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ABSTRACT 

The aim of this literature review is to explore how the neural control of breathing in neonatal rats 

is affected with the primary focus on DNE-induced changes in glutamatergic neurotransmission. 

All living organisms need to breathe in order to sustain life. This essential and complex 

phenomenon is a rhythmic process utilizing the lungs, muscles controlling lower and upper 

airways, the nerves the innervate these muscles, and the brainstem and cortex neural networks 

controlling them. Rhythmogenesis of respiration is generated and maintained by respiratory 

neurons in the medulla and pons of the brainstem. Nicotine is a primary focus of research 

obtained for this paper as studies suggest that disruptions to this rhythm generation affecting 

successful respiration are attributed to nicotine in cigarettes. The age group with the highest 

percentage of cigarette usage is those of childbearing age. Prenatal smoking allows toxins from 

cigarettes to damage various tissues in the unborn fetus resulting in an abundance of health 

problems including obstructive sleep apneas and sudden infant death syndrome (SIDS). This 

review will concentrate on the effects of DNE on glutamatergic neurotransmission as alteration 

to excitatory neurotransmission impacting the brainstem regions responsible for controlling the 

tongue muscles that are essential for natural breathing.  
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CHAPTER 1: BREATHING 
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MAMMALIAN RESPIRATORY SYSTEM 

  Breathing is an essential function performed by all living organisms in order to sustain 

life and is evolutionarily conserved. This rhythmic process utilizes the respiratory system, which, 

in the mammalian organism, consists of lungs, muscles that control upper and lower airways, 

nerves that innervate them, and brainstem and cortex neural networks controlling them. The 

main function of the respiratory system is to perform gas exchange (Figure 1) (Levitzky, 2013). 

This is accomplished by converting the 

oxygen collected during inhalation of the 

surrounding air into carbon dioxide 

(Levitzky, 2013). In the cardiovascular 

system the blood being pumped from the 

veins through the right atrium of the heart 

and right ventricle have a high content of 

carbon dioxide, but are low in oxygen. 

The heart's right ventricle pumps this 

venous blood to the lungs from assorted 

tissues at the same time as the oxygen 

enters the lungs (Levitzky, 2013). Oxygen 

is inhaled to the alveoli of the lungs, 

which then is consequently exchanged for 

carbon dioxide in the pulmonary 

capillaries. The left side of the heart is 

now able to distribute oxygen through the 

blood exiting the lungs to the organs and 

the gas exhaled contains a high content of 

carbon dioxide (Levitzky, 2013). The 

organs in the body need to receive oxygen 

constantly in order to maintain function, 

however the lungs are not able to draw the 

air in independently.  

  The utilization of upper airway, 

inspiratory, and expiratory muscles is 

necessary for successful respiration. This 

process begins with the inhalation of air 

through the nose and mouth. The patency 

of the upper airway is achieved by 

muscles of the mouth that maintain the position of the tongue, including hyoglossus, 

genioglossus, and styloglossus (Mateika, 2007). Once air is inhaled, it travels down the upper 

airway through the pharynx then the larynx (Levitzky, 2013). Lastly, starting with the trachea, it 

Figure 1.  

A representation of the O2/ CO2 

exchange between the environment and 

various tissues of the body. Courtesy of 

Michael G. Levitzky (Levitzky, 2013). 
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navigates to the alveoli of the lungs by transporting down the tracheobronchial tree (Levitzky, 

2013). Although the lungs are one of the main organs necessary for respiration, they are not able 

to successfully inflate on their own (Levitzky, 2013). They require the use of respiration 

muscles. The primary muscles for inhalation and exhalation consist of the external intercostal 

muscles, internal intercostal muscles, and the diaphragm (Aminoff & Josephson, 2014). These 

muscles along with the rib cage are necessary to move the chest cavity such that air can get 

effectively in and out of the lungs.  

  Although vital to this process, the muscles do not perform this phenomenon on their own. 

The nerves that innervate them are what trigger this movement. These nerves of the respiratory 

system initiate this process after receiving the signals from the central nervous system (Levitzky, 

2013). Respiratory neurons in the medulla and pons, both of which are located in the brainstem, 

are responsible for this rhythmic process. The axons of these neurons in the medulla navigate to 

the spinal cord as well as to motor neurons and interneuron synapses on various spinal cord 

regions (Mateika, 2007). A signal from the medulla, sent through the neurons to the spinal cord 

and nerves that activate the muscles of respiratory system, trigger the act of each individual 

breath (Mateika, 2007). Many groups of cells in the medulla and pons are essential to 

maintaining and generating the rhythmic respiratory generation.  

 

NEURAL CONTROL OF RESPIRATION 

  The three groups of nuclei present in the brainstem respiratory network include the 

pontine respiratory group (PRG) or pneumotaxic center, positioned in the dorsal lateral pons, the 

ventral respiratory group (VRG), in the ventrolateral medulla and dorsal respiratory group 

(DRG), in the ventrolateral section of tractus solitarius nucleus (Biller, 2014). The PRG controls 

and modifies the pattern of respiration, however, the DRG and VRG neuron groups are necessary 

for the generation of the primary respiratory rhythm (Biller, 2014). DRG neurons contain only 

inspiratory neurons, which are either repressed or charged by lung inflation (Mateika, 2007). 

This causes them to discharge as inhalation occurs (Mateika, 2007). The neurons also conduct 

signals through the tenth cranial nerve known as the vagus nerve. These signal-transmitting 

nerves or afferents, are sent primarily from respiratory chemoreceptors. Chemoreceptors are 

sensory receptors that respond to a chemical stimulus and play a large role in the chemical 

control of breathing (Mateika, 2007).  

  The peripheral and central chemoreceptors have the greatest influence on breathing 

(Aminoff et al., 2014). Peripheral chemoreceptors, also referred to as arterial chemoreceptors, 

are located at the division of the carotid arteries in the carotid and aortic bodies (Levitzky, 2013). 

Their main function is to oversee and respond to various blood property changes (Biller, 2014). 

One of its primary activational triggers is hypoxia, which occurs when part of the body is not 

receiving a sufficient amount of oxygen (Aminoff et al., 2014). They also respond to 

hypoperfusion, an increase in the arterial partial pressure of carbon dioxide, and decreased 

arterial pH (Aminoff et al., 2014). During activation, the firing of a chemoreceptor is either 

inhibited or increased depending on the changes that are occurring.  
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  The central chemoreceptors, located on the ventrolateral surface of the medulla, work to 

oversee the brain for changes in the carbon dioxide and oxygen content by monitoring the pH in 

the brain’s extracellular fluid (Mateika, 2007). Specifically, they manage the cerebrospinal fluid 

(CSF) due to their direct exposure (Levitzky, 2013). The presence of blood-brain barrier 

separates the arterial blood from the cerebrospinal fluid, which forces ions and molecules to 

diffuse across. Carbon dioxide is able to readily diffuse across the blood-brain barrier, however 

almost every ion, specifically bicarbonate (HCO3
-
) and hydrogen ions (H

+
), cannot (Figure 2) 

(Mateika, 2007). These changes in the partial pressure of carbon dioxide (PaCO2) result in an 

impact on the cerebrospinal fluid at a very rapid rate. It takes a significantly longer amount of 

time to affect the cerebrospinal fluid if the arterial pH is being altered by something else 

(Levitzky, 2013). Unlike peripheral chemoreceptors, central chemoreceptors do not respond to 

hypoxia. They primarily react to the changes in pH caused by an increase in PaCO2 and/or 

hydrogen ions (Levitzky, 2013). The arterial blood contains a much higher concentration of 

protein buffers than the CSF leaving more hydrogen ions unbuffered and floating in the CSF. 

This increased hydrogen ion 

concentration of about 50 nM/L 

causes a decrease in the pH of the 

cerebrospinal fluid of 7.3 

compared to that of the arterial 

blood (pH 7.4) (Mateika, 2007).  

 

  Baroreceptors are sensory 

stretch receptors in the carotid 

sinuses used to assist in 

respiratory control (Levitzky, 

2013). They function similarly to 

chemoreceptors, however, 

chemoreceptors respond to 

chemical changes while 

baroreceptors are influenced by 

changes in pressure (Levitzky, 

2013). As the lungs inhale and 

exhale, baroreceptors monitor the 

pressure during the expansion 

and contraction. When the blood 

vessels stretch in response to an 

increase in pressure, the 

baroreceptors are stimulated, 

sending a signal to the medulla 

(Levitzky, 2013). These 

Figure 2.  

The Flow of carbon dioxide (CO2), bicarbonate 

(HCO3
-
), and hydrogen (H

+
) ions across the 

blood-brain barrier through the arterial blood 

and cerebrospinal fluid in relation to the central 

chemoreceptor. Courtesy of Michael G. 

Levitzky (Levitzky, 2013). 
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messages are used to provide information to the other related systems including the blood 

vessels, lungs, and heart (Aminoff et al., 2014). 

  The VRG neurons, both inspiratory and expiratory, act similarly to those in the DRG. 

They surround a group of motor neurons with nerves that activate muscles of the upper airway 

referred to as nucleus ambiguous (NA) (Figure 3) (Levitzky, 2013). The NA triggers the muscles 

of the larynx, pharynx and tongue, which aid in keeping the upper airway open as well as 

function for successful respiration. The VRG neurons are also located bilaterally in the nucleus 

para-ambigualis, which allows them to stimulate the contralateral inspiratory muscles (Levitzky, 

2013). The nucleus retroambigualis is another part of the brainstem in which the VRG neurons 

are located bilaterally. The caudal section contains the expiratory cells, while the inspiratory 

cells are in the rostral section (Figure 3) (Mateika, 2007). During exhalation the expiratory 

muscles, including the internal intercostal and abdominal, are stimulated by expiratory neurons 

of the VRG. The expiratory neurons also inhibit inspiratory neurons by suppression triggered by 

an inhibitory signal (Mateika, 2007).  

  The VRG is also essential for the control of breathing as well as the generation of the 

primary respiratory 

rhythm. There are 

two groups of cells in 

this group that are 

responsible for this; 

the Bӧtzinger 

Complex (BӧtC) and 

Pre-Bӧtzinger 

Complex (Pre-BӧtC) 

(Mateika, 2007). The 

Bӧtzinger Complex is 

comprised primarily 

of expiratory neurons 

and inhibits 

inspiratory neurons in 

the spinal neurons, 

DRG, and VRG as a 

result of incoming 

sensory signals from 

neurotransmitters 

(Mateika, 2007). This 

complex is also used 

to react to hypoxia (Levitzky, 2013). The Pre-Bӧtzinger Complex is the main site for the normal 

respiratory rhythm generation. This is accomplished through the utilization of burst neurons. 

Figure 3. 

The structure of the PRG, DRG, and VRG respiratory neuron groups 

in the pons and medulla of the brainstem. Courtesy of Michael G. 

Levitzky (Levitzky, 2013). 
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These neurons produce a pacemaker like action believed to be the source of the early and late 

expiration, and inspiration (Biller, 2014).  

  Breathing, an involuntary process, occurs without having to apply any conscious effort. 

Typically, one does not have to remember to breathe or think about the act of breathing. 

Importantly, at rest, this process is rhythmic in nature-typically one has to take a breath every 

few seconds. Although the heart pumping is a similar circumstance, exhibiting specific rhythmic 

patterns, the heart can pump spontaneously, while inflation and deflation of the lungs must be 

controlled by neural networks in order to sustain the rhythmicity. This rhythm is a fundamental 

part of respiration and is required in order for the arterial blood to successfully preserve a 

homeostatic measure of hydrogen ions, oxygen, and carbon dioxide (Mateika, 2007). Frequency 

and depth are the main components needed for this to occur. They are influenced by the 

respiratory neurons in the medulla, which act based on the input received about the current 

arterial concentrations and volume of the lungs (Mateika, 2007). The brainstem is responsible for 

this involuntary control (Biller, 2014).   

  Although automatic, this respiratory rhythm can be affected by many different factors. 

Such things that influence it involuntarily are pain, emotions, temperature and level of arousal 

(Mateika, 2007). This phenomenon can also be dominated voluntarily by the cerebral cortex 

(Biller, 2014). This can occur in a variety of ways. For example swallowing, speaking, chewing, 

or even singing a song intentionally alters the normal respiratory rhythm. These are instances in 

which we are not trying to directly affect our respiration patterns. We are also capable of 

performing actions that purposely affect respiration such as holding ones breath or purposely 

hyperventilating. Both of these types of voluntary controls are determined by the forebrain 

(Aminoff et al., 2014). These voluntary pathways also have the capability to go straight to the 

spinal cord. This is achieved when the signal bypasses the medullary respiratory center and 

immediately alters respiratory motor neurons (Mateika, 2007). Based on this knowledge, we can 

conclude that although voluntary and automated breathing involve different pathways, these 

structures are organized in a way that combines them on a neuroanatomical level (Aminoff et al., 

2014).  
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PRENATAL NICOTINE EXPOSURE  

  Although smoking cigarettes is widely known as an addictive and harmful habit, a 

diversity of individuals around the world still choose to engage in this practice. A person is 

considered a cigarette smoker if, throughout their life, he/she had smoked a minimum of 100 

cigarettes and presently smoke on a daily basis or every few days (CDC, 2015). Although 

cigarette usage is much more common in the rest of the world, there are still a considerable 

number of Americans who participate in this habit. As of 2013 it has been estimated that about 

42.1 million of U.S. adults or 18 in every 100 citizens and permanent residents age 18 and up are 

active cigarette smokers (CDC, 2015).  

  Tobacco companies strategize their advertising techniques to target younger, more 

vulnerable groups. The younger an individual starts smoking cigarettes, the higher the chance 

they have at acquiring an addiction. Based on statistics collected in 2013, this strategy is proven 

effective. These data show that in the United States, 19% of young adults (18-24 y.o.), and 20% 

of adults (25-44 y.o.) are cigarette smokers, while only 9% of elderly (~65 y.o.) smoke (CDC, 

2015). The groups with the highest usage of cigarettes are in the primary age range for 

childbearing. In the U.S., 20% of adult males and 14% of adult females are smokers (CDC, 

2015). Although men are more likely to be smokers than women, companies design and 

implement specific marketing strategies towards females of a young, particular age. They 

achieve this by associating cigarettes with a slim figure, glamour, and social desirability in the 

hopes that self-conscious teens will pick up the habit. This motivates women to utilize cigarettes 

for appetite suppression and weight control in order to achieve a slimmer, more attractive figure 

(American Lung Association, 2015). This advertising is extremely extensive, and in 2011 alone 

tobacco companies spent a total of $8.4 billion on the promotion of their products (CDC, 2015).   

  As stated previously, the age group with the highest percentage of cigarette usage is of 

childbearing age. During pregnancy, it is highly advised that women do not participate in 

activities that harm their body, as it will have an effect on the health of their offspring. Multiple 

factors affect the health of an unborn child. These factors include diet, exercise, and lifestyle 

choices such as alcohol consumption, recreational drugs, and cigarette usage. Despite known 

adverse effects of cigarette smoke many women elect to continue smoking while pregnant and 

breast-feeding due to the high addictive effect. Even though quitting cigarettes is extremely 

difficult, by doing so in the first few months of a pregnancy the chances of smoking related 

issues and premature birth are much lower (American Lung Association, 2015). The percentage 

of women in the U.S. who smoked during pregnancy in 2005 was about 10.7%, with 16.6% 

being women 15-19 years of age and 18.6% being women 20-24 years of age (American Lung 

Association, 2015). Another assessment done in 2011 showed a slight decrease to 10% of 

women reporting to have smoked during their pregnancy (CDC, 2015). These percentages are 

slightly higher in other countries, especially in European countries because smoking in public 

places is acceptable making smoking more accessible.  

 Each stage of pregnancy is crucial for the development of a healthy baby and it is vital 

that expectant mothers do everything possible to prevent harmful agents from entering their 
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body. The lungs have very large surface area making it easy for absorption, which is necessary 

for O2/CO2 exchange. When cigarette smoke is inhaled it is absorbed by the lung tissues and 

goes immediately into the blood. The mother’s blood flows through the placenta directly to the 

fetus, making their blood concentrations equal (Counotte, Smit, & Spijker, 2012). Because of 

this, the chemicals from the cigarettes reach the fetus. Smoking also reduces the level of blood 

flow to the fetus, and the blood that does reach the fetus has a lower concentration of oxygen 

causing an abundance of negative health effects (Counotte et al., 2012). Even after the birth, 

mothers who continue to smoke are still exposing their babies to these toxins through 

secondhand smoke and when breastfeeding (Oliveira et al., 2010). The breast milk is the primary 

nutrient source for their newborn baby, in mothers who elect to breastfeed, and by smoking they 

are exposing this milk to the toxins and then allowing their babies to ingest these harmful 

chemicals. Even though these facts are widespread, many pregnant women still smoke leading to 

an abundance of poor health outcomes in their offspring.  

  Although smoking reduces fertility, it usually does not cause complete infertility. In some 

cases, however, a woman of childbearing age who smokes may be at high risk of infertility 

(CDC, 2015). Once pregnant, it is vital to stop cigarette use at the earliest in order to reduce the 

risk for developing pregnancy complications. Such complications, including miscarriage, 

stillbirth, ectopic pregnancy, and premature delivery, have been shown to have a high correlation 

with tobacco use (CDC, 2015). A full term pregnancy lasts approximately 40 weeks. A delivery 

is considered preterm when the birth occurs before the 37th week of pregnancy or three weeks 

before the end of the third trimester (Mayo Clinic, 2015). Premature delivery is associated with 

an abundance of adverse health complications, but in many cases will cause immediate death. 

Cigarette use while pregnant is the source of 14% of premature deliveries (American Lung 

Association, 2015). One of the primary outcomes of a shortened gestation period is a low birth 

weight. Smoking is the cause of 20%- 30% of babies born with a low birth weight and is seen in 

1 out of every 5 babies from mothers who smoked during their pregnancy (CDC, 2015). There is 

also a correlation between low birth weight and mothers who were exposed to secondhand 

smoke (CDC, 2015). The overall health of a baby is diminished if born before fully developed or 

small for a gestational age weight.  

 The toxins from cigarettes can cause damage to different tissues in the unborn fetus. A 

baby born from a mother who smokes has a higher chance of developing orofacial clefts (CDC, 

2015). Also known as cleft lip, this occurs when the facial tissue does not develop completely. 

The tissues of the brain and lungs are also damaged while in the womb leading to babies with a 

higher risk of health complications such as respiratory disease and cardiovascular disease (CDC, 

2015). Both of these have a stronger correlation to exposure of secondhand smoke after birth. 

According to studies, one of the main results of paternal smoking is obstructive sleep apneas 

(Kahn et al., 1994). Obstructive sleep apnea occurs when the upper airway has a partial or 

complete blockage causing breathing to continuously pause and then begin again during sleep 

(Mayo Clinic, 2015). Breathing becomes very difficult and the respiratory muscles must work 

much harder to effectively get air into and out of the lungs. Snoring is the main indicator of 
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obstructive sleep apnea. Although this can be developed for a number of reasons, there is a high 

correlation in paternal smoking and babies with long, high frequency episodes of sleep apnea 

(Kahn et al., 1994). As these babies grow and develop, they have a higher chance of developing 

learning disorders and behavioral problems (CDC, 2015). They are also much more likely to 

become smokers themselves.  

 

SUDDEN INFANT DEATH SYNDROME 

  Sudden Unexpected Infant Deaths (SUID), deaths that occur in babies ranging from 1 to 

12 months of age, arise in about 4,000 infants in the U.S. each year (CDC, 2015). Although the 

exact cause is unclear one of the main types of SUID, known as Sudden Infant Death Syndrome 

(SIDS), is three times more probable in infants whose mothers smoked during pregnancy and 

exposed them to secondhand smoke after birth (Mayo Clinic, 2015). SIDS is also referred to as 

crib death because most of the time while infants are supposed to be sleeping they will be found 

dead in their cribs. Even after birth, many of the negative health outcomes have a greater risk of 

occurring due to exposure to secondhand smoke. Although these complications may be attributed 

to other high-risk behaviors during pregnancy such as alcohol consumption or drug use, this 

thesis will focus on use of tobacco products.  

 Only recently, has there been a decline in the popularity of cigarettes. This drop in 

smokers is attributed to the recent findings on the adverse health effects they cause over time. 

Although cigarette use is declining, there has been a dramatic increase in the use of electronic 

cigarettes. Electronic cigarettes, also known as e-cigarettes, are battery-powered appliances that 

produce an aerosol containing nicotine (CDC, 2015). Electronic cigarettes contain a wide variety 

of nicotine content depending on the brand selected. A study published in 2015 reported that 

after testing two randomly selected brands of e-cigarettes, Blu and V2, their concentrations came 

out to 16.324 mg/ml and 15.612 mg/ml respectively (Behar, Hua, & Talbot, 2015). The 

participants of this study were instructed to report the e-cigarette brands they most commonly 

use. From this data it was concluded that the most popular e-cigarette nicotine concentration 

ranges from 11-18 mg/ml (Behar, 2015). Tests were performed to determine actual nicotine 

intake after using one of the two previously mentioned brands for a 10-minute session. Results 

concluded that the range of intake per session was about 0.2-0.3 mg (Behar, 2015). The nicotine 

content contained in conventional cigarettes is slightly lower ranging from 10-14 mg/ml (Cohen 

& George, 2013). However, 1-1.5 mg is absorbed from cigarette use, which is much larger 

compared to electronic cigarettes (Cohen et al., 2013). The rate of absorption between these two 

via inhalation is very similar, occurring in a matter of seconds.  

 The percentage of high school students who reported using e-cigarettes from 2011 to 

2012 rose from 4.7% to 10%, nearly doubling (CDC, 2015). A very large number of youth also 

reported using e-cigarette even though they had never smoked conventional cigarettes. Over time 

this number continues to increase and from 2011 to 2013 it rose from 79,000 to over 263,000 

(CDC, 2015). However, about 43.9% of youth who have used e-cigarettes reported an intention 

of smoking conventional cigarettes (CDC, 2015). This may cause a rise in the use of 

conventional cigarettes. Another contributing factor to the rise of e-cigarette use is the lack of 
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regulation from the U.S. Food and Drug Administration (FDA). The FDA Center for Drug 

Evaluation and Research (CDER) is currently only monitoring electronic cigarettes that are 

advertised for therapeutic functions (“U.S.”, n.d.). However, the FDA Center for Tobacco 

Products (CTP) is keeping its focus on cigarette tobacco, conventional cigarettes, roll-your-own 

cigarettes, and smokeless tobacco products (“U.S.”, n.d.). 

Smokeless tobacco, another form of tobacco use, is performed by methods that do not 

involve smoking. Such practices include moist snuff, dry snuff, chewing tobacco and dipping 

tobacco. In the United States, approximately 1.8% of individuals older than 15 reported use of 

these tobacco alternatives (Cohen et al., 2013). Although nicotine addiction is most highly linked 

to conventional cigarette smoking, these other methods are of a concern, especially in other 

countries (Cohen et al., 2013). Even knowing the facts, the ability to quit may not be up to the 

user as this habit is highly addictive and giving it up can lead to an increased level of stress due 

to withdrawal. Putting harmful toxins into ones body is a personal choice, but during pregnancy 

another life is affected.  

 

NICOTINE USE DURING PREGNANCY 

 Nicotine, a neurotoxin found in cigarettes, is also a psychoactive substance that causes 

the cravings and addiction to smoking. The brain is affected by nicotine in the same manner as 

other addictive drugs. Therefore, when a user is trying to quit it is common for them to 

experience withdrawal symptoms. In an attempt to alleviate these symptoms, a common practice 

amongst midwives and medical practitioners is to prescribe a nicotine alternative. Some of these 

include the nicotine patch or nicotine gum. Both of these methods provide a small amount of 

nicotine for the body to absorb through the lining of the mouth or skin. For women who smoke, 

during pregnancy a major approach of obstetrics and gynecologists is to prescribe one of these 

(Ruiz, 2006). However, since it has been shown that nicotine is the primary neurotoxin in 

cigarettes, substituting them for such alternatives does not alleviate many of the problems 

previously discussed (Counotte et al., 2012).  

During development, there are two stages that exposure to nicotine can cause a 

significant biological impact (Counotte et al., 2012). The first is while in utero from a mother 

who smokes during prenatal development. The second is during adolescence, which is the period 

when most individuals begin to smoke (Counotte et al., 2012). We are not able to study these 

effects in humans for a variety of reasons and therefore the animal model is utilized.  

 Animal models allow researchers to study biological features that they would otherwise 

not have access to. There is a high percentage of similarity between the DNA in humans and 

certain animals. Because of this, many health problems seen in humans are also seen in these 

animals, however, are much easier to investigate using animals because of their short lifespan. 

Researchers are able to observe the effects throughout their entire lifecycle and even over 

multiple generations, whereas in humans this would take centuries (Why, 2015). In order to 

perform biophysical studies, euthanasia is often a requirement. Humans cannot be studied in the 

same way as animals can solely because it is inhumane to euthanize a human for scientific 

purposes. Another benefit of using animals is the researchers ability to control the environment 
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and external factors, which would be a challenge with humans. The gestation period is very 

important to consider when studying prenatal development. The average length of the human 

gestation period is 9 months (280 days), whereas in a rodent, the gestation period only lasts about 

17- 21 days (Butt, Jones, & Abbott, 1990). Because of this, rats are easily and quickly studied, 

whereas in humans this would take much longer due to their lengthy pregnancies. Another 

primary reason that neonatal rats and mice are chosen for these developmental studies is the 

ability for researchers to obtain their entire neurorespiratory network completely intact in a dish. 

Medullary slices are taken after experimentation and are small enough that they can effectively 

study each aspect of the neurorespiratory centers in the brain. A particular study that utilizes this 

is known as the Developmental Nicotine Exposure (DNE) model. 

 

DEVELOPMENTAL NICOTINE EXPOSURE MODEL 

 The DNE model allows for investigation of the relationship between the adverse health 

effects caused from smoking and their direct connection to nicotine during prenatal development 

(Ursula, 2008). In order to alleviate some of the external factors that impact humans, animal 

models are used. Rodents, particularly rats, share similar gratifying characteristics and cognitive 

development as humans, making them a primary candidate for the DNE model (Counotte et al., 

2012). By using rats, the results obtained can be at least partially applied to human development.  

 The DNE model utilizes three different methods that are each designed to expose the rat 

to a certain dosage of nicotine over a certain period of time during their pregnancy (Ursula, 

2008). This is done at a time in the rats that is equivalent to the first and second trimester of a 

human pregnancy (Ursula, 2008). In the first methods, osmotic pumps, containing either saline 

or nicotine, comparable to a concentration seen in pregnant smokers, are subcutaneously 

implanted in the pregnant rats on embryonic day 5, allowing a continuous administration of 

nicotine into the blood. This mimics the way a nicotine replacement therapy such as nicotine 

patches would absorb nicotine into the body. The second method consists of direct repeated 

injections of nicotine into the pregnant dams (Ursula, 2008). This emulates the way a smoker’s 

blood in affected by nicotine, with continuous fluctuation of highs and lows in nicotine and its 

major metabolite cotinine. Although this method is important to study, the injections cause stress 

to the dams, which may impact the developing fetus (Ursula, 2008). In the third method, the 

nicotine is administered by mixing it into the rat’s drinking water. This mimics the blood 

nicotine levels in a similar way to the direct injects but without causing the associated stress of 

the injections. However, putting nicotine in the water causes a bitter taste not pleasing to the rats, 

resulting in a reduction of water consumption (Ursula, 2008). Because of this, not only is the 

ingested nicotine dosage unclear, but the developing fetus could also be affected by this 

insufficient water intake (Ursula, 2008). Although each of these methods has advantages and 

disadvantages, implantation of osmotic pumps is superior due to the limitations in problems 

affecting dosage and administration (Ursula, 2008).  

 The DNE model is used to study all types of defects, and as previously stated, researchers 

are able utilize this method to study respiratory activity. One of the primary components of 

respiration is the generation of rhythmic breathing, however, the source and neuronal mechanism 
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that underlies 

this process are 

unknown 

(Frazier, 2015). 

In order to 

identify the 

mechanisms of 

this 

rhythmogenesis, 

researchers 

collect the 

neonatal 

brainstem and 

spinal cord in an 

in vitro 

preparation 

(Smith, 

Ellenberger, 

Ballanyi, 

Richter, & 

Feldman, 1991). 

Specifically, this 

isolated 

preparation 

preserves 

cellular function 

and the 

respiratory 

network in order 

to provide 

insight into 

respiratory 

rhythm 

generation 

(Frazier, 2015). 

Most studies 

done with these 

samples utilize 

electrophysiolog

ical techniques, 

Figure 4. 

(A): Schematic diagram showing rhythmically active medullary slice. The 

upper right is the whole-cell recording from a neuron in pre-BötC. Note 

that the rhythmic activity of the pre-BötC corresponds to a discharge 

recorded from the hypoglossal rootlet (See below pre-BötC recording). (B): 

Inward current seen in a neuron in pre-BötC (upper trace) and elsewhere in 

the medulla (lower trace). (C): The upper bar and arrow show a high 

frequency of motor bursts in the pre-BötC (solid points) due to injection of 

high potassium concentration. Potassium caused depolarization and 

increased the frequency of the motor bursts by 3:4. The lower bar and 

arrow show a lower frequency of motor bursts in the pre-BötC (open 

points) due to injections of 250 fmol 6-cyano-7-nitroquinoxaline (CNQX), 

an NMDA receptor antagonist. Collected results are the averages of 

continuous recordings and support findings that rhythmogenesis requires 

mediated excitatory neurotransmission from excitatory amino acids 

released endogenously. Abreviations: pre-Bötzinger Complex (pre-BötC), 

inferior olive (IO), nucleus ambiguous (NA), hypoglossal nerve (XII N.), 

spinal trigeminal nucleus (5SP), hypoglossal nucleus (XII). Courtesy of 

Smith JC, Ellenberger HH, Ballanyi K, Richter DW, and Feldman JL 

(Smith et al., 1991). 
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such as the patch or voltage-clamp recording (Frazier, 2015). These are used to help identify 

cellular properties, and importantly the extent of the contribution to these properties. The in vitro 

preparation can also be used to perform studies that observe various synaptic mechanisms. Using 

this to observe motor pattern and respiratory rhythm generation, it is supported that the neurons 

sufficient for these processes are densely located in the ventral medulla (Frazier, 2015). This has 

also lead to theories of rhythmic neurons, known as pacemaker neurons, being the essence of the 

respiratory rhythm generation  (Smith et al., 1991).  

 In order to identify the regions in the medulla that contain neurons responsible for rhythm 

generation, precise microsections of the neonatal medulla in the in vitro preparation are made 

while respiratory motoneuron activity is recorded (Frazier, 2015). To begin the microsectioning, 

researchers isolate the brain and spinal cord from 1 to 4 day old neonatal rats. The axis of the 

central nervous system is aligned vertically on a stiff block covered in paraffin and pinned down 

(Frazier, 2015). With the use of a vibratome, transverse slices of the medulla, about 350 μm to 

600 μm, are made (Smith et al., 1991). From these serial microsections are also made in a 

transverse plane along the medulla in sections ranging from 50 to 75 μm thick (Smith et al., 

1991). These sections are either made from a medulla spinal cord preparation at the 

pontomedullary junction, or caudally along the medulla from a preparation isolating the medulla 

(Frazier, 2015). Recordings are simultaneously made from the respiratory motoneurons in the 

axis of the central nervous system before and after each slicing to analyze perturbations of the 

rhythm generation (Figure 4) (Smith et al., 1991). This is important because as consecutive slices 

of the ventrolateral reticular formation are being made, a systematic analysis is performed to 

monitor changes in motoneuron populations (Frazier, 2015). Due to the thickness of these slices, 

a high spatial resolution is achieved. Researchers utilize this spatial resolution to characterize the 

populations of cells in the local domains of the medullary reticular formation (Frazier, 2015). In 

order to further examine these slices, they are put into a solution containing 10% formalin for 

preservation and observed using a dissection microscope (Frazier, 2015).  
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CHAPTER 3: EFFECTS OF NICOTINE IN THE CENTRAL NERVOUS SYSTEM 
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NICOTINE IN THE CENTRAL NERVOUS SYSTEM 

Although nicotine influences multiple systems in the body, it has a major impact on the 

nervous system. Neurons, or nerve cells, are specialized cells that process, integrate and transmit 

information through an electrochemical signal from thousands of other neurons in the brain. 

These signals are modified as needed and then sent throughout the body. The signals are 

transmitted from neuron to neuron via endogenous chemical messengers known as 

neurotransmitters. The neurotransmitters are stored in vesicles of the presynaptic axon terminal, 

until released when they diffuse across the synaptic cleft and bind to receptors on the 

postsynaptic cell. Acetylcholine (ACh), synthesized from acetyl coenzyme A and choline, is the 

primary neurotransmitter in the central nervous system (CNS) and peripheral nervous system 

(PNS) (Matera & Tata, 2014). ACh is known as a neuromodulator as it functions to mediate 

synaptic transmission by binding to both the nicotinic (nAChRs) and muscarinic (mAChRs) 

cholinergic receptors (Matera, 2014).  

 Muscarinic acetylcholine receptors (mAChRs), named due to its activation by the 

poisonous alkaloid muscarine, are present in both the central and peripheral nervous system 

(Purves et al., 2001). These are metabotropic receptors, meaning that they require the use of a 

second messenger. They consist of five associated G protein-coupled receptors (GPCRs) with 

seven-helical transmembrane domains (Kruse et al., 2014). These different subtypes, expressed 

as M1 to M5, are comprised of class A alpha-branch GPCRs (Kruse et al., 2014). The variability 

amongst these five is confined to the third cytoplasmic loop and the amino and carboxy terminals 

(Matera, 2014). They also differentiate based on their signaling. Two of these, M2 and M4, 

transmit signals by coupling to the GPCRs in the Gi/o family, while the other three, M1, M3 and 

M5, signal through the Gq/11 GPCR family (Kruse et al., 2014). Beside these factors, the 

subtypes are homologous (Matera, 2014). Drugs that target muscarinic receptors are commonly 

used for treatment of Sjögren’s syndrome and an overactive bladder (Matera, 2014).  

Muscarinic receptors are predominantly involved in several fundamental functions of the 

peripheral and central nervous system via their agonistic and antagonistic effects. In the 

peripheral nervous system, some of these include regulation of cardiac rate, glandular secretion 

and smooth muscle contraction (Matera, 2014). Both muscarinic and nicotinic receptors are 

present in the CNS on glial cells and neurons. Here, they function as autoreceptors and/or 

heteroreceptors where they intercede a variety of physiological properties such as plasticity and 

synapse activity (Matera, 2014).  

 Nicotinic Acetylcholine Receptors (nAChRs) are ligand-gated channels that contain five 

subunits arranged in a barrel shape around a central ion-channel spanning the membrane 

(Lombardo & Maskos, 2014). They belong to a family of similar receptors including GABAA, 

GABAC, 5-hydroxytryptamine ionotropic (5-HT3), and glycine receptors (Lombardo et al., 

2014). These are ionotropic receptors, meaning that the ligand directly binds to the receptor and 

there is no use of second messengers or ATP (Purves et al., 2001). The channels remain closed 

until a small molecule or neurotransmitter, for nAChR’s either nicotine or acetylcholine, binds to 
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the receptor (Nees, 2014). Nicotine, a selective and specific ligand, readily binds to the nicotinic 

receptor, serving as an agonist by activating it via replicating the endogenous ligand (Wang & 

Sun, 2004). This direct link stimulates the receptor and causes a conformational change in the 

proteins comprising the channel creating a small opening. In nicotinic receptors, this pore is non-

selective, meaning that all positively charged ions, known as cations, fit through, allowing them 

to move across the membrane in and out of the cell (Nees, 2014). Long term, nAChRs activate 

the JAK/STAT and Mitogen-Activated Protein Kinase (MAPK) pathways (Buckingham et al., 

2009). Activation of these pathways results in a transcriptional response, which in turn 

modulates gene expression (Buckingham et al., 2009). In the short term, this produces excitatory 

effects as well as action potentials and depolarization in the postsynaptic cell resulting in a wide 

range of effects in the central nervous system (Purves et al., 2001). 

 Nicotinic receptors are comprised of both homo-oligomers, all the same subunits such as 

α7, and hetero-oligomers, all different subunits joined together such as α4β2 (Figure 6) (Nees, 

2014). They contain the same 

basic structure in both the central 

and peripheral nervous system 

(Lombardo et al., 2014). Each of 

the subunits contains four 

transmembrane domains with 

both the amino and carboxy 

terminus located on the 

extracellular side. They also 

contain a protracted 

acetylcholine-binding domain 

(Purves et al., 2001). Belonging 

to each of these subunits are 

various subtypes. 

This receptor structure, known as 

a pentamer, includes two α 

subunits, where each binds one acetylcholine molecule. Although there are always five subunits 

present in this assembly, between the nicotinic receptors at the neuromuscular junction (NMJ) 

and those in the neurons, this structure differs (Purves et al., 2001). In the muscles, there are four 

other types of subunits of which the two α subunits can be joined. These include the beta (β), 

gamma (γ), delta (δ) and epsilon (ε) subunits (Purves et al., 2001). The ratio of these structures is 

set to contain two α subunits with one of each of the four others (2:1:1:1), to make a combination 

of five. In comparison, there are only two receptor subunit types for neuronal nAChRs, the α and 

β, in a 3 to 2 ratio (Purves et al., 2001). Overall, the nervous system contains multiple subtypes 

of the α and β subunits. There are eight α subunits, including α2-α7, α9, and α10, and three β 

subunits, including β2-β4 (Lombardo et al., 2014). The combination of these subunits determines 

the nAChRs location in the brain as well as its specific kinetic, electrophysiological, and 

Figure 5. 

Figure 5A illustrates a typical homomeric receptor 

consisting of five α7 subunits surrounding a ion channel 

pore spanning the membrane. Figure 5B illustrates a 

typical heteromeric receptor consisting of two α4 subunits 

and three β2 subunits also surrounding a pore spanning 

the membrane.  
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pharmacological properties (Lombardo et al., 2014). The CNS is dominated by α4β2 and α7 

nAChR-type receptors expression which play an important role in receptor upregulation 

(Albuquerque et al., 2009).  

 Differences in subunit assembly and activation state influence various receptor 

properties, as observed in nicotinic receptors (Albuquerque et al., 2009). One of the major 

characteristics impacted is desensitization. Desensitization, a decrease in biological response, is 

an important phenomenon that occurs after a stimulus has been repetitively applied (Quick et al., 

2002). It is also influenced by cytoskeletal interactions, post-translational modifications, 

membrane potential, temperature and ligands (Wang & Sun, 2004). In the case of nAChRs, 

desensitization occurs when the receptors are continuously exposed to nicotine or ACh resulting 

in a decrease in functional response (Quick et al., 2002). This, as well as the decline in the 

responsiveness of receptors to their agonist occurs as a result of desensitization, signifying 

desensitization to be an intrinsic property of nAChRs (Wang & Sun, 2004). The state of the 

receptor influences the degree of sensitization that can occur. The three states of nicotinic 

receptors include the desensitized state (D), the resting state (R), and the activated state (O) with 

the D state agonist affinity being 20 times greater than the R state (Wang & Sun, 2004). There is 

potential for complete reversal in desensitization, however it may not always occur to that 

extend. In many cases this is due to functional channels that are lost or other receptors in a 

desensitized state (Quick et al., 2002).  

 The two most commonly expressed subunits in the CNS, α7 and α4β2, both have the 

ability to be sensitized. In comparison to all nAChRs, the α7 homomeric receptor contains the 

most rapid desensitization onset (Quick et al., 2002). Agonists in submicromolar doses have been 

found as an effective desensitization method for these nAChRs, although generally homomeric 

α7 subunit receptors compared to heteromeric nAChRs contain a lower sensitivity to agonist 

(Quick et al., 2002). When binding nicotine in particular in the CNS, the α4β2 receptors also 

contain high desensitizing affinity (Quick et al., 2002). Specifically these receptors contain a 1-

60 nM affinity for desensitization to acetylcholine or nicotine under assorted circumstances. 

During chronic nicotine exposure the nAChRs desensitization likely results in both up-regulation 

of receptors and promotes alternate types of synaptic plasticity (Quick et al., 2002).  

 The nAChRs, some of the most densely populated receptors in the brain, have the ability 

to bind other ligands. They specifically contain a high binding affinity for nicotine, a central 

nervous system stimulant that imitates the electrochemical signaling of ACh, thus the reason for 

its name (Purves et al., 2001). As mentioned in the previous section, nicotine use commonly 

leads to addiction. It is believed that nAChRs are responsible for arbitrating such effects that lead 

to this, particularly the β2-nACh receptor expressed by the reward pathways of the striatum 

(Purves et al., 2001). Studies show that the nicotinic receptors encompassing β2 proteins increase 

in the number, availability, and upregulation from persistent nicotine exposure (Nees, 2014). 

However, it has been shown that the nicotine binding receptors with the highest affinity 

minimally contains both α4 and β2 nAChR subunits (Albuquerque et al., 2009). There is a 

possibility of multiple stoichiometric subunit combinations of these two, which can impact both 
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upregulation and function. Even though each subunit combination has a high binding affinity for 

nicotine, by measuring desensitization and conductivity it is determined that (α4)2(β2)3  subunit 

combination is most sensitive to nicotine upregulation (Figure 5) (Albuquerque et al., 2009). 

 The other most common nAChR subunit found in the CNS, the α7-type receptor, is most 

extensively expressed in the thalamus, cortex and hippocampus (Wang & Sun, 2004). These 

homomeric receptors contain a significantly high permeability ratio of Calcium (Ca
2+

) to Sodium 

(Na
+
) (Albuquerque et al., 2009). Because of this, opening of α7-type nAChR channels are able 

to affect many pathways reliant on Ca
2+ 

signaling, including multiple
 
second messenger 

pathways (Albuquerque et al., 2009). This makes them unique from ligand-gated ion channels as 

well as other nicotinic receptors (Albuquerque et al., 2009). Their ratio surpasses that of the 3-

4:1 ratio of the majority of other nicotinic acetylcholine receptors as well as that of the glutamate 

receptor NMDA (Albuquerque et al., 2009). Regulating ion channel desensitization is one of 

many things calcium is important for (Wang & Sun, 2004). This high permeability to calcium 

may explain why the α7 homomeric receptor contains the most rapid desensitization onset as 

mentioned previously (Quick et al., 2002). Although, as stated previously these subunits rapidly 

desensitize via introduction of agonist, α7-type nAChR have a low affinity for agonist binding 

(Albuquerque et al., 2009).  

 As mentioned, desensitization of the nAChRs occurs when stimulus is repetitively 

applied and takes place with the introduction of the agonist nicotine (Quick et al., 2002). This 

phenomenon is extremely relevant to chronic nicotine exposure as it can occur as a result of 

smoking and causes receptor response to nicotine to lessen after repeat exposure (Wang & Sun, 

2004). Not only does this cause the nicotine response to decrease, in the long term it also results 

in an increase in the amount of high affinity nAChRs (Wang & Sun, 2004). However, due to the 

fact that each individual may be exposed to different nicotine concentrations over various 

periods of time, the desensitization onset is dependent on both of these components (Wang & 

Sun, 2004). nAChR desensitization is the underlying mechanism involved in nicotine tolerance 

(Wang & Sun, 2004). When individuals are repeatedly exposed to the same nicotine dosage, over 

time their responsiveness will decline (Jain, Mukherjee, & Balhara, 2008). This is referred to as 

building up a tolerance because over time it requires the use of a higher dosage to get the same 

effect (Jain et al., 2008). The rate of recovery from desensitization has a direct relationship to the 

duration of ligand exposure. The longer nicotine is present the longer it takes for desensitization 

to return to its original state (Wang & Sun, 2004).  

 The effects of adult nicotine exposure and prenatal nicotine exposure are abundantly 

different. In adults, nicotine exposure triggers the release of epinephrine from stimulation of the 

sympathetic nervous system, impacting the central nervous system directly (“The long-term,” 

2010). Although most adults elicit the same response to nicotine exposure, the dosage and 

frequency alters the effect slightly. Overall, average nicotine consumption will result in 

decreased anxiety and depression, while increasing cognitive performance (“The long-term,” 

2010). At higher doses nicotine generates euphoria and has a calming effect, while lower doses 

at a high frequency induce awakeness and attentivity (“The long-term,” 2010). 
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 Like in adults, the effects of prenatal nicotine exposure are dependent on both the timing 

and dosage (“The long-term,” 2010). Therefore, the result of exposure during pregnancy will 

differ depending on the nicotine use by the mothers. Early in development, nicotine exposure 

affects the timing and strength of development of various components in the brain (“The long-

term,” 2010). By altering such factors, crucial processes are not occurring in their proper order. 

Such processes include synapse function, initiation of dendrites and axons, and nerve cell 

localization and migration (“The long-term,” 2010). As development progresses, nicotine 

exposure affects development of the cerebellum, sensory cortex, and hippocampus causing 

changes to motor function, sensory function and memory (“The long-term,” 2010).  

 Results from animal studies confirm the negative impact on neonatal respiratory and 

cardiac function from alterations in the peripheral and central autonomic tone (“The long-term,” 

2010). One of the primary findings show that the neonatal rats exposed to nicotine during 

gestation have a diminished ability to secrete sufficient amounts of norepinephrine and 

epinephrine (“The long-term,” 2010). These hormones, also referred to as catecholamines, are 

responsible for a variety of biological functions including response to apnea, arousal of 

cardiorespiratory functions, heart rate and heart rate variability, autoresuscitation, and breathing 

(“The long-term,” 2010). Because of this, the neonatal rats were unable to protect themselves 

when confronted with hypoxia during experimentation (“The long-term,” 2010). The findings in 

the animal model concurrently match those found in human infants. The norepinephrine and 

epinephrine levels were tested from the umbilical cord blood in infants prenatally exposed to 

nicotine and those unexposed. The results concluded that infants prenatally exposed had lower 

levels of both hormones (“The long-term,” 2010). Autonomic responses are highly dependent on 

these catecholamines and therefore these imbalances may be the cause of respiratory and 

cardiovascular threats including those relating to SIDS (“The long-term,” 2010).    
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CHAPTER 4: MODULATION OF GLUTAMATERGIC NEUROTRANSMISSION BY DNE 
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GLUTAMATERGIC RECEPTORS 

 Exogenous toxins have the ability to upset the nervous systems biological development 

due to its delicate nature (Jaiswal, Polarski, Harrison, & Fregosi, 2013). As previously 

mentioned, nicotine is a neurotoxin that impacts the natural CNS development in utero (Jaiswal 

et al., 2013). During gestation, nAChRs are widely expressed early on (Jaiswal et al., 2013). Also 

as previously stated, during chronic nicotine exposure nicotine binds to these receptors and 

causes an increase in the number of nAChRs while causing receptors to lose function, known as 

desensitization (Jaiswal et al., 2013). In mammalian neonates, developmental nicotine exposure 

(DNE) obstructs the respiratory control (Jaiswal et al., 2013). Altering excitatory 

neurotransmission impacts specifically the brainstem regions responsible for the natural 

breathing (Jaiswal et al., 2013). This includes the pre-BötC, responsible for driving burst 

frequency of respiration, and the hypoglossal motor nucleus (XIIMN), responsible for burst 

pattern and strength modulation (Jaiswal et al., 2013). For both of these regions, glutamatergic 

inputs are needed for rapid excitatory neurotransmission (Jaiswal et al., 2013). Specifically for 

XIIMNs, glutamatergic input has been demonstrated as the main source of excitatory input 

(Pilarski, Wakefield, Fuglevand, Levine, & Fregosi, 2011). Glutamatergic neurons in the 

medulla express functional nAChRs (Pilarski et al., 2011). Activation of nAChRs on 

glutamatergic neurons triggers the release of glutamate (Pilarski et al., 2011). This allows 

modulation of XIIMN excitability through indirect mechanisms of ACh (Pilarski et al., 2011). It 

has also been observed that DNE causes the excitatory synaptic input to XII motor neurons to 

reduce (Jaiswal et al., 2013). This is consistent with the reduction in glutamate release following 

the desensitization of nAChRs on the XIIMN projected from glutamatergic neurons (Jaiswal et 

al., 2013).  

 The nucleus hypoglossus of the mammalian brainstem sends signals via the XII cranial 

nerves innervating the muscles in the tongue to control their rhythmic actions (Quitadamo, 

Fabbretti, Lamanauskas, & Nistri, 2005). Located here are the majority of motoneurons (HMs) 

with innate expression of nAChRs (Quitadamo et al., 2005). Typically these receptors are 

difficult to investigate due to their location, however, by observing those present in hypoglossal 

motoneurons the presynaptic and postsynaptic functioning of the nAChRs can be studied 

(Quitadamo et al., 2005). Neuronal nAChRs activation facilitates the release of assorted 

neurotransmitters (Quitadamo et al., 2005). An excitatory glutamatergic input is one of the many 

included in those received by the hypoglossal motoneurons from other regions in the brainstem 

(Quitadamo et al., 2005). In vertebrates, glutamate is the main excitatory neurotransmitter in the 

CNS (Quitadamo et al., 2005).  

 Glutamate receptors are categorized as either metabotropic or ionotropic (Niciu, 

Kelmendi, & Sanacora, n.d.). Metabotropic glutamate receptors work via a second messenger 

cascade interacting with intracellular trimeric G-proteins causing either activation or inhibition 

(Niciu et al., n.d.). Ionotropic glutamate receptors are ion channels responding to a direct binding 

of agonist eliciting a conformational change (Niciu et al., n.d.). This conformational change 

causes an opening allowing cations to flow in or out of the cell, depending on the concentration 
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gradient (Niciu et al., n.d.). There are three types of ionotropic glutamate receptors including 

kainate (KA), N-methyl-D-aspartate (NMDA) and α-amino-3-hydroxy-5-methyl-4-isoxazole 

proprionic acid (AMPA) (Niciu et al., n.d.). Each is named based on the selectivity of its agonist 

(Niciu et al., n.d.). NMDA receptors, one of the most securely controlled in the brain, contain the 

highest binding affinity for glutamate (Niciu et al., n.d.). AMPA receptors, expressed broadly in 

the CNS, bind glutamate resulting in fast excitatory neurotransmission (Niciu et al., n.d.). In 

comparison, metabotropic glutamate receptors, situation in the presynaptic cell, result in a 

decrease in excitatory glutamatergic neurotransmission as well as inhibitory GABAergic 

neurotransmission (Niciu et al., n.d.). 

In neonates, inputs from the hypoglossal motoneurons are responsible for the generation 

of rhythmic signaling sent to the muscles of the tongue (Quitadamo et al., 2005). This produces 

motor commands in the HMs in control of the rhythmic contractions during swallowing, 

suckling, chewing, phonation, and breathing (Quitadamo et al., 2005). In infants, changes 

observed in the HMs are seen in cases of SIDS indicating a high association between the two 

(Quitadamo et al., 2005). Along with this, the postmortem investigation of SIDS victims 

confirms the presence of high levels of nicotine (Quitadamo et al., 2005). Although the results 

from nicotine exposure on hypoglossal motoneuron nAChRs is not completely understood, data 

obtained from infant samples suggests that their ability to produce the necessary breathing motor 

commands has been hindered by prenatal nicotine exposure, making it one of the most adverse 

effects of maternal smoking (Quitadamo et al., 2005). 

In a recent study, 0-5 day old neonatal Wistar rats were utilized to investigate nAChRs 

and their relation to glutamatergic transmission (Quitadamo et al., 2005). To accomplish this, 

their pharmacology, identity, and role in modulation were examined (Quitadamo et al., 2005). 

Researchers also studied nAChRs on the postsynaptic cells and well as glutamatergic action after 

the introduction of nicotinic agonists and antagonists (Quitadamo et al., 2005). An infrared 

microscope was used to identify the HMs from 200 µm thick brain slices (Quitadamo et al., 

2005). In order to isolate glutamatergic transmission during experimentation, researchers blocked 

transmission mediated by glycine and GABA by conducting the experiments in the presence of 

strychnine and bicuculline (Quitadamo et al., 2005). This was done to prevent GABAergic and 

glycinergic inputs to HMs, thus eliminating inhibitory influences (Quitadamo et al., 2005). These 

experiments were not done using the DNE model, as their purpose was to explore general 

nicotine receptors’ sensitization.    

One of the studies conducted through this research was to observe the functional 

properties of nAChRs on the HMs by administration of the agonist nicotine (Quitadamo et al., 

2005). With the use of a puffer pipette, nicotine was applied to the slice near the HMs while 

continuous recordings were taken (Quitadamo et al., 2005). The nicotine driven inward current 

increased in size as the nicotine application time increased, and remained in the presence of D-

amino-phosphonovaleriate (APV), an antagonist on NMDA-type glutamate receptor, and 6-

cyano-7-nitroquinoxaline-2,3-dione (CNQX), an antagonist AMPA-type glutamate receptor, 

which indicate their insensitivity to this antagonist bath (Quitadamo et al., 2005). It was 
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concluded from these data that these inward currents were not obliquely due to endogenous 

glutamate release (Quitadamo et al., 2005). Although completely restrained responses to nicotine 

addition were observed by dihydro-beta-erythroidine (DHβE), a nAChR antagonist that blocks 

particular nicotine stimuli, no changes were observed in the spontaneous postsynaptic currents 

(sPSCs) in response to the puffer pipette administration of nicotine (Quitadamo et al., 2005). 

Overall, addition of nicotine causes rapid activation of HM nAChRs inducing inward currents 

that are unresponsive to glutamate blockers (Quitadamo et al., 2005). This infers that HMs are 

predominantly affected by this brief puffered nicotine application (Quitadamo et al., 2005).  

 

HMs: DESENSITIZATION OF nAChRs 

In order to study the nAChRs responsiveness to nicotine after desensitization in the 

normal, non-DNE animal, inward currents were induced, plateaued, and then declined to baseline 

as a result of nicotine delivery to the HMs via puffer pipette (Quitadamo et al., 2005). This was 

one method utilized to obtain desensitization. The other method maintained application of small 

nicotine concentrations through a bath for about 4 to 5 minutes (Quitadamo et al., 2005). This 

nicotine bath-administration method contains a high relevance to cigarette smokers as it utilized 

concentrations similar to nicotine levels observed in smoker’s plasma (Quitadamo et al., 2005).  

Small inward currents were invoked, and then declined shortly after (~1 minute). The nicotine 

bath application evoked responses in the HM, with desensitization in all cells (Quitadamo et al., 

2005). This is caused by one of the many desensitization states, with high affinity for the 

particular agonist inducing desensitized state of the receptors regardless of the lack of previous 

activation (Quitadamo et al., 2005). The pulses of nicotine following this desensitization showed 

a greatly weakened effect (Quitadamo et al., 2005). All responses exhibited a reduction from 

before and during bath-administration shown by a decrease in current (Quitadamo et al., 2005). 

With full washout of the nicotine, prompt receptor function rehabilitation took place (Quitadamo 

et al., 2005). This signifies that even with agonist concentration changes, the nAChRs have the 

ability to quickly react and restore themselves in the normal animal, not previously exposed to 

DNE (Quitadamo et al., 2005).  

They next tested for desensitization effects on glutamatergic transmission controlled by 

nAChRs (Quitadamo et al., 2005). During 0.5 µm nicotine bath-administration spontaneous 

postsynaptic currents (sPSCs) and miniature excitatory postsynaptic currents (mEPSCs) were 

observed (Quitadamo et al., 2005). Excitatory postsynaptic currents are inward currents resulting 

from depolarization of the cell. This can occur as a result of positively charged ions coming in or 

negatively charged ions going out. mEPSCs, the flow of ions resulting from the release of one 

vesicle into the synapse, measure the probability of a presynaptic glutamate neurotransmitter to 

come in contact with a postsynaptic receptor (Quitadamo et al., 2005). When measuring this 

current, high probability will result in individual pulses measured from patch clamp recordings 

(Quitadamo et al., 2005). Although this test resulted in a decline in frequency for both, there was 

no substantial change in amplitude of current responses (Quitadamo et al., 2005). This shows 

that the nAChRs generally responsible for aiding glutamate-mediated transmission have been 

desensitized (Quitadamo et al., 2005).  
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Before and after nicotine bath-application, mEPSCs were measured (Quitadamo et al., 

2005). The results obtained contained virtually identical distribution for both cases (Quitadamo 

et al., 2005). In comparison, the mEPSCs showed a significant frequency reduction after bath-

application (Quitadamo et al., 2005). However, during puffered nicotine administration, 

frequency and amplitude peak resulted in a similar decline (Quitadamo et al., 2005). This infers 

nicotine causes similar desensitization effects on both the pre- and postsynaptic cell (Quitadamo 

et al., 2005).  

Evoked postsynaptic currents (ePSCs) also reveal details of nAChRs desensitization 

(Quitadamo et al., 2005). By monitoring their actions approximately 4 minutes after nicotine 

application, it is observed that the ePSCs kinetics remain, however their average amplitude value 

is lessened (Quitadamo et al., 2005). This decreased ePSCs contained a smaller conduction 

velocity (CV), the speed of electrochemical impulse propagation, indicating a decrease in 

amplitude fluctuation (Quitadamo et al., 2005). Overall, the ePSCs displayed an increase in their 

number of failures and when nicotine was present all responses declined (Quitadamo et al., 

2005). Depression of ePSCs and sPSCs were also examined. The amplitude of ePSCs was 

observed before and after the 0.5 µm nicotine bath-administration. Concurrently, the 

glutamatergic inputs received repeat stimulation, resulting in an ePSC amplitude facilitation, 

followed by a depression that remained after administration of the nicotine (Quitadamo et al., 

2005). sPSCs yielded a much different response (Quitadamo et al., 2005). The currents peak 

amplitude was not changed by either 0.1 µm or 0.5 µm bath-applied nicotine concentrations 

(Quitadamo et al., 2005). These different alterations of ePSCs and sPSCs infer that between the 

pathways mediating them, the nAChRs distribution and density may differ (Quitadamo et al., 

2005).  

 These overall results suggest that at small nicotine concentration changes occur in 

excitatory synaptic transmission (Quitadamo et al., 2005). They also reveal that glutamatergic 

inputs to HMs are controlled by nAChRs stimulated by endogenous ACh (Quitadamo et al., 

2005). Although it is not clear whether these two parameters are affected in the DNE, these data 

suggest profound association between nAChRs signaling with the HMs capability of facilitating 

the tongue muscles to contract suring normal breathing (Quitadamo et al., 2005).  

  
 

DEVELOPMENTAL NICOTINE EXPOSURE: AMPA GLUTAMATERGIC 

NEUROTRANSMISSION 

In order to observe the effects of maternal smoking on respiratory control, the XIIMN 

and pre-BötC were examined for changed induced by postnatal DNE in the AMPA glutamatergic 

neurotransmission (Jaiswal et al., 2013). To do this, a series of experiments were performed in 

control and DNE (via osmotic pumps) neonatal rats (Jaiswal et al., 2013). After delivery, the 

pumps lasted for at least a week, allowing the neonates to be studies 0 to 5 days postnatal 

(Jaiswal et al., 2013). Overall, the rats were exposed through the placenta in utero as well as after 

birth through breast milk (Jaiswal et al., 2013). The average ages for the DNE and control rats 

were 2.5 days and 2.3 days respectively (Jaiswal et al., 2013). 
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The transverse medullary slices were made containing the pre-BötC, part of the 

hypoglossal motor nucleus, and premotor interneurons connecting the two as previously 

described in this thesis in Chapter 2 (Jaiswal et al., 2013). This preparation allowed for 

recordings to be taken from the hypoglossal nerve rootlets as well as aforementioned regions of 

the medulla (Jaiswal et al., 2013). These preparations were tested in a recording chamber 

containing oxygenated aCSF with 9 mM KCl added to boost rhythmic burst activity (Jaiswal et 

al., 2013). Prepared slices were set in solution for about 20- 30 minutes in order to stabilize 

before recordings were taken (Jaiswal et al., 2013).  

In the first series, recordings from the XII nerve rootlet were taken to examine XII motor 

neuron extracellular output in response to brief, single pulses of the glutamatergic receptor 

agonist AMPA (Jaiswal et al., 2013). The second series utilized the same methods, however 

instead of whole nerve recordings, only individual XII motor neuron responses were recorded 

(Jaiswal et al., 2013). Last, to determine if changes in AMPAR expression in these sections is 

due to DNE, immunochemistry experiments were performed (Jaiswal et al., 2013). The same 

preparation, described above, was utilized for all three experiments (Jaiswal et al., 2013).  

In the first series, microinjecting the XIIMN with AMPA resulted in a considerable 

increase in the tonic activity of both groups with the DNE preparations yielding a larger effect 

(Jaiswal et al., 2013). DNE had no impact on the tonic activity amplitude, however there was an 

increase in the average length of raised tonic activity in these slices (Jaiswal et al., 2013). 

Significant disparities were observed when examining individual bursts in the DNE and control 

groups following the AMPA microinjections (Jaiswal et al., 2013). The DNE rats showed a 

lower level peak burst amplitude in comparison to the control group directly after administration 

of the AMPA microinjections (Jaiswal et al., 2013). The opposite effect was observed of average 

burst amplitude (Jaiswal et al., 2013). From this data it is concluded that motor activity of the XII 

nerve (XIIn) is changed as a result of DNE after injections of AMPA into the XIIMN (Jaiswal et 

al., 2013).  

The pre-BötC was also analyzed after microinjecting AMPA (Jaiswal et al., 2013). As a 

result, the XIIn output of both the DNE and control group contained alterations (Jaiswal et al., 

2013). Both groups yielded a decline in burst amplitude, but resulted in higher burst frequency 

(Jaiswal et al., 2013). During the first bursts following injection, there was a decline in the 

amplitude of the peak burst, with a larger reaction in DNE compared to the control group 

(Jaiswal et al., 2013). Injections also resulted in no tonic discharge, or frequency of action 

potential dependent only on amplitude of stimulus in the pre-BötC (Jaiswal et al., 2013). Both 

groups resulted in decreased burst amplitude and burst area, with the larger reaction in the DNE 

rat (Jaiswal et al., 2013). These data also indicate that motor activity of the XIIn is altered as a 

result of DNE after microinjections of AMPA into the pre-BötC (Jaiswal et al., 2013). 

In the first set of experiments the author analyzed the effect on the AMPA-mediated 

control of respiratory rhythm generation after DNE (Jaiswal et al., 2013). Measurements of burst 

frequency in standard XIIn of the DNE and control were taken over a period of 2 minutes before 

injection showing no difference between the two (Jaiswal et al., 2013). The DNE and control 
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groups yielded no substantial alterations after AMPA was microinjected into the XIIMN, 

however injection into the pre-BötC resulted in an increase in both with a more exaggerated 

result in the DNE group (Jaiswal et al., 2013). These results support previous findings stating 

that inspiratory rhythm generation is not affiliated with the XIIMN (Jaiswal et al., 2013). 

Directly following injections into the pre-BötC the burst frequency was constantly higher, 

however over time this degree of difference faded (Jaiswal et al., 2013).  

 In the second set of of experiments, the authors utilized identical treatments as in the first 

series, however, now only a single XIIMN was tested using the current and voltage clamp 

(Jaiswal et al., 2013). When using the voltage-clamp, no substantial difference was observed 

between the two groups in inward current recovery time constant as well as peak inward current 

evoked by AMPA (Jaiswal et al., 2013). Spiking was observed in all DNE cells in a brisk 

manner, while there was no spike following AMPA injection in 3 of the 12 controls (Jaiswal et 

al., 2013). As a result of intense membrane depolarization, depolarization block occurred 

(Jaiswal et al., 2013). This was seen in 3 of the 7 for DNE, but only 1 of the 12 for the control 

(Jaiswal et al., 2013). 

 In both the pre-BötC and XIIMN, electrophysiology experiments revealed that DNE 

induced an increase in AMPAergic neuron excitability (Jaiswal et al., 2013). In other research, 

presynaptic glutamate release from glutamatergic neurons elicited an excitation on the pre-BötC 

neuron depolarization due to nicotine (Fregosi & Pilarski, 2008). It was suggested that this 

outcome was a result of the α4β2 nAChR subtype (Fregosi & Pilarski, 2008). There was, 

however, no difference between the control and DNE in XIIMN excitatory inward current as 

well as burst frequency following AMPA injections (Jaiswal et al., 2013). The burst frequency 

results suggest that the AMPA did not disperse to section mediating frequency control (Jaiswal et 

al., 2013).  Immunohistochemistry experiments revealed that in both the pre-BötC and XIIMN, 

DNE induced a decrease in GluR2/3 subunit expression (Jaiswal et al., 2013). The original 

hypothesis of these studies was that experimenters expected an increase in AMPAR expression 

on the postsynaptic cells to compensate for DNE desensitization of nAChRs reducing 

presynaptic glutamate release (Jaiswal et al., 2013). However, findings revealed a reduction in 

AMPAR expression mediated by DNE (Jaiswal et al., 2013). This suggests that an adaptive 

reaction is occurring that is intended to alleviate this heightened neuronal excitability induced by 

DNE (Jaiswal et al., 2013).  

 In another DNE experiment, utilizing the same basic setup, it was hypothesized that 

excitatory inputs to XIIMNs are reduced in response to the nicotine (Pilarski et al., 2011). 

Testing medullary slices with the voltage-clamp revealed that in the XIIMNs of the DNE group 

there was a 61% reduction in EPSCs (Pilarski et al., 2011). EPSCs are entirely removed from the 

XIIMNs when glutamatergic receptors are blocked, therefore it was inferred that the measured 

EPSCs reveal upstream glutamatergic neurotransmission (Pilarski et al., 2011). Injecting current 

in the DNE sample resulted in higher intrinsic excitability in XIIMNs meaning that there are 

different membrane properties in DNE cells (Pilarski et al., 2011). As a result of DNE, the 

intrinsic excitability in XIIMNs increased and the spontaneous excitatory synaptic input 
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decreased (Pilarski et al., 2011). These two DNE effects have been identified as independent of 

one another (Pilarski et al., 2011). It was also inferred that in a region downstream of the pre-

BötC, but upstream of the XIIMN aspects of glutamate release in altered by DNE (Pilarski et al., 

2011). It has been suggested that this change is occurring in the intermediate reticular formation 

(Pilarski et al., 2011). This area is vital to respiration as it houses a region for processing and 

integration for many of the brainstems respiratory neuron inputs (Pilarski et al., 2011). Similar to 

results found in the previously described experiment, it is suggested glutamatergic neurons 

experience a working down-regulation of nAChRs causing a reduction in EPSC frequency 

(Pilarski et al., 2011). An elevated frequency-current gain, and well as input resistance was 

observed in the DNE sample, while there was a decline in firing current levels (Pilarski et al., 

2011).  

The overall findings of these conducted experiments imply that the DNE animals 

contained more excitation of XIIMNs when compared to the control (Pilarski et al., 2011). The 

face that the DNE samples have a higher input resistance is the most reinforced explanation of 

this increase in excitability (Pilarski et al., 2011). Higher input resistance in this group results 

from changes in neural development causing alteration in membrane resistivity or morphological 

variances (Pilarski et al., 2011).  
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These studies have important clinical applications. These findings may explain why 

prenatal nicotine exposure and maternal smoking result in increased likelihood of obstructive 

sleep apnea and why there is an increased incidence of SIDS in infants exposed to prenatal 

nicotine (Pilarski et al., 2011). These occurrences follow decreased tongue muscles neural 

function organized by the XIIMN (Pilarski et al., 2011). It has been observed however, that acute 

and chronic nicotine elicit very opposing responses on XIIMN activity (Pilarski et al., 2011). 

Acute exposure to nicotine causes an increase in respiratory motor action, such as in XIIMNs 

(Pilarski et al., 2011). It also causes excitation of nAChRs (Pilarski et al., 2011). It has also been 

suggested that respiratory drive is maintained with the help of ACh release when there is a 

reduction of additional excitatory neuromodulators during rapid eye movement (REM) sleep 

(Pilarski et al., 2011). This leads to a treatment proposal for obstructive sleep apneas to be 

nicotine exposure in acute doses (Pilarski et al., 2011).  In comparison, various excitatory 

neuromodulators nAChRs, including glutamatergic neurons, desensitize with chronic nicotine 

resulting in loss of neural drive specifically to the muscles controlling the tongue (Pilarski et al., 

2011). This increases the risk for obstructive sleep apneas (Pilarski et al., 2011). These studied 

may also explain why there has been such difficulty in infants and pediatrics diagnosing such 

sleep apneas (Pilarski et al., 2011). DNE experiments show that even with a decrease in 

excitatory synaptic input, cells are able to reach threshold with high firing rates due to XIIMNs 

inherent excitability (Pilarski et al., 2011). Although this has its advantages, activity of the 

tongue muscles will decrease with any alteration in XIIMNs excitatory or inhibitory inputs 

(Pilarski et al., 2011). 

 As seen in the literature, nicotinic neurotransmission is associated with the 

neuromodulatory system controlling airway patency (Pilarski et al., 2011). However, there are 

still many things that are unclear. This is why the DNE model is a great candidate for exploration 

of these enquiries. The exact location and mechanism behind nAChR modulation of glutamate 

release from specific neurons is one of the many unknowns (Pilarski et al., 2011). By utilizing 

DNE, a slice with the active neurorespiratory system intact can be obtained giving the ability to 

observe an important pathway for glutamatergic inputs (Pilarski et al., 2011). This pathway sends 

inputs from the preBötC to the XIIMN via premotor neurons (Pilarski et al., 2011). 

 From the data obtained we can see that during baseline condition normal glutamatergic 

input to the XIIMN modulated by nAChRs are dulled by DNE (Pilarski et al., 2011). However, 

in this condition, the functioning is not necessary to control the phasic burst cycle (Pilarski et al., 

2011). As stated in the previous section, inferences were made in regards to a region that 

glutamate release in altered by DNE, possibly in the intermediate reticular formation (Pilarski et 

al., 2011). I believe further testing of this would be beneficial as this is a vital region to many 

important brainstems inputs of respiratory neurons. Determining this region would allow for 

more specific investigation on the glutamatergic neurotransmission alterations made by DNE.  

Although extensive research has been conducted on neural controls of breathing, it is 

apparent that many of the unknown mechanisms and underlying functions could be vital to 

improving the adverse effects of nicotine. Observing the findings for presynaptic effects of 
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nicotine in neonatal rats we can see that nAChR network, consisting of the α7 and α4β2 

subtypes, applies glutamatergic transmission upregulation on HMs. As discussed, nicotine assists 

with synaptic transmission, or neurotransmission, by activating nAChRs due to its ability to 

imitate acetylcholine. Following this activation there is a decrease in synaptic transmission that is 

most likely due to receptor desensitization from chronic nicotine exposure. We can infer that the 

entrance to the nucleus hypoglossus for such excitatory inputs is the nAChRs. Bath application 

of nicotine administration caused a decrease in their frequency of mEPSCs and sPSCs. Since 

these alterations are ultimately presynaptic it may be beneficial to conduct further 

experimentation to determine how these alterations can be revered before transmission to the 

postsynaptic cell.   

Another idea that will most likely take many more years of research would be to 

determine the specific innervating nerves to the hypoglossal motor neurons. By determining this 

we would be able to better observe the effects of nicotine on these specific locations and maybe 

stop adverse effects that it would cause. In much of the research I conducted, the studies observe 

the effects of nicotine on adults already fully developed and throughout prenatal development. 

Another study that could be done would be to follow a neonate that was chronically exposed to 

nicotine during prenatal development as it grows and matures throughout the different stages of 

its life. During this development the effects on the nAChRs and hypoglossal motor neurons 

should be observed for changes as well as to see if certain life factors make an impact on its 

functioning. Although this may take extensive research I believe in the long run many adverse 

effects of nicotine can be controlled and eventually altered.  
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