, 

this high compliance makes the pharynx vulnerable to collapse during inspiration, when the 

negative intra-airway pressure produced by the diaphragm reduces pharyngeal transmural 
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pressure. The base of the tongue makes up the anterior pharyngeal wall, and because it is free to 

move and is composed only of soft tissue, it depends on contraction of tongue muscles to prevent 

posterior movement and airway narrowing or collapse.  

The tongue muscles are innervated by hypoglossal motoneurons located bilaterally 

adjacent to the midline in the dorsomedial brainstem. Rostrally the motor nucleus extends above 

the obex and is ventral to the fourth ventricle. Caudally the nucleus shifts further ventrally until it 

is ventrolateral to the central canal of the spinal cord. From these locations axons of individual 

cells traverse the width of the tissue to exit the brainstem at the ventral surface as small nerve 

rootlets. These rootlets then form the twelfth cranial nerve, the hypoglossal nerve, as they pass 

through the hypoglossal canal of the occipital condyle and extend towards the target musculature 

of the tongue and upper airway. These muscles are involved with many necessary actions in 

mammals, including respiration, mastication, swallowing, suckling, and speech (Lowe et al., 

1980; Berger et al., 1996; Fregosi 2011, 2014). The tongue accomplishes these tasks using a 

combination of eight muscles, four of which are considered to be “intrinsic” and originate inside 

the blade of the tongue, altering tongue shape; and four muscles which are considered to be 

“extrinsic” and originate outside of the blade but they insert into the tongue and interdigitate with 

the fibers of intrinsic and other extrinsic muscles. Collectively, the tongue muscles work together 

to alter the position of the tongue and maintain patency of the upper airway (Lowe et al., 1980; 

Sokoloff et al., 1992). Previous work has shown that both intrinsic and extrinsic tongue muscles 

receive respiratory-related excitatory synaptic input during the inspiratory phase of the 

respiratory cycle (Bailey and Fregosi, 2004). The drive to all tongue muscles arises from 

hypoglossal motor neurons, with the exception of the palatoglossus muscle, which is instead 

innervated by the vagus nerve.  
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Organization and development of the hypoglossal motor nucleus. In the hypoglossal 

motor nucleus cells are somatotopically organized. Intrinsic muscles are innervated by cells that 

have somata located in the medial, ventrolateral, and dorsolateral regions of the nucleus 

(Sokoloff et al., 1992). Extrinsic muscles have been characterized more distinctly, with 

genioglossus motoneurons located in the ventral subnucleus, and hyoglossus and styloglossus 

motoneurons located in the dorsal subnucleus (Krammer et al., 1979; Altschuler et al., 1994). 

These functional sub-organizations of the XIIMN have been shown to be achieved as early as 

postnatal day 2 in rats (Sokoloff, 1993). 

Shortly after they are born, hypoglossal motoneurons extend their dendrites within the 

nucleus and also laterally towards the reticular formation. The reticular formation contains 

interneurons that relay respiratory-related synaptic input from the preBötC to hypoglossal 

motoneurons (Ono et al., 1993; Takada et al., 1984; Li et al., 1993; Koizumi, 2008). During early 

postnatal development, dendritic architecture undergoes a period of pruning, reducing the 

number of terminal dendritic endings and the total number of branches present (Mazza et al., 

1992; Nunez-Abades et al., 1994, 1995). However, there is no change in total surface area due to 

an elongation of the remaining branches. By postnatal weeks three and four, the pruning process 

ends and cell growth begins again; dendritic surface area increases, as do the number of terminal 

branches and dendritic diameter. Interestingly, no change is seen in measurements of soma size 

throughout this entire period (Nunez-Abades et al., 1995). 

Intrinsic electrical properties of XIIMNs also undergo alterations during early postnatal 

development. Cellular input resistance decreases with age (Viana et al., 1994), though without 

concomitant changes in cell size (Nunez-Abades et al., 1995), indicating that there are potential 

differences in the number of channels within the cell membrane at rest. Membrane capacitance 
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of XIIMNs does not change during initial perinatal development despite alterations in membrane 

surface area and channel composition (Umemiya et al., 1994; Viana et al., 1994; Nunez-Abades 

et al., 1995). Additionally, there is an early developmental increase in rheobase current, or the 

amount of current necessary to achieve spiking (Haddad et al., 1990; Viana et al., 1994). 

 Computational models of XIIMN. In addition to the in vivo and in vitro work done on 

XIIMNs, computational models that attempt to recreate single cells and small networks of 

neurons have been developed. These models are based on the detailed knowledge of ionic 

currents intrinsic to hypoglossal motoneurons from a large number of voltage clamp studies 

conducted over the previous few decades. The use of computational models can be a valuable 

substitute for in vivo and in vitro investigation as it reduces the burden of animal use while still 

providing accurate, important information. Furthermore, models can be utilized as hypothesis-

generating tools, directing research towards worthwhile in vivo and in vitro experiments. An 

ionic current model of hypoglossal motoneurons was first created and published nearly a decade 

ago, in an effort to investigate action potential dynamics and to replicate various 

pharmacological responses seen in vitro (Purvis and Butera, 2005). The model reproduced 

detailed features of the spike afterhyperpolarization (AHP) and explained age-dependent changes 

in cell firing properties. A second model incorporated hypoglossal motoneurons into a small 

network with preBötC neurons and a layer of relay interneurons (Fietkiewicz et al., 2011). 

Specifically, this model investigated correlated activities between the layers of preBötC 

interneurons, premotor neurons, and hypoglossal motoneurons, and examined how network 

architecture influenced synchronization of the model cells. Results from this model indicate that 

network structure plays an important part in the timing of XIIMN activation, and thus in the 

synchrony present within the network. As synchrony is potentially a powerful tool to regulate the 
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flow of information within neuronal circuitry, organization of network structure becomes a 

crucial variable in determining neuron function. 

 Input-output properties of hypoglossal motoneurons. One of the primary foci of these 

studies was the effect of developmental nicotine exposure on the input-output efficiency of 

XIIMNs. Until recently, many studies on neuron electrophysiology have utilized square wave 

currents of varying amplitude and duration. Others have used sinusoidal current injections to 

determine the precision and reliability of a neuron’s input-output relation as the frequency of the 

injected sine wave increases. We used this sinusoidal current injection approach to examine the 

influence of developmental nicotine exposure (DNE) on the input-output efficiency of 

hypoglossal motoneurons. In the remainder of this section we will provide an overview of 

synaptic transmission in hypoglossal motoneurons. This is of particular importance for 

understanding how DNE-mediated changes in a neuron’s response to synaptic input is altered. 

 Excitatory transmission within the central nervous system most commonly relies on 

glutamate. Upon release from presynaptic terminals it crosses the synaptic cleft and binds to one 

of three possible ionotropic receptors: the N-Methyl-D-aspartic acid (NMDA) receptor; the 

kainate receptor; or the 2-amino-3-(5-methyl-3-oxo-1,2-oxazol-4-yl) propanoic acid (AMPA) 

receptor. The receptor types have different properties that dictate their function and prevalence 

throughout the CNS. All three glutamate receptor types allow for direct transit of ions, passing 

sodium, potassium, and, in some instances, calcium. The flux of these cations causes 

depolarization of the cell, and activation of a sufficient number of these receptors will depolarize 

the cell. 

 Inhibitory synaptic transmission in the brainstem typically relies on two 

neurotransmitters: γ-Aminobutyric acid (GABA) and glycine. Both are proteins packaged and 
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released from presynaptic vesicles. And when released into the synaptic cleft bind to GABAA 

receptors on the postsynaptic neuron. These receptors open chloride channels when activated. 

The chloride moves down its chemical gradient into the cell causing membrane 

hyperpolarization. 

 Neurotransmission in XIIMNs. Rhythmic respiratory drive to XIIMNs is driven by 

glutamate release from presynaptic interneurons, which occurs largely during the inspiratory 

phase of the breathing cycle (though some motoneurons are tonically active). This provides the 

necessary depolarizing current to create rhythmic bursts of activity. In hypoglossal motoneurons, 

glutamatergic transmission relies principally on AMPA-type receptors on the motoneurons 

(Rekling et al., 2000). Within the AMPA receptor family there is considerable variation due to 

subunit differences, with some types able to transit calcium upon activation (Essin et al., 2002). 

Additionally, metabotropic glutamate receptors that activate secondary messenger pathways for 

longer-term effects are present within the nucleus (Sharifullina et al., 2005). Thus, alterations in 

normal glutamatergic transmission could impede efficient and effective synaptic transmission 

and motoneuron activation. As mentioned previously, a large portion of these experiments 

focused on the effects of nicotine exposure during development. Nicotine is an agonist for 

nicotinic acetylcholine receptors; though these receptors are most commonly associated with the 

neuromuscular junction, they are expressed extensively on neurons throughout the brain and 

brainstem, including on hypoglossal motoneurons and on presynaptic cells, particularly on 

presynaptic terminals. Upon activation the receptor will open and pass cations, most commonly 

sodium and potassium. More detail on nicotine and nicotinic acetylcholine receptors can be 

found in Section 3. 
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Section 2.1: Spike-timing precision and reliability 

Activity within neural circuits is complex, and how this activity is assembled to produce 

a neuron’s final output is poorly understood. Single neurons react to a multitude of chemical and 

electrical inputs, both excitatory and inhibitory, in very short time spans. In the time domain, the 

neuronal response is not entirely binary, where the cell either fires or stays quiescent. Rather, the 

processing is analog, with the inputs graded based on time, location, and structure before the 

soma reacts by changing its membrane potential and bringing it closer to, or further away, from 

its threshold for action potential generation. Analysis in the frequency domain has shown that 

inputs can operate in a wide band of frequencies and the target neuron can be more sensitive to a 

much tighter frequency range than it receives. This allows the neuron to respond to inputs within 

a specific frequency band, but also to ignore those that fall outside of those specifications. This 

section will provide an historical background on the analysis of frequency oscillations within 

neural circuits, and information on the input frequency components of XIIMN activation. 

 Determinants of firing activity within the central nervous system involve the interplay of 

intrinsic morphological and electrophysiological properties of a neuron and the summation of 

potentially thousands of inputs from other neurons. Upon reaching a certain threshold neurons 

respond in an all-or-none fashion, firing an action potential and then entering a refractory period. 

The time to threshold functions in a more analog way, as synaptic inputs are graded by location 

and type. In addition to fast synaptic excitatory and inhibitory inputs, modulatory inputs typically 

influence a neuron’s membrane potential over a longer time span. The summation of these 

inputs, together with the cells intrinsic properties, determine the cells output. Recent research has 

focused not only on the frequency and number of inputs, but also on the underlying oscillatory 

frequencies delivered to the cell. 
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 Within the CNS a broad range of oscillations occurs. Certain frequency ranges have been 

well documented, such as the theta, beta, and gamma bands that correlate with REM sleep, 

wakefulness, and potentially consciousness, respectively. These neural oscillations have been 

postulated to function in three ways (Sejnowski and Paulsen, 2006): 1) the oscillations act 

similar to firing frequency and amplitude, representing information to the target cell through the 

use of specific input frequencies; 2) the oscillations regulate what information passes through a 

network by helping to synchronize groups of neurons are active at a given time; and, 3) the 

oscillations store and retrieve information stored in networks such as those used for memory and 

recall. It is possible these functions are not mutually exclusive, instead using combinations of all 

three options or with different networks using different features. Within the work discussed 

below we believe that spike-timing precision and reliability of hypoglossal motoneurons will 

have particular importance in the motoneuron response to oscillatory input and in relaying that 

input to muscles of the tongue. 

 To better understand the influence of oscillations on motoneurons it is useful to examine 

the signal that arrives at the cell. When frequency analysis was applied to genioglossus and 

hyoglossus muscle activity in adult rats during normal breathing, the muscles demonstrated little 

signal coherence beyond 10 Hz (Rice et al., 2011), particularly compared to the diaphragm and 

intercostals. The authors attributed this to fewer inputs to the respiratory pump muscles, and thus 

less divergence of efferent signal, and that efferent signal primarily being composed of a 

stereotyped, repetitive input function. In contrast, the complexity of the tongue musculature, and 

the actions the tongue must perform to achieve successful respiration, require a broad range of 

synaptic inputs. This broad range of inputs to the tongue musculature can lead to “destructive 

summation” (Rice et al. 2011) of inputs, which can be attributed to the large volume of inhibitory 
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inputs present during inspiration (Fenik et al., 2004, 2005; O’Brien et al., 2004; Remmers et al., 

1980; Withington-Wray et al., 1988; Woch and Kubin, 1995; Marchetti et al., 2002). Pulmonary 

stretch receptors, which act through vagal afferents, exert a greater inhibitory effect on tongue 

musculature compared to the intercostal muscles (Bailey et al., 2001; Fregosi and Fuller, 1997; 

Janssen et al., 2000). Therefore, the diversity of inputs received by the tongue musculature may 

increase the flexibility of XIIMN output and allow for fine control of the tongue musculature. 

Increased aptitude for tongue control becomes especially important with conscious access 

to the musculature. Hypoglossal motoneurons receive direct projections from the primary motor 

cortex in the cerebrum (Snell, 1980). This makes physiologic sense as humans can consciously 

control the shape and position of the tongue. Research has shown that XIIMNs are synchronized 

by oscillatory input below approximately 10 Hz, but synchronization disappears at higher 

frequencies (Laine and Bailey, 2011). Interestingly, cortical oscillations between 15 and 40 Hz 

have been shown to entrain whole genioglossus muscle and single XIIMN activity (Laine et al., 

2012); therefore, it appears that respiratory control and cortical control occur at separate 

frequency bands. How motoneurons respond at each frequency will play a pivotal role in the 

determination of which signals are able to pass through the neurons and activate muscles in the 

upper airway and tongue. 

XIIMNs receive rhythmic inputs that contains an excitatory envelope of current with 

complex oscillations superimposed (see (Funk and Parkis, 2002)). These oscillations make 

significant contributions to a motoneuron’s response to synaptic inputs. Filtration of frequency 

bands from a recorded current profile reduced the number of action potentials and the precision 

of any action potentials that remain in XIIMNs (Parkis et al., 2003), suggesting that input 

oscillations control spike-timing precision and reliability of motoneuron outputs. Work done on 
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cortical pyramidal neurons and XIIMNs revealed an input frequency-dependent component of 

the neuronal response (Fellous et al., 2001; van Brederode and Berger, 2008), specifically, that 

as input frequency increases, precision and reliability decrease. At low frequencies, neurons will 

fire more than one action potential for each sinusoidal cycle and will fire during the rising phase 

of the cycle. Increasing the frequency causes a reduction in the number of spikes per cycle and a 

delay in the phase of the spike onset. Additional increases in frequency drop the neuron below a 

1:1 spike per cycle ratio as the cell is unable to keep up with the rate of input. This suggests the 

neuron will prefer a range of frequencies, where preference is defined as the efficient translation 

of synaptic input to a resultant output. Reliable translation of input is only part of the neuronal 

response. The precision of the response, measured using the phase angle, or timing of activation 

relative to the dynamic input, and the variability of the phase angle signify the repeatability of 

activation in response to a consistent, invariant input. Together, precision and reliability are key 

components of synchrony, a complex process of synchronization between neurons that provides 

a strong, coordinated output from a group of neurons (Sejnowski and Paulsen, 2006; Fuhrmann 

et al., 2002). A large portion of this work will focus on the effects of DNE on the spike-timing 

precision and reliability of XIIMNs and how alterations could disrupt the synchrony necessary to 

provide innervation to muscles of the upper airway. 
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Section 3.1: Developmental nicotine exposure 

Nicotine and development. Nearly four million births were reported in the United States 

in 2012 (Martin et al. 2013). Of these, the most recent figures report that 12.3% of live births 

were infants whose mother smoked during pregnancy (Tong et al., 2013), meaning that nearly 

half a million pregnancies in the US alone occurred under conditions that are known to alter fetal 

development. Estimates for nicotine consumption elsewhere vary dramatically, though it is 

predicted that the percentages are higher in the developing world. These numbers also do not 

account for women placed on nicotine replacement therapy (NRT) during pregnancy. NRT 

admittedly eliminates the effects of the increasingly large number of other chemicals found in 

cigarettes and the smoke itself, but still delivers nicotine which has its own adverse effects on 

both mother and fetus. 

 Nicotine is a common drug of abuse that is found in a variety of forms: cigarettes and 

cigars, chewing tobacco, nicotine patches and gum, e-cigarettes, and snuff, just to name a few. 

Upon ingestion either through the lungs, skin, or mucosa, nicotine is able to cross the blood brain 

barrier and bind to nicotinic acetylcholine receptors (nAChRs) present in the central and 

peripheral nervous systems (CNS/PNS). Additionally nicotine is able to cross the placental 

barrier and the fetal blood brain barrier. It is well known that fetal nicotine exposure is associated 

with an increased risk of premature births and decreased birth weight (Rogers 2009; Abbott and 

Winzer-Serhan 2012), an increased risk of ectopic pregnancies and stillbirths (Pauly and Slotkin 

2008; Rogers, 2009; Bruin et al., 2010), Type 2 diabetes and obesity (Bruin et al., 2010), and 

placental and umbilical blood flow disruption, possibly leading to decreased fetal nutrition and a 

hypoxic uterine environment (Zdravkovic et al., 2005; Lambers and Clark, 1996; Albuquerque et 

al., 2004). 
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Postnatally, developmental nicotine exposure is associated with altered synaptic 

transmission in neurons throughout the brain, and is known to reduce the number of cells while 

damaging those that survive (Roy et al., 1998). Studies of the respiratory control circuit have 

shown alterations in single cell and network physiology associated with nicotine exposure. Early 

investigations of brainstem respiratory neurons showed that nicotine exposure caused alterations 

in cholinergic transmission (Robinson et al., 2002; Eugenin et al., 2008; Kamendi et al., 2009; 

Pilarski and Fregosi, 2009; Pilarski et al., 2010). Cholinergic transmission is mediated by the 

same receptors that bind nicotine, suggesting that nicotine exposure alters channel function. 

Throughout the central nervous system chronic nicotine exposure causes a long-lasting 

desensitization of nAChRs (reviewed by (Gentry and Lukas, 2002)). An acute desensitization of 

these receptors was discovered in rodent XIIMN as a reduction of current across the membrane 

in response to short-term exposure to nicotine (Quitadamo et al. 2005). Similar but more 

profound desensitization of XIIMNs was shown with prolonged nicotine exposure in utero, with 

a slower recovery of nAChRs back to an activatable state (Pilarski et al., 2012). 

At the systems physiology level, nicotine exposure during development has been shown 

to cause reduced ventilatory output (Huang et al., 2004a, St-John and Leiter, 1999), altered 

breathing patterns (Fewell and Smith, 1998; Fewell et al., 2001a; Hafstrom et al., 2002a; Huang 

et al., 2004a), and an increase in central apnea frequency (Fewell and Smith, 1998; Huang et al., 

2004a) and apnea duration (Froen et al., 2002). Newborns that were nicotine exposed in utero 

also have reduced protective responses to respiratory challenges, including impaired auto-

resuscitation during severe hypoxia, and a general delayed arousal response in response to 

hypoxia during sleep (Fewell and Smith, 1998; Horne et al., 2004; Sawnani et al., 2004). 

Neonatal rodents also have impaired chemoreceptor responses after in utero nicotine exposure 
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(Eugenin et al., 2008; Coddou et al., 2009; Huang et al., 2010). Moreover, a growing body of 

evidence shows strong correlative links between DNE and Sudden Infant Death Syndrome 

(SIDS) (Gilliam and Goldberg, 1995; Alm et al., 1998). Whilst idiopathic, SIDS shares several 

features with DNE, primarily an inability to auto-resuscitate (Lewis and Bosque, 1995; Kato et 

al., 2003) and impaired chemoreception. Additionally, neurons within the preBotzinger complex 

show some interesting morphological alterations in victims of SIDS, such as decreased neuronal 

number, abnormal neuronal morphology, and immunonegativity of neurotransmitters (Lavezzi 

and Matturri, 2008; Lavezzi et al., 2009). Investigation of the effects of DNE on the structure and 

function of respiratory motoneurons could lend further credence to nicotine’s link to SIDS. 

 To impart its effects on neurons throughout the central nervous system, nicotine acts on 

nicotinic acetylcholine receptors (nAChRs). nAChRs are ligand-gated cation channels typically 

activated by acetylcholine, but also by nicotine. These pentameric, or five subunit, receptors are 

proteins embedded in the membrane of the cell. These pentamers contain a combination of α 

(nine known types labeled 2-10) and β (three known types labelled 2-4) subunits or in some 

cases only α subunits (α7, 8, or 9) (Sargent, 1993; Montes et al., 1994; Elgoyhen et al., 1994; 

Couturier et al., 1990; Gerzanich et al., 1994). The α subunits contain the acetylcholine binding 

domain, whereas the β subunits control the structure and sensitivity of the channel. Combining 

the different subunits into unique combinations confers individual characteristics upon the 

receptor, altering activation and deactivation properties, affinity for ligands, blocking properties, 

conductance (Mulle et al., 1992; Segnela et al., 1993; Sands et al., 1993; Bertrand et al., 1993; 

Vernino et al., 1992; Vijayaraghavan et al., 1992), among other properties (Albuquerque et al., 

1995). Interestingly, a given neuron can express multiple types of nAChR, which makes 

predicting the response to nicotine complicated. Within the hypoglossal motor nucleus, nAChRs 
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contain primarily α4β2 receptors and some α7 receptors (Chamberlin et al., 2002; Quitadamo et 

al., 2005; Zaninetti et al., 1999).  

In addition to direct, postsynaptic effects, nicotine also alters the release of excitatory, 

inhibitory, and modulatory neurotransmitters. nAChRs are expressed on the presynaptic 

terminals of input neurons for XIIMNs. When nicotine binds to these presynaptic receptors, the 

resultant depolarization causes voltage-gated Ca2+ channels to open, increasing the calcium 

concentration within the presynaptic terminal and causing the vesicular release of 

neurotransmitter (Gentry and Lukas, 2002; Wonnacott, 1997). In the context of chronic nicotine 

exposure, it is of interest that both presynaptic and postsynaptic nAChRs are easily desensitized, 

making them less effective (Pilarksi et al., 2011). A desensitized receptor will no longer activate 

presynaptic terminals to cause neurotransmitter release, leading to reduced excitation of the 

postsynaptic cell. This reduction in function has been confirmed in XIIMNs (Pilarski et al., 

2012). However, over time the cell may respond by up-regulating nAChR expression to restore, 

or even enhance, cellular excitability, as an increase in the number of receptors would provide 

greater opportunity for the neurotransmitter to bind. Previous work has also shown that 

developmental nicotine exposure enhances respiratory-related frequency of phrenic motor nerve 

activity when exogenous AMPA is applied in the bath (Pilarski and Fregosi, 2009). This caused 

speculation that excitatory receptor expression was increased in order to compensate for a 

reduction in excitatory synaptic transmission (Pilarski et al., 2012. Neurons in other brain regions 

show increases in glutamate receptor expression with exposure to nicotine during gestation as 

well (Wang et al., 2007). However, immunohistochemical work in both the hypoglossal motor 

nucleus and the preBötC have shown clear decreases in specific glutamate receptor subunit 

expression with DNE (Jaiswal et al., 2013). Whether or not the receptor subunits are shifting to 



44 
 

alternate types is currently unclear. However, it appears that in response to DNE, XIIMNs have 

desensitized nAChRs pre- and post-synaptically, reduced excitatory input, and reduced glutamate 

receptor expression. Additionally, basic measurements of soma size show a decrease with DNE 

(Jaiswal et al., 2013b), which has been postulated to cause an increase in cellular excitability 

seen experimentally. Together these alterations have been speculated to occur as a form of 

homeostatic plasticity in order to mitigate the effects of deviating too far from normal function. 

Whether or not these alterations further effect the input-output efficiency of hypoglossal 

motoneurons will be a key component of these studies.  
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Chapter 2: 

PRESENT STUDY 
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Section 1: Hypothesis 

The work presented in this dissertation intends to examine how developmental nicotine 

exposure (DNE) affects a specific subset of respiratory motoneurons in neonatal rats, as well as 

an examination of respiratory-related activity of tongue muscle motor units and force profiles. 

Previous work in the laboratory has demonstrated marked effects of DNE on neurons involved 

with central control of respiration, including increased effectiveness of inhibitory 

neurotransmitters on C4 output in brainstem-spinal cord preparations (Luo et al., 2004, 2007), 

increases in AMPA transmission (Pilarski and Fregosi, 2009), desensitization of nAChR on 

hypoglossal motoneurons in a respiratory slice (Pilarski et al., 2012), reduced excitatory synaptic 

input and increased cellular excitability (Pilarski et al., 2011, Jaiswal et al., 2013), and changes 

in the expression of glutamatergic receptor subunits in preBötC and XIIMN (Jaiswal et al., 

2013). These electrophysiology measures are reliant upon a neurons’ ability to respond to input 

current through synaptic receptors and also upon the intrinsic properties of the cell itself, both of 

which are altered by DNE. For these reasons we hypothesized that DNE would alter spike-timing 

precision and reliability, as well as spike-frequency adaptation, of XIIMN. Additionally, the root 

cause of changes in excitability and synaptic efficacy have been thought to be paired with 

changes in neuronal morphology, with increases in cellular input resistance (Pilarski et al., 2011) 

commonly associated with decreases in cell size and immunohistochemical analysis 

demonstrating a reduction in soma cross-sectional area (Jaiswal et al., 2013b). Thus, we also 

hypothesized that DNE reduces neuron size. Lastly, we wanted to examine a downstream target 

of XIIMN, the hyoglossus muscle of the tongue, to obtain simultaneous measures of muscle 

activity and tongue force in respiration, and learn how hyoglossus motor unit discharge changes 

as a function of an increased drive to breathe. 
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 In summary, the present study was aimed at addressing three major issues: 1) The 

changes in excitability and synaptic transmission seen previously occur alongside motoneuronal 

changes in spike-timing precision, reliability, and spike-frequency adaptation. 2) The driving 

force behind the effects of DNE is alterations in motoneuron morphology. 3) The spontaneous 

wax and wane of tongue force and muscle activity provide detailed information on the 

recruitment and rate coding of single hyoglossus motor units alongside total muscle force output. 

 In this chapter we will illustrate the general methodology used to address these issues in 

each of our experiments. More detailed explanations for specific techniques can be found in the 

succeeding chapters. 

Section 2: General Methods 

Developmental Nicotine Exposure. To achieve developmental nicotine exposure we had 

to accurately replicate what occurs in gestation to human fetuses of smoking mothers in a model 

of pregnant rats. Exposing rats to nicotine has been achieved previously (reviewed in (Abbott 

and Winzer-Serhan, 2012)), though the methods utilized have specific drawbacks that preclude 

their use. Abbott and Winzer-Serhan (2012) report on several of these methods, including 

cigarette smoke exposure, nicotine injections, and nicotine administered through drinking water. 

Smoke exposure, however, complicates the matter of the effects of nicotine as there are a large 

number of other chemicals in cigarette smoke, many of which have their own toxicities. Nicotine 

injections into the mother can replicate the periodicity of nicotine levels of a smoker, but cause 

additional stress to the animal, and overly large injection levels have been shown to cause 

placental and fetal complications (Abbott and Winzer-Serhan, 2012). Nicotine delivered in 

drinking water is metabolized much faster than the other methods and has been shown to reduce 

dam weight compared to controls (Murrin et al., 1987). To counteract these potential variables 



48 
 

and still achieve DNE we used implantation of a subcutaneous osmotic mini-pump into the 

pregnant dam. The pump contained 6 mg/kg/day of nicotine bitartrate, a concentration congruent 

with that of a “heavy” smoker. Implantation of the pump occurred on gestational day 5, leaving 

more than 2 weeks of gestational nicotine exposure for the unborn pups. Previous research has 

shown that nicotine’s neuroteratogenic effects begin early in gestation (Slotkin, 1998). 

Two different controls were utilized to isolate the effects of DNE: 1) Some animals were 

implanted with osmotic mini-pumps containing physiologic saline instead of nicotine bitartrate. 

2) Unexposed animals that did not undergo any surgery were utilized as well. As we found no 

differences between the two controls they have been combined here for analytical purposes. 

Electrophysiology. For a majority of the experiments done here, 400µm brainstem slices 

containing the hypoglossal motor nucleus were taken from neonatal rats. These slices were taken 

caudal to the preBötC and therefore were not rhythmic, but still received modulatory input from 

other areas. We used these brainstem slices to make whole-cell patch clamp recordings of 

individual XIIMNs, injecting varying amplitudes and frequencies of sinusoidal currents and 

multiple square wave currents using a Multiclamp 700B microelectrode amplifier (Molecular 

Devices). 

 The data of interest from these electrophysiology recordings was the spike-timing 

precision and reliability in response to the sinusoidal current injections, and the spike-frequency 

adaptation for current step injections. Specifically, spike-timing precision measurements include 

phase angle, phase error, and jitter, which provide information on when a neuron responds to 

oscillatory input and how variable the response is to repeated input. Spike-timing reliability 

measures include the number of spikes per sinusoid cycle, the probability of a successful cycle, 

and the number of spikes per successful cycle. They provide information on how reliably an 
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input signal can be relayed through the target motoneuron as well as the preferred operating 

frequencies of the motoneuron. Spike-frequency adaptation measurements provide information 

about the neurons’ response to prolonged excitation. 

 Additionally, in adult rats we recorded whole muscle EMG and single motor units from 

the hyoglossus muscle of the tongue using tungsten microelectrodes or hookwire electrodes, 

respectively, placed in the belly of the muscle. Simultaneously a silk suture was stitched through 

the rat’s tongue and tied to a force transducer, providing accurate force profiles for tongue 

movement during respiration as the hyoglossus retracts the tongue during inspiration. Together 

these two measurements provide information on motor unit discharge during spontaneous 

respiration as a function of tongue force. 

 Detailed methodology for all electrophysiology experiments can be found in the context 

of each study presented here. 

Imaging. To acquire detailed morphology of XIIMN and any possible effects DNE might 

have on it, neurons were filled with the tracer Neurobiotin (Vector Labs) and subsequently 

processed using 3,3’-diaminobenzidine (DAB). This provided detailed fills of whole 

motoneurons that have known electrophysiological properties. A detailed account is provided 

here: 

Tissue preparation. Rat pups aged 1 to 4 days post-parturition were anesthetized on ice 

until non-responsive to paw pinch, and then quickly decerebrated rostral to the coronal suture. 

Animals were next eviscerated to expose the spinal column, and the spino-medullary axis was 

removed and covered with fresh artificial cerebrospinal fluid (aCSF) bubbled with 95/5% 

CO2/O2. aCSF was composed of the following (in mM): 120 NaCl, 26 NaHCO3, 30 glucose, 1 

MgSO4, 3 KCl, 1.25 NaH2PO4, 1.2 CaCl2, pH 7.4, 300-325 mOsM. Vasculature and meninges 
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on the surface of the medulla were removed where possible. The tissue was then pinned to a clay 

block and serially sectioned using a Vibratome ™ (VT1000, Leica). The tissue of interest was 

identified using the most rostral hypoglossal nerve rootlet on the ventral side of the tissue as well 

as the shape of the fourth ventricle. Upon reaching these landmarks a 400 µm section containing 

cells of the hypoglossal motor nucleus was taken and transferred to fresh, oxygenated aCSF 

under a fixed-stage microscope (BX-50WI, Olympus) at 29°C. 

 Before whole-cell patch clamping, a glass micropipette was tip-filled with intracellular 

solution containing 1% w/v Neurobiotin, and the rest back-filled with normal intracellular 

solution. Cells were then patch-clamped as normal. If successfully patched, a cell was recorded 

for a minimum of fifteen minutes to allow for a complete fill. Upon completion the pipette was 

carefully removed from the cell and the tissue moved to a solution of 4% paraformaldehyde in 

PBS, placed in a 4°C refrigerator overnight. If processing did not begin the next day the tissue 

was transferred to cryoprotectant solution (containing 50% v/v PBS, 30% w/v sucrose, 1% w/v 

polyvinylpyrrolidone, and 30% w/v ethylene glycol) and placed in a freezer (approximately  

-20°C) for long term storage. 

Tissue processing. Fixed tissue was processed using a protocol developed by McMullen 

and deVenecia (1992a; 1992b), originally intended to insure staining of axonal projections. 

Briefly, Neurobiotin filled cells were incubated with a primary goat anti-biotin antibody 

(1:10,000), a secondary biotinylated rabbit anti-goat IgG (1:250), the Elite ABC reagent (Avidin-

Biotin Complex) (Vectastain), and heavy metal enhanced DAB. This process produced a dark 

brown reaction product and clearly stained the cell body and all processes. Tissue was mounted 

in dimethylsulfoxide (DMSO) on brass rings with glass rounds located in the center. 
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Tracing. To acquire accurate measurements of neuronal morphology we analyzed 

processed tissue using a Neurolucida system (MBF Biosciences). Cells were initially visualized 

at low magnification through an inverted light microscope connected to the Neurolucida system. 

Images were captured to illustrate the position and orientation of the cell within the tissue. 

Tracing of the cells occurred at 63x magnification. Cell somata measurements were limited to 

circumference, while dendritic and axonal processes were measured for the number of branches, 

branch length, branch diameter, surface area, order, and others. In some instances the limited 

thickness of the slice resulted in occluded processes. This was denoted on the tracing and the 

data from the cell was assumed incomplete. The companion software Neurolucida Explorer 

(MBF Biosciences) was used for analysis of cellular morphology. Additionally, Sholl analysis 

was performed to examine the range of extension each process achieved. 

Computational Model. Our model was based off previous models of hypoglossal 

motoneurons that isolated the function of these cells (Purvis and Butera, 2005; Fietkiewicz et al., 

2011). The model by Fietkiewicz and colleagues (2011) connected isolated XIIMNs to a separate 

layer of pre-motoneurons. This layer of pre-motoneurons was connected to two preBötzinger 

Complex neurons that drove the system. For the model used in these studies, the XIIMN 

template from the Fietkiewicz (2011) model was isolated and adjusted to contain a single cell 

with a sinusoidal input. The single cell model was implemented using the NEURON simulation 

environment (NEURON, Yale University; Carnevale and Hines, 2006) with Hodgkin-Huxley 

formalism. Membrane potential can be represented using the differential equation: 

𝑑𝑉

𝑑𝑡
=

1

𝐶𝑚
(− ∑ 𝐼𝑖𝑜𝑛𝑖𝑐 + 𝐼𝑠𝑡𝑖𝑚)   [1] 
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where V is the membrane potential (mV), Cm is the membrane capacitance, t is the time 

(ms), Istim is the applied current stimulus, and Iionic is the ionic currents available in the membrane. 

The ionic currents follow the form 

   𝐼𝑖𝑜𝑛𝑖𝑐 = 𝑔(𝑉 − 𝐸𝑖𝑜𝑛𝑖𝑐)    [2] 

where Eionic is the reversal potential for the specific current, and 

   𝑔 = �̅�𝑦       [3] 

where ḡ is the maximum conductance for the specific current and y is the product of the 

gating variables raised to integer powers for the current. 

The gating variables of activation and inactivation are described according to the 

following equations: 

   
𝑑𝑥

𝑑𝑡
=

𝑥∞(𝑉)−𝑥

𝜏𝑥(𝑉)
      [4] 

   𝑥∞(𝑉) =
1

1+𝑒(𝑉−𝜃𝑥) 𝜎𝑥⁄     [5] 

𝜏𝑥(𝑉) =
𝐴

𝑒(𝑉−𝜃1) 𝜎1⁄ +𝑒−(𝑉−𝜃2) 𝜎2⁄ + 𝐵  [6] 

Where 𝑥∞(𝑉) is the steady-state voltage-dependent activation/inactivation function of 𝑥 

and is a sigmoid function half-activated at 𝜃𝑥 and with a slope of 𝜎𝑥. 𝜏𝑥(𝑉) is the voltage-

dependent time constant that is represented by a bell curve, unless the first portion of the 

equation equals zero and 𝜏𝑥(𝑉) then equals B. The source code for the simulations will be made 

available to the ModelDB website upon completion (http://senselab.med.yale.edu/modeldb). 

Model parameters. The model cell contained: voltage-dependent sodium currents (fast 

sodium, NaF; persistent sodium, NaP); voltage-dependent potassium currents; calcium currents 
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(T-type, P-type, and N-type); a calcium-activated potassium current; and a hyperpolarization-

activated cationic current. All of these current types have been studied in vitro extensively 

(reviewed in (Purvis and Butera, 2005)). The maximum conductances, reversal potentials for 

each current, and passive properties of the cell can be seen in Table 1.  

Model protocols. Initial tests of the model injected sinusoidal current at 9 different 

frequencies: 1, 2, 4, 6, 8, 10, 13, 16, and 20 Hz. Each injection was timed to only include 30 

cycles. The current threshold for the model cell was predetermined using a step current injection. 

The dynamic current injection protocol was then adjusted to position the spike threshold at the 

midpoint of the sinusoid. Thus the sinusoidal current was above threshold for half of a cycle and 

below for the other half. 

To test the effect of each current on measures of spike-timing precision and reliability, 

conductance values were systematically altered around the default value. Simulations were run at 

25, 50, 75, 100, 125, 150, 175, 200% of the default conductance for each channel type. This 

parameter ranging was individualized to isolate the effects of each conductance as well.  

Statistics. Statistical analysis was done using the software program R (R Foundation for 

Statistical Computing, Vienna, AUT). For data that compared only two factors, student’s t-test or 

2 factor ANOVAs were used. Three-factor ANOVAs were utilized as necessary. Post hoc 

analysis was performed using Tukey’s tests. Data in all figures and tables are the mean ± 

standard error of the mean (SEM) unless indicated otherwise. Data are considered statistically 

significant if P ≤ 0.05. 
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Currents Cell Characteristics 

�̅�𝑁𝑎 = 0.02625 𝑆 𝑐𝑚−2 𝑅𝑎 =  35.4 

�̅�𝑁𝑎𝑃 = 0.0000039747 𝑆 𝑐𝑚−2 𝐶𝑚 = 1 𝜇𝐹 𝑐𝑚−2 

�̅�𝐾 = 0.065 𝑆 𝑐𝑚−2 𝐴𝑟𝑒𝑎 = 100 𝜇𝑚2  

�̅�𝐴 = 0.025 𝑆 𝑐𝑚−2  

�̅�𝑆𝐾 = 0.0075 𝑆 𝑐𝑚−2 Calcium flux 

�̅�𝑁 = 0.00125 𝑆 𝑐𝑚−2 𝐾1 = 0.02 𝑚𝑀 𝑐𝑚2(𝑚𝑠 − 𝑚𝐴)−1 

�̅�𝑇 = 0.0025 𝑆 𝑐𝑚−2 𝐾2 = 0.04 𝑚𝑠−1 

�̅�𝑃 = 0.00125 𝑆 𝑐𝑚−2  

�̅�𝐻 = 0.000125 𝑆 𝑐𝑚−2 Initial Conditions 

�̅�𝑙𝑒𝑎𝑘 = 0.001476 𝑆 𝑐𝑚−2 [𝐾]𝑖(0) = 120 𝑚𝑀 

𝐸𝑁𝑎 = 60 𝑚𝑉 [𝐾]𝑜(0) = 5 𝑚𝑀 

𝐸𝐾 = −80 𝑚𝑉 [𝐶𝑎]𝑖(0) = 0.00005 𝑚𝑀 

𝐸𝑙𝑒𝑎𝑘 = −50 𝑚𝑉 [𝐶𝑎]𝑜(0) = 2 𝑚𝑀 

𝐸𝐻 = −38.8 𝑚𝑉 𝑉(0) = −60 −  −75 𝑚𝑉 

Table 1. Parameter values. 
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Chapter 3 

INFLUENCE OF DEVELOPMENTAL NICOTINE EXPOSURE ON SPIKE-TIMING 

PRECISION & RELIABILITY IN HYPOGLOSSAL MOTONEURONS 

 

The work contained within this chapter has been submitted for publication. As it may become 

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: 

 In this portion of the study, we examined how DNE impacts spike-timing precision, 

reliability, and spike-frequency adaptation in the HMN of neonatal rats using in vitro 

electrophysiological techniques. The driving force behind these studies came from previous work 

on respiratory-related preparations that illustrated DNE causes changes in excitatory and 

inhibitory synaptic transmission (Luo et al. 2004, 2007; Jaiswal 2013a,b), nicotinic currents 

(Pilarski and Fregosi 2008, 2009; Pilarski et al. 2012), and intrinsic excitability of motoneurons 

(Pilarski et al., 2011). These intrinsic and synaptic properties are known to control spike-timing 

precision and reliability (Sejnowksi and Paulsen, 2006), which in turn help determine synchrony 

in a group of connected neurons receiving common synaptic input (Usrey and Reid, 1999). We 

hypothesized that changes in intrinsic excitability and synaptic neurotransmission, seen 

previously with DNE, would alter spike-timing precision and reliability of motoneurons. 

Furthermore, we were interested in determining the effects of DNE on spike-frequency 

adaptation of the HMN. To address these issues we used non-rhythmic slices of neonatal rat 

brainstem that contained cells of the hypoglossal motor nucleus. Cells were accessed using 

whole-cell patch clamp techniques, and all recordings were made in current-clamp mode. Spike-

timing precision and reliability measurements were obtained through separate recordings of nine 

different sinusoid frequencies at three different amplitudes. Spike-frequency adaptation was 

measured with one second step-current injections with comparisons made between the last one-

quarter second and the first one-quarter second of each step. 

 Sinusoidal current injection into the HMN demonstrated significant alterations in spike-

timing precision. Phase angle, a measure of when a cell responded to the current injection 

relative to the phase of the sinusoid, showed a significant right-shift to higher frequencies in 
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DNE cells. In other words, at a given frequency, DNE cells fired earlier in the cycle compared to 

control cells. Phase error, or the variability of the phase angle expressed in degrees, showed 

significant differences at the lowest amplitude injection. No changes were seen in jitter, the 

measure of phase angle variability expressed in milliseconds. 

 Spike-timing reliability was also significantly affected by DNE. At low current 

amplitudes treated cells were less likely to fire in response to current input. This difference 

disappeared and even trended to reversing at higher current amplitudes. Moreover, the number of 

spikes per cycle and the number of spikes per successful cycle showed significant treatment 

effects, but these appeared to be driven by a few isolated frequency points. 

 Spike-frequency adaptation significantly increased in DNE cells. Despite lower 

instantaneous frequencies in the initial and final one-quarter seconds of the step-current 

injections and controlling for current amplitude, we observed larger reductions between initial 

and final segments in treated cells. This increase in spike-frequency adaptation is potentially due 

to changes in currents that control spike-timing, such as increased afterhyperpolarization 

currents. 

 Overall, our data show that DNE alters the intrinsic response of HMNs to dynamic 

current injections. Cells fire earlier in response to input at higher amplitudes, and with more 

timing variation at lower amplitudes. Additionally, these cells will be less likely to fire at low 

amplitudes. Whether this affects the motoneuron network and its ability to achieve synchrony 

needs to be investigated further. 
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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 A. As first author, I completed the experiments and was 

responsible for analyzing/interpreting the data, compiling the figures and writing the manuscript. 

Conceptual design and editing of the manuscript could not have been achieved without the 

assistance of Dr. Ralph Fregosi and Dr. Richard Levine. 
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Chapter 4 

RESPIRATION-RELATED DISCHARGE OF THE HYOGLOSSUS MUSCLE MOTOR 

UNITS IN RATS 

 

 

 

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

As it is now copyrighted material, the paper has been included in this dissertation as Appendix B. 

A summary of the work and a contribution summary have been included within this chapter. 
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Study Summary:  

In this portion of the study, we examined how whole muscle hyoglossus EMG activity 

and single motor unit discharge correlated with respiration-related changes in tongue retraction 

force in anesthetized adult rats. Rats were placed in a stereotaxic frame in a supine position to 

grant access to the hyoglossus muscle and hypoglossal nerve. A stimulating electrode was placed 

in the lateral branch of the nerve and the medial branch was severed just distal to the branching 

point to prevent tongue protrusion. Either whole muscle EMG or single motor unit activity was 

collected from the belly of the hyoglossus muscle using hookwire or tungsten microelectrodes, 

respectively. Recordings of tongue force output were measured using a silk suture placed 

through the tongue and tied to a force transducer. The suture was kept taut and the length of the 

muscle stretched to optimize the length-tension curve for each trial. Similar work on the 

genioglossus muscle, a tongue protrudor, has shown that increased drive from an increase in 

inspired CO2 altered the discharge pattern and variability of motor unit discharge (John et al., 

2005). Here we utilize the natural wax and wane of spontaneous muscle activity under anesthesia 

(Fregosi and Fuller 1997) to compare whole muscle and single motor unit activity to periods of 

low and high force output. 

 Rectified and integrated whole muscle EMG (iEMG) activity increased with increasing 

tongue retraction force. The change in mean iEMG, peak iEMG, and iEMG area all 

demonstrated significant positive correlations with increases in tongue force. Whole muscle 

EMG activity is representative of the number of motor units active and the firing rate of those 

units. To determine whether increases in force were due to the addition of previously inactive 

motor units (recruitment) or increases in frequency of activation (rate coding), single units were 

analyzed. Single motor unit analysis showed that mean discharge frequency, peak discharge 
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frequency, the number of spikes per respiratory cycle, and the spike train duration all increased 

significantly with increasing tongue retraction force. The recruitment threshold of motor unit 

spiking activity showed no difference between low and high force conditions, nor did a 

detrended coefficient of variation of the interspike interval. Correlation analysis of the mean and 

peak frequencies as well as the number of spikes per respiratory cycle demonstrated significant 

positive correlations with tongue retraction force, though all were weaker than analyses done on 

the iEMG measures. Taken together these data suggest that the recruitment of inactive motor 

units is the primary mechanism for increasing muscle force, with rate coding playing a less 

observed role. 

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 single motor unit 

experiments and was responsible for analyzing that dataset, interpretations of all data, compiling 

figures, and edits of the manuscript. I was also responsible for analysis of the spike train 

variability data. The whole muscle EMG data was collected by Dr. Amber Rice. This work could 

not have been accomplished without assistance from Seres J. Bennett-Cross, who aided with 

surgical preparation of the animals. Lastly, Dr. Ralph Fregosi analyzed data, compiled figures, 

and helped write the manuscript. 
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Chapter 5 

HYPOGLOSSAL MOTONEURON MORPHOLOGY AND COMPUTATIONAL STUDIES 
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Section 1: Morphology 

 Introduction. Motoneuron morphology has been extensively studied and has been 

determined as a crucial component for cell function. Research on spinal motoneurons in the 

1980s cited cell morphology as critical for determining the input-output relationship of the cell 

(Burke, 1981, 1987). Furthermore, dendritic geometry governs the influence of synaptic input 

onto a cell and how inputs are integrated into cellular activity. This is accomplished 

mechanistically as a length constant, defined as the length of membrane a change in voltage can 

travel passively. The larger the length constant, the further a synaptic input can travel and 

influence membrane potential within the neuron. This becomes of particular importance for 

dendritic branches that extend long distances from the soma. If a receptor is activated at the very 

tip of a dendrite, a change in potential will travel down the dendritic process towards the soma. 

Due to resistivity of the membrane and the dendritic process itself, some electrical potential will 

be lost as it travels. If the length constant, primarily dependent upon the radius of the process, is 

large enough then the membrane voltage effects of the activated receptor will be able to travel 

enough distance to affect the soma, integrating its effects into those arriving from elsewhere in 

the cell. Therefore, if morphological development is altered due to DNE, such has been reported 

in other brain regions (Wang et al., 2007) and using simple measurements in XIIMNs (Jaiswal et 

al., 2013b), this could alter the intrinsic response of a cell to synaptic input and change the input-

output dynamics of the cell. 

Extensive work on hypoglossal motoneurons was performed using in vitro brainstem 

slices to determine baseline morphology and to follow morphological changes during early 

postnatal development (Nuñez-Abades et al., 1994; Nuñez-Abades and Cameron, 1995). During 

development it was demonstrated that the number of primary dendrites does not change but 
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dendritic arborization undergoes a period of simplification at first, before returning to a more 

complicated state (Nuñez-Abades et al., 1994). This has been observed in other motoneurons as 

well (Cameron et al., 1991; Ramirez and Ulfhake, 1991). Dendritic diameter and surface area 

also showed no changes over the first 2 postnatal weeks, but increased dramatically between 2 

and 4 weeks, with most of this increase in surface area occurring at distances further from the 

soma (Nuñez-Abades and Cameron, 1995). 

Morphological analysis of XIIMNs. Simple morphological properties of hypoglossal 

motoneurons such as number of primary dendrites per neuron, number of unbranched dendrites 

per neuron, branches per neuron, mean branch length, total dendritic length, soma size, dendritic 

surface area, mean surface area per dendrite, and mean dendrite length did not differ between 

treatment groups (Table 2). Examples of filled hypoglossal motoneurons for both treatment 

conditions can be seen in Figure 3. There were no significant treatment effects for any of these 

simple morphological properties. 

 Sholl analysis. Neurolucida Explorer’s built-in Sholl analysis function was utilized to 

look at the number of dendritic intersections, the mean dendrite length and surface area, and the 

mean branch order length as a function of distance from the soma. Fig. 4 shows that DNE caused 

a significant reduction in the mean number of dendrite intersections (F=22.4; P<0.001). There 

was also a significant effect of distance from the soma on the number of interesections (F=5.1; 

P<0.001) as would be expected. However, there was no interaction between treatment and 

distance (F=0.3; P=1.0), indicating that the treatment effect occurred independently of distance. 

Consistent with the reduced number of dendrite intersections, mean dendrite length (Fig. 

5) as a function of distance from the soma was also lower in DNE cells (F=25.5; P<0.001), as 

was dendrite length as a function of distance from the soma (F=4.8; P<0.001). There was no 
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interaction between the two factors (F=0.4; P=1.0). Dendritic surface area as a function of 

distance from the soma was also measured using Sholl analysis (Fig. 6). DNE was associated 

with a significantly smaller surface area compared to control (F=9.0; P=0.0028). Surface area 

decreased with increasing distance as well (F=4.6; P<0.001). Again there was no interaction 

between factors (F=0.1; P=1.0), indicating that the treatment and distance effects were 

independent. 

In addition to these measurements, we also used Sholl analysis to compute the mean 

dendritic length in each defined branch order, as a function of distance from the soma. This value 

provides some information on dendritic growth at each level of branching. A three-factor 

ANOVA (treatment, distance from the soma, branch order) demonstrated an overall treatment 

effect on mean dendrite length as a function of distance from the soma (F=31.9; P<0.001), 

similar to the previous analysis of dendritic length. Additionally, both the distance from the soma 

(F=8.3; P<0.001) and the branch order (F=156.3; P<0.001) had significant effects on mean 

dendrite length. Treatment and branch order interacted significantly (F=11.5; P<0.001), as did 

distance and branch order (F=4.7; P<0.001), though there was no interaction between treatment 

and distance (F=0.5; P=0.999) or treatment, distance, and branch order (F=0.6; P=1.0). 

Individual branch order graphs can be seen in Fig. 7. Post hoc analysis of the treatment:branch 

order interaction revealed branch orders 2 (P<0.001), 4 (P<0.001), and 5 (P<0.001) were 

significantly decreased compared to control. No other branch orders displayed significant post 

hoc results.  
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 Control DNE P-value N(Control\DNE) 

Primary dendrites per neuron 5.4±0.4 5.5±0.6 0.84 11\10 

Unbranched dendrites per neuron 2.2±0.5 3.1±0.6 0.26 11\10 

Branches per neuron 23.1±3.6 16.9±3.8 0.25 11\8 

Mean branch length (µm) 56.7±7.8 53.0±5.9 0.71 11\10 

Total dendritic length (µm2) 1240.6±217.9 952.7±213.5 0.36 11\8 

Soma size (µm2) 247.0±23.8 300.3±55.4 0.40 11\8 

Dendritic surface area (µm2) 4779.4±865.7 4260.7±1060.0 0.71 11\8 

Surface area per dendrite (µm2) 889.6±152.4 726.7±152.2 0.46 11\8 

Mean dendrite length (µm) 232.1±40.9 167.5±30.3 0.22 11\8 

Table 2. The effects of DNE on simple morphological properties of XIIMN. Developmental 

nicotine exposure caused no significant differences in morphological properties. Values 

represented are mean ± the standard error of the mean (SEM). P-values were computed using 

student’s t-test, with P≤0.05 considered significant. µm, micron; µm2, square microns. 
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A        B 

 

 

Figure 3. Example fills of control and DNE XIIMNs. (A) A sample tracing of a control 

XIIMN that was filled with neurobiotin, processed with DAB, and traced using the Neurolucida 

system. (B) Sample tracing of a DNE XIIMN that was filled during patch clamp recording. Scale 

bars for both figures represent 25 µm.  

25µm 
25µm 

DNE Control 
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Figure 4. The number of dendrite intersections as a function of distance from the soma. The 

number of dendritic intersections demonstrated a significant reduction due to DNE (filled circles) 

compared to control (open triangles). The number of intersections decreases with distance from 

the soma after peaking near 60 µm. Note that one control dendrite extended beyond 750 µm 

from the soma, whereas no DNE dendrites extended beyond 600 µm. *: P < 0.05. 

  

* 
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Figure 5. The amount of dendritic length as a function of distance from the soma. Dendritic 

length displayed a significant decrease in DNE cells (filled circles) compared to control (open 

triangles). *: P < 0.05. 

  

* 



70 
 

 

Figure 6. The dendritic surface area as a function of distance from the soma. DNE cells 

(filled circles) had significantly less surface area compared to control cells (open triangles). *: P 

< 0.05. 

  

* 
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Figure 7. Average branch length as a function of distance from the soma for each branch 

order. DNE cells (filled circles) displayed significant reductions in average branch length 

compared to control (open triangles) at specific branch orders: 2, 4, and 5 (*). No other branch 

orders displayed significant differences.   

* * 

* 
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Section 2: Computational Studies 

 Introduction. Computational models provide useful testing tools for a wide variety of 

applications down to a single cell up to networks of cells. They help reduce animal usage and 

direct research down fruitful paths. The first model put forth for hypoglossal motoneurons 

utilized a Hodgkin-Huxley formalism to investigate the effects of each current present on action 

potential dynamics and age-dependent effects normally seen in XIIMNs (Purvis and Butera, 

2005). This model was based on experimental data that had been previously characterized using 

voltage-clamp experiments on neonatal rat XIIMNs (reviewed by (Berger, 2000)). The Purvis-

Butera model was capable of reproducing many features of XIIMN activity, including distinct 

features of the afterhyperpolarization, repetitive firing properties, and response to 

pharmacological events previously seen in the literature. From these initial tests an updated 

model that included premotor neurons and preBötC neurons was published (Fietkiewicz et al., 

2013). The inclusion of the premotor neurons and the preBötC neurons created a small network 

where the rhythm-generating preBötC cells spontaneously fired bursts of activity to two groups 

of a premotor neuron layer. The connectivity within this layer could be altered, from 

communicating only within the same premotor neuron group, to communicating with all neurons 

within the premotor neuron layer. From this layer the signal was relayed to two motoneurons, 

either as one premotor group communicating to only one motoneuron, or as both premotor 

neuron groups able to communicate freely to both motoneurons. The authors were therefore able 

to investigate if changes in network structure affected synchrony between the motoneurons, in 

essence looking at features such as common synaptic input to the XIIMNs. Results from these 

studies suggest that the most realistic approach to innervation of hypoglossal motoneurons seems 

to arise from clustering of premotor neurons with a “fanout” of input to multiple motoneurons. 
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 In this study, we updated the models put forth previously to create a single, 

computational XIIMN that is capable of responding to a sinusoidal input of varying frequencies 

and amplitudes. From repeated simulations of the model we obtained measurements of spike-

timing precision and reliability as was done for in vitro XIIMNs in both control and treatment 

conditions. In an attempt to replicate the results seen with DNE, we systematically altered the 

conductance for each current present in the model to determine which currents could 

hypothetically be responsible for differences seen in vitro. Here we will present the results of 

these studies. 

 Default settings simulation. From the initial settings defined in Chapter 2 we ran several 

series of simulations while performing isolated alterations of channel conductances. The initial 

current threshold was determined before simulations using a step current. According to the 

sinusoidal current clamp parameters, this current threshold was set as the bias current, or DC 

offset. The amplitude of the sinusoid on top of the bias current was set as one-third of the bias 

current. Additionally, a phase value for the sinusoid injection was set so the sine wave began at 

the trough of the cycle. These settings replicate the work done in vitro. 

 Each series of simulations altered one conductance to a range of values around the 

default, denoted here as a conductance of 1. Points measured included 25, 50, 75, 100, 125, 150, 

175, and 200% of the default conductance (later denoted as 0.25, 0.5, 0.75, 1, 1.25, 1.5, 1.75, and 

2). Simulations were run at each frequency measured in vitro: 1, 2, 4, 6, 8, 10, 13, 16, and 20 Hz, 

and the length of sinusoidal stimulation was changed for each frequency to only entail 30 cycles. 

An example of the model output can be seen in Figure 8. From these recorded simulations we 

computed the phase angle, jitter, phase error, spikes per cycle (SPC), and probability of success 

for each channel and input frequency. 
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 Since each channel had simulations at 100% of the default conductance and we tested 

nine different channels, in total we have nine simulations of the default model after one run of 

simulations. There should be no difference between these simulations as there is no noise in the 

model in either the membrane or in the channels. Briefly, a default simulation (green filled 

circles in all figures) resulted in a phase angle that progressively increased from a negative phase 

angle at low frequencies, occurring at the peak of the sinusoid (0°) near 6 Hz, and peaking near 8 

Hz. Beyond 8 Hz the cell decreased in phase angle, approaching 0°. Default measures for the 

variability of spike-timing (jitter and phase error) remained consistently low except for 8 and 20 

Hz. Measures of reliability, spikes per cycle (SPC) and the probability of success, can also be 

seen below. Default SPC transitioned from approximately 3 spikes per sinusoidal cycle at 1 Hz 

to 1 spike per cycle from 2 to 6 Hz. Beyond this the number of spikes per cycle dropped below 1, 

indicating that some cycles were skipped. This is confirmed using the probability of success, 

where the number of cycles with at least one spike was divided by the total number of cycles. 

Default simulations spiked every cycle from 1 to 6 Hz before success dropped sharply, to below 

50% for the remaining frequencies tested. 

 We will next discuss the impact of individual conductance alterations on our measures of 

spike-timing precision and reliability. For ease of reading, all descriptions of the results shall 

proceed from low (red, orange, and yellow-green filled circles) to high (blue-green, blue, purple, 

and pink filled circles) conductance values and input frequencies (left to right on all abscissae). 

 The fast sodium current. Decreasing the fast sodium current (Fig. 9) below its default 

value eliminated all spiking within the model (red, orange, and yellow-green filled circles). This 

subsequently reduced all measurements of phase angle, jitter, phase error, SPC, and success to 

zero. When the fast sodium conductance was increased above the default value, the phase angle 
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dramatically decreased. This is representative of a spike firing earlier in the cycle on the rising 

phase. Jitter and phase error were highly variable with increases in fast sodium conductance, 

though there seemed to be no trend across input frequency. SPC increased with rising 

conductance to over 5 times the default value at low frequencies; SPC decreased with increasing 

input frequency. Lastly, the probability of success increased with an increase in conductance, 

with a 200% default conductance corresponding to near universal success. 

 The persistent sodium current. Little variation was seen with changes in the persistent 

sodium conductance (Fig. 10). No discernable differences were seen in phase angle except where 

very low conductance increased phase angle at 10 and 16 Hz. Variability of spike-timing showed 

differences at higher frequencies, though increases and decreases from the default conductance 

reduced jitter and phase error. The persistent sodium conductance had no discernable effect on 

spikes per cycle or the probability of success. 

 The delayed rectifier potassium current. Adjusting the delayed rectifier potassium current 

caused the opposite effect as the fast sodium current (Fig. 11). Values below the default 

conductance caused the phase angle to decrease, indicating the cell fired earlier in the cycle. 

Values above the default conductance abolished spiking and made all values of spike-timing 

precision and reliability equal to zero. At the lower conductances where spikes still occurred, 

variability increased with decreasing potassium conductance. Reliability increased drastically 

with a decrease in potassium conductance. 

 The calcium activated potassium current. Phase angle demonstrated a clear conductance-

dependent response when the calcium activated potassium conductance was altered (Fig. 12). At 

decreased conductance values, the phase angle began at more negative values compared to 

default, and demonstrated an earlier response to the sinusoidal input (as seen by a decrease in 
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phase angle at the same frequencies). There did not appear to be a noticeable trend in jitter or 

phase error based on the systematic alteration of conductance. The number of spikes per cycle 

increased with decreases in conductance, as did the probability of success. Greater increases in 

conductance caused elimination of spikes and the associated shift to zero precision and 

variability. 

 Calcium currents. Three different calcium currents were included in the model: T-type 

(Fig. 13), N-type (Fig. 14), and P-type (Fig. 15). The T-type calcium conductance had a mixed 

effect on spike-timing precision and reliability. With a decrease from the default conductance 

phase angle decreased, indicating the cell fired sooner relative to the input cycle. Beyond 150% 

of the default value, all spiking ceased. Decreases in the conductance increased the reliability of 

the modeled XIIMN, increasing the spikes per cycle and the probability of success. The 

variability of timing, as measured by phase error and jitter, showed no clear effects due to 

conductance. 

 The P-type calcium current (Fig. 15) only affected spike-timing precision and variability 

at frequencies of 6 Hz and greater. In this range, increases in the calcium conductance caused the 

model cell to be less reliable as measured using spikes per cycle and the probability of success, 

and also more variable. It should be noted that for all conductance values the probability of 

success dropped below 50% at frequencies of 10 Hz or greater. 

The N-type current (Fig. 14) had little to no effect on any measure of spike-timing 

precision and variability except at the highest input frequency utilized. At this frequency, 

increases in N-type conductance caused a decrease in reliability and an increase in variability of 

the phase angle. Phase angle decreased at 20 Hz with increasing conductance. 
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Increasing the A-type current (Fig. 16) completely eliminated spiking, limiting the area of 

effect substantially. Decreases in conductance caused the phase angle to decrease and the number 

of spikes per cycle and probability of success to increase. There did not seem to be a consistent 

trend across conductance and frequency for jitter or phase error. 

Changing the H-type conductance (Fig. 17) had no effects on any variable. Measures of 

phase angle, jitter, phase error, spikes per cycle, and the probability of success all mirrored the 

default simulation.
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Fig 8. Sample simulations at 1 Hz (left) and 20 Hz (right). Top traces for both left and right 

panels are the sinusoidal inputs for the model cell; Traces at the bottom are the membrane 

voltage. In this early simulation the bias amplitude was 4 nA with a sinusoidal amplitude of 2 

nA. Note the large number of spikes per cycle for the 1 Hz sample (bottom left), versus only one 

spike per cycle at 20 Hz (bottom right). 
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Fig. 9. The effects of altering the fast sodium conductance on spike-timing precision and 

reliability. The default conductance (green filled circles) represents the default simulation. 

Decreases in conductance (red, orange, yellow-green filled circles) caused abolishment of 

spiking. Increases in conductance (blue-green, blue, purple, and pink filled circles) caused 

decreases in phase angle (top left) and increases in spikes per cycle (mid right) and probability of 

success (bottom). Jitter (top right) and phase error (mid left) showed no clear trends with changes 

in conductance. 
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Fig. 10. The effects of altering the persistent sodium conductance on spike-timing precision 

and reliability. The default conductance (green filled circles) represents the default simulation. 

Alterations in persistent sodium conductance did not show consistent differences across 

frequencies for any measure. 
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Fig. 11. The effects of altering the delayed rectifier potassium conductance on spike-timing 

precision and reliability. The default conductance (green filled circles) represents the default 

simulation. Increases in potassium conductance abolished spike activity (blue-green, blue, 

purple, pink filled circles). Decreases in conductance caused decreases in phase angle (top left), 

increases in jitter and phase error (top right, mid left, respectively), and increases in spikes per 

cycle (mid right) and the probability of success (bottom).  
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Fig. 12. The effects of altering the calcium-activated potassium conductance on spike-

timing precision and reliability. The default conductance (green filled circles) represents the 

default simulation. Increases in potassium conductance led to decreases in spike activity (blue-

green, blue, purple, pink filled circles) and in some cases completely abolishment. Decreases in 

conductance caused decreases in phase angle (top left), no distinctive pattern in jitter and phase 

error (top right, mid left, respectively), and increases in spikes per cycle (mid right) and the 

probability of success (bottom).  
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Fig. 13. The effects of altering the T-type calcium conductance on spike-timing precision 

and reliability. The default conductance (green filled circles) represents the default simulation. 

Increases in calcium conductance abolished spike activity (blue-green, blue, purple, pink filled 

circles). Decreases in conductance caused decreases in phase angle (top left), no discernable 

pattern in jitter and phase error (top right, mid left, respectively), and increases in spikes per 

cycle (mid right) and the probability of success (bottom).  
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Fig. 14. The effects of altering the N-type calcium conductance on spike-timing precision 

and reliability. The default conductance (green filled circles) represents the default simulation. 

Changes in calcium conductance cause little to no change in phase angle (top left), jitter and 

phase error (top right, mid left, respectively), and spikes per cycle (mid right) and the probability 

of success (bottom). Minor differences are seen at 20 Hz. 
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Fig. 15. The effects of altering the P-type calcium conductance on spike-timing precision 

and reliability. The default conductance (green filled circles) represents the default simulation. 

Alterations in calcium conductance caused minor variations in phase angle (top left), jitter and 

phase error (top right, mid left, respectively), and spikes per cycle (mid right) and the probability 

of success (bottom).  
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Fig. 16. The effects of altering the A-type conductance on spike-timing precision and 

reliability. The default conductance (green filled circles) represents the default simulation. 

Increases in A-type conductance abolished spike activity (blue-green, blue, purple, pink filled 

circles). Decreases in conductance caused decreases in phase angle (top left), no discernable 

pattern in jitter and phase error (top right, mid left, respectively), and increases in spikes per 

cycle (mid right) and the probability of success (bottom).  
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Fig. 17. The effects of altering the H-type calcium conductance on spike-timing precision 

and reliability. The default conductance (green filled circles) represents the default simulation. 

Altering the H-type conductance had no effect on any measure of spike-timing precision and 

reliability.  
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Section 3: Discussion 

 Morphology. The morphology data presented here demonstrates that while initial 

morphological measurements such as the number of branches and soma surface area showed no 

treatment effects, use of other techniques such as Sholl analysis revealed significant reductions in 

dendritic arborization as a function of distance from the soma. This suggests that motoneuron 

growth is delayed after nicotine exposure, a hypothesis that has also been suggested on the basis 

of electrophysiological differences seen with DNE (Pilarski et al., 2011). The effects of reduced 

growth of motoneuron dendrites cannot be understated, as synaptic transmission relies on 

receptors located throughout the dendritic field in order to communicate with other neurons. 

Reducing the length and surface area available for receptor expression also reduces the effective 

number of inputs a cell can receive. These findings therefore support previous work in XIIMNs 

and preBötC neurons where DNE reduced expression of the GluR2/3 subunit, but also an 

increased response to AMPA application (Jaiswal et al., 2013), the latter believed to be a 

function of reduced cell size. 

 Work in other brain regions has shown mixed results on the effects of nicotine exposure 

on neuron morphology. In the hippocampus of prenatally exposed juvenile rats (postnatal day 40, 

P40) one study demonstrated a reduction in neuronal area and the distal dendritic arbor (Roy and 

Sabherwal, 1998). However, multiple cortical regions and the nucleus accumbens of P21 

prenatally nicotine-exposed rats showed an increase in structural complexity (Muhammed et al., 

2012), and work in the insular cortex has also shown increases in dendritic parameters (Ehlinger 

et al., 2012). By the time rats have reached P100, alterations in cellular morphology due to 

developmental nicotine exposure are variable by both region and sex (Mychasiuk et al., 2013). 

Together, this seems to demonstrate that DNE has profound negative effects on neuronal 
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morphology early after parturition, a recovery and perhaps overshoot during adolescence, and a 

return to normal structure by early adulthood. 

 The mechanism of action for these changes is not currently known. Nicotine interacts 

with nAChRs that are present throughout the brain, and its action has been shown to 

discoordinate target cell replication and differentiation (Roy and Sabherwal, 1998). 

Acetylcholine is known to modulate the maturity of a target cell and this direct effect is thought 

to be the primary pathway for the effects of developmental nicotine exposure (Hohmann et al., 

1988; McFarland et al., 1991; Muselam et al., 1983; Seidler et al., 1994; Roy and Sabherwal et 

al., 1998). One potential mechanism for the morphological changes seen here in vitro relies on 

the presence of neuronal activity controlling the remodeling of cell structure. It has long been 

known that activity influences structure during brain development (Goodman and Shatz, 1993; 

McAllister, 2000; Wong and Ghosh, 2002). Previous work on XIIMNs has also shown that DNE 

reduces the expression of specific glutamate receptor subunits (Jaiswal et al., 2013). With this 

reduced excitatory input to the cell it is possible that the cell has reduced its area of effectiveness, 

eliminating surface area that is receiving less usage than in a control cell. 

 Computational model. The simulations of a computational XIIMN presented here 

demonstrate the effectiveness of the model in examining how a cell could potentially replicate 

the effects of DNE on spike-timing precision and reliability seen in vitro (Appendix A). The 

model was based on two previously published models that examined cellular responses to 

pharmacological inputs (Purvis and Butera, 2005) and the network structure of interneurons, 

premotor neurons, and motoneurons typically present in a rhythmic brainstem slice (Fietkiewicz 

et al., 2011). Neither of these previous models examined the effects of sinusoidal inputs on 

spike-timing precision and reliability. The model we present was able to recreate features of our 
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in vitro recordings for phase angle, jitter, phase error, spikes per cycle, and the probability of 

success (compare to Appendix A, figures 3, 4, 5, 6, and 7, respectively). For example, with 

increases in input frequency we saw an associated increase in phase angle and phase error, and 

decreases in jitter, spikes per cycle, and the probability of success. The ranges at which activity 

occurred for each variable were similar as well. By systematically altering individual 

conductances above and below their default values, we have provided insights into how DNE 

may alter spike-timing precision and reliability by influencing intrinsic channel properties. Most 

notably, increases in the fast sodium conductance and decreases in several potassium-linked 

conductances (delayed rectifier potassium, A-type, calcium-activated potassium, and T-type 

calcium) led to a reduction in phase angle and increases in the probability of successful spiking. 

These conductance changes would increase the excitability of the cell by altering the cationic 

flux across the membrane. Based on the modeling results, we therefore speculate that DNE alters 

spike-timing precision and reliability through a mechanism that increases sodium conductance 

and/or decreases potassium conductances. We can test these assumptions using 

immunohistochemical and pharmacological techniques to isolate individual ion channels. 

 Alterations in sodium and potassium conductances to achieve the observed effects on 

spike-timing precision and reliability also fall in line with a general increase in excitability, such 

as that seen previously (Pilarski et al., 2011). An increase of the sodium conductance would 

allow more sodium ions into the cell, leading to depolarization of the cell and a resting potential 

closer to the spike threshold. Decreasing potassium conductances would lead to similar results by 

impeding the path of potassium out of the cell. The limited effect of calcium conductances on 

precision and reliability is potentially due to their limited interaction with the calcium-activated 

potassium channel. To activate the calcium-activated potassium channel requires a large 
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concentration of calcium that, according to the model, is only achieved with activation of the T-

type calcium channel. Lastly, there were no effects seen with alteration of the H current or the 

persistent sodium current, most likely due to their relatively small conductance. 

 It should be noted that there was no noise present within the computational model and 

therefore the effects of each individual conductance were isolated. However, this drastically 

reduces any potential information that can be concluded from measurements of spike-timing 

variability such as jitter or phase error. It is computationally possible to insert channel noise into 

each current to create a more stochastic response in future iterations.  

 Furthermore, the model can be used to test the effects of DNE on spike-frequency 

adaptation by implementing a step current protocol similar to the work done in vitro. If the 

computational cell demonstrates similar results with increases in sodium conductance or 

decreases in potassium conductance it would provide further support that DNE affects these 

intrinsic currents. Similarly, the theoretical decrease in potassium conductance that potentially 

explains the results seen in vitro for spike-timing precision and reliability would provide a 

plausible explanation of other results of an increased excitability but decreased maximum firing 

frequencies in XIIMNs after DNE (Pilarski et al., 2011). These measurements could be taken 

from a computational cell as well. 
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Chapter 6 

DISCUSSION & INTERPRETATION OF RESULTS 
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The studies presented here demonstrate that DNE in neonatal rats alters the structure and 

function of hypoglossal motoneurons, which are necessary for a number of critical behaviors, 

including breathing and swallowing. We also showed that a previously published model of 

hypoglossal motoneurons, altered for single cell sinusoidal inputs, was able to reproduce an in 

vitro cell’s response to sinusoidal current injections. Together, these observations further 

reinforce the significant consequences of DNE on the perinatal nervous system, and also 

illustrate the potential shortcomings of current computational models of neurons. We utilized 

powerful patch clamp electrophysiology techniques to examine how DNE affects the neuronal 

response to dynamic current injections, which are more representative of in vivo synaptic 

physiology than the all-or-none step currents typically employed, though still only representative 

of a small band of input frequencies seen in vivo. Due to a number of anatomic and physiologic 

similarities between hypoglossal motoneurons in rodents and humans, we believe that our results 

will advance our understanding of the influence of DNE on hypoglossal motoneurons in human 

neonates. Additionally, we have employed adult rodents to investigate the link between the 

hyoglossus muscle of the tongue and tongue force output during normal breathing. These studies 

show that modest increases in the respiration-related drive to the hyoglossus muscle results in 

minimal changes in motor unit firing rates. This chapter will summarize all of these experiments 

and discuss the implications of the most critical findings. 

 

Summary of findings 

 Dynamic current injections. DNE significantly altered spike-timing precision and 

reliability of XIIMN in response to sinusoidal current injections. These experiments involved 

intracellular recordings using whole-cell patch clamp techniques, and injecting varying 
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frequencies and amplitudes of depolarizing current. We were then able to analyze the voltage 

responses for measures such as phase angle, jitter, phase error, spikes per cycle, probability of 

success, and spikes per successful cycle. 

 Analysis of the sinusoidal current injections revealed that DNE neurons fired earlier 

compared to their control counterparts, indicated by a decrease in phase angle. This effect on 

spike timing precision was seen at two of the three current amplitudes tested. At low input 

frequencies cells for both control and treatment groups would fire at negative phase angles, 

equivalent to the rising phase of the sinusoid. Phase angles became more positive with increasing 

input frequency. The frequency at which a cell fires simultaneously with the peak of the sinusoid 

injection has been termed the “preferred frequency” by some (Fuhrmann et al., 2002). This 

frequency was not directly measured in our experiments, though it can be extrapolated from the 

data. Preferred frequency increased for control and treatment cells with increasing current 

amplitude, and treated cells appear to increase their preferred frequency at a greater rate. 

 Another component of spike-timing precision is the variability of the timing in response 

to repeated inputs. Current injections at all frequencies were 30 cycles in length in order to 

normalize the data set for variability measurements, which are calculated using standard 

deviations. The phase angle was measured for each cycle after the initial cycle, and the standard 

deviation calculated and expressed as milliseconds (jitter) or degrees (phase error). At all current 

amplitudes jitter decreased with increasing frequency. Specifically at low frequencies, jitter 

decreased from greater than 75 ms at 25 pA injections to less than 15 ms at 250 pA injections. 

However, there were no differences between treatment groups. By expressing variability in 

degrees, phase error normalizes the cycle length and makes for easier comparisons between 

frequencies, i.e. 10 ms of 1 Hz is a much smaller portion of 1 Hz than it is of 20 Hz; 10 degrees 
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of a cycle is always 10 degrees of 360 degrees, no matter the frequency. For all current 

amplitudes, phase error increased with increasing input frequency. This effect seemed to be 

composed of two stages. At low frequencies the amount of phase error was very low and 

consistent. Upon reaching a certain unknown threshold, the phase error suddenly doubled in size. 

The threshold for this shift did not differ with treatment, though it did seem to increase with 

increases in current amplitude. DNE cells had significantly greater variability, particularly at 

higher frequencies, but this was seen only at low current amplitudes. 

 DNE significantly decreased the reliability of spiking. To determine the likelihood a cell 

would fire an action potential for any given cycle, the number of cycles with at least one spike 

were computed and compared to the total number of cycles. This was termed the probability of 

success, and it increased with increasing current amplitude, but decreased with increasing input 

frequency. Any input frequency associated with a greater than a 90% chance of evoking an 

action potential was considered to be “highly successful”. The frequency range at which this 

occurred was dependent on current amplitude, and extended from 1 to ~5 Hz at 25 pA, 1 to 10 

Hz at 150 pAs, and 1 to 13 Hz at 250 pA. Only at the lowest current amplitude were there any 

significant treatment effects, where DNE cells were less likely to fire than control cells. 

 Measurement of the number of spikes per cycle and spikes per successful cycle also 

influence spike-timing reliability. Analysis of the number of spikes per cycle revealed significant 

treatment effects, with DNE cells showing more spikes. However, this observation appears to be 

explained by a few, isolated data points at low frequencies and higher current amplitudes. Post 

hoc analysis did not show differences between treatment and frequency curves across isolated 

current values. In general, spikes per cycle increased with increasing current amplitude, but 

decreased with increasing frequency. Normalizing spikes per cycle by the number of successful 
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cycles adjusts the results for skipped cycles, as a skipped cycle theoretically could allow for 

more spikes upon the next successful attempt. Again there were significantly more spikes in 

DNE cells compared to control, but as for the number of spikes per cycle this was explained by 

isolated differences at low input frequencies. The tendency for the number of spikes to decrease 

with increasing input frequency and to increase with increasing current amplitude are consistent 

with previous measurements (van Brederode and Berger, 2008). 

 Spike-frequency adaptation. DNE increased spike-frequency adaptation in treated cells. 

Using static, square wave current injections of variable amplitude we evaluated the effects of 

DNE on spike-frequency adaptation, a well-described property of HMN firing profiles. Despite 

parallel reductions in initial and steady-state frequencies, DNE cells displayed greater spike-

frequency adaptation than control. This observation held when the data were re-analyzed to 

correct for differences in current, in absolute current amplitude, and in the size of the current 

steps. 

 Morphology. The morphology of HMNs was significantly altered by DNE. These 

experiments were done together with the electrophysiology work described above. Cells were 

filled with a tracer during recording, were fixed and processed using previously published 

methods, and traced using the Neurolucida system. Cell architecture was carefully detailed, 

including Sholl analysis and simple measurements of dendritic processes and soma structure. 

Sholl analysis places concentric spheres around a cell centered on the soma. It is then able to 

measure the presence (number of intersections), length and surface area of each dendrite, in each 

sphere. Additionally it can measure length in each sphere as a function of the branch order, 

where a first order dendrite comes directly off the soma, a second order dendrite branches from 

the first, and so on. Simple morphological measurements such as the soma cross-sectional area, 



97 
 

number of dendrites, and number of branches showed no significant differences between control 

and DNE cells. However, the number of dendritic intersections, dendritic length, and dendritic 

surface area were all significantly reduced in DNE cells, indicating treated cells’ dendrites lacked 

the range of extension seen in control cells, and also were thinner. These effects were 

independent of the radial distance from the soma. Examining length per branch order as a 

function of distance from the soma gave similar results. Branch orders 2, 4, and 5 were 

significantly reduced in length compared to control. 

 Computational model of XIIMN. A single cell model of XIIMNs was able to reproduce 

the frequency and current-dependent output in response to a sinusoidal input, similar to work 

done in vitro. We used known channels and their parameters for a Hodgkin-Huxley type model 

of cellular function, injecting a sinusoidal current on top of a DC offset to provide excitation to 

the model. Variables of spike-timing precision and reliability, including phase angle, jitter, phase 

error, spikes per cycle, and the probability of a successful cycle, were all replicated and 

displayed similar patterns to the work discussed above. In order to test the potential root causes 

of alterations in spike-timing precision and reliability, individual conductance values were 

systematically altered for each simulation. This isolated the effects of one conductance on 

precision and reliability measurements. Most currents that we manipulated affected spike-timing 

precision and reliability, with the exceptions of the hyperpolarization-activated cationic current 

(H-current) and smaller conductance currents such as N- and P-type calcium currents and the 

persistent sodium current. Large-conductance currents had greater effects. Specifically, alteration 

of conductances that increased sodium entry or decreased potassium exit from the cell produced 

the results seen in vitro with DNE.  
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 Hyoglossus motor unit activity. Whole hyoglossus muscle activity (iEMG) of adult rats 

showed an increase in activity with an increase in tongue retraction force. Furthermore, the 

mean, peak, and area of iEMG all had significant positive correlations with increases in tongue 

force. Analysis of single motor units of the hyoglossus muscle supported the whole muscle 

results: mean and peak discharge frequency, number of spikes per respiratory cycle, and spike 

train duration showed significant increases with tongue retraction force. However, greater force 

contractions did not alter the recruitment threshold for motor unit spiking activity. Mean and 

peak motor unit frequencies and the number of spikes per cycle also demonstrated significant 

positive correlations with retraction force. However, the correlations for single motor units were 

much weaker than those for the entire hyoglossus muscle activity. 

Implications of findings 

 Our findings demonstrate significant effects of DNE on the morphological and 

electrophysiological development of respiratory motoneurons, and a potential role in the control 

of respiratory rhythm generation. Nicotine is known to cause disruptions in fetal development, 

which carries over into early adolescence (Rogers, 2009; Abbott and Winzer-Serhan, 2012; 

Pauly and Slotkin, 2008; Bruin et al., 2010; Zdravkovic et al., 2005; Lambers and Clark, 1996; 

Albuquerque et al., 2004). However, many of these disruptions seem to be associated with 

compensatory changes to counteract the initial alteration, thereby preserving the overall 

functionality of the cell. For example, in XIIMNs nicotine exposure increased the general 

excitability of a cell as measured by frequency-current curves, current threshold, and input 

resistance (Pilarski et al., 2011). Similarly, subsequent research demonstrated that DNE was 

associated with increased excitability of XIIMNs in response to AMPA, and increased 

respiratory burst frequency after AMPA injection into the preBötC. However, 
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immunohistochemical studies indicate that DNE reduced the expression of glutamate receptor 

subunits 2 and 3 (GluR2/3) in the XIIMN and the preBötC, suggesting that the reduced 

expression of glutamate receptors represents an attempt to compensate for increased cell 

excitability, consistent with mechanisms underlying homeostatic plasticity (Jaiswal et al., 2013). 

Despite these mechanisms, which potentially rescue the overall system to what appears to be 

normal function, we observed significant changes in cellular morphology and in the subsequent 

response to dynamic inputs in XIIMNs of neonatal rats. We therefore postulate that DNE, in 

addition to engaging homeostatic plasticity mechanisms to ensure respiratory cell function also 

alters the effective range of normal function for XIIMNs. This narrowed window of stability 

would make the system more susceptible to outside challenges such as hypoxic events, but 

would otherwise go unnoticed if those challenges never arose. Here we will discuss the 

implications of our findings in regard to reduced functional boundaries for respiratory control. 

 Tongue muscle contraction depends on activation of a large number of XIIMNs at precise 

times. A neuron responds to a multitude of synaptic inputs, which can vary in strength, time, 

location, and frequency. How a motoneuron responds to these parameters will determine whether 

or not information is passed on by action potentials. To pass the information on, a neuron must 

reach its threshold for activation, which can be accomplished through several means: high 

intensity inputs can activate a large enough number of receptors, causing rapid, supra-threshold 

depolarization and spiking; inputs close enough in time or space can summate to push the 

membrane potential over the threshold; and finally, repeated inputs with the appropriate 

frequency can activate a cell as well. However, the frequency of a real synaptic input is more 

complicated than a simple sinusoidal input. Instead, there are multiple underlying frequencies of 

input to a cell, all contributing to the cells response. Currently it is hypothesized that these 
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underlying input frequencies contain as much information as the spike itself, dictating if or when 

a post-synaptic cell will fire. For example, phrenic motoneurons in adult rats have shown a 

reduced response to a complex input after the input has been filtered (Parkis et al., 2003). After 

recording an endogenous current profile in voltage-clamp mode, Parkis et al. injected the same 

current profile back into the cell in current-clamp and then repeated the trial after filtering the 

injected current to so that only component frequencies below 10 Hz remained. Under these 

conditions, phrenic motoneurons demonstrated a marked decrease in precision and the likelihood 

of generating an action potential (Parkis et al., 2003). These results lend credence to the theory 

that oscillations carry information to a target cell and that the target cell is able to discern 

changes in the component frequencies of an input. 

 Our studies of spike-timing precision and reliability suggest that DNE alters a cell’s 

inherent ability to respond to specific frequencies with precise and reliable output. We 

demonstrate that DNE alters the timing of XIIMN activation in response to a specific input 

frequency, causing the cell to fire earlier than a control cell typically would (Appendix A). 

Previously, Pilarski et al. demonstrated that XIIMNs exhibit an increase in input resistance after 

exposure to nicotine in utero (Pilarski et al., 2011). Cellular input resistance has long been 

associated with cellular excitability, and an increase in resistance is typically thought to mirror 

an increase in excitability. We were unable to replicate differences in input resistance in our 

studies, in addition to other measurements of cellular excitability previously recorded such as a 

decrease in current threshold and increased frequency-current gain (Pilarski et al., 2011). We 

suggest an age-dependence for these measurements could be the primary reason for the 

unsubstantiated differences: animals used previously, particularly those exposed to nicotine, 

were approximately one day younger on average than those used here. It is possible that in the 
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first day to 2 days following parturition there is an electrophysiological difference between 

control and DNE that disappears with time. However, a XIIMN responding to a dynamic current 

input earlier, such as was seen in these studies, could also be considered an increase in cellular 

excitability. DNE has also been associated with changes in excitatory synaptic receptor 

expression (Jaiswal et al., 2013). It has been suggested that excitatory receptors will decrease 

their expression in response to the cells’ increase in excitability. In this way the cell is able to 

maintain function at a consistent output level, similar to previous concepts put forth on 

homeostatic plasticity (reviewed by (Turrigiano and Nelson, 2004)). However, the homeostatic 

state at which the cell is attempting to stay now preferentially responds to a different input 

frequency. Computational models of small networks receiving oscillatory input show that a 

network will synchronize its activity at a frequency slightly below the preferred frequency, here 

defined as the frequency at which an action potential fires at the peak of the sine wave input (0° 

phase angle) (Fuhrmann et al., 2002). We therefore suggest that due to the increase in preferred 

frequency seen in the in vitro work presented here, the synchronizing frequency of XIIMN’s 

within the hypoglossal motor nucleus will increase as well. As synchronous motoneuron activity 

is crucial for coordinated muscle control, especially within a motor nucleus with a divergent 

array of synaptic inputs (Rice et al., 2011), DNE’s effects on spike-timing precision could 

potentially cause desynchronized activation of hyoglossus motor units unless the frequency 

components of synaptic input shift with the newly established preferred frequency. Further study 

on hyoglossus muscle activity in control and DNE preparations could inform on the effects of 

DNE on muscle recruitment and rate coding and on potential alterations in coherence between 

motor units supplying input to muscles of the tongue. 
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 The effects of spike-timing precision and reliability of XIIMNs are complicated by the 

output to the tongue muscles themselves, which are deemed to be “slow” in their response. 

Arguments exist that the muscle is unable to respond to a highly precise input in a meaningful 

way, and therefore there is little use of the innervating motoneuron being precise. However, 

work in the Aplysia accessory radula closer (ARC) muscle has shown that the timing of 

individual spikes within a pattern of activity have significant effects on muscle contraction shape 

and amplitude (Zhurov and Brezina, 2006). Furthermore, this contraction response appears to be 

tuned by neuromodulatory inputs onto the motoneuron. In the rodent model utilized in these 

studies, cholinergic modulatory inputs are altered by developmental nicotine exposure, which 

could have implications on the contractile properties of the innervated muscles in the tongue. 

Further work investigating the response profile of muscles such as the hyoglossus to input from 

XIIMNs could elucidate the effects of spike-timing precision and reliability on muscle output. 

For example, recording the spontaneous activity of the hypoglossal nerve in the adult preparation 

used in Appendix B, filtering the frequency profile, and then injecting that current back in to the 

nerve during quiescent periods could potentially show the importance of precision and reliability 

in force production. 

 Arguments have been made that XIIMNs undergo a homeostatic plasticity mechanism 

after DNE exposure (Jaiswal et al., 2013a,b). Initially, the cells will lack the growth seen in 

control conditions, a report we can confirm here. The now smaller cell is more excitable, but in 

order to maintain normal function a compensation must be made. Decreasing glutamate receptor 

expression would reduce the impact of glutamate released onto the cell and potentially return the 

cell to its normal functioning range. However, direct application of the glutamate-mimic AMPA 

onto DNE XIIMNs showed an exaggerated response compared to control (Jaiswal et al., 2013a). 
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This suggests that either the compensatory mechanism is not strong enough and the cell remains 

overly excitable, or that the reduced dendritic field acts to amplify the effect of remaining 

receptors.  

It is unknown if DNE animals differ in control of the tongue muscles, though work has 

been reported that an increase in apneas occurs for a longer time post-parturition compared to 

control animals (Robinson et al., 2001). It should be noted that the methodology used for these 

studies, whole body plethysmography, is unable to distinguish between apneas that arise from 

obstructions of the airway or from central respiratory control failure. When examined, the whole 

nerve activity in a respiratory slice showed no alterations in frequency or variability of the 

envelope of inspiratory activity, though did find decreases in nerve burst amplitude in response 

to exogenous nicotine application (Robinson et al., 2001). Recent work also demonstrated a 

reduction in rhythmic burst amplitude of whole hypoglossal nerve activity after AMPA 

microinjection, but individual XIIMNs showed an exaggerated response when AMPA was 

applied (Jaiswal et al., 2013). Further examination of motor unit properties after nicotine 

exposure could provide insight as to the effects on tongue muscle control. 

 Overall, we believe that effects of DNE on spike-timing precision and reliability, spike-

frequency adaptation, and motoneuron morphology mean increased susceptibility to failure when 

a respiratory challenge arises. Despite an overwhelming number of animal studies and new 

infants born every year to mothers who smoked during pregnancy, the impact of DNE at the 

level of the entire animal remains small; not every nicotine-exposed child or rat suffers from 

respiratory problems or is the victim of sudden infant death syndrome. However, there remains 

clear correlations between maternal smoking during pregnancy and a wide variety of health 

issues. We therefore speculate that DNE narrows the range of stable operation in areas with 



104 
 

extensive nAChR expression, such as the respiratory circuit. Should an outside event such as a 

hypoxic environment threaten stable operation, DNE potentially could have narrowed this stable 

range enough to disrupt normal function. However, the system may recover and it may not face a 

challenge to begin with. Many questions remain, and it is necessary to increase the depth of 

knowledge on nicotine’s effects on respiratory-related neuronal function and on control of the 

muscles of the tongue after developmental exposure and to come to a better understanding of 

what all of our knowledge actually means. 

Future Directions 

 The additional knowledge gained through the experiments presented here opens 

additional questions that need to be addressed. The mechanisms responsible for the shift in 

spike-timing precision and reliability are currently unknown, though we speculate that alterations 

in channel properties that control action potential timing are involved. Application of 

pharmacological blockers on control cells might therefore replicate the effects seen with nicotine 

exposure, and should be investigated further.  

 Morphological analysis, including Sholl analysis, of filled HMNs showed significant 

differences in dendritic extension and branch order growth. However, simple analysis of the 

number of branches and dendrites, and two-dimensional soma area showed no treatment effects. 

Further morphological work on the three-dimensional shape of the soma will prove useful in 

confirming the effects of DNE on motoneuron morphology. Additionally, the effects on dendritic 

growth need to be compared with the number of terminals present throughout the dendritic 

arborization. Bringing the dendrites closer to the soma will increase the amplitude of post-

synaptic effects seen at the soma due to a decrease in the length a synaptic input must travel. It is 

currently unknown if DNE alters the distribution of pre-synaptic terminals on HMN. Double 
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labeling for pre- and post-synaptic terminals in control and DNE cells could provide details on 

any potential shifts in neurotransmission. 

 Despite the differences seen with nicotine exposure in utero, respiratory rhythm 

continues to function properly in the animals we tested, with no observances of abnormal 

behavior or unexplained perinatal deaths. Whether the effects seen at the level of single cells 

translates to the respiratory network is untested. Using frequency analysis of tongue muscle 

motor units could provide data on how the intrinsic frequencies utilized by the respiratory 

network are affected by nicotine exposure. Additionally, an examination of the reliance of 

tongue muscles on rate coding and recruitment after developmental nicotine exposure would 

provide details on any potential changes in motor unit organization. 

 Further use of the model could focus on the effects of synaptic input onto a modeled 

XIIMN, particularly the effects of desensitization of nAChRs. Paired with known dendritic 

morphology, a complete cell reconstruction could show the potential effects of reducing 

dendritic complexity that is seen in vitro. In order to accomplish a complete reconstruction, more 

detail about synaptic receptor expression is needed, particularly locations and densities as a 

function of early development. 

Conclusion 

 In conclusion, we report that DNE alters spike-timing precision and reliability and spike-

frequency adaptation in hypoglossal motoneurons of neonatal rats. We hypothesize that these 

changes occur due to changes of intrinsic ion channel properties for currents that control action 

potential timing. Additionally, we report reductions in the extension and complexity of dendritic 

arborizations, indicating delayed growth of respiratory motoneurons. Finally, it should be noted 
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that recreation and adjustment of previously published computational models of HMN were 

unable to respond to dynamic current injections as motoneurons in vitro do, possibly indicating a 

failure in current modeling paradigms or a missing component of motoneuron composition. 
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Abstract 

Hypoglossal motoneurons (XIIMNs) innervate the tongue musculature and are crucial for control 

of upper airway patency during inspiration, as well as swallowing and other oromotor functions. 

XIIMNs receive oscillatory input from the respiratory central pattern generator (CPG) and from 

a wide variety of other modulatory centers throughout the brain. We have previously shown that 

developmental nicotine exposure (DNE) alters intrinsic excitability (Pilarski et al., 2011) and 

synaptic transmission in XIIMNs (Pilarski et al., 2012; Jaiswal et al., 2013). Here we show that 

the effects of DNE also include alterations in spike-timing precision and reliability, as well as 

spike-frequency adaptation. Current-clamp experiments in thin brainstem slices of neonatal rats 

show that the phase angle in response to repeated sinusoidal input increases with DNE, 

indicating that DNE lowers the threshold of spike generating mechanisms. In addition, low 

amplitude sinusoidal current injections resulted in a decrease in the likelihood of spiking and 

more variable spike timing in XIIMNs from DNE animals compared to controls. Finally, we also 

examined the effects of DNE on spike-frequency adaptation in response to square wave current 

injections. DNE was associated with an increase in spike-frequency adaptation, and reductions in 

both peak and steady-state firing frequency. Taken together, our data indicate that DNE causes 

significant alterations in the input-output efficiency of XIIMNs. These observations may help 

explain the impaired oromotor functions often observed in nicotine exposed neonatal humans. 
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Introduction 

Hypoglossal motoneurons (XIIMNs) regulate upper airway patency by activating the 

tongue muscles during inspiration, and participate in other tongue muscle-dependent behaviors 

such as swallowing, suckling, mastication, and vocalization (Berger, 2011; Fregosi, 2011; 

Fregosi and Ludlow, 2014). Their passive and active properties have been described in detail 

previously (Green and Negishi, 1963; Haddad et al., 1990; Viana et al., 1994, 1995; Sawczuk et 

al., 1995; Berger et al., 1996; Greer and Funk, 2005; Purvis and Butera, 2005; Schwarz et al., 

2009), including an examination of dynamic inputs to determine spike-timing precision and 

reliability (van Brederode and Berger, 2008). Spike-timing precision refers to the regularity at 

which a cell responds to a repeated, stereotyped synaptic input. The reliability of spiking refers 

to the ability of cells to fire faithfully in response to repeated stimulation. Together, spike-timing 

precision and reliability play an important role in establishing synchronous network output. 

Synchronous network output indicates that populations of motoneurons are activated more or 

less simultaneously in response to a common synaptic input (Usrey and Reid, 1999). This is 

likely important in the hypoglossal motor nucleus, as it contains motoneurons supplying seven 

different tongue muscles (Fregosi, 2011; Fregosi and Ludlow, 2014). Thus, populations of 

hypoglossal motoneurons, both within and across a given muscle’s motoneuron pool, must be 

activated synchronously and in a variety of combinations depending on the task (Rice et al., 

2011; Laine et al., 2012). 

Recent studies in neonatal rodents have shown that nicotine exposure in utero, and after 

birth via breast milk (developmental nicotine exposure, DNE) is associated with an increase in 

XIIMN excitability (Pilarski et al., 2011), a decrease in glutamate receptor expression (Jaiswal et 

al., 2013), and changes in excitatory and inhibitory synaptic transmission (Wang et al., 2006; 



126 
 

Pilarski et al., 2012; Jaiswal et al., 2013). Moreover, we also showed that the duration of the 

rhythmic, inspiratory drive currents are significantly shorter in hypoglossal motoneurons from 

DNE animals (Pilarski et al., 2011). This latter result could be due to changes in the timing of 

drive potentials from the respiratory central pattern generator (i.e., the preBötzinger complex), or 

to changes in motoneuron properties. Importantly, a neuron’s intrinsic membrane properties and 

synaptic inputs are all key determinants of spike-timing precision and reliability (Sejnowski and 

Paulsen, 2006). Accordingly, we hypothesize that DNE, by changing the development of one or 

several of these fundamental properties, will alter the precision and reliability of spike generation 

in response to dynamic synaptic inputs. To test this hypothesis we used whole cell current clamp 

recordings from XIIMNs in 400 µm brainstem slices from neonatal rats that were either saline or 

nicotine exposed in utero. Cells were subjected to sinusoidal current injections at nine different 

frequencies and three different amplitudes.  

In addition, we studied the motoneuron response to static, square wave current injections 

to examine the influence of DNE on spike-frequency adaptation. Spike-frequency adaptation has 

been studied in neurons throughout the brain (Enoka and Stuart, 1992), including hypoglossal 

motoneurons (Sawczuk et al., 1995; Powers et al., 1999), and is defined as a steady decline in 

discharge rate despite a constant level of injected current. Interestingly, in the neonatal brainstem 

smaller neurons show more spike frequency adaptation than larger neurons (Koizumi et al., 

2013), and we have shown that DNE is associated with a reduction in hypoglossal motoneuron 

size (Powell et al., unpublished observations). From these observations one might predict that the 

cells from DNE animals would show more spike frequency adaptation than control cells.  

Our data show that in response to sinusoidal current injections, DNE cells fire action 

potentials earlier in the cycle, show increased spike-timing variability, generate fewer spikes per 
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cycle, and show significant but complex differences in the relation between the probability of 

spiking, and the frequency and amplitude of the injected currents. Additionally, DNE cells 

displayed more spike-frequency adaptation during static, square wave current injections. Taken 

together, these observations indicate that DNE alters intrinsic ionic currents that underlie spike-

timing precision, reliability, and adaptation. 

 

Materials and Methods 

Animals. The Institutional Animal Care and Use Committee at the University of Arizona 

approved all animal procedures as well as housing protocols. Data from 27 neonatal animals of 

either sex were used, ranging in age from postnatal (P) day 1 to 4. Twenty-eight of 34 recorded 

motoneurons yielded complete data sets, and were evenly split between control and DNE 

preparations. Data reported here came only from those 28 cells, and of those 14 were from 13 

nicotine-exposed animals and 14 were from either saline-exposed sham animals (11 cells from 5 

animals) or unexposed animals (3 cells from 3 animals). The unexposed group did not undergo 

any surgery or pump implantation, and since there were no differences between these cells and 

the cells from saline-exposed sham animals, the data were combined into a single control group, 

and will be referred to as such throughout the rest of this manuscript.  

 Developmental nicotine exposure. DNE was achieved by implanting a 28-day osmotic 

mini-pump (Alzet, Cupertino, CA) subcutaneously into pregnant Sprague-Dawley dams as 

described previously (Fregosi et al., 2004; Luo et al., 2007; Pilarski and Fregosi, 2008; Huang et 

al., 2010; Pilarski et al., 2011). The pump was loaded with either nicotine bitartrate (6 mg/kg/d) 

or physiologic saline. Implantations occurred on approximately embryonic day 5 (E5), and 
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pregnancies continued to natural parturition. Nicotine exposure continued via breast milk after 

birth.  

 Medullary slice preparation. Pups of either sex were collected at random from their 

litters and weighed. Animals were anesthetized on ice until nonresponsive to paw pinch, and 

decerebrated at the coronal suture. They were then eviscerated to expose the vertebral column 

and ribcage as well as the remaining CNS, moved to a dissection dish, and covered with chilled 

(4-8 oC) and oxygenated (95% O2 / 5% CO2) artificial cerebrospinal fluid (aCSF), composed of 

(in mM): 120 NaCl, 26 NaHCO3, 30 glucose, 1 MgSO4, 3 KCl, 1.25 NaH2PO4, 1.2 CaCl2, pH 

7.4, 300-325 mOsM. The spinal cord and medulla/pons were extracted from the remaining tissue 

and any tissue rostral to the pontomedullary junction was removed. The preparation was pinned 

to a cutting block, rostral surface up, for serial microsectioning in a Vibratome (VT1000, Leica). 

Transverse medullary slices were taken until the most rostral hypoglossal nerve (XIIn) rootlets 

were near the surface of the tissue. Two 400 µm slices were then taken to capture all or a 

majority of the hypoglossal motor nucleus. After slicing was completed, the tissue was 

transferred to fresh aCSF continuously perfused with 95% O2 / 5% CO2 at room temperature and 

allowed to equilibrate for a minimum of one hour before recording commenced. 

 Electrophysiology. The dynamic properties of XII motoneurons were examined using 

whole cell patch clamp techniques. Cells were visualized with an Olympus BX-50WI fixed-stage 

microscope (40X water-immersion objective, 0.75 numerical aperture (NA)) with infrared and 

differential interference contrast (DIC) optics, and a video camera (C25400-07, Hamamatsu). 

Recordings were made using glass pipettes (3 – 6 MΩ) pulled from thick-walled borosilicate 

glass capillary tubes (OD 1.5mm, ID 0.75mm), and filled with the following (in mM): 135 K-

gluconate, 4 KCl, 10 HEPES, 5 ATP (Mg2+ salt), 0.375 GTP, 12.5 phosphate creatine, with pH 



129 
 

adjusted to 7.2 and osmolarity 275-300 mOsM. In some recordings the pipette contained 1% w/v 

Neurobiotin Tracer (Vector Labs) to fill cells for morphological analysis for a separate study. 

Liquid junction potentials were adjusted to zero offset current before seal formation. 

 Protocols. All recordings were made in current-clamp mode, using a dynamic current 

injection protocol consisting of nine sinusoidal input frequencies of 1, 2, 4, 6, 8, 10, 13, 16, and 

20 Hz. The duration of each protocol was adjusted to keep the number of cycles at each input 

frequency constant. Three different sine wave amplitudes were studied at each of the input 

frequencies: 25, 150, and 250 pA. To avoid complications due to differences in spike threshold, 

the current threshold for action potential generation was determined, and a DC offset was 

computed so that the injected sinusoidal current was above each cells’ spike threshold half the 

time, and below threshold half the time:  

DC offset = threshold current (pA) – [sine wave amplitude (pA) / 2]  

Thus, as sine wave amplitude increased, we decreased the applied DC offset. The different 

injected current frequencies and amplitudes were randomized to mitigate order effects. To 

determine spike-frequency adaptation, static depolarizing current steps one second in length were 

injected into the cell until depolarization block occurred. Current step amplitudes increased by 

either 20 or 50 pA, though no effect of step amplitude was seen (see below). 

 Data Analysis. Analysis of dynamic current injections was performed offline using 

custom scripts written in Matlab (Mathworks, Natick, MA). To analyze the effects on spike-

timing precision, we calculated phase angle, jitter, and phase error. For all measurements, the 

first cycle was ignored to exclude the effects of the initial depolarization. Phase angle was 

defined as the location, in degrees, of the first action potential of a given cycle, where the peak of 

the sine wave was defined as 0o (Fig. 1, point a). An action potential that occurs before the peak 
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would have a negative phase angle (indicated by the vertical dashed line in the initial half of the 

sine wave cycle in Fig. 1), and one that occurs after the peak would have a positive phase angle 

(checkerboard pattern in the latter half of the sine wave cycle in Fig. 1). Jitter measures the 

variability of action potential firing expressed in milliseconds, and was calculated using the 

latency from the initial trough of the sine wave (-180o from the peak) to the onset of the first 

action potential. The standard deviation of these latencies across all cycles is defined as the jitter. 

Phase error is the variability of action potential firing expressed in degrees. To determine phase 

error, the latency terms from the jitter analysis were converted from milliseconds to degrees, 

creating phase angles. Variability of the phase angles (phase error) was calculated by taking the 

standard deviation of all phase angles across all cycles. The reasons for including two 

measurements of spike-timing variability is because jitter is forced to decrease with an increase 

in sine wave input frequency, as the cycle length decreases from 1s to 50ms over the frequency 

range that we used. Thus, phase error provides a measure of spike-timing variability that is 

independent of input frequency. 

 To analyze the effects of DNE on spike-timing reliability, the mean number of action 

potentials per sine wave cycle, the probability of a successful cycle, and the number of spikes per 

successful cycle were calculated for all input frequencies and current amplitude injections. A 

successful cycle was defined as any cycle having at least one action potential. Any frequency at 

which a cell fired only one action potential per input cycle was considered to be phase-locked 

(Lavine, 1971; Johnson, 1980; Fellous et al., 2001; Brody and Hopfield, 2003). The range of 

frequencies at which this occurs has been termed the preferred frequency range (Pike et al., 

2000; R Houweling et al., 2001), though this term has also been used to denote the frequency at 

which a spike falls perfectly in phase with the peak of the sine wave (Fuhrmann et al., 2002). 
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To quantify spike-frequency adaptation, we measured the spike frequency during the first 

0.25s of each current step (finitial) and subtracted the frequency measured over the last 0.25s of the 

same current step (fsteady-state). Adaptation analysis was performed offline using a custom script 

written with Spike2 software (CED, Cambridge, UK). A second script was used to analyze the 

resting membrane potential and the input resistance of all cells. Input resistance was calculated 

as the change in voltage divided by the magnitude of a hyperpolarizing current step. The current 

threshold for action potential firing was measured as the voltage associated with the first evoked 

spike during the static f-I protocol. 

Adaptation analysis included data from cells that received current steps of either 20 or 50 

pA. The smaller amplitude step was used for cells that had low maximum current thresholds, as a 

way to increase the resolution of this measurement. However, to ensure that there was no effect 

of current step amplitude on the rate of adaptation, the adaptation rate of each cell and at each 

level of injected current was measured. We then averaged the adaptation rates computed in 100 

pA epochs, extending from 0-99 pA to 900-999 pA (see Fig. 9c). Thus, for cells receiving 20 pA 

steps (Control: n = 9; DNE: n = 6) we computed five adaptation rates in each of the 100 pA 

epochs, while only two adaptation rates in each step could be computed in cells subjected to the 

50 pA steps (Control: n = 5; DNE: n = 8). 

Statistics. Statistical analysis was done using the software program R (R Foundation for 

Statistical Computing, Vienna, AUT). For resting membrane potential, input resistance, current 

threshold, weight, and age, t-tests were performed to compare control and DNE animals. 

Statistical analysis of the dynamic current injection data, including all measures of spike timing 

precision and reliability, was performed by three factor ANOVA (treatment, sine wave 

frequency, sine wave amplitude) and Tukey’s post hoc tests. For spike-frequency adaptation 



132 
 

data, mean adaptation rates were compared using a t-test and a two factor ANOVA (treatment 

and current step amplitude), followed by Tukey’s post hoc tests. Data in all figures and tables are 

the mean ± standard error of the mean (SEM) unless indicated otherwise. Data are considered 

statistically significant if P ≤ 0.05. 

 

Results 

 Passive membrane properties of XIIMNs, and the weight and age of animals in each 

treatment group. The passive properties of hypoglossal motoneurons, including input resistance, 

resting membrane potential and the current and voltage thresholds at which spiking was initiated 

in response to static current injection did not differ between treatment groups (Table 1). The 

average weight and age of the animals in the two treatment groups were also similar (Table 1). 

 Spike-timing precision. Phase angle, jitter and phase error were chosen as indices of 

spike-timing precision. Summary statistics for each variable are shown in Table 2. Phase angle 

represents the position of the first spike of a cycle relative to the peak of the injected sinusoidal 

current (Fig. 2). Fig. 2 shows a representative comparison of spike trains recorded from a XIIMN 

in a control (Fig. 2a, upper trace) and DNE animal (Fig. 2b, lower trace). Note that the control 

cell spiked either just before or just after the peak of the sine wave (solid vertical lines), while 

the cell from the DNE animal always spiked before the peak (dashed vertical lines) indicating a 

negative phase angle. The average calculated phase angles were strongly dependent on input 

frequency, changing from negative to positive as input frequency increased (Fig. 3), and each of 

the current injection amplitudes evoked a similar range of phase angles across the input 

frequency range that we used (Fig. 3). Importantly, we found a significant treatment effect, with 

DNE motoneurons firing earlier in the cycle than control cells at current injection amplitudes of 
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150 (p<0.001) and 250 pA (p<0.001) (Figs. 2, 3 and Table 2), but not at 25 pA (p=0.97). This 

effect was statistically uniform across the frequency range, as ANOVA did not reveal a 

treatment:frequency interaction (Table 2). An interesting result of this analysis is that the 

preferred frequency (i.e., a phase angle of zero, dashed line in Fig. 3) was higher in the DNE 

cells, as indicated by the rightward shift of the curves at 150 and 250 pA. In addition, there was a 

significant interaction between frequency and current injection amplitude for cells in both 

treatment groups, indicating that a phase angle of zero occurred at progressively higher input 

frequencies as current amplitude increased (Table 2, Fig. 3). 

As explained in Methods, jitter represents the variability of spike timing measured in 

milliseconds. Across all current injection amplitudes, jitter decreased with increasing sine wave 

frequency, reaching a plateau near 5 Hz (Fig. 4). Increasing the current injection amplitude also 

reduced jitter, most notably at lower input frequencies, consistent with the significant 

frequency:current interaction (Table 2, Fig. 4). However, no treatment effects for jitter were seen 

at any level of sinusoidal current injection amplitude or input frequency (Table 2, Fig. 4). 

As explained in Methods, the decrease in jitter at high frequencies could be an artifact of 

the decrease in cycle length. Phase error also measures the variability of spike timing, but is 

independent of the cycle length. Although the ANOVA did not reveal an overall treatment effect 

for phase error (F=3.3; p=0.071, Table 2), there was a significant current:treatment interaction, 

indicating that treatment effects depend on current injection amplitude (Table 2). Indeed, post 

hoc analysis revealed a significant treatment effect at the 25 pA current injection level, whereby 

DNE neurons show a greater phase error compared to neurons from control cells (p<0.001; Fig. 

5). There were no treatment effects at 150 (p=0.98) or 250 pA (p=0.82), as shown in Fig. 5. 

Phase error also varied significantly with current and input frequency, and there was a significant 
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interaction between these variables (Table 2, Fig. 5). Phase error increased steeply as a function 

of input frequency at 25 pA, but decreased markedly and showed much less frequency 

dependence as the amplitude of injected current rose, consistent with greater precision at high 

levels of injected current (Fig. 5).  

Spike-timing reliability. To assess changes in the reliability of motoneuron spiking, the 

number of spikes per sinusoidal cycle, the probability of a successful cycle (i.e., the percentage 

of cycles that evoked at least one action potential), and the number of spikes per successful cycle 

were measured, with the summary statistics shown in Table 2. For the number of spikes per 

cycle, ANOVA revealed significant treatment, frequency and current effects, as well as a 

significant frequency:current interaction. Because there was no interaction between treatment 

and frequency or treatment and current (Table 2), the treatment effect is by definition 

independent of both variables. Examination of the data, however (Fig. 6), suggests that the 

treatment effect is occurring only at the two lowest frequencies, and only at current amplitudes of 

150 and 250 pA. Examination of Fig. 6 also shows that, in both treatment groups, the number of 

spikes per cycle declines markedly as input frequency rises, and that higher amplitude current 

injections are associated with more spikes per cycle. Moreover, the preferred frequency 

(horizontal dashed line in Fig. 6) increases as a function of sine wave amplitude, and appears to 

be identical in both treatment groups.  

Measurement of the probability of a successful cycle showed that motoneurons became 

less successful with increasing input frequency at all three current injection amplitudes (Fig. 7). 

However, the range at which cells could be considered highly successful, which we defined as a 

probability of 90% or above, did increase with increasing current amplitude. This range extended 

from 1 to 4 Hz at 25 pA, 1 to 10 Hz at 150 pA, and 1 to 13 Hz at 250 pA. ANOVA revealed 
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significant frequency and current effects, but no overall treatment effects (Table 2). However, 

there was a significant treatment:current interaction, but no interaction between treatment and 

frequency. Thus, treatment effects depend on current injection amplitude, but are independent of 

input frequency (Table 2, Fig. 7). Interestingly, the treatment effect reversed as current injection 

amplitude increased, with DNE cells less successful than control cells at 25 pA, but more 

successful at 150, with no difference at 250 pA (Fig. 7). There was also a significant interaction 

between input frequency and current injection amplitude, with frequency having less effect on 

the probability of a successful cycle as current injection amplitude increased. 

We also examined the number of spikes per successful cycle, as this analysis corrects for 

the effects of skipped cycles (Fig. 8). As shown in Table 2, there were significant treatment, 

frequency and current effects, and a significant frequency:current interaction. However there 

were no significant interactions between treatment and current or treatment and frequency, 

indicating that the effects of DNE are independent of the other tested input variables. Similar to 

spikes per cycle (Fig. 6), closer inspection of the data in Fig. 8 reveals that the treatment effect is 

most likely occurring only at the lowest input frequencies, and only at input current amplitudes 

of 150 and 250 pA. 

 Spike-frequency adaptation. We examined spike-frequency adaptation in XIIMNs using 

static, square wave current step injections (Fig. 9a). The index of adaptation for a given current 

step was determined by subtracting the steady state firing rate from the initial firing rate, at each 

level of injected current (shaded regions in Fig. 9a). When the adaptation rate was averaged 

across all current step levels and all motoneurons, DNE cells showed higher levels of adaptation 

than control cells (Fig. 9b; control, 9.0±0.24 Hz; DNE, 10.5±0.36 Hz; p=0.00085). A two-way 

ANOVA was performed on the spike-frequency adaptation data to look for any possible 
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interaction between treatment and current step amplitude, because we used steps of 20 pA in 

some cells, and 50 pA in other cells. Step amplitude had no effect on our index of spike-

frequency adaptation in either control (9.2±0.25 Hz for 20 pA vs. 8.7±0.46 Hz for 50 pA; 

p=0.959) or DNE cells (10.6±0.45 Hz for 20 pA vs. 10.7±0.48 Hz for 50 pA; p=0.99). The data 

from both current step amplitudes were then combined into bins of 100 pA, and a two-way 

ANOVA was used to examine spike-frequency adaptation as a function of current injection 

amplitude (Fig. 9c). ANOVA revealed a significant treatment effect (F=12.5; p=0.00048), but no 

effect of current amplitude (F=3.2; p=0.076) and no interaction between treatment and current 

amplitude (F=2.0; p=0.163), indicating that the treatment effect is independent of the amplitude 

of injected current used to measure spike-frequency adaptation. 

 The average steady-state discharge frequency, computed as the average frequency across 

the last 250 ms of each current step, also differed between treatment groups (control, 22.3±0.92 

Hz; DNE, 18.5±0.73 Hz; p=0.0013), though the initial discharge frequency was similar 

(31.4±0.9 Hz for control vs. 29.0±0.8 Hz for DNE; p=0.054). 

 

Discussion 

We studied the effects of DNE on the dynamic properties and spike-frequency adaption 

of hypoglossal motoneurons. A neuron’s dynamic properties, such as spike-timing precision and 

reliability, are thought to be crucial for establishing network oscillatory function and efficiency 

(Mainen and Sejnowski, 1995; Sejnowski and Paulsen, 2006). Disruption of these properties 

could play an important role in the multitude of physiological and behavioral effects seen in 

nicotine-exposed neonatal animals and humans. Our findings in neonatal rodents show that DNE 

is associated with a significant shift in the timing of action potentials in response to sinusoidal 
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current injection. In addition, DNE cells displayed a lower likelihood of successfully discharging 

action potentials in response to low amplitude current injections, but were more likely to fire at 

mid-level current injection amplitudes. DNE cells also showed increased spike-frequency 

adaptation. These findings suggest that DNE may alter the conductance of ion channels that 

underlie the precision, reliability, and adaptation rate of action potential firing in response to both 

static and dynamic current injections. 

Effects of DNE on XIIMN spike-timing precision. Measures of spike-timing precision 

included phase angle, jitter and phase error. Of these, there were significant treatment effects for 

phase angle and phase error. Measurement of phase angle indicated that DNE cells fired earlier 

in the sine wave cycle (a shift to lower phase angles) at 150 and 250 pA, across the frequency 

range that we tested. This observation is consistent with increased excitability in the nicotine-

exposed XIIMNs, extending our previous observations showing a lower threshold and an 

increase in the slope of the relation between firing rate and current injection amplitude obtained 

with a square wave current injection protocol (Pilarski et al., 2011). Together these data suggest 

that nicotine exposure during development alters the intrinsic properties of XIIMNs. In one of 

our recent studies we showed that DNE XIIMNs had a higher input resistance than control cells 

(Pilarski et al., 2011), but in a subsequent study we did not reproduce this finding (Pilarski et al., 

2012). Examination of data from both of these studies suggests that the influence of DNE on 

input resistance is age dependent, with the difference observed on the first two days of life, but 

not thereafter, though this will have to be studied systematically.   

In addition to possible differences in motoneuron size and/or dendritic complexity, DNE 

likely alters the conductance of ion channels that underlie cell excitability, and/or motoneuron 

architecture, but which channels are affected, and how cell architecture may be changed is 
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unknown. Interestingly, an in vitro and computational analysis (Fuhrmann et al., 2002) of 

neocortical pyramidal neurons showed that increasing potassium conductance caused a right-

shift in the phase angle-frequency relation similar to what we saw with DNE (Fig. 3). And 

nucleus accumbens neurons from nicotine-addicted mice showed a reduced after-

hyperpolarization and hyperexcitability, due to a decrease in potassium conductance mediated by 

large-conductance Ca2+-activated K+ channels (BKCa) (Ma et al., 2013). Thus, the shift in phase 

angle in response to sinusoidal inputs in motoneurons from DNE animals is likely due to changes 

in an as yet unidentified potassium conductance.  

Analysis of phase angle has also been used to define a preferred frequency, which is the 

frequency associated with a phase angle of zero (Fig. 3). Synchronous network oscillations are 

believed to underlie a variety of rhythmic behaviors, so it is interesting to consider how a shift in 

the preferred frequency of individual motoneurons might alter the synchronization frequency in a 

population of interconnected neurons. A computational model of a small number of 

interconnected neurons, all with an identical preferred frequency, was shown to synchronize at 

an input frequency a bit below the preferred frequency of the neurons, due to synaptic delays in 

the network (Fuhrmann et al., 2002). Here we showed that the DNE motoneurons had a higher 

preferred frequency than the control cells (right shift in the phase angle-frequency curves in Fig. 

3), suggesting that higher input frequencies would be required to synchronize the hypoglossal 

motoneuron pool in DNE animals. Hypoglossal motoneurons are activated in phase with 

inspiration by input from the preBötzinger complex. In previous studies we have not shown 

treatment effects in the baseline frequency of hypoglossal motoneuron population output in 

rhythmic brainstem slices, suggesting that the baseline bursting rhythm of the central pattern 

generator is not altered by DNE (Pilarski et al., 2011; Jaiswal et al., 2013). Therefore, since the 
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hypoglossal motoneurons in DNE animals have a higher preferred frequency they may be less 

likely to be activated synchronously under these conditions. This could result in insufficient 

activation of the tongue muscles and upper airway obstruction; the latter has been shown to 

occur at higher rates in infants born to smoking mothers compared to non-exposed infants (Kahn 

et al., 1994).  

We also showed that phase error, another index of spike timing precision, was 

significantly higher in DNE motoneurons at a sine wave amplitude of 25 pA, especially at 

frequencies greater than 10 Hz. This indicates that DNE somehow resulted in a more variable 

spiking pattern in XII motoneurons, which could also impact network synchronization, as the 

latter relies on high spike timing precision (reviewed in (Sejnowski and Paulsen, 2006)). 

Interestingly, there appears to be a frequency-dependent, two-phase pattern wherein phase error 

is relatively low at low input frequencies, but then suddenly increases to higher values. As shown 

in Fig. 5, the frequency where this jump occurs is amplitude dependent, occurring at about 5-6 

Hz at 25 pA, and about 10 Hz at the two higher current injection amplitudes, indicating that 

motoneurons have a range of high spike-timing precision that extends to higher frequencies as 

the amplitude of injected current rises. The input frequencies associated with low phase error, 

and thus low variability, could therefore define the band-pass filter function demonstrated 

previously in cortical pyramidal cells and XIIMNs (Fellous et al., 2001; van Brederode and 

Berger, 2008). It is believed that synaptic inputs with frequencies falling within this bandwidth 

result in the most precise neuronal output possible. Although, neurons can still relay synaptic 

inputs at frequencies outside of the optimal bandwidth, the resultant outputs are less precise and 

less likely to cause network synchronization.  
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Effects of DNE on XIIMN spike-timing reliability. DNE is associated with complex 

changes in spike-timing reliability. For example, DNE motoneurons showed fewer successful 

cycles at the 25 pA current injection level (Fig. 7) but more successful cycles at 150 pA; 

treatment effects were abolished at 250 pA. The cause of the reversal in treatment effects 

between 25 and 150 pA is unknown, but it is possible that large membrane depolarizations 

recruit a family of intrinsic membrane currents that are not recruited at lower levels of injected 

current. If true, the implication is that DNE is associated with qualitatively different effects on 

specific voltage dependent membrane currents, or ion channel expression and/or function; these 

possibilities will need to be investigated computationally or pharmacologically to determine the 

most likely candidates. Interestingly, all cells were more successful as current injection 

amplitude increased (defined as the frequency range at which the probability of success was 90% 

or above; Fig. 7 dashed line), consistent with the work of (van Brederode and Berger, 2008). 

Here we extend those observations by showing that DNE did not alter the qualitative features of 

this fundamental response, despite evoking changes in its direction and magnitude. We also 

found a very small but significant treatment effect in the number of spikes per cycle, though this 

effect appears to exist only at input frequencies of 5 Hz or less (Fig. 6). This finding is consistent 

with an increase in the gain of the injected current-spike frequency relation in response to static, 

square wave current injections that we observed previously in XIIMNs from DNE animals 

(Pilarski et al., 2011), giving more support to the hypothesis that DNE causes an increase in 

cellular excitability (Jaiswal et al., 2013).  

Effects of chronic nicotine exposure on spike-frequency adaptation. Spike-frequency 

adaptation has been demonstrated in motoneurons for decades (Granit et al., 1963) and has been 

demonstrated consistently in XIIMNs (Sawczuk et al., 1995, 1997; Viana et al., 1995; Powers et 
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al., 1999). XIIMNs typically display adaptation in three phases over a sixty-second step of 

current injection. Initial adaptation, defined as the sharp decline over the first few interspike 

intervals; early adaptation, which lasts approximately through the first second and has a much 

shallower slope; and late adaptation, which is defined as the gradual decline in firing rate that 

lasts throughout the remainder of the sixty second current injection period (Sawczuk et al., 

1995). Here, we focused on the early adaptation phase, as our focus was on motoneuron 

responses to brief rather than prolonged changes in synaptic input. 

DNE motoneurons showed a significant increase in spike-frequency adaptation, as a 

result of a greater reduction in discharge rate over both the initial and last one-quarter second of 

the one-second square wave current injection protocol that we used. Moreover, the average firing 

rate computed over the entire current injection step was also reduced in the DNE cells, consistent 

with previous work in nicotine exposed XIIMNs (Pilarski et al., 2011). The early phase of 

adaptation is related to increases in the duration and amplitude of the afterhyperpolarization, 

which is in turn mediated by the hyperpolarization-activated cation current (Ih), the IK(Ca2+) 

current, the inwardly rectifying K+ current (IKir) and other outward currents (Sawczuk et al., 

1997; Powers and Binder, 2003; Chevallier et al., 2006; Turkin et al., 2010), as well as 

inactivation of sodium currents, or changes in cellular calcium dynamics (Hotson and Prince, 

1980; Connors et al., 1982; Madison and Nicoll, 1984; Schwindt et al., 1988; Powers et al., 

1999; Miles et al., 2005). Furthermore, neuromodulators such as acetylcholine are known to 

reduce spike-frequency adaptation (Katz and Frost, 1997; Tang et al., 1997; Stiefel et al., 2008), 

suggesting that the manipulation of cholinergic signaling by DNE underlies the higher adaptation 

rate in nicotine-exposed XIIMNs (Fig. 9).  
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In conclusion, dynamic current injection analysis offers information about a neuron’s 

ability to respond precisely and faithfully to oscillatory inputs and to relay this information in a 

manner that promotes the formation of synchronous network activity. Our experiments show that 

DNE alters spike-timing precision and reliability, and spike-frequency adaptation, adding to an 

expanding volume of literature indicating that DNE has significant effects on the input-output 

properties of hypoglossal motoneurons. The cellular and molecular mechanisms by which DNE 

alters the input-output relation of motoneurons are unknown, but the present data provide 

important clues for future investigations. 
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Table 1. Analysis of hypoglossal motoneuron passive membrane properties, and the weight and 

age of the control and DNE animals used. All values represent the Mean ± SEM. P-values 

derived from student’s t-test comparing control and DNE cells for each variable. N 

(Control:DNE) represents the number of animals for control and DNE, respectively. Note that a 

smaller number of control animals were used, as multiple motoneurons were studied in some 

animals. MΩ, megaohm; mV, millivolt; pA, picoamp; g, gram. 

 

 Control DNE P value N (Control:DNE) 

Input resistance 
(MΩ) 

161.6±24.4 143.64±26.9 0.62 14:14 

Resting membrane 
potential (mV) 

-58.2±3.6 -58.6±4.2 0.94 14:14 

Current threshold 
(pA) 

72.9±20.6 123.6±28.3 0.16 14:14 

Voltage threshold 
(mV) 

-46.2±3.0 -42.7±3.7 0.46 14:14 

Weight (g) 8.1±0.8 9.7±0.7 0.13 8:13 

Age (d) 1.9±0.3 2.5±0.3 0.16  
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Table 2. ANOVA table values for spike-timing precision and reliability variables. Columns represent main factors and interactions 

measured using a three-way ANOVA. Each cell displays the degrees of freedom (df), F-value (F), and p-value (p), displayed as (df, F, 

p).  

 

 

 Treatment Frequency Current Treatment*Frequency 
Treatment*Cu

rrent 
Frequency*Current 

Phase 
Angle 

(1, 42.0, <0.001) (8, 242.5, <0.001) (2, 49.2, <0.001) (8, 1.7, 0.10) (2, 9.0, <0.001) (16, 4.2, <0.001) 

Jitter (1, 1.4, 0.23) (8, 34.1, <0.001) (2, 154.7, <0.001) (8, 0.6, 0.81) (2, 1.9, 0.15) (16, 11.7, <0.001) 

Phase Error (1, 3.3, 0.07) (8, 27.3, <0.001) (2, 578.9, <0.001) (8, 0.7, 0.72) 
(2, 10.2, 
<0.001) 

(16, 10.7, <0.001) 

Spikes per 
cycle 

(1, 4.7, 0.031) (8, 146.2, <0.001) (2, 35.9, <0.001) (8, 1.9, 0.062) (2, 0.1, 0.89) (16, 3.4, <0.001) 

Probability 
of Success 

(1, 0.3, 0.56) (8, 95.8, <0.001) (2, 234.4, <0.001) (8, 1.7, 0.099) 
(2, 10.5, 
<0.001) 

(16, 17.3, <0.001) 

Spikes per 
successful 

cycle 
(1, 4.9, 0.027) (8, 131.9, <0.001) (2, 17.3, <0.001) (8, 1.9, 0.063) (2, 0.6, 0.55) (16, 4.8, <0.001) 
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Figure 1. Measurement of spike-timing precision and reliability. The top trace displays 

membrane voltage of a patch-clamped XIIMN responding to the injected current profile seen in 

the bottom trace. Sinusoidal current injections were delivered at amplitudes of 25pA, 150pA, or 

250pA. The DC offset (shaded area, bottom trace) was determined before injection of sinusoidal 

current patterns and varied between cells, as explained in Methods. DC offset adjustment was 

made to position the cells firing threshold at the midpoint of the sinusoidal current amplitudes. 

(Point a) The peak of the sinusoidal current injection cycle was defined as 0° for analysis. A pre-

peak position is defined by the vertical bar shading, and spikes falling here have negative phase 

angles. Spikes occurring after the peak (defined by the crosshatch shading) have positive phase 

angles. The dashed line shows that the first spike in this cycle falls before the peak of the sine 

wave, and has a negative phase angle. 
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Figure 2. Comparison of typical control and DNE XIIMN response to sinusoidal current 

injection. (a) A phase-locked XIIMN from a control animal (upper trace) generates action 

potentials at the peak of the sine wave (middle trace), or just after it (solid vertical lines connect 

action potential onset to the sine wave). (b) A phase-locked XIIMN from a DNE animal, 

showing that the action potentials occur well before the peak of the sine wave (vertical dashed 

lines), consistent with a negative phase angle. 
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Figure 3. Influence of current, input frequency and treatment on phase angle. Phase angle 

becomes progressively more positive with increasing input frequency at all three amplitudes. At 

higher current amplitudes, DNE neurons (open circles) fire significantly earlier than their control 

counterparts (filled triangles). *, P<0.05, DNE vs control. 
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Figure 4. Influence of current, input frequency and treatment on jitter. Jitter decreases with 

increasing input frequency at all current amplitudes, and is highest at 25 pA. DNE did not 

significantly alter jitter at any current amplitude. DNE cells, open circles; control cells, filled 

triangles. 
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Figure 5. Influence of current, input frequency and treatment on phase error. Phase error 

increases with increasing input frequency, and drops markedly as current injection amplitude 

increases. DNE cells (open circles) had significantly larger phase error at the lowest current 

injection amplitude compared to control cells (filled triangles). Treatment effects were not 

observed at the medium and high sinusoidal current injection amplitudes. *, P<0.05, DNE vs 

control. 
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Figure 6. Influence of current, input frequency and treatment on the number of spikes per 

sinusoidal cycle. The number of spikes per cycle decreases with increasing input frequency, and 

increases with increasing current injection amplitude. There was a significant treatment effect, 

with DNE cells (open circles) generating fewer spikes per cycle than control cells (filled 

triangles), but only at the two lowest input frequencies and at the two highest levels of injected 

current (see Text). The region of phase locking (one spike per sine wave cycle, horizontal dashed 

line) progressively increased with increases in sinusoidal amplitude. 
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Figure 7. Influence of current, input frequency and treatment on the probability of a 

successful cycle. The probability of a successful cycle increases with current amplitude in all 

cells. DNE has complex effects on the probability of successful spiking as a function of 

sinusoidal current injection frequency and amplitude. There was no overall treatment effect, but 

a significant interaction between treatment and current amplitude (Table 2). As explained in text, 

post hoc analysis showed that at an amplitude of 25 pA, DNE cells (open circles) are less likely 

to spike in a given cycle compared to control cells (filled triangles). However, at 150 pA DNE 

cells appear more likely to spike at the higher input frequencies, though this difference is not 

significant. 
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Figure 8. Influence of current, input frequency and treatment on the number spikes per 

successful cycle. When the number of spikes per cycle is normalized to only successful cycles, 

DNE cells (open circles) still show a reduction compared to control cells (filled triangles). 

Because there was no treatment:frequency interaction (Table 2), the treatment effect is 

independent of frequency. However, examination of the data suggests that the differences 

occurred only at the two lowest frequencies, and the two highest levels of injected current. See 

text for further explanation. 
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a. 

 

b.     c. 

 

Figure 9. Spike-frequency adaptation in XIIMNs from control and DNE preparations.  

(a) Representative trace of square wave current injections used for adaptation analysis. For each 

current step, the mean frequency of the first and last one-quarter second was measured, and spike 

frequency adaptation was calculated as: Adaptation (Hz) = finitial – fsteady-state. This index was 

calculated for all current steps that were associated with continuous firing throughout the one-

second step. (b) Adaptation values for every level of injected current, and for all motoneurons 

studied. DNE motoneurons showed a significantly higher spike-frequency adaptation compared 

to control cells. The center of the black and grey bars represents the median, while the lower bars 

represent the first quartile below the median, and the upper bars the first quartile above the 

median. (c) Comparison of all adaptation measurements binned by current step amplitude. DNE 

cells showed a significantly higher adaptation rate, and this was independent of the amplitude at 

which spike-frequency adaptation was measured (see Results for detailed analysis). 
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Abstract. 

Although respiratory muscle motor units have been studied during natural breathing, 

simultaneous measures of muscle force have never been obtained. Tongue retractor muscles, 

such as the hyoglossus (HG), play an important role in swallowing, licking, chewing, breathing, 

and in humans, speech. The HG is phasically recruited during the inspiratory phase of the 

respiratory cycle. Moreover, in urethane anesthetized rats the drive to the HG waxes and wanes 

spontaneously, providing a unique opportunity to study motor unit firing patterns as the muscle 

is driven naturally by the central pattern generator for breathing. We recorded tongue retraction 

force, the whole HG muscle EMG and the activity of 38 HG motor units in spontaneously 

breathing anesthetized rats under low force and high force conditions. Activity in all cases was 

confined to the inspiratory phase of the respiratory cycle. Changes in the EMG were correlated 

significantly with corresponding changes in force, with the change in EMG able to predict 53-

68% of the force variation. Mean and peak motor unit firing rates were greater under high force 

conditions, though the magnitude of discharge rate modulation varied widely across the 

population. Changes in mean and peak firing rates were significantly correlated with the 

corresponding changes in force, but the correlations were weak (r2 = 0.27 and 0.25, respectively). 

These data indicate that during spontaneous breathing recruitment of hyoglossus motor units 

plays a critical role in the control of muscle force, with firing rate modulation playing an 

important but lesser role.  
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Introduction 

 Muscles of the mammalian tongue participate in many important behaviors, including 

breathing, swallowing, mastication, licking, and facial expression and, in humans, speech. The 

tongue is mechanically complex, and its shape, stiffness and position in space are controlled by 

the combined actions of eight different muscles (Fregosi and Fuller 1997; Smith et al. 2005). 

Four of the muscles are extrinsic muscles, which originate on bony structures or connective 

tissue and insert into the tongue body (the genioglossus, hyoglossus, styloglossus and 

palatoglossus), and four are intrinsic muscles (inferior longitudinalis, superior longitudinalis, 

transversus and verticalis) in which the fibers are wholly contained within the tongue body 

(Fregosi 2011; Fregosi and Fuller 1997; Smith et al. 2005). The tongue muscles are very small, 

their fibers intermingle extensively within the tongue body (Gaige et al. 2007), and their 

innervation is complex (see (Fregosi 2011)). Collectively, these unique muscles produce a 

variety of intricate but well-controlled movements, including retraction, protrusion, elevation and 

depression of the tongue, as well as alterations in tongue shape and stiffness.  

Muscle contraction, and hence movement, depends on the activation of motor units. A 

motor unit is defined as an alpha motoneuron and all of the muscle fibers that it innervates. 

While the force capacity of individual motor units depends primarily on the number of muscle 

fibers innervated by the parent motoneuron (Bodine et al. 1987; Kanda and Hashizume 1992), 

the force exerted by a motor unit depends on its firing rate (Kernell 2003). As such, the number 

and size of motor units recruited, and their individual firing rates, determine whole muscle force. 

Although respiratory muscle motor units from chest wall (Butler et al. 1999; Gandevia et al. 

1999; Iscoe et al. 1976; Sieck et al. 1984) and upper airway muscles (Bailey 2011; Bailey et al. 

2007; Butler and Gandevia 2008; John et al. 2005; Saboisky et al. 2006; Saboisky et al. 2010; 
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Wilkinson et al. 2010) have been studied during natural breathing, simultaneous measures of 

muscle force have never been obtained. In previous work we showed that quasi-isometric tongue 

muscle force could be measured with reasonable accuracy in anesthetized rodents (Fuller et al. 

1998). Additionally, recent work in the urethane-anesthetized rat shows that the central nervous 

system state waxes and wanes spontaneously, with corresponding changes in the output of the 

respiratory central pattern generator (Pagliardini et al. 2012). We have long noted that tongue 

muscle force and EMG activity waxes and wanes spontaneously in urethane anesthetized rats 

(Fregosi and Fuller 1997). Here we take advantage of this phenomenon to study HG motor unit 

discharge during spontaneous breathing, under conditions of high and low drive to the 

hypoglossal motoneuron pool.  

 

Materials and Methods 

 

 Surgical preparation. The Institutional Animal Care and Use Committee at the 

University of Arizona approved all surgical and experimental procedures reported here. We used 

17 spontaneously breathing adult male rats of either sex (Sprague-Dawley, 240-340 g), 

anesthetized initially with 2-4 % isoflurane mixed in O2. Femoral artery catheterization was 

performed and animals were slowly weaned off the isoflurane in exchange for urethane, which 

was injected via a femoral artery catheter to a final dose of 1.3 g/kg. Supplemental doses (0.3 

g/kg) of urethane were given as needed to maintain deep anesthesia (no reaction to paw pinch). 

A tracheal cannula was inserted below the larynx to maintain a patent airway and for delivery of 

humidified oxygen (50% O2, 50% N2). A heating pad was used to maintain rectal temperature 

between 36.5 and 38.5 oC. 
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 The digastric, mylohyoid, and geniohyoid muscles were removed bilaterally to expose 

the hypoglossal nerves and the hyoglossus muscles, as described in detail previously (Bailey and 

Fregosi 2004; Bailey et al. 2005; Bailey et al. 2001; Fuller et al. 1999; John et al. 2005). The 

hypoglossal nerves bifurcate into medial and lateral branches; the former innervates the tongue 

protrudor muscles (genioglossus, intrinsic tongue protrudor muscles), and the latter innervates 

the retractor muscles (hyoglossus, styloglossus and intrinsic retractor muscles). Because our 

focus was on tongue retraction force, in particular that produced by the hyoglossus muscle, the 

medial branches of the hypoglossal nerves were severed at the bifurcation to eliminate protrusion 

force. 

 Rats were placed supine in a stereotaxic frame (David Kopf Instruments, Tujunga, CA, 

USA) and secured with ear bars. The maxilla was secured to the frame with flexible tubing to 

minimize any respiratory artifact in the recordings and to ensure that the mouth remained open 

throughout the experiments. The tongue was attached to a force displacement transducer (FT-03, 

Grass Instruments, West Warwick, RI, USA) by a silk loop sutured through the center of the 

tongue, as described in detail previously (Fuller et al. 1998; Gilliam and Goldberg 1995). The 

force transducer was configured without springs, providing a reliable force resolution of 2 mg – 

50 g, and was driven by a DC strain gauge amplifier (Grass Instruments P 122, West Warwick, 

RI, USA). The force transducer was secured to a micromanipulator, which allowed for fine 

control of the position and tension of the tongue, as described in detail previously (Fuller et al. 

1998; Fuller and Fregosi 2000; Fuller et al. 1999). At the beginning of each experiment the 

optimal length-tension relationship of the muscle was determined by systematically manipulating 

tongue position, and thus muscle length, until peak, respiration-related force was achieved 

(Fuller et al. 1998; Fuller and Fregosi 2000; Fuller et al. 1999). The optimal length obtained in 



164 
 

this manner was maintained throughout the experiment, allowing us to standardize the force 

measurements both within and between experiments.  

Hyoglossus muscle motor unit and whole muscle EMG recordings. We recorded the 

respiration-related firing rate of 38 hyoglossus motor units. The number of motor units recorded 

from each animal ranged from 1-4, with a median of 2 units per animal. Motor unit potentials 

were recorded with high-impedance (10 MΩ) tungsten microelectrodes (Frederick Haer, 

Bowdoin, ME, USA) that were inserted into the muscle belly using a manually operated 

micromanipulator (Narishige, Tokyo, Japan). The recording electrode was referenced to a second 

electrode inserted into adjacent skin flaps, and both electrodes were referenced to a common 

ground. As done previously (John et al. 2005), the EMG was differentially amplified (model 

7WU16K; Grass Instruments, West Warwick, RI), filtered between 300 and 10,000 Hz, and 

monitored on a storage oscilloscope and computer screen. When a single motor unit potential 

was clearly and unambiguously distinguished, the animal was allowed to breathe undisturbed 

while the motor unit activity and tongue muscle retraction force were recorded for 15-30 

minutes. If a motor unit could not be clearly distinguished with visual inspection under both low 

and high force conditions, it was excluded from analysis. Voltage outputs from the force and 

microelectrode amplifiers were fed to an analog-to-digital converter, which sampled motor unit 

potentials at 20,000 Hz and force at 5,000 Hz.  

Whole muscle EMG of the HG was recorded in 9 of the animals using two fine hook wire 

electrodes inserted into the muscle belly and spaced about 2 mm apart, as described previously 

(Bailey and Fregosi 2004; Bailey et al. 2005; Fuller et al. 1998; Fuller and Fregosi 2000; Janssen 

and Fregosi 2000; Janssen et al. 2000). The signal was amplified and filtered (30-300 Hz), and 

sent in parallel to an oscilloscope and an A/D converter, and sampled at 5,000 Hz. All recorded 
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data were stored on a hard drive and subsequently backed up on CD ROM discs. Data were 

analyzed offline by identifying 20 consecutive respiratory cycles where peak inspiratory tongue 

retraction force, an index of respiratory drive (Fuller et al. 1998), was stable. We then searched 

the record for another period of stable retraction force that was at least 30% different than the 

first analyzed data set. This was possible because respiratory drive transiently changes in 

urethane-anesthetized rats (Fregosi and Fuller 1997; Janssen et al. 2000; Pagliardini et al. 2012), 

and we took advantage of this to make comparisons at two levels of respiratory drive to the 

hyoglossus motor unit pool, which we refer to as low force and high force conditions.  

For each of the 20 breath cycles analyzed in a sequence, we computed the peak tongue 

retraction force and the peak, area and average (area/duration) of the rectified and low-pass 

filtered whole muscle EMG, which we will refer to as the integrated EMG (iEMG). For each 

motor unit recording, we computed the average and peak motor unit firing rate, the duration of 

the motor unit spike train, the force at spike onset and the number of action potentials generated 

in each respiratory cycle (N/cycle). In addition, we calculated the coefficient of variation (CV) of 

the interspike intervals (ISIs) as an index of motor unit discharge rate variability. Because the 

firing rates of motor units driven by a central pattern generator follow a stereotyped trend that 

could bias measures of variability, we computed a detrended CV of ISIs using the following 

method, which is based on a “floating” standard deviation (Nelson et al. 1984; 1983). To 

determine the de-trended CV, we computed a running average ISI using a 5-spike moving 

window for all motor units that had a minimum of 5 spikes in each respiratory cycle in both low 

force and high force conditions. The error of each ISI was then computed relative to the 5-spike 

moving window centered on each ISI. These ISI error values were squared, and then summed to 

get the sum of squares. The sum of squares was then used to calculate the standard deviation 
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(SD), and the detrended CV was taken as the SD divided by the mean interspike interval within 

each respiratory burst. 

To arrive at the mean value for each motor unit, we computed the average value over 20 

respiratory cycles for each of the measured variables. We then computed the grand mean for the 

38-motor unit population. The grand means in low force and high force conditions were 

compared with paired t-tests, using P < 0.05 as the threshold for statistical significance. We also 

used linear regression analysis to examine relations between tongue retraction force and select 

motor unit firing properties, and between force and the iEMG. 

 

 Results 

  We recorded the activity of 38 hyoglossus muscle motor units in spontaneously 

breathing, urethane-anesthetized rats. For each unit, we computed motor unit firing 

characteristics under low force and high force conditions, which occurred spontaneously as 

respiratory drive to the muscle changed randomly, as is often observed in urethane-anesthetized 

adult rats (Fregosi and Fuller 1997; Pagliardini et al. 2012)). Figure 1 shows a representative 

recording of tongue muscle retraction force, the hyoglossus iEMG and the activity of a 

hyoglossus motor unit under low (Panel A) and high (Panel B) force conditions. The higher force 

condition was associated with an increase in iEMG, a modest increase in motor unit firing rate, 

and an increase in spike train duration. Panels C and D of figure 1 show all of the spikes shown 

in Panel A and Panel B, respectively, overlaid on top of one another. This analysis shows that the 

motor unit was well discriminated, and that the recording was stable across low and high force 

conditions.  
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 Figure 1 also shows that the change in peak tongue retraction force from the low to the 

high force condition exceeded the change in the peak hyoglossus iEMG. To estimate the 

contribution of the hyoglossus muscle to the total, measured tongue retraction force we used 

correlation analyses between changes in force and three different iEMG variables for the nine 

animals in which we had recordings of whole muscle EMG, as shown in Fig. 2. Changes in mean 

iEMG (top panel; y = 0.14x+0.9, F= 7.7, P = 0.027), peak iEMG activity (middle panel; y = 

0.0.05x+0.8, F= 10.3, P = 0.015) and iEMG area (bottom panel; y = 0.39x+0.7, F= 15, P = 

0.006) all correlated significantly with the change in tongue retraction force, and could explain 

between 53 and 68% of the change in force (refer to the r2 values in Fig. 2). Because one animal 

had a relatively large change in force (2.8 grams), we were concerned that this data point would 

have an excessively large influence on the correlation analysis. Accordingly, we removed this 

data point from all three of the correlation analyses. We found that for the data shown in Fig. 2, 

Panel A (mean EMG-force), the r2 drops from 0.53 to 0.47; for Panel B (Peak EMG-force), the r2 

drops from 0.59 to 0.39; and for Panel C (EMG area-force), the r2 actually increased, from 0.68 

to 0.86. Thus, the influence of this single data point on the linear regression analysis is not large, 

and it actually weakens or strengthens the correlation, depending on which EMG variable is 

used.  

 Quantitative analyses of motor unit firing characteristics under low and high force 

conditions are shown in Table 1 and Fig. 3. Peak tongue retraction force averaged 0.5 and 1.4 

grams in the low and high force condition, respectively (Table 1). The difference in peak tongue 

retraction force between low and high force conditions varied widely, as shown in Fig. 3A. 

Similarly, the 38 motor units that were studied showed a wide range of recruitment thresholds 

(Fig. 3B), and the thresholds did not change significantly between low and high force conditions 
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(Table 1). Mean and peak firing rates were greater in the high force condition (Table 1, Fig. 3C 

and 3D), though the difference varied widely across the sampled population. Nonetheless, all but 

three motor units increased their firing rate, with the three outliers showing very slight declines 

in both peak and mean firing rate. The duration of the motor unit spike train was significantly 

longer in the high force condition (Table 1, Fig. 3E), with 30 of 38 motor units showing 

increased train duration. The number of spikes generated in each respiratory cycle (N/cycle) also 

rose significantly from the low to the high force condition (Table 1, Fig. 3F). 

 Figure 4 A and B shows the results of correlation analyses between the change in tongue 

retraction force, as a function of mean (Panel A) and peak (Panel B) motor unit firing rate, and 

N/cycle (Panel C). For this analysis we assume that peak tongue retraction force is a reliable 

index of the inspiration-related neural drive to the hyoglossus muscle motoneuron pool (Fuller et 

al. 1998), although as indicated above not all of the measured force is attributable to the 

hyoglossus muscles. All three variables correlated significantly with the change in force, though 

the correlations were weak (see the r2 values in Fig. 4). Results of the correlation analyses are as 

follows: mean frequency, y=0.02x + 0.54, F = 13.50, P = 0.0008; peak frequency, y=0.004x + 

0.64, F = 12.1, P = 0.0013; N/cycle, y=0.05x + 0.57, F = 10.9, P=0.002. 

The change in firing rate variability at low and high force, which was estimated by 

calculating the de-trended coefficient of variation of the interpsike intervals, is shown in Table 1. 

For this analysis we report data on only 13 of the 38 motor units because the remaining units had 

fewer than 5 spikes per respiratory cycle in the low force condition (e.g., Fig. 1), and the latter is 

the minimum number of spikes required for an accurate analysis (see Methods). Nonetheless, the 

CV ISI was low, nearly identical in the low and high force condition. To confirm the low spike 

train variability, we analyzed the change in mean firing rate as a function of the change in peak 
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firing rate between the high and low force conditions, for all 38 motor units. The correlation was 

very high (y=4.2x – 16.4, r2 = 0.91, P <0.0001), consistent with low spike train variability (data 

not shown). 

Discussion 

 

 Summary. By taking advantage of spontaneous changes in drive to the hyoglossus muscle 

motoneuron pool (see below), we were able to examine the respiration-related activity of 

hyoglossus motor units under a low and a higher force condition. Although force output differed 

by almost three-fold in low and high force conditions, mean and peak firing rates increased more 

modestly (by 43 and 100 percent respectively). Indeed, correlation analyses suggest that changes 

in peak or mean frequency, or N/cycle, can explain only 23-27% of the corresponding change in 

muscle force. In contrast, changes in whole muscle hyoglossus iEMG activity could explain up 

to 68% of the change in muscle force. Taken together, these observations suggest that a 

significant portion of the increase in iEMG activity in the high force condition was due to the 

recruitment of motor units that were inactive under low force conditions. Quantifying the 

contributions of recruitment and firing rate to the change in force, however, is not possible given 

that we were unable to attribute the entire change in force to actions of the hyoglossus muscle 

(see below). Nonetheless, correlation analyses suggest that motor unit recruitment is more 

important than increases in firing rate for regulating the respiration-related force output of the 

hyoglossus muscle, at least under conditions of low-to-moderate levels of muscle force. 

 Critique of Methods. Thoracic traction on the pharyngeal airway, as elegantly studied and 

reported by (Van de Graaff 1988), pulls the pharynx towards the lungs and could contribute to 

the tongue retraction force that we measured. However, for four reasons we believe that that this 

effect, if it occurred at all, was minimal. First, we previously showed that cutting all hypoglossal 
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nerve branches abolishes tongue muscle force in the rat (see Fig. 6 in) (Fuller et al. 1998). 

Second, in our model the trachea is severed so it is unable to apply significant traction to the 

upper airway. Although other extra-thoracic soft tissues such as the esophagus and mediastinal 

tissues could pull the pharynx caudally as the lungs inflate, in his paper (Van de Graaff 1988) 

indicates clearly that the trachea is the most important structure contributing to tracheal traction, 

and that studies wherein the trachea or other lower cervical structures are severed likely fail to 

capture the influence of longitudinal tracheal traction or thoracic activity on the pharynx. Third, 

we rigidly fixed the rat’s head in a stereotaxic frame which greatly minimizes the influence of 

thoracic traction on the pharynx. Indeed, the dogs studied by (Van de Graaff 1988) were not 

stabilized in a stereotaxic frame, but when they clamped the lower cervical spine in three animals 

to minimize head and neck movements, the influence of tracheal traction was abolished. Fourth, 

in our dissection, the digastric, mylohyoid, and geniohyoid muscles are removed bilaterally to 

expose the hypoglossal nerves and the hyoglossus muscles, and this would also minimize 

extraneous forces that might either protrude or retract the tongue. 

 Another methodological issue that needs to be explored is our use of the whole muscle 

EMG to estimate respiration-related neural drive to the muscle. The correlation values computed 

from the relation between the change in three different EMG variables and corresponding 

changes in hyoglossus muscle force (Fig. 2) are significant, but it is clear that the EMG is unable 

to perfectly predict muscle force. This is likely due to a combination of factors, principally the 

activity of other tongue retractor muscles such as the styloglossus and the intrinsic retractor 

muscles. Other factors that weaken the correlation between muscle force and EMG activity 

include low pass filtering of the EMG by soft tissues, (Clancy et al. 2002), contamination by 

volume conduction from adjacent muscles, motor unit action potential cancellation (McDonald et 
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al. 2013) and even the type of the contraction studied (Staudenmann et al. 2010). Interestingly, 

the data demonstrate that the change in EMG area is the best predictor of the change in muscle 

force, which is consistent with data in rat limb muscle (Enoka et al. 1989). 

 We also note that the contribution of motor unit recruitment to the spontaneous changes 

in muscle force were estimated, rather than directly measured. Specifically, we estimated 

recruitment by correlating the changes in motor unit discharge rate with corresponding changes 

in muscle force, assuming that a correlation coefficient of 1.0 would indicate that the entire 

change in force was due to rate coding. The high-impedance electrodes used here are designed to 

clearly discriminate single motor unit potentials with very high signal to noise ratios (Fig. 1). 

The high selectivity of these electrodes allowed us to track motor units reliably as muscle force 

changed modestly. But the high selectivity also prohibited the observation of recruitment, as the 

electrodes did not detect the activity of other motor units that may have been near the electrode 

tip and recruited as muscle force increased. In our previous study (John et al. 2005) of 

genioglossus motor units during hypercapnia, we found that hypercapnia often led to the 

recruitment of many motor units, precluding our ability to discriminate the target neuron from 

the freshly recruited ones. As a result, in that study as here, we had to estimate recruitment by 

using muscle EMG activity and correlation analyses. Studies designed to rigorously measure 

motor unit recruitment in mammalian tongue muscles are needed. 

 Hyoglossus muscle and motor unit discharge patterns, and the contributions of rate 

coding and recruitment to muscle force output. We confirmed earlier work indicating that the 

rodent hyoglossus muscle contracts primarily during the inspiratory phase of the respiratory 

cycle in rats (Bailey and Fregosi 2004; Bailey et al. 2005; Fuller et al. 1998; Fuller and Fregosi 

2000; Janssen and Fregosi 2000; Janssen et al. 2000) and in human subjects studied during 
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hypercapnia (Mateika et al. 1999). This is consistent with our findings here, showing that all 38 

motor units discharged during the inspiratory phase of the respiratory cycle. The rat genioglossus 

muscle also shows strong inspiratory phasic discharge, with the majority of the motor units also 

strongly inspiratory modulated (John et al. 2005). Similarly, rodent intrinsic tongue muscles also 

discharge during the inspiratory phase (Bailey et al. 2005), though intrinsic muscle single motor 

unit activities have not been examined. Thus, in rodent tongue muscles motor unit discharge is 

confined almost exclusively to the inspiratory phase of the breathing cycle.  

 Other motor unit discharge patterns in the genioglossus muscle of human subjects have 

been observed (Bailey et al. 2007; Saboisky et al. 2006), though inspiratory phasic discharge 

and/or tonic discharge with inspiratory phase firing rate modulation are by far the most common 

respiration-related discharge patterns reported. Similarly, two or more respiration-related 

discharge patterns have been reported in anesthetized or decerebrate cats (Hwang et al. 1983; 

Mitra and Cherniack 1983; Withington-Wray et al. 1988), but as in rodents and human subjects, 

the great majority of the motoneurons studied show pure phasic inspiratory discharge, though a 

small fraction of units commence discharge late in expiration and/or continue to fire throughout 

the early expiratory period. It is important to emphasize that in these studies in cats the 

recordings were made from axons in the hypoglossal nerves or from unidentified neurons in the 

hypoglossal motor nucleus. As a result, the muscular targets of the axons and motor neurons are 

unknown.  

 In sum, available data demonstrate that the respiration-related activity of hypoglossal 

motoneurons innervating both extrinsic and intrinsic tongue muscles in mammals, including 

humans is strongly inspiratory modulated. These data are consistent with the major role of the 

tongue muscles, which is dilating and stiffening the pharynx during inspiration when pharyngeal 
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transmural pressure is negative. We note, however, that in the present study we were likely 

biased towards sampling low threshold units, as our absolute levels of tongue retraction force 

never exceeded about 30% of the value obtained under conditions of maximal respiration-related 

drive in this model (6-7 grams, (Fuller et al. 1998). Thus, we cannot say with certainty that all 

respiration-related hyoglossus motor units have a phasic, inspiratory discharge pattern.  

 The majority of the motor units studied here showed rate coding as force spontaneously 

increased, with the average mean discharge frequency increasing from 41 to 59 Hz (Table 1). 

However, five of the units studied had increases in firing rate that exceeded 2 SD of the average 

increase. If these five units are excluded from the analysis, the mean firing rate averages 42 Hz 

under low force conditions and 53 Hz in the high force condition. In our previous study of 

genioglossus muscle motor units, the mean firing rate increased from 55 to about 85 Hz from 

baseline to maximal hypercapnic stimulation (John et al. 2005), though we did not measure 

tongue muscle force output in that study. Instead, we used the average whole muscle EMG as an 

index of muscle force, and estimated that increases in motor unit firing rate accounted for 15-

20% of the change in whole muscle EMG activity, consistent with the results reported here (Fig. 

4). These observations are consistent with data in the diaphragm muscle of cats (Bishop et al. 

1981; Iscoe et al. 1976) and rabbits (Road et al. 1995) where recruitment was shown to be the 

dominant mechanism for increasing force within a normal breath cycle, and also when animals 

were challenged with chemoreceptor stimulation (Iscoe et al. 1976) or changes in 

transpulmonary pressure (Bishop et al. 1981; Road et al. 1995). Recent studies in the human 

genioglossus show either no rate coding with sleep (Bailey et al. 2007) or hypercapnia 

(Richardson and Bailey 2010), or minimal changes in firing rate (Saboisky et al. 2010) (1-2 Hz) 

even under conditions where breathing was stimulated by increasing the alveolar CO2 by as 
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much as 10 mmHg. Interestingly, work in rat and cat hindlimb muscles also show that 

modulation of firing rate is less important for grading weak contractions than strong ones (Bakels 

and Kernell 1994), and a recent study in mouse hindlimb motor units showed that force 

modulation is due largely to the number of motor units recruited (Manuel and Heckman 2011).  

 Our experimental design, focused on systems output in a behaving animal model, did not 

allow us to determine why the tongue muscles appear to favor recruitment over rate coding when 

grading respiration-related force output. Of interest in this regard are data suggesting that the 

nervous system can use different strategies for different muscles (De Luca et al. 1982; Kukulka 

and Clamann 1981; Oya et al. 2009). Though the reason for this is unknown, the tongue muscles 

may indeed employ different strategies than limb muscles because of their unique anatomy and 

functional requirements. For example, the tongue muscles do not cross a joint, have very few 

muscle spindles (O'Reilly and FitzGerald 1990), and are unattached on one end (extrinsic 

muscles) or both ends (intrinsic muscles), allowing movements in multiple planes. Moreover, 

previous work in both animal models (Bailey and Fregosi 2004; Bailey et al. 2005; Fuller et al. 

1998; Janssen et al. 2000) and human subjects (Mateika et al. 1999) shows that multiple tongue 

muscles are coactivated in phase with inspiration, suggesting that drive to the hypoglossal motor 

nucleus is distributed broadly, both within and across muscle motoneuron pools. Such “cross 

muscle strategies” allow motor units from several muscles to be activated simultaneously to 

produce the intended movement (Sokoloff 2004), consistent with the muscular hydrostat 

hypothesis of tongue motor control (Smith 1985). This would allow several muscles to share the 

load, with each muscle’s contribution composed of only its small, low threshold units, allowing 

crucial behaviors, such as breathing and swallowing, to occur with relatively low energy 

expenditure. Support for this idea comes from a recent study showing that the incidence of 
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correlated firing in pairs of tongue muscle motor units is significantly lower than that in the 

diaphragm and external intercostal muscles, consistent with broadly distributed premotor input to 

the hypoglossal motoneuron pool (Rice et al. 2011). However, an important caveat is that in the 

present study, and in the majority of studies done in anesthetized animal models, the upper 

airway is bypassed by tracheotomy. Under these conditions, potent excitatory input from 

mucosal mechanoreceptors in the upper airway is lost, and this may reduce the magnitude of rate 

coding by removing an important source of excitation.  

 The duration of the motor unit spike train increased by an average of 63% between low 

and high force conditions. This is consistent with longer lasting, supra-threshold depolarizing 

input to hypoglossal motoneurons in the high compared to the low force condition. The longer 

train duration, coupled with the increase in mean firing rate in the high force condition resulted 

in a doubling of the number of spikes generated per respiratory cycle (Table 1). This is consistent 

with previous data in the genioglossus muscle (John et al. 2005), showing that the number of 

spikes per respiratory cycle rose from 8 under baseline conditions to 11 under conditions of 

maximal respiration-related drive to the muscle. In our model, the central pattern generator 

dictates the duration of the inspiratory phase and thus the time available to provide respiration-

related depolarizing input to the hypoglossal motoneuron pool. Within this time constraint, the 

system can increase the intensity of excitatory synaptic input without changing its duration, or 

instead could keep the intensity of the synaptic input constant while prolonging its duration. It 

appears that both mechanisms, together with the recruitment of inactive motor units, play a role 

in increasing the force produced by the hyoglossus muscle during spontaneous breathing. 
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Figure 1. Respiration-related tongue muscle force output and the discharge of a hyoglossus 

muscle motor unit, showing two successive breath cycles, under low-force (A) and high-force 

(B) conditions. From top down, traces include tongue retraction force, the rectified and integrated 

EMG (iEMG), and single motor unit potentials recorded with a high-impedance microelectrode. 

In this example, the average firing rate was 63 Hz and 74 Hz at low- and high-force conditions, 

respectively, a bit higher than the average values shown in Fig. 4 and Table 1. C and D: overlays 

of all successive spikes from the two breath cycles shown in A and B, respectively. The averaged 

potential in C consists of 23 spikes, while that in D consists of 31 spikes. Note the consistency of 

motor unit discharge, even though the muscle was actively contracting. 

  



177 
 

 
Figure 2. In nine of the 28 animals used, we also recorded hyoglossus muscle EMG with hook 

wire electrodes, to estimate the muscle’s motor unit population activity at low and high force 

levels. In this figure we look at the change in three EMG variables as a function of the change in 
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tongue retraction force, from the low to the high force condition. All three variables (top to bottom, 

mean EMG, peak EMG and EMG area) were computed from the rectified and smoothed EMG 

(see methods). The correlation values could explain between 53 and 68 % of the variance in force, 

depending on which variable was used for the estimate. au, Arbitrary units. 
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Figure 3. Motor unit discharge variables, showing average data recorded at low force and high 

force for each of the 38 motor units that were studied. Panel A, shows peak retraction forced in 

grams; Panel B shows the tongue retraction force recorded at spike onset; Panel C shows the mean 

motor unit discharge rate; Panel D shows the peak motor unit discharge frequency; Panel E shows 

the duration of the motor unit spike train; panel F shows the number of spikes per respiratory cycle 

(N/cycle). 
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Figure 4. Linear regression analysis of the change in three different motor unit firing properties 

(mean frequency, panel A; peak frequency, Panel B; N/cycle, Panel C) as a function of the change 

in force between low force and high force conditions. Though significant, the r2 values show that 

these three firing rate properties are poor predictors of the change in tongue muscle force output. 
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Table 1. Analysis of hyoglossus motor unit firing rates under low force and high force conditions. 

Mean ± SD (range). P values derived from paired, two-tailed t-tests comparing low and high force 

for each variable. N/cycle, number of spikes per respiratory cycle; CV, coefficient of variation; 

ISI, interspike interval. 
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